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ABSTRACT 

The mixing-layer height and the average wind speed within the mixing layer were calculated twice for each 
day of a 5-year record of upper air observations at 62 National Weather Service stations in the contiguous Umted 
States. The times of day of these calculations are morning and mid-afternoon. A rough allowance was made for 
effects of the urban "heat island" on the morning mixing heights. The morning and afternoon times cOIncIde 
approximately with those of maximum and secondary minimum concentrations of slow-reacting pollutants in 
citics. These calculations illustrate the typical large diurnal variation in atmospheric dispersion. Twenty charts 
present seasonal and annual, and morning and afternoon mean mixing heights and wind speeds. 

A model of some general dispersion features over urban areas is described in which the normalized pollutant 
concentration averaged over a city is a function of mixing height, wind speed, and city size (distance the wind 
travels across the city). Frequency values of mixing height by wind speed are used with the model to calculate 
average normalized concentration frequencies for each weather station. Thirty charts present isopleth analyses of 
seasonal and annual, and morning and afternoon normalized pollutant concentrations that were exceeded 10,25, 
and 50 percent of the time for specified city sizes. 

The occurrence of episodes during which upper limits on mixing height and wind speed were not exceeded 
were determined from the daily morning and afternoon values of these parameters. lsopleths of the total number 
of episode-days for episodes lasting at least 2 days and at least 5 days with various limiting mixing-hcight and 
wind-speed values are presented in 20 charts. 

KEY WORDS: MeteorokJgy, air pollution forecasting, mathematical modeling, urban areas, mixing height, wind 
speed 
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MIXING HEIGHTS, WIND SPEEDS, AND POTENTIAL 
FOR URBAN AIR POLLUTANT THROUGHOUT 

THE CONTIGUOUS lTNITED STATES 

INTRODUCTION 

Recognition that community air pollution in the United States is a growing national problem has generated 
interest in pertinent climatological information and an overall appraisal thereof in terms of quantitative pollution 
potential. As used here, the potential for urban air pollution refers to certain meteorological factors that generally 
are important in the transport and diffusion of pollutants emitted by myriad but non-trivial sources in urban 
complexes. While a comprehensive and uniform climatology of air pollution potential for all major urban centers 
would be invaluable, its preparation is precluded mainly by a lack of adequate detailed meteorological data. 

The present study is based primarily upon regular measurements of temperature and winds aloft at 62 
National Weather Service (NWS) stations throughout the 48 contiguous states. The spacing of these stations, 
which is roughly 400 kilometers (km), establishes the overall resolution of spatial analyses. Since these upper-air 
data provide only very general indications of real diffusion and transport patterns in the urban boundary layer, 
which in fact are often highly complex, the results of this study should be recognized as only a general or 
large-scale appraisal of community air pollution potential. It is hoped that more detailed local investigations will 
follow. 

Although prior investigations have made noteworthy contributions to the climatology of air pollution 
potential, they have usually dealt only with certain aspects of the subject, often in a qualitative manner, and/or 
have been limited to a particular location or section of the country. For example, Korshover's (I 967) study of 
stagnating anticyclones was categorical and was restricted to the area east of the Rockies; Hosler's (1961) 
low-level inversion and wind-speed frequencies and Holzworth's (1964b) maximum mixing depths each dealt 
mainly with the indicated parameters. Hosler (1964) presented available data according to geographic areas of the 
United States, but made no attempt to evaluate the combined effects of the various dispersion parameters. Such 
an evaluation was attempted by Holzworth (l964a), but it was based on an arbitrary classification system and 
only considered data for two regions. More recently a quantitative appraisal of air pollution potential has been 
presented (Holzworth, 1967) for a few selected locations. The same general approach will be foliowed in this 
study but will be applied to the contiguous United States. Mixing-height and wind-speed data will be presented and 
discussed. A simple mathematical model of urban diffusion that yields normalized pollutant concentrations 
averaged over a city as a function of mixing height, wind speed, and city size will be described, and frequency 
tables of mixing height by wind speed will be used in the model to generate frequencies of normalized pollutant 
concentrations for different city sizes. A brief summary of this study was presented recently by Holzworth 
(1970). 

Figures discussed in the main body of this study are grouped together after the Summary and Conclusions; 
tables and figures for each appendix are grouped at the end of the respective appendices to facilitate reference 
to them. 





BASIC PARAMETERS: MIXlNG HEIGHT AND WIND SPEED 

CONCEPTS AND COMPUTATION METHODS 

The mixing height (or depth) is defined as the height above the surface through which relatively vigorous 
vertical mixing occurs. The concept of a mixing layer in which the lapse rate is roughly dry adiabatic (unsaturated 
conditions) is well founded on general theoretical principles and on practical grounds through operational use 
over several years in the National Air Pollution Potential Forecasting Program (Stackpole, 1967; Gross, 1970). 
Commonly, mixing heights go through a large diurnal variation. Although not measured directly, they can be 
calculated approximately from routine meteorological measurements. This study centers on two times of the day, 
morning and afternoon. The morning mixing height is calculated as the height above ground at which the dry 
adiabatic extension of the morning minimum surface temperature plus 5°C intersected the vertical temperature 
profile observed at 1200 Greenwich Median Time (GMT). The minimum temperature is determined from the 
regular hourly airways reports from 0200 through 0600 Local Standard Time (LST). The "plus 5°C" is intended 
to allow roughly for the usual effects of the nocturnal and early morning urban heat island since NWS upper 
-air-measuring stations are located in rural or suburban surroundings. Thus, more properly, the urban morning 
mixing height was calculated. The general notion of an urban nocturnal and morning mixing layer, which in 
reality is often highly complex, is now fairly well established by the investigations of Duckworth and Sandberg 
(1954), DeMarrais (1961), Summers (1967), and Clark (1969). The value of 5°C was determined arbitrarily after 
inspection of urban-rural differences in minimum temperature for many locations. The individual differences 
varied over a large range and undoubtedly depended upon a number of factors. For general application, however, 
5°C is considered a slight over-estimate of an overall average minimum temperature difference ~ even for existing 
large cities. For purposes of this report the plus 5°C is interpreted to include the effects of some surface heating 
shortly after sunrise. Thus, the time of the urban morning mixing height coincides approximately with that of the 
typical diurnal maximum concentration of slow-reacting pollutants in many cities, occurring around the morning 
commuter rush hours. This treatment of the urban morning mixing height undoubtedly is a gross Simplification of 
the real situation, but it is considered reasonable for the climatological purposes of this study. 

The afternoon mixing height is less complicated than the morning, but was calculated in the same way, 
except that instead of the minimum temperature plus 5°C, the maximum surface temperature observed from 
1200 through 1600 LST was used. Urban-rural differences of maximum surface temperature were assumed 
negligible. The typical time of the afternoon mixing height may be considered to coincide approxImately with the 
usual mid-afternoon minimum concentration of slow-reacting urban pollutants. 

The method described for determining the height of the afternoon mixing (or boundary) layer has been 
compared with other methods by Hanna (1969), who found it to be the more practical. In addition, mixing 
heights based on accelerometer and temperature measurements made with a light aircraft during daytime have 
been found by McCaldin and ShoItes (1970) to be in good agreement with heights calculated as indicated herein 
(except that McCaldin and Sholtes' calculated heights also made allowance for temperature advection aloft). 

Wind speeds for both morning and afternoon were computed as arithmetic averages of speeds observed at 
the surface and aloft within the mixing layer. Speeds aloft were available for 150 and 300 meters (m) above 
station elevation and for 500, 1000, 1500, 2000,2500,3000,4000 m. etc., above sea level. To prevent wind 
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speeds near the same level from being used twice (e.g., as for a station at 190 m above sea level) only winds 
separated by at least 150 m were used. Morning wind-speed calculations were based on speeds observed aloft at 
1200 GMT and an average of the surface speeds observed (regular hourly airways) from 0200 through 0600 LST. 
Afternoon average speeds were based on the speeds observed aloft at 0000 GMT and the average surface speed 
from 1200 through 1600 LST. (n this report the vertically averaged wind speeds are referred to simply as wind 
speeds when there is no ambiguity. 

(n the mixing-height calculations, especially for afternoons, it was assumed implicitly that between the time 
of a temperature-aloft measurement and a computation time significant changes in vertical temperature structure 
arose only from heat input at the surface. Certainly, this is not generally true on a day-to-day basis. It is 
reasonable to assume that over a period of years other influences average out (e.g., that cold air advection is 
balanced by warm advecti.on). The matter of marked cold air advection, however, did present a problem. For 
example, when the maximum surface temperature between 1200 and 1600 LST was colder than the surface 
temperature of the 1200 GMT sounding, the mixing height could not be calculated in the prescribed manner. 
Such cases were designated type C. 

The occurrence of precipitation also demanded special treatment since in such situations the assumption of 
a dry adiabatic lapse rate in the mixing layer is questionable. Mixing heights (and wind speeds) during significant 
precipitation were classified as type P. Significant precipitation was defined as at least two occurrences of light or 
one of moderate or heavy in the regular hourly airway reports from 1000 through 2100 LST for afternoons and 
from 2200 through 0900 LST for mornings. In the current study, P, e, and M (missing) mixing heights and wind 
speeds have not been used, but allowance has been made for them (see Appendix B). 

TABU LATIONS AND A V AILABILITY 

Morning and afternoon mixing heights and wind speeds for 62 stations were calculated and tabulated by the 
National Climatic Center (Nee), Environmental Data Service (EDS), of the National Oceanic and Atmospheric 
Administration (NOAA). The 62 stations are located by the dots of Figures 21 through 70 and are identified in 
Table A-I. High-speed automatic computers were used to process meteorological observations on punched cards. 
Most surface and upper-air observations were made from the same location and most calculations were for the 5 
years, 1960 through 1964. The calculations were restricted to 5 years for economy and to pre-1965 because the 
required hourly surface observations were on punched cards only through 1964. For most stations all hourly 
surface observations through 1964 are readily available in published form (U.S. Department of Commerce) which 
may be useful in further and/or more detailed studies involving the tabulations. All of the tabulations, which are 
in three parts for each station, are too lengthy to publish here, but copies may be obtained at the cost of 
reproduction from the Director, Nee, EDS, NOAA, Asheville, North Carolina 28801. The NeC (formerly 
NWRC) tabulations are illustrated and described in detail in Appendix A. 

MEAN MIXING HEIGHTS AND WIND SPEEDS 

The NeC tabulations of mean non-P mixing height and wind speed were arbitrarily adjusted to allow for P, 
C, and M cases at each station. The adjustment was based on the assumption that mixing-height and wind-speed 
values for P and C cases generally would be greater than for non-P cases; M cases were rare. The manner in which 
the allowance was made is described in Appendix B. The effect of the allowance on the mean values depended 
upon thf frequency of cases other than non-P, as may be seen for each station in Table B-1. 
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Figures 1 through 20 present isopleths of "adjusted" seasonal and annual mean mixing height and wind 
speed for morning and afternoon (see Table B-1 for data). The data for all isopleth analyses in this report have 
been included, not to emphasize precision but rather to permit those who might disagree with the analyses to 
prepare their own. The analyses are based on data points spaced at about 400-km intervals. We have attempted to 
incorporate only major topographical influences into the analyses. Thus, the large-scale nature of the analyses is 
in concert with the rather gross distribution, at least in terms of urban air pollution potential, of the parameters 
being considered. In regard to topographical influences, in mountainous regions most of the data points are 
located at cities in the valleys and, therefore, the analyses are most appropriate to valley locations. 

Urban Morning Mixing Heights 

Patterns of mean annual, winter, spring, summer, and autumn morning mixing heights are shown in Figures 
1 through 5, respectively. Annually (Figure I), the morning heights range from under 300 m to over 900 m with 
comparatively high values generally along the coasts and over the Great Lakes. This phenomenon is due 
essentially to high relative humidities and/or low cloudiness, which inhibit formation of intense radiation 
inversions. It is more pronounced along the Gulf and Atlantic Coasts than the Pacific because Gulf and Atlantic 
coastal waters are warmer and provide a more copious supply of moisture to the atmosphere than those of the 
Pacific. Another interesting feature of Figure 1 is the ridge of higher heights extending north-northwestward from 
central New Mexico through western Montana with comparatively low heights on either side. 

The pattern of annual morning heights is very similar to those of the individual seasons, and seasonal 
variations generally are not large_ However, a noticeable exception occurs along the central Gulf Coast where the 
highest value on any of the morning charts, 1300 m, occurs at Burwood, Louisiana, in summer (Figure 4). Winter 
and spring values are about half of those of summer and autumn due to the very warm and moist air there in 
summer and autumn. 

The summer season has the lowest and most widespread low mixing heights, with a large area over the 
western high plateau having heights less than 200 m. The lowest seasonal mean height of 109 m occurs at Ely, 
Nevada. Such low morning mixing heights are caused by intense radiation inversions whose formation is enhanced 
by dry, thin (low-density) air. In both summer and autumn, a very large portion of the contiguous 48 states is 
covered by morning mixing heights under 400 m. The smallest area covered by mixing heights under 400 m 
occurs in spring. 

Afternoon Mixing Heights 

Patterns of mean annual, winter, spring, summer, and autumn afternoon mixing heights are displayed in 
Figures 6 through 10, respectively. The general pattern of afternoon heights, as shown by the annual chart 
(Figure 6), is opposite to that for mornings (Figure 1); i.e., afternoon heights are relatively low along the Pacific, 
Gulf, and Atlantic Coast lines, and in the vicinity of the Great Lakes. This pattern is due primarily to the 
ameliorating effect of large water bodies on maximum surface temperatures. Consequently, diurnal variations 
along coast lines tend to be considerably less than over inland areas. Annually, the extreme diurnal variation 
occurs over the southern Rockies where morning heights of a few hundred meters are replaced in the afternoon 
by heights well above 2 km. 

While the pattern of annual afternoon heights may be seen clearly in each of the seasonal patterns, the 
seasonal variation of the values is much greater for afternoons than for mornings. However, because of the 
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steadYing llltluence of the oceans, most of this variation occurs at inland locations. Afternoon mean heights along 
coast lines are remarkably steady throughout the seasons. As may be expected, lower afternoon heights occur in 
winter (Figure 7) when they range from less than 600 m at northerly latitudes to over 1400 m over the southern 
Rockies. Highest afternoon heights occur m summer (Figure 9) when they reach 4 km over the central Rockies. 
In contrast, summer values along the California Coast are slightly less than in winter, resultmg in extreme height 
gradients over California. Similarly l1l the East, summer heights over the Appalachians are greater than in winter 
but vary little along the coast, resulting in large afternoon height gradients across the Atlantic seaboard in 
summer. Actually, these gradients are likely to be greater than indicated by the analyses of available data. The 
patterns and values of mean afternoon heights in spring and autumn (Figures 8 and 10), the transition months, 
closely resemble those of the annual mean. 

The mean afternoon mixing heights presented here correspond to the estimates of mean maximum mixing 
depths presented previously by HolLworth (l964b). In comparing the two sets of data, it will be noticed that, 
while the isopleth patterns are similar, the values in the current study are for the most part considerably higher 
than in the earlier study. This is believed to be the result of two main factors. The earlier study used mean 
temperatures based on soundings taken at 0300 GMT (i.e., for time zones in the United States varying between 

1900 and 2200 LST). At these early evening hours temperatures at levels near the upper part of the afternoon 

mixing layer are practically unchanged from afternoon (neglecting advection, etc., in the mean) since radiational 
cooling aloft has only been under way for a short time. Thus, the dry adiabatic extrapolation of the surface 
maximum temperature first Intersects the evening temperature profile at a lower height than it would for a 
temperature sounding taken near sunrise (e.g., 1200 GMT). This is significant although the diurnal temperature 

variation near the top of the afternoon mixing layer may be only 1 or 2°C. Secondly, the earlier study used 
previously prepared monthly mean temperature profiles and maximum surface temperatures that included 
precipitation cases. In such cases vertical temperature profiles tend to be more stable (neglecting condensation) 
and maximum surface temperatures colder, resulting in lower afternoon mixing heights than in non-precipitation 
cases. 

Morning Wind Speeds 

lsopleths of mean annual, winter, spring, summer, and autumn morning wind speeds are depicted in Figures 
11 through 15, respectively. It should be understood that, in this report, "mean wind speeds" refer to annual and 
seasonal means of arithmetic averages of observed speeds within each mixing layer. The general pattern and values 
of mean annual speeds (Figure I I) are much like those of the individual seasons. Annually, faster speeds occur 
over the southern portion of the middle tier of states, over Montana, and along the Gulf and Atlantic coastlines; 
slower speeds are located over the central and southern Rockies, in and near major valleys of Pacific Coast states, 
and in a broad area extending southwestward from the central Appalachians. The fastest mean annual speeds 
reach almost 8 111 sec -1, whereas the slowest are around 2 m sec -] . 

Although the annual pattern of morning speeds is similar to that for the seasons, there are certain seasonal 
features worthy of mention. In the western half of the 48 states the largest area of slow speeds (e.g., less than 4.0 
TIl sec- 1) exists in winter (Figure 12), whereas in the East it exists in summer (Figure 14). At most locations the 
fastest speeds occur in spring (Figure 13). But noteworthy exceptions are found over Montana, along the north 
Atlantic seaboard, and in the vicinity of the eastern Great Lakes where the fastest speeds occur in winter. The 
area of fast winds along the Atlantie Coast and the finger of fast speeds reaching westward over the Great Lakes 
in winter appear to be associated with high morning mixing heights (Figure 2), which in turn are enhanced by 
cloudiness associated with cold air outbreaks over the lakes and with storms along the A tlantic Coast. 
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Afternoon Wind Speeds 

Isopleths of mean annual, winter, spring, summer, and autumn afternoon speeds are shown in Figures 16 
through 20, respectively. In general these patterns are similar to those for mormngs, except the afternoon speeds 
are about 1 to 2 m sec -1 faster. 
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URBAN DISPERSION MODEL 

While the mixing-height and wind-speed data provide an opportumty for qualitative appraisal of the 
large-scale features of meteorological potential for community air pollution, the value of any interpretation of the 
data will be enhanced considerably if it is in quantitative terms. A quantitative interpretation can be achieved by 
use of a mathematical model of dispersion over urban areas. 

The model to be used here gives the average normalized concentration (X/Q) (i.e., the concentration (X) 
averaged over a city and normalized for uniform average area emission rate (Q), as a function of mixing height 
(H), wind speed (U), and along-wind distance (S) across the city). All units are in meters, seconds, and grams 
except where indicated otherwise. The main assumptions are: 

1. Steady-state conditions prevail. 
2. Emissions occur at ground level and are uniform over the city. 
3. Pollutants are nonreactive. 
4. Lateral diffusion can be neglected. 
5. Vertical diffusion from each elemental source conforms to unstable conditions and concentrations 

follow a Gaussian distribution out to a defined travel time that is a function of H. Thereafter, a 
uniform vertical distribution of pollutant occurs as a result of further dispersion within the mixing 
layer. 

The model treats the city source as a continuous series of infinitely long cross-wind line sources, much as 
Lucas (1958) did, with pollutants confined within the mixing layer. As indicated in assumption 5, the model 
requires two equations according to whether none or some of the pollutants emitted at ground level achieve a 
uniform vertical distribution within the mixing layer before being transported beyond the downwind edge of the 
city. These equations are developed in Appendix C as equations 6 and 9, respectively, and may be written as 

X/Q = 3 .994(S/U)O.I 15 (6a) 

for (S/U) ,,;; 0.4 71 H 1.130 (i.e., when no pollutants achieve a uniform vertical distribution), and 

X/Q = 3 613Ho.130 + _S __ O.o88UH1.260 
. 2HU S (9a) 

for (S/U);;' 0.471H1.130 (i.e., when some pollutants achieve a uniform vertical distribution). For most cases the 
term with coefficient 0.088 is very small and can be neglected. 

Table I presents the values ofX/Q as a function ofH, U, and S. As pOinted out in Appendix C, the variation 
of X/Q with S is practically linear for cities larger than 10 km. Therefore, the data in Table 1 are given for only 
two city sizes, 10 and 100 km (i.e., distance the wind travels across the city). 
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In Table 1 the dashed line separates x.(o. values to the lower right for which H has absolutely no effect for a 
10-km city (i.e., all pollutants emitted over a 10-km city are transported beyond the downwind edge of the city 
before any uniform vertical distribution is achieved within the mixing layer; equation 6a is used). Actually for a 
given wind speed X./Q is practically constant (whole number accuracy) for mixing heights somewhat lower than 
those for which there is absolutely no effect. This happens because only a small portion of all emissions (i.e., 
those from near the upwind edge of the city) are affected by the mixing layer before passing beyond the city. In 
Table 1 this effect can also be seen for a 100-km city, even though equation 6a is not applicable for a 100-km 
city for the largest mixing height and wind speed values considered. 

Table 1. AVERAGE NORMALIZED CONCENTRATION, X/O (sec m-1 ) 

Mixing 
Wind speed, m sec-1 City size, height, 

km m 0.75 1.5 2.5 3.5 4.5 5.5 7.0 9.0 11:0 13.0 

10 125 60 33 23 18 16 14 12 11 10 10 
100 125 540 273 167 121 96 79 64 51 43 38 

10 375 26 17 13 12 11 I 10 10 9 9 9 
100 375 186 97 61 46 37 32 27 23 20 18 

10 625 19 14 11 11 10 10 9 9 9 9 
100 625 115 62 40 31 26 23 20 17 16 14 

10 875 16 12 11 10 10 10 9 9 9 9 
100 875 85 47 32 25 21 19 17 15 14 13 

10 1250 14 12 11 10 10 9 9 9 9 9 
100 1250 62 36 25 21 18 16 15 14 13 12 

10 1750 13 11 10 10 10 9 9 9 9 9 
100 1750 48 29 21 18 16 15 14 13 12 12 

10 2250 13 11 10 10 10 9 9 9 9 9 
100 2250 39 25 19 16 15 14 13 12 12 11 

10 2750 12 11 10 10 10 9 9 9 9 9 
100 2750 34 22 17 15 14 13 13 12 12 11 

10 3250 12 11 10 10 10 9 9 9 9 9 
100 3250 31 21 16 15 14 13 12 12 11 11 

10 3750 12 11 10 10 10 9 9 9 9 9 
100 3750 28 19 16 14 13 13 12 12 11 11 

10 4500 12 11 10 10 10 9 9 9 9 9 
100 

i 
4500 26 18 

i 
15 14 13 13 12 12 11 11 

a 
Dashed Ime separates values to lower right for which the mixing height has absolutely no effect on X/Q for a 10-km city. 
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An interesting feature of the model is that the larger the city size, the larger the effect an incremental 
change in U or H has on XJO (see Table I). This effect is especially large at comparatively small values of U and H, 
and clearly illustrates the importance of representative data in describing the meteorological potential for air 
pollutkn during critical situations. It also indicates that for daily forecasting purposes the input data must be 
very precise if forecasts are to be reasonably accurate. 

Another noteworthy characteristic of the model is that the smaller the values of Hand U, and the larger the 
value of S, the smaller the relative difference between 'i/O values for this model and those for a "box" model 
where (X/Q)Box 1/2 (S/HU). Thus, for H := 125 m, U ~ 0.75 m sec· I and S ::: 100 km; 'RIO 540 sec m· 1 

(Table 1) and (i/O)Box = 533 sec m-I. This correspondence does not hold, however, for more common values 
of H, U, and S. 

Although the model presented here is rather simple in comparison to the great complexities of atmospheric 
dispersion and pollutant emissions in urban areas, it is in concert with the general nature of the independent 
parameters and the spacing of the locations for which mixing height and wind speed are available. As such, it 
provides a means of quantitatively appraising the general meteorological potential for community air pollution. 
Obviously, the results of this study will be enhanced by more detailed studies of each local situation. 

This model is essentially the same as that for which Miller and Holzworth (1967) obtained good 
correspondence between calculated and observed average concentrations for each of several cities. The model is 
derived in Appendix C. 

Urban Dispersion Model II 





POTENTIAL FOR URBAN AIR POLLUTION 

Using the frequency tabulations of mixing height by wind speed (Appendix A) as adjusted for the 
occurrence of precipitation (Appendix B) and the dispersion model, cumula tive frequencies of average normalized 
concentration (X/O) for various city sizes were generated for each of the 62 upper air stations. From these data 
the X/O value that was exceeded 10,25, and 50 percent of the time was found for various city sizes for each 
station. In cases where the largest X/O value (for the smallest values of Hand U) occurred more frequently than 
the percentile value being coTtsidered, the desired values were obtained by extrapolation of the cumulative 
frequency curve of X/O. As shown in Appendix C, for a given mixing heigh t and wind speed the variation of X/O 
with city size is practically linear for cities larger than 10 km. Thus, the isoplethed·maps of XIQ values that are 
exceeded a specified percentage of time (Figures 21 through 50) consider only two city sizes, 10 and JOO km. 
Where data are sparse, especially over water, the isopleth analyses have been extended reluctantly and should be 
considered speculative. 

In the interpretation of XIQ it will be recalled that this quantity is the city-wide average concentration (X) 
normalized for uniform average area emission rate (0). The units of X/O are sec m -1, so that if 0 is in 
micrograms m - 2 sec- 1 , X is In micrograms m·- 3 . For example, if X/i) = 50 sec m - 1 and 0 = 2 micrograms m - 2 

sec - 1 , X (i.e., (XIQ) x Q) ::= 100 micrograms m·- 3. 

Since X/(j is the average concentration normahzed for emission rate, it represents the meteorological 
potential for urban air pollution (i.e., non-meteorological variables for the most part are not considered). 
Although city size is one of the independent variables, it determines the effectiveness of the meteorological 
variables. Thus, the meteorological potential is dependent on city size. This dependency on city size may also 
enter in another way. For example, the heat generated by very large cities may cause morning mixing heights to 
be higher than for smaller cities. Such an effect would be most noticeable for the rarer extremes of very low 
mixing heights. Because of uncertainties about these effects and because of the approximate manner in which 
mixing heights are estimated, especially for mornings, these effects have not been included in this study. They 
should be considered, however, in more detailed studies. 

The X/O data presented here may be applied most readily by comparing values for different parts of the 
country and by projecting current measured pollutant concentrations in proportIOn to increases in x./O values 
with city size. 

FIFTY-PERCENTILE CONCENTRATIONS 

Morning 

Figures 21 through 25 show data and· isopleths of theoretical X/Q for 10- and 100-km cities that are 
exceeded on 50 percent of all mornings annually, and in winter, spring, summer, and autumn, respectively. 
Morning refe;s to the few hours centered near the morning commuter rush hours, which roughly COincide with 
the diurnal maximum concentration of slow-reacting pollutants in many urban areas. 

13 



Annually (Figure 21), the hIghest 50-percentile mornIng concentrations (I.e., X/Q) occur over southwestern 
Oregon where for IO-km citIes a value of almost 40 sec m - 1 is Indicated. When such small cities grow to 100 km, 
the concentration is expected to exceed 300 sec m-- 1 , an increase by a factor of about eight. Concentrations of 
roughly half those in southwestern Oregon are centered over Arizona and Wyoming. These areas of high 
concentrations are due not only to the occurrence of slow winds (Figure 11) but also to low mixing heigh ts 
(Figure I), as indicated in Table I. Such comparisons should be made cautiously, however, since mixing height 
and wind speed frequency d1stributions at many stations are often anylhing but normal. East of the Rockies, the 
annual median concentrations for IO-km cities vary between only 9 and 13 sec m -I; for I OO-km cities the values 
are generally three to five tImes greater, except along much of the Atlantic and Gulf Coasts where the factor is 
two to three. Assuming the current size of New York City is 50 km, the interpolated median morning X/Q value is 
13 sec m - 1 ; when that cIty grows to 100 km the median value will increase to only 19 sec m -J . If New York 
City were located a few hundred miles to the southwest, the annual median concentration for a IOO-km city 
would be around 50 sec m--]. Along the southern Cali forma Coast, the annual median value for a 60-km city 
(approxImate size of Los Angeles) is 41 sec m- ] , which increases to 63 sec m- ] for a 100-km city. In terms of 
annual medIan morning X/Q values for 100-km cities, the meteorological potential along the southern California 
Coast IS about three times that along the mid-Atlantic Coast. 

The seasonal patterns of median concentration for mornings are much like the annual pattern. In general 
the smallest X/Q values occur in winter (fIgure 22) over the eastern half of the United States and in spring (Figure 
23) over the western half of the country. For most locations, the largest values occur in summer and/or autumn 
(Figures 24 and 25), the area of greatest values in the East being further south and having shgh tly larger values in 
autumn than in summer. 

Afternoon 

Figures 26 through 30 show theoretlcal X/Q values that are exceeded on 50 percent of all afternoons 
annually, and In winter, sprIng, summer, and autumn, respectively. Afternoon refers to the several hours centered 
around the usual time of daily maximum surface temperature, whIch in many cities roughly coincides with a 
typical afternoon minimum concentration of slow-reacting pollutants. 

Annually (Figure 26), the median afternoon X/Q values for a 10-km city are for the most fart not much 
smaller than the values for morning and they are practically uniform, being either 9 or 10 sec m- . As indicated 
in the discussion of the model, this happens mainly because the median afternoon mixing heights are so high. 
Even for 100-km cities there is little variation in X/Q, WIth most values being near IS sec m -I; greatest values 
occur near the California Coast where they are around 25 sec m- I . In terms of current large cities (around 50 km 
in size), median afternoon X/O. values over most of the contiguous United States are I I to 13 sec m- I and attain 
a maximum along the southern California Coast of only 17 sec m -I. In these terms there is little variation in the 
meteorological potential for commumty air pollution. 

The only seasonal pattern of afternoon median X/Q values that is appreciably different from the annual 
pattern is for winter (Figure 27), and these differences are restricted to very large cities in the West. Thus, when 
cities In central Wyoming reach 100 km, the winter X/o. values will exceed 55 sec m- I on half the afternoons; 
similarly 35 sec m-] will be exceeded over much of Washington, Oregon, and California. By comparison X/Q 
along the southern California Coast will be around only 25 sec m -1. 

For the same city size, median theoretical concentrations are never greater and are usually less for 
afternoons than for mornings, with the dIfferences varyIng from slight to large depending upon location and city 
size. Since the variation ofX/Q values with city size is much more rapid for mornings than afternoons, the growth 
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of cities will affect the meteorological potential most profoundly for mornings. The general implications for 
control and abatement purposes are obvious. 

2S-PERCENTILE CONCENTRATIONS 

Morning 

Figures 31 through 35 show data and isopleths of theoretical X/Q that are exceeded on 25 percent of all 
mornings annually, and in winter, spring, summer, and autumn, respectively. These patterns are similar to those 
for corresponding median X/Q charts (Figures 21 through 25), except that the upper quartile values are larger in 
the former, especially for 100-km cities. This happens because, as stated earlier, the rate of increase of X/Q with 
decreasing wind speed and mixing height is greater for large cities than for small ones. Also, because of the 
climatological variation of mixing height and wind speed, the range ofX/Q values for both small and large cities is 
greater for upper quartile than for median charts. For example, annually (Figure 31), the upper quartile X/Q 
values for 10-km cities vary between 11 and 71 sec m ~ 1 and for 100-km cities, between 29 and 649 sec m -1. 

Thus, the patterns for quartile charts are more intense than for median charts. This is evident in Figures 31 
through 35, where the isopleth patterns over the eastern United States are particularly clear when contrasted with 
the flat patterns of Figures 21 through 25. 

Annually (Figure 31), the centers of highest upper quartile morning concentrations in the West are almost 
double the corresponding median values. In the East the increase for 1 OO-km cities is by a factor of more than six 
at several locations, and there is a large area oriented along the Appalachian Mountains where the X/Q values for a 
100-km city exceed 200 sec m- 1. 

Seasonally, there are some rather large variations in the upper quartile values ofX/Q. In general, the values 
in the eastern half of the United States are equally small in winter and spring (Figures 32 and 33); they are 
greatest in autumn (Figure 35) by a factor of roughly three to four over winter and spring. Over the Rockies, the 
values are smallest in spring and summer, and greatest in autumn and winter by a factor of about two. In the far 
West, the values are smallest in spring, except for the southern California Coast where they are smallest in 
summer. Values are greatest over the northern section of the West in summer and over the southern section in 
autumn and winter. Some fairly large values also occur over the upper Plains during summer. It is interesting that 
at the upper quartile level, seasonal peak X/Q values in the East and West are each about 90 and 825 sec m- 1 for 
10- and IOO-km cities, although they occur in different seasons, autumn and summer. 

Afternoon 

Figures 36 through 40 show theoretical X./Q values that are exceeded on 25 percent of all afternoons 
annually, and in winter, spring, summer, and autumn, respectively. Annually, the upper quartile concentrations 
for 10-km cities are practically constant, varying only between 9 and 11 sec m -1. These values are almost the 
same as for the median concentrations. Even for 100-km cities, the upper quartile afternoon concentration at 
most locations is only a fraction larger than the median concentration. Annually, the largest upper quartile 
afternoon concentrations for 100-km cities occur over southern California with values of only 35 to 40 sec m - I . 

Upper quartile values of afternoon X/Q over the eastern United States vary shghtly seasonally and spatially. 
In the western United States in winter, however, the concentrations for 100-km cities exceed 75 sec m ~ lover 
large areas, attaining a value of 204 sec m ~ lover central Wyoming and 116 sec m -lover southwestern Oregon. 
While the winter patterns for 10- and 100-km cities are similar, they are much less intense for smaller cities. 
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Notice that In Figure 37 the isopleths over Wyoming are left incomplete not only for ease of reading but also 
because the extreme values may be representative of a small area. 

Upper quartile charts for the other seasons are generally much hke those for the annual data, except that, for 
IOO-km cities, the X/Q values are around 45 sec m'- lover southern California in summer and autumn (as well as 
in winter). The X/Q values are around 45 sec m - I just off the coast of Massachusetts in summer also. 

TEN-PERCENTILE CONCENTRATIONS 

Morning 

Figures 41 through 45 show that data and isopleths of theoretical 'X/(j are exceeded on 10 percent of all 
mornings annually, and in winter, spring, summer, and autumn, respectively. These patterns are similar to those 
for corresponding upper quartile X!Q charts (Figures 31 through 35), except that upper decile values are larger 
and the patterns are more intense. The increases over upper quartile and median values are generally larger in the 
East than in the West. For example, annually (Figure 41) at the upper decile level the higher values in the East are 
about equal to those in the far West, whereas at the median level (Figure 21) there is little pattern in the East but 
a clear maximum In the far West. Annually, the largest upper decile morning 'X/(j values exceed 80 and 800 sec 
m - 1 for 10- and 100-km cities, and there are large sections of the country where 60 and 600 sec m - 1 are 
exceeded. These are indeed large values (e.g., in comparison to corresponding median values). It is fortuitous that 
most of our very large cities are not located in areas of such high meteorological potential for community air 
pollution. 

The relatively high X/Q values over the upper Plains (Figure 41) were unexpected, perhaps because most 
cities in the area are not large and have not often experienced pollutant concentrations that generated widespread 
interest. However, without effective abatement efforts, this situation is bound to become worse as cities grow. 
Other regions that face a similar prospect show up clearly in the isopleth analyses. 

The pattern of annual upper decile morning concentrations (Figure 41) is generally similar to that of each 
of the seasons, but with differences in magnitude. In the eastern United States the area of high X/(j values along 
the Appalachian Mountains is clearly highest in autumn (Figure 45) when, for some locations, they exceed 100 
and 1000 sec m- I for 10- and IOO·km cities, and are almost double the values in winter (Figure 42). In the upper 
Plains the highest values occur in summer and the lowest in winter. Along the south Atlantic Coast, over Florida, 
and along the Gulf Coast the concentrations are relatively low throughout the year, but they are lowest in 
summer. The two regions of moderately high concentrations over the Rockies are highest in winter and autumn, 
lowest in spring and summer. Highest X/(j values over western Oregon are around 100 and 1000 sec m - 1 for 10- and 
100-km cities, and occur in summer, but values are almost as high in autumn when they extend southward 
through interior California. Over southern California the highest concentrations are comparatively moderate and 
are attained in autumn and winter. 

Afternoon 

Figures 46 through 50 show the theoretical X/(j values that are expected to be exceeded on 10 percent of 
all afternoons annually, and in winter, spring, summer, and autumn, respectively. Annually (Figure 46), even at 
the upper decile level, there is little variation in afternoon X/(j values east of the Rockies for 10- or 100-km cities, 
and the values are only slightly larger than at the upper quartile level. In the western United States, however, 
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there are two areas where the upper decile X/Q values for 100-km cities exceed 50 sec m - 1 ; over Wyoming and 
Oregon peak values are near 150 and 100 sec m - I , respectively. For more realistic city sizes, however, the values 
are much smalleL 

Seasonally, most of the higher upper decile X/Q values shown annually are accounted for in winter (Figure 
47); for 10- and 100-km cities, values of 70 and 650 sec m - 1 , respectively, are reached over Wyoming and values 
of a little less than half are reached over Oregon. Notice that in these two regions the isopleths are left incomplete 
for clarity and because the extreme values may not be generally respresentative. Nevertheless, X/Q values of over 
100 sec m 1 for 50-km cities are indicated for the two western regions. East of the Rockies, in winter, there is no 
significant variation in X/Q for 10-km cities, and for 100-km cities the variation is not large. The X/Q values for 
autumn afternoons (Figure 50) are very similar to those shown annually (Figure 46). In spring and summer 
(Figures 48 and 49), there is practically no variation in XjQ for lO-km cities, and even for 100-km cities the 
variation for the most part is rather small. 

Potential for Urban Air Pollution 17 





EPISODE-DA YS OF HIGH METEOROLOGICAL POTENTIAL 

The classic study of the occurrence of episodes with restricted dispersion is the contribution of Korshover 
(1967) who based his determinations largely upon the magnitude of sea-level pressure gradients. However, his 
study was confined to the United States east of the Rocky Mountains because of problems inherent in the 
reduction of pressure to sea level for stations located in high and irregular terrain. The current study does not 
suffer from this limitation. Tabulations were made of episodes during which specIfied meteorological conditions 
were satisfied at each of the 62 upper air stations. This report is concerned with episodes lasting at least 2 days 
and episodes lasting at least 5 days with no precipitation cases and upper limits on mixing height and wind speed 
determined by the following matrix: 

Wind speed, 
m sec- 1 

2 
4 
6 

Mixing height, m 

500 1000 1500 2000 

The phrase, "episodes lasting at least 2 or 5 days," means that the conditions were satisfied in at least five or 
eleven consecutive computation times, respectively (e.g., morning of day I, to afternoon of day I, to morning of 
day 2, etc.). A defined precipitation event terminated an episode and was not counted as part of the episode. For 
the seven stations for which full 5-year tabulations were not available (Table A-I), the episode data were 
extrapolated to 5 years. 

Figures 51 through 70 include the data for episodes lasting at least 2 and 5 days for mixing height-wind 
speed limits in the foregoing matrix, with four exceptions. Figures are omitted for epIsodes of 5 days or longer 
characterized by wind speeds. 2.0 m sec -1 or less and any of the four speCIfied mixmg heights since these 
conditions only occurred as listed in Table 2. 

Table 2. EPISODES LASTING 5 OR MORE DAYS WITH 
WIND SPEED~ 2.0 m sec- 1 

Mixing Heights, m 

Location 500 1000 I 1500 2000 

Medford, Ore. 4 (24)a 9 (59) 10 (69) 10 (69) 
Lander, Wyo. 2 (15) 2 (19) 2 (19) 2 (19) 
Winnemucca, Nev. o {OJ o (OJ 1 (7) 1(7) 

aThe first figure IS the number of episodes; the number of episode-days is 
given in parentheses. 
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These episodes all occurred in winter. Each of the six most severe episodes (Le., at Medford and Lander) was 
clearly associated with a quasi-stationary anticyclone. 

Before discussing the episode maps, it is of interest to consider the relative severity of the various mixing 
height (H) and wind speed (U) limits (e.g., is an episode with H ~ 1000 m and U ~ 4.0 m sec- 1 more severe than 
one of equal dUration with H ~ 1500 m and U ~ 2.0 m sec -1 ?). This can be done conveniently and roughly by 

ranking the reciprocal of H x U as in Table 3. 

Table 3. RANK OF RECIPROCALS OF H x U 

Episodes at Mixing Height, m 
Wind speed, 

m sec ·1 500 1000 1500 2000 

2 1 2 3 4 
4 2 4 5 6 
6 3 5 I 7 8 

This is practically the same ranking that is obtained using X/Q values for a city size of about 40 km or larger. The 
total number of episodes and episode-days for a given duration and severity ranking may be approximated by 
summing the occurrences for appropriate limiting conditions. For example, for episodes of 2 days or longer with 
a severity ranking of 2 (H ~ 500 m, U ~ 4.0 m sec-I; and H ~ 1000 m, U ~ 2.0 m sec- I) at Lander, Wyoming, 
the total number of episode-days is the sum of 154 (Figme 52, for H ~ 500 ro, U ~ 4.0 m sec - 1) rlus 94 (Figure 
54, for H ~ 1000 m, U ~ 2.0 m sec-I) minus 71 (Figure 51, for H ~ 500 m, U ~ 2.0 m sec- ), which totals 
177. This total is an underestimate, however, since episodes were determined separately for each set of 
mixing-height and wind-speed conditions; episodes were not determined for multiple sets of conditions that may 
be rated of approximately equal severity. Limitmg mixing-height and wind-speed conditions of like severity have 
not been combined in order to show the contributions of individual component conditIOns and since other 
definitions of severity may be employed. The severity of various limiting meteorological conditions, together with 
various episode durations, could be ranked in terms of Duration/(H x U), but thIS seems to be a gross over­
simplification, and is not considered further in the present study. 

As mentioned, in mountainous regions most of the NWS observatIOn data used in this study were obtained 
in valleys and, therefore, are most appropriate to valley locations, although such details may not be shown by the 
isopleth analyses. 

EPISODES LASTING 2 DAYS OR LONGER 

Figure 51 shows [hat episodes of 2 days or longer with extreme limiting conditions of H ~ 500 m and U ~ 
2.0 m sec- 1 occur at only II of the 62 locations, mostly in the West. It is perhaps surprising that the total 
number of such episode-days III 5 years is as high as 71 at Lander, Wyoming, and 52 at Medford. Oregon. 
IncreaSing the wind-speed limit to 4.0 m sec- 1 with H ~ 500 m (Figure 52) results in some occurrences at almost 
two-thirds of the stations, although the total episode-days at many stations is small. At Lander the episode-days 
totaled 154, an increase of 83 over Figure 51, whereas at Medford the increase is only 3 episode-days. This 
happens because at Medford, with H ~ 500 m, episodes with 2.0 < U ~ 4.0 m sec- 1 occur rarely. In Figure 52, 
also notice the effect of relatively slow winds over California and fast winds over the middle tier of states. Figure 
53 for H ~ 500 m and U ~ 6.0 111 sec- I shows mcreases over Figure 52 much as expected from the previous 

20 MIXING HEIGHTS, WIND SPEEDS, AND URBAN AIR POLLUTION POTENTIAL 



discussion. The comparatively very large frequency of episode-days over southern Cahfornia is due to the 
occurrence of persistent low mixing heights and fairly slow winds with sparse precipitation. 

Considering episodes with H < 1000 m, Figure 54 shows that with U < 2.0 m sec-I the pattern of 
episode-days is much like that of Figure 51 (H < 500 m, U < 2.0 sec-I). In both figures, the very limiting 
conditions occur at only two statIOns in the East and in the West are greatest by far at Medford and Lander. 
Increasing the wind speed limit to 4.0 m sec-I with H < 1000 m (Figure 55) results in some episode-days at all 
except 6 of the 62 stations. Most of these zero and other low occurrences are at stations in relatively windy 
regions. In Figure 55 the greatest number of episode-days in the East barely exceeds 20, whereas In the West 100 
is exceeded at many locations. The greatest number of episode-days in Figure 55 is 471 at San Diego, California 
(isopleths incomplete In this area), and it is surprising that the values are more than twice those at nearby Santa 
Monica (Los Angeles). This happens because the episode criterion most often not satisfied at both locations is 
afternoon U < 4.0 m sec -I, and, while afternoon wind speeds at both locations are typically near the critical 
value, they are usually around I m sec -I faster at Santa Monica than at San Diego. This difference between San 
Diego and Santa Monica occurs on most charts ",here the limiting wind speed is 4.0 m sec -I. The comparatively 
small frequency of episodes at Ely, Nevada, is also interesting. Over the central and southern Rockies the 
afternoon mixing heights in spring, summer, and autumn are usually so high as to largely eliminate the occurrence 
of low mixing-height episodes from all seasons except winter, but then the morning wind speeds (Figure 12) at 
Ely are considerably faster than at nearby stations. Relatively low frequencies occur at Ely on most of the 
episode figures. For H < 1000 m and U < 6.0 m sec-I Figure 56 shows that these conditions occur at all 
stations. In the West, 100 episode-days is exceeded at most stations and 600 episode-days is exceeded over much 
of California, whereas in the East the greatest number of corresponding episode-days is 87 at Burwood. Louisiana 
(near New Orleans). 

Figure 57 shows that for H < 1500 m and U < 2.0 m sec - I the episode frequencies are very similar to 
those for H < 1000 m and U < 2.0 m sec-I (Figure 54). Apparently for these conditions the mixing heights are 
less effective than wind speeds in limiting the occurrence of episodes. Figure 58 is particularly important because 
the limiting conditions of H < 1500 m and U < 4.0 m sec -I have been used, in one form or another, as criteria in 
the National AIr Pollution Potential Forecasting Program (Stackpole, 1967; Gross, 1970). Clearly, the 
meteorological potential for episodes is much greater in the West than in the East, with barely 100 episode-days 
at one eastern station and over 100 days at most western stations. Several western stations have more than 200 
episode-days. Figure 59 shows that with H < 1500 m and U < 6.0 m sec - I , episodes are quite frequent at most 
stations. However, the severity of such potential episodes is markedly reduced by wind speeds at 6.0 m sec-I, 
except perhaps for very large cities. 

For the greatest mixing heights considered, H < 2000 m and U < 2.0 m sec-I, Figure 60 shows that in the 
West episode data are practically unchanged from the conditions of Figure 57 (H < 1500 m and U < 2.0 m 
sec- I), but that in the East the number of stations meeting the criteria almost doubles. Figure 61 illustrates that 
episodes with H < 2000 m and U < 4.0 m sec-I occur at all stations and such episode-days have a frequency 
greater than 100 over most of the West and over much the East. For the least limiting conditions, H < 2000 m 
and U < 6.0 m sec -I, Figure 62 shows that the total episode-days in 5 years is less than 100 at only 12 stations 
and is more than 200 (i.e., 1 day in about 9) at well over half the stations. 

For H < 500 and < 1000 m (Figures 51 through 56) the season with the greatest number of episode-days 
is winter for most stations. For H < 1500 and 2000 m (Figures 57 throUgh 62) the predominant season with the 
greatest number of episode-days continues to be winter in the West but shifts to autumn in the East. This is 
probably due in part to the more frequent occurrence of winter cyclonic storms in the East than in the West. This 
general effect of storminess may also be seen in the Pacific Northwest Region of Figures 58 through 62 where 

autumn or summer is the season with the greatest number of episode-days at several stations. As a general rule for 
the same limiting conditions, the average duration of episodes in the West tends to be greater than in the East. 
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EPISODES LASTING 5 DAYS OR LONGER 

For 5-day episodes the frequencies and isoline patterns of Figures 63 through 70 are much like those with 
corresponding limits on Hand U for 2-day episodes (Figures 51 through 62), except that 5-day episodes generally 
occur much less frequently. As indicated, 5-day episodes with U ~ 2.0 m sec- 1 only occur at three stations. 
Five-day episodes with the least limiting conditions, H ~ 2000 m and U ~ 6.0 m sec- l (Figure 70), did not occur 
once in the 7 years considered at seven stations. For the important condition of H ~ 1500 m and U ~ 4.0 m 
sec-I, 5-day episodes (Figure 67) occur at only 24 stations, whereas 3-day episodes (Figure 58) occur at 60 
stations. This difference occurs mainly in the East. In general, the discussion regarding 2-day episodes is 
applicable to 5-day episodes. 

FORECAST EPISODES 

For the most part there is fair qualitative agreement between the patterns of objectively derived 
episode-days with limiting conditions like those used as forecast criteria (Figure 58) and actual forecast-days of 
high air pollution potential (Figure 71). Notable exceptions occur, however, in the vicinity of Ely, Nevada, where 
the condition seems to have been relatively over-forecast and in the vicinity of Lander, Wyoming, where it seems 
to have been relatively under-forecast. Notice that in Figure 71 the actual forecast-days have been adjusted to a 
5-year base for comparison with Figure 58. The number of derived episode-days in 5 years tends to be somewhat 
greater than forecast, especially in the West. This is due, at least in part, to the conservative nature of the 
forecasts and to the forecast requirement that meteorological conditions be met over a large area (minimum size 
about 75,000 square miles). In regard to the latter reqUirement, inspection of derived episodes indicates that they 
often occurred simultaneously at several adjacent stations in association with slow-moving anticyclones. 
Especially along the California Coast, however, episodes of limited dispersion are often confined to rather small 
areas. 
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SUMMARY AND CONCLUSIONS 

This study is based upon regular surface observations and upper air measurements of temperature and wind 
during 5 years at 62 NWS stations in the contiguous United States. These observations have been used to derive 
climatological statistics on morning (after sunrise) and afternoon mixing heights over cities and vertically averaged 
wind speeds through the corresponding heights. The method of deriving these data is given in some detail along 
with sources for obtaining copies of the data in the hope that they will be used in other applications, particularly 
more detailed and specific studies of air pollution meteorology. 

Annual and seasonal isoplethed maps of mean morning and afternoon mixing heights and wind speeds are 
presented. Morning mixing heights over most of the United States usually range in any season from around 300 to 
800 m, with the higher values commonly found adjacent to large bodies of water. Afternoon mixing heights 
display a large seasonal variation. Winter values range from 600 m over northern central and northwestern states 
to 1400 m over the southern Rockies. In summer, the range is from 600 m along the California Coast to 4 km 
over the southern Rockies with relatively low heights along all coasts. Maps of mean morning wind speed generally 
display isopleth patterns that are similar from season to season although irregular variations occur in some areas 
(e.g., over the northern Rockies and from the Great Lakes eastward to the Atlantic Coast). Fastest average speeds 
reach 9 m sec- l in spring over Oklahoma and in winter over the northern Rockies and along the middle Atlantic 
Coast. Slowest speeds are 2 m sec- l and only occur in the far West, but morning winds of 3 m sec-lor less 
occur in all seasons over much of California and Oregon; in summer, autumn, and winter over parts of the 
Rockies; and in summer over the middle Appalachians and part of Mississippi. Seasonal patterns of afternoon 
speeds are much like those for mornings except most afternoon speeds are around 1 to 2 m sec- l faster. 

A simple model of dispersion over urban areas is developed in which the theoretical city-wide average 
pollutant concentration ex), normalized for uniform average area emission rate (Q), is a function of mixing 
height, wind speed, and city size (i.e., along-wind distance across the city). For city sizes greater than 10 km, 
the variation ofX/Q'with city size is practically linear. Frequency tabulations of mixing height by wind speed are 
used in the model to generate cumulative frequencies of X/Q for each of the 62 observation locations. Isopleth 
maps of annual and seasonal X/Q values for 10- and 100-km cities that were exceeded on 10,25, and 50 percent 
of mornings and afternoons are presented in 30 figures. This information may be utilized most readily by 
comparing X/Q values (for a given city size) for different areas, and for different city sizes in accordance with 
anticipated changes in city size and emission rates. In such evaluations, the assumptions in the model should not 
be overlooked and care should be exercised in interpreting between data locations. 

The isoplethed X/Q charts show that over the United States both large and small variations in these 
theoretical values may occur spatially, diurnally, and seasonally as well as with city size and for different 
percentile values of the cumulative frequencies, Thus, in terms of the concepts used in this study, the 
meteorological potential is anything but simple and is summarized only briefly. Annually, the median X/Q values 
for mornings (Figure 21) vary from 9 to 39 Sec m -1 for lO-km cities and from 17 to 329 sec m -1 for 100-km 
cities with comparatively low values and flat isopleth patterns east of the Rockies and clearly defined patterns in 
the West. At the upper quartile level the isopJeths of morning annual X/Q values (Figure 31) show an additional 
area of high values along the axis of the Appalachians, but the highest values remain in the far West centered over 
Oregon. In the upper decile chart of morning annual xJQ values (Figure 41), the isopleth patterns are quite 
intense with a range of values from 16 to 95 sec m- I for lO-km cities and from 96 to 890 sec m- l for 
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100-km cities. Highest concentrations are centered over Oregon with values almost as high over Mississippi and 
extending northeastward along the Appalachians. A new area of relatively high values is located over the upper 
Plains and secondary high centers over Wyoming and Arizona persist from the median chart. In general, 
comparatively high morning concentrations occur over much of the West at the median, upper quartile, and upper 
decile levels; along the Appalachians extending into Mississippi at the upper quartile and decile levels; and over 
the upper Plains at the upper decile level. As a rule, the highest morning X/Q values occur in autumn and/or 
summer. 

For afternoons the annual chart of median X/Q values (Figure 26) indicates that lO-km cities have a value 
of 9 or 10 sec m - 1 and 100-km cities have a range only from 13 to 26 sec m - 1 . This results in practically no 
isopleth pattern for lO-km cities and a very flat pattern for 100-km cities. At the upper quartile level, the 
afternoon annual values of X/Q (Figure 36) are not much greater than the median values, even for 100-km cities. 
At the upper decile level the afternoon annual X/Q values (Figure 46) for lO-km cities range only from 10 to 22 
sec m -1 and for 100-km cities from 20 to 150 sec m -1. While there are some clear-cut isopleth patterns for 
upper decile annual afternoon concentrations, these are confined mostly to the West. However, even for 100-km 
cities the afternoon isopleth patterns are rather flat compared with those on the corresponding morning chart. 
This lack of spatial variation in the afternoon concentrations occurs largely because the afternoon mixing heights 
are generally so high as to have little or no effect on the xJQ values even for IOO-km cities. In view of the large 
seasonal variation of afternoon mixing heights, it is not surprising to find that at most places the highest 
afternoon X/Q values occur in winter and are considerably larger than corresponding annual values. 

Morning and afternoon X/Q charts indicate that in some areas the diurnal variations are exceptionally large, 
particuarly at the upper decile and quartile frequencies for large cities (e.g., along the Appalachians some upper 
decile diurnal variations for 100-km cities exceed a factor of 25). This could happen because the more extreme 
morning mixing heights for large cities are underestimated. Practical allowance for such effects (for city sizes of 
up to 100 km) have reduced the morning X/Q values but the values are still considerably greater than afternoon 
values, and they still increase with city size. Consideration of emission control strategies for preventing and 
alleviating the widespread occurrence of undesirable pollutant concentrations over cities should recgonize that 
large diurnal variations in X/Q occur in many regions and also that the magnitude of this variation increases with 
city size. Added effects of morning X/Q values should also be carefully considered in those places where 
recirculation of contaiminated air occurs, since such effects are not included in the disperSion model. Episodes of 
at least a day during which high X/Q values may be expected are especially indicated for those areas where both 
the morning and afternoon values are relatively large. The more outstanding areas of such coincidence are 
centered in Wyoming and Oregon; they occur mainly in winter and autumn at upper decile and quartile 
frequencies. As cities in these areas grow, they could experience very serious air pollution problems. Other 
applications of the data presented in Figures 21 through 50 are readily apparent (e.g., for specific locations, and 
for variations of city size and emission rate). However, because of the gross nature of the urban dispersion model 
and the input parameters, the derived X/Q values should be recognized as only generally representative of real 
situations. 

Finally, this study has objectively determined the episodic occurrence of several limited dispersion 
conditions during 5 years at each of the 62 upper air stations. Two episode durations are included, at least 2 days 
and at least 5 days. The most limited dispersion conditions considered-mixing heights 500 m or less and wind 
speeds 2.0 m sec -lor less with no significant precipitation during episodes lasting at least 5 days--occurred at 
only two stations (a total of six episodes and 39 episode-days). The least-limited dispersion conditions 
considered-mixing heights 2000 m or less and wind speeds 6.0 m sec-lor less with no significant precipitation 
during episodes lasting at least 2 days (Figure 62)-occurred at all stations, and at San Diego and Santa Monica, 
California, such episode-days were more common than not. Intermediate limiting conditions of mixing 
heights-1500 m or less and wind speeds 4.0 m sec-lor less with no significant precipitation during episodes 
lasting at least 2 days (Figure 58)~are of interest because such criteria have been used in the National Air 
Pollution Potential Forecasting Program. Figure 58 shows that total episode-days with these conditions are at a 
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minimum through the middle tier of states with no days in 5 years at two stations. In the East, the total number 
of these episode-days barely exceeds 100 at one station, bu t in the West 100 days is exceeded at most stations 
and 200 day s is not uncommon. Episodes with these same limiting conditions, but lasting at least 5 days (Figure 
67), are extremely rare in all but the western states where 100 days in 5 years is exceeded at several stations. 
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Figure 2. Isopleths x 102) of mean winter morning mixing heights (see Table 8-1 for data). 
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Figure 4, Isopleths (m x 102) of mean summer morning mixing heights (see Table B-1 for data). 
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Figure 6. Isopleths (m x 102) of mean annual afternoon mixing heights (see Table 8-1 for data). 
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Figure 8. Isopleths x 102) of mean spring afternoon mix heights (see Table 8-1 for data). 
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Figure 9. Isopleths x 102) of mean summer afternoon mixing heights (see Table 8-1 for data). 
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Figure 10. Isopleths (m x 102) of mean autumn afternoon mixing heights (see Table 8-1 for data). 



......... 
T"" 

Q) ..... 
::l 
0> 

u.. 
.... 
Q) 
>-
(tl 

0> 
C 

x 
E 

~ 
Q) 

.s::: -.s::: 
0> 
:::; 
0 ..... 

.s::: -"0 
Q) 
0> 

I (tl 
'-
Q) 

> 
(tl ) 
"0 
Q) 

(, 
Q) 
0. 
(/) 

"0 
C 

ii= 

I 
~~--I . 
I 

,... JI 
c:: 
(tl 
Q) 

E -0 

T"" 
I 
() 
Q) 
(/) 

(/) 
.s::: ..-
Q) 

Q. 
0 
(/) 

,.-
,.-
(l) ..... 
::l 
0> 

<"'> u.. 

36 MIXING HEIGHTS, WIND SPEEDS, AND URBAN AIR POLLUTION POTENTIAL 



"'Ii ..... 
OQ 

= 
~ 
III 

V.l 
'-.l 

7 

Figure 12. Isopleths (m sec-1) of mean winter wind speed averaged through the morning mixing layer (Figure 2). 
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Fiqure 14. fsopleths (m sec-i) of mean summer wind speed averaged through the morning mixing layer (Figure 
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Figure 16. Isopleths (m sec-1) of mean annual wind speed averaged through the 3fternoon mixing layer (Figur8 6). 
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sec-1) of mean ~ wind speed averaged through the afternoon mixing layer (Figure 8). 
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Figure 20. Isopleths (m sec-1) of mean_autumn wind speed averaged through the afternoon mixing layer (Figure 10) . 
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Figure 31. Data and isoplet hs (sec m~1) of upper quartile annual morning i/a values (see 
and dashed isopleths) and 100-km (lower numerals and solid isopleths) city sizes. 
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Figure 32. Data and isopleths (sec m-1) of upper quartile winter morning x/a values (see text) for 10- (upper numerals 
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Figure 35. Data and isopleths (sec m~1) of upper quartile autumn morning X/a values (see text) for 10- (upper numerals 
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Figure 57. Isopleths of total number of episode-days in 5 years with mixing heights~ 1.500 m, wind speeds~ 2.0 m sec-1 , 
and no significant precipitation (see text) - - for episodes lasting at least 2 days. Numerals on left and right give total 
number of episodes and episode-days, respectively. Season with greatest number of episode-days indicated as W (winter), 
SP (spring), SU (summer), or A (autumn). 
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Figure 58. Isopleths of total number of episode-days in 5 years with mixing heights"" 1500 m, wind speeds "" 4.0 m sec-1 
- -

and no significant precipitation (see text) - - for episodes lasting at least 2 days. Numerals on left and right give total 
number of episodes and episode-days, respectively. Season with greatest number of episode-days indicated as W (winter), 
SP (sprinq), SU (summer), or A (autumn). 
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Figure 60. Isopleths of total number of episode-days in 5 years with mixing heights~ wind speeds~ =:....m:.:.:....::..::..::~ 
and no significant precipitation (see text) - for episodes lasting at least 2 days. Numerals on left and right g ve 
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Figure 63. Isopleths of total number of episode~days in 5 years with mixing heights < 500 m, wind speeds < 4.0 m sec-1, 
and no significant precipitat ion (see text) ~ - for episodes lasting at least 5 days. Numerals on left and right give total 
number of episodes and episode~days, respectively. Season with great est number of episode~days indicat ed as W (winter), 
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Figure 64. Isopleths of total number of episode-days in 5 years with mixing heights!: 500 m, wind speeds ~ 6.0 m sec-1, 
and no significant precipitation (see text) - - for episodes lasting at least 5 days. Numerals on left and right give total 
number of episodes and episode-days, respectively. Season with greatest number of episode-days indicated as W (winter), 
SP (spring), SU (summer), or A (autumn). 
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Figure 65. Isopleths of total number of episode-days in 5 years with mixing heights ~ 1000 m, wind speeds ~ 4.0 m sec-1, 
and no significant precipitation (see text) - • for episodes lasting at least 5 days. Numerals on left and right give total 
number of episodes and episode-days, respectively. Season with greatest number of episode-days indicated as W 
SP (spring), SU (summer), or A (autumn). 
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Figure 66. Isopleths of total number of episode-days in 5 years with mixing heights:: 1000 m, wind speeds,:: 6.0 m sec-1, 
and no significant preCipitation (see text) - - for episodes lasting at least 5 days. Numerals on left and right give total 
number of episodes and episode-days, respectively. Season with greatest number of episode-days indicated as W (winter), 
SP (spring), SU (summer), or A (autumn). 
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Figure 67. Isopleths of total number of episode-days in 5 years with mixing heights:: 1500 m, wind speeds ~ 4.0 m sec-1, 
and no significant precipitation (see text) - - for episodes lasting at least 5 days. Numerals on left and right give total 
number of episodes and episode-days, respectively. Season with greatest number of episode-days indicated as W (winter). 
SP (spring), SU (summer). or A 
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Figure 68. Isopleths of total number of episode-days in 5 years with mixing heights:: 1500 m, wind speed:: 6.0 m sec-1, 
and no significant precipitation (see text) - - for episodes lasting at least 5 days. Numerals on left and right give total 
number of episodes and episode-days, respectively. Season with greatest number of episode-days indicated as W (Winter), 
SP (spring), SU (summer), or A (autumn). 
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Figure 69. Isopleths of total number of episode-days in 5 years wit h mixing heights:! 2000 m! wind speeds::: 4.0 m sec-1, 
and no significant precipitation (see text) - - for episodes lasting at least 5 days. Numerals on left and right give total 
number of episodes and episode-days, respectively. Season with greatest number of episode-days indicated as W (winter), 
SP (spring), SU (summer), or A (autumn). 
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SP (spring), SU (summer), or A (autumn). 



\0 
0'\ 

es 
>< -2 
o 
::t: 
tTl -o 
::t: 
,..;j 
CIl 

;:§ 
2 
o 
CIl 
"'C 
tTl 
tTl o 
CIl 

)-
2 
o 
c:: 
" t:tl 
)-
2 
)-

;3 
~ 
t"'" 

~ 
,..;j -o 
2 

~ 
,..;j 

~ 
-I 

> t"'" 

Figure 71. lsopleths of total number of forecast-days of high meteorological potential for air pollution in a 5-year period. 
Data are based on forecasts issued since the program began, 1 August 1960 and 1 October 1963 for eastern and western 
parts of the United States, respectively, through 3 April 1970. 



APPENDIX A. NCC TABULATIONS 
OF MIXING HEIGHT AND WIND SPEED 

This appendix provides a detailed description of the subject tabulations for the benefit of those interested 
in obtaining copies. The 62 NWS upper-air (combined radiosonde and rawinsonde) stations for which tabulations 
of mixing height and vertically averaged wind speed were prepared are listed in Table A-I along with pertinent 
information. Station locations may be seen in Figures 21 through 70. All tabulations were accomplished by the 
National Climatic Center (NCC) (formerly the National Weather Records Center) under Job Order 6234, except 
those for Washington, D.C., which were under Job Order 7717. With few exceptions, each upper-air and 
corresponding surface (airways) observing station was at the same location (e.g., airport). For each station, there 
are three tabulations. The cover page of each tabulation includes the tabulation number (I, II, or III), upper-air 
station name and WBAN number, and period of record. Each tabulation is prefaced by an explanation page. (For 
clarity the tabulations are described in reverse numerical order, i.e., III, II, and L) 

TABULA TION III 

Table A-2 is an example of NCC Tabulation III. The station is Peoria, Illinois (WBAN number 14842), the 
year is 1960 (60), the month is April (04), and the data for mornings are indicated on the left and for afternoons 
on the right. 

Column T gives the classification of a mixing-height calculation. If the regular hourly airways observations 
from 2200 through 0900 LST included at least two occurrences of light precipitation or one of moderate or 
heavy, the morning calculation is classified as P. A similar classification is employed for afternoons considering 
hourly observations from 1000 through 2100 LST_ P cases are of interest because the assumption of a dry 
adiabatic lapse rate in the mixing layer may not be valid. If the surface temperature that is to be extended dry 
adiabatically (the morning minimum plus SoC or the afternoon maximum) is less than the surface temperature of 
the 1200 GMT vertical temperature profile observation, no mixing height can be calculated. This condition is 
indicated by a letter C. Such cases occurred especially in the afternoon with strong cold air advection after the 
1200 GMT upper air observation but before noon LST. For C cases the speeds are averaged through 4000 m 
above the station. "M" indicated missing. A blank in the T-column indicates that none of the foregoing types 
occurred (i.e., the conditions of greatest interest in this study). 

Column 1 gives the mixing height in meters em); column 2, the vertically averaged wind speed through the 
mixing layer in m sec-I, based on surface winds and on winds aloft observed at 1200 GMT for morning and 0000 
GMT for afternoons; column 3, the average surface wind speed (used in the vertically averaged speed) in m sec-I, 
based on the five regular hourly airways reports from 0200 through 0600 LST for mornings, and from 1200 
through 1600 LST for afternoons; column 4 gives the number of wind levels used to calculate the vertically 
averaged speed of column 2. Column 4 is not included for some stations. 

As illustrated in Table A-3 for the seasons, Tabulation III also gives the monthly and seasonal mean mixing 
heights (column I), means of vertically averaged speeds (column 2), mean surface speeds (column 3), and total 
number of occurrences (column N), all by classification of the mixing-height calculation (column T). A blank in 
the T-column designates the non-P and non-C cases. 
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Five years of records are processed for most stations. Tabulation III consists of 63 pages; one page of 
explanations, one page for each month of each year, one page for all monthly means, and one page for all 
seasonal means. 

TABULATION II 

NCC Tabulation II is a temporal analysis of the daily morning and afternoon mixing heights and wind 
speeds of Tabulation III (columns 1 and 2 therein). By month and season, it gives the frequencies of episodes of 
specified duration or longer during which consecutive calculations of non·P mixing height and wind speed did not 
exceed specified values. Table A4 is an example of NCC Tabulation II. The letters A, B, C, D, E, F, G specify the 
upper limits of the mixing height as 250, 500, 750, 1000, 1500, 2000, 3000 m, and in the next column the 
numberS 2,4,6, 8 for each mixing height specify the upper limits of the vertically averaged wind speed as 2.0, 
4.0, 6.0, 8.0 m sec -}. The column headings 2, 3, 4, .... , ] 21 are the prescribed minimum number of 
consecutive calculations (e.g., morning to afternoon of day 1 to morning to afternoon of day 2, etc.) during 
which the meteorological criteria were satisfied. Thus, if the criteria were met in eight consecutive computations, 
that episode contributes a frequency count of one to each of the appropriate cells for 8, 7, 6, 5,4, 3 and 2 or 
more consecutive computations. However, it does not contribute a frequency count of two to a duration of four 
or more consecutive calculations or a frequency count of four to a duration of two or more consecutive 
calculations. Table A-4 is for all Januarys (01) of the years considered; for mixing heights not greater than 500 m 
(8) and wind speeds not greater than 4.0 m sec -1 (4), there were seven separate episodes that lasted through at 
least two consecutive computations, three that lasted through at least three, one through at least four, and one 
that lasted through at least five consecutive computations. On the other hand, for these same condItions one 
episode persisted through exactly five consecutive computations, none through exactly four consecutive 
computations, two through exactly three consecutive computations, and four through exactly two consecutive 
computations. In Table A4 the column at the far right gives the total number of occurrences of specified 
conditions without regard to consecutiveness. For example, in Table A-4 there were 62 occurrences (morning and 
afternoon) of a mixing height 500 m or less (8) with a wind speed of 4.0 m sec 1 or less (4); P cases are not 
included. It was assumed that the mixing height and wind speed computations were separated by 12-hour 
intervals and that the duration of an episode lasting through exactly two consecutive computations was 12 hours; 
the duration of an episode lasting through exactly three consecutive computations was 24 hours; etc. 

For each station Tabulation II consists of 17 pages, which comprise one page of explanations, one page for 
each month of all years, and one page for each season of all years. 

TABULATION I 

An example of NCC Tabulation I is shown as Table A-5. It gives frequency counts of mixing heights by 
vertically averaged wind speeds, both in class intervals. There are separate tables for mornings and for afternoons 
of each month and season for all years. The major portion of each table is for both non-P and non-C cases (both 
indicated as "NOP"). However, there are column and row totals of P cases, column totals of C cases, the number 
of missing cases, and column and row totals of all cases. Thus, in Table A-5, autumn (04) afternoons (02), there 
were ten occurrences of non-P mixing heights 75 I to 1000 m with a wind speed of 4.1 to 5.0 m sec -} (5); there 
were 61 occurrences of non-P and 7 of P mixing heights 751 to 1000 m for all wind speeds. The total of an 
mixing heights 751 to 1000 m is 68. For all speeds the total non-P cases are 381, total P cases are 53, total C cases 
are 18, and 3 are missing for an accumulated total of 455 calculations for 5 years of autumns. 

For each station, Tabulation I consists of 33 pages, which comprise one page of explanations and one page 
for each time (morning or afternoon) of each month and season for all years. 
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Table A·1. MIXING HEIGHT AND WIND SPEED TABULATIONS 
PREPARED BY THE NATIONAL CLIMATIC CENTER 

..... _ .... 

Upper·air observing station 
Date Years of 

NWS tabulations tabulations 
Location Abbr. WBAN no. completed (inclusive) 

Albany, New York ALB 14735 5/13/68 1960·1964 
Albuquerque, New Mexico ABO 23050 6112/68 1960·1964 
Amarillo, Texas AMA 23047 7/1/68 1960·1964 
Athens, Georgia AHN 13873 7/1/68 1960·1964 
Bismarck. North Dakota BIS 24011 5/13/68 1960·1964 
Boise, Idaho BOI 24131 6/12/68 1960·1964 
Brownsville, Texas BRO 12919 6/26/68 1960·1964 
Buffalo, New York BUF 14733 7/1/68 1961·1964 
Burwood. Louisiana BRJ 12863 7/1/68 1960·1964 
Cape Hatteras, North Carolina HAT 93729 7/1/68 1960·1964 
Caribou. Maine CAR 14607 7/1/68 1960·1964 
Charleston, South Carolina CHS 13880 12/8/67 1960-1964 
Columbia, Missouri CBI 13983 9/12/66 1960·1964 
Dayton, Ohio DAY 93815 5/17/66 1960·1964 
Denver, Colorado DEN 23062 12/8/67 1960·1964 
Dodge City. Kansas DOC 13985 6/26/68 1960·1964 
EI Paso, Texas ELP 23044 7/1/68 1960·1964 
Ely, Nevada ELY 23154 7/1/68 1960·1964 
Flint, Michigan FNT 14826 10/27/67 1960·1964 
Glasgow, Montana GGW 94008 6/12/68 1960-1964 
Grand Junction, Colorado GJT 23066 6/12/68 1960·1964 
Great Falls, Montana GTF 24143 7/1/68 1960·1964 
Green Bay. Wisconsin GRB 14898 7/1/68 1960·1964 
Greensboro, North Carolina GSO 13723 5/13/68 1960-1964 
Huntington, West Virginia HTS 03860 10119/67 1962·1964 
International Falls, Minnesota INL 14918 7/1/68 1960·1964 
Jackson, Mississippi JAN 13956 7/1/68 1959·1962 
Jacksonville, Florida JAX 13889 7/1/68 1960·1964 
Lake Charles. Louisiana LCH 03937 12/8/67 1962·1964 
Lander. Wyoming LND 24021 711/68 1960·1964 
Las Vegas, Nevada LAS 23169 7/1/68 1960·1964 
Little Rock, Arkansas LIT 13963 5/13/68 1960·1964 
Medford, Oregon MFR 24225 6/12/68 1960·1964 
Miami, Florida MIA 12839 6/26/68 1960·1964 
Midland, Texas MAF 23023 6/12/68 1960·1964 
Montgomery, Alabama MGM 13895 12/8/67 1960·1964 
Nantucket, Massachusetts ACK 14756 7/23/68 1960-1964 
Nashville, Tennessee BNA 13897 9/12/66 1960-1964 
New York, New York JFK 94789 5/17/66 1960·1964 
North Platte, Nebraska LBF 24023 6112/68 1960·1964 
Oakland. California OAK 23230 12/8/67 1960·1964 
Oklahoma Cit". Oklahoma OKC 13976 5/13/68 1960·1964 
Peoria, Illinois PIA 14842 6/12/68 1960·1964 

"Letters under remarks indicate footnotes given ;n text at end of table. 

Appendix A. NCC Tabulations of Mixing Height and Wind Speed 
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a 

b 

c 

d 
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Table A-1 (continued) 

U~per-air observing station 

I Date Years of 
NWS tabulations tabulations 

location Abbr. WBAN no. completed (inclusive) Remarks* 

Pittsburgh, Pennsylvania PIT 94823 9/12/66 1960-1964 
Portland, Maine PWM 14764 7/23/68 1960·1964 f 

Rapid City, South Dakota RAP 24090 7/1/68 1960-1964 
St. Cloud, Minnesota STC 14926 12/8/67 1960-1964 
Salem, Oregon SlE 24232 6/26/68 1960-1964 
Salt lake City, Utah SlC 24127 9/12/66 1960·1964 
San Antonio, Texas SAT 12921 12/8/67 1960-1964 
San Diego. California SAN 03131 7/1/68 1960-1964 g 
Santa Monica. California SMO 93197 5/17/66 1960-1964 h 

Sault Ste. Marie, Michigan SSM 14847 7/1/68 1960-1964 
Seattle. Washington SEA 24233 12/8/67 1959-1961 
Shreveport. louisiana SHY 13957 6/26/68 1960-1964 
Spokane, Washington GEG 24157 5/13/68 1960-1964 
Tampa, Florida TPA 12842 5/13/68 1960-1964 
Topeka, Kansas TOP 13996 7/1/68 1960-1964 
Tucson, Arizona TUS 23160 12/8/67 1960-1964 
Washington, D.C. DIA 93734 3/22/67 1961-1964 j 

Winnemucca. Nevada WMC 24128 6/12/68 1960-1964 
Winslow, Arizona INW 23194 7/1/68 1962-1964 

Footnotes for Table A-I: 

a. At Caribou from I August 1963 through 31 December 1964, the hourly airways observations from 0000 
through 0400 EST were not taken. Thus, the afternoon computations were not affected in any way. The 0500 
and 0600 EST reports were deemed adequate for determining the morning minimum temperature and the average 
surface wind speed. The only problem arose in the determination of morning P cases, but this was solved by 
appraisal of hourly precipitation amounts (from automatic precipitation gage records) for the miSSing hourly 
reports. This appraisal was only necessary for those mornings when P cases were not determined in the usual 
manner from the available hourly reports. In order to compare the results, Tabulations I, II, and tIl were prepared 
separately for 1960 through 1962 and 1963 through 1964, as well as the complete period 1960 through 1964. 
None of the differences in the tabulations could be ascribed to the alternate method of determining P cases. 

b. The Dayton upper-air soundings were made from Sulphur Grove (979-ft elevation), about 6 miles 
east-southeast of Cox-Dayton Airport (l002-ft elevation) where the hourly airways observations were made. 

c. At Huntington, some of the wind reports for levels aloft within a mixing layer were occasionally missing, 
necessitating computation of a vertically averaged speed based on incomplete data. Investigation showed, 
however, that this rarely happened more than a few times a month. 

d. At Lander from 1 January 1960 through 31 March 1962, many of the hourly surface observations from 
1900 through 0600 MST were not taken (about eight missing per day). All observations for 1200 through 1600 
MST were available, however, so that the afternoon maximum temperature and surface wind speed were 
determined as usual. The 0200 and 0500 MST observations were always taken and were deemed adequate for 
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determining morning minimum temperatures and average surface wind speeds. The main problem that arose in 
determining P cases was solved by evaluation of hourly precipitation amounts (from automatic precipitatIOn gage 
records) for the missing hourly reports. To check these results, Tabulations 1, 11, and HI were prepared separately 
for 1960 through 1961 and 1962 through 1964, in addition to the entire period of 1960 through 1964. The 
differences in the tabulations between periods could not be ascribed to the methods of determining P cases. 

e. The New York surface and upper·air observations were made at J. F. Kennedy (formerly Idlewild) 
International Airport. 

f. The initial set of tabulations for Portland produced a surprising number of C cases for morning mixmg 
height in the warmer months. This was found to be due to a comparatively late release of the scheduled 1200 
GMT radiosonde and an early sunrise (0358 EST on June 15), which together frequently resulted in the surface 
temperature of the 1200 GMT sounding being greater than the minimum surface temperature plus 5°C. To 
overcome this problem in computing the urban morning mixing height. the hourly temperature at 0600 EST plus 
5°C was used instead of the minimum hourly temperature from 0200 to 0600 EST plus 5°C. It should be noted 
that upper-air soundings are permitted to begin up to an hour ahead of schedule. Most stations begin a sounding 
from 45 to 60 minutes prior to schedule, but at Portland the 1200 GMT sounding was seldom begun before 1130 
GMT (0630 EST). 

g. The San Diego upper-air soundings were made at Montgomery Field (elevation 407 ft) and were used 
with hourly surface reports for Lindbergh Field (elevation 19 ft). Lindbergh Field is on the shore of San Diego 
Bay and Montgomery Field is on the coastal plain about 7 miles to the north-northeast. 

h. Hourly surface weather observations at Los Angeles International Airport (elevation 97 ft) were used 
with upper-air soundings at Santa Monica Municipal Airport, Clover Field (elevation 125 ft), about 7 miles to the 
north-northwest. Both locations are about 2 miles from the coast and in similar suburban or residential 
surroundings. 

i. Upper-air soundings at Dulles International Airport (elevation 279 ft),located in rural surroundings about 
23 miles west-northwest of the Capitol, were available for 1961 through 1964, but hourly surface observations 
there were only available for 1963 through 1964. However, hourly surface observations at Washington National 
Airport (elevation 14 ft), located in suburban surroundings on the shore of the Potomac River about 4 miles 
south of the Capitol, were available for 1961 through 1963. Investigation showed that minimum temperatures at 
National Airport averaged 4.4°F warmer than at Dulles Airport, undoubtedly due to the proximity of National 
Airport to the built-up area and possibly due to the proximity of the water. Therefore, ,,11 calculations of the 
urban morning mixing height that used hourly observations at National Airport were obtained by adding 2.s°C 
instead of S.O°C to the minimum hourly temperature observed from 0200 through 0600 EST. For comparative 
purposes six sets of tabulations were obtained for various periods of record involving the two·surface observation 
stations. Comparison of the 1963 mixing heights and wind speeds based on hourly observatIOns at Dulles Airport 
did not show complete agreement, but it was deemed adequate for climatological purposes. Thus, in keeping with 
a policy of using surface and upper-air data for the same location whenever possible, the tabulations were based 
on hourly observations at National Airport for 1961 through 1962, hourly observations at Dulles Airport for 
1963 through 1964, and upper-air soundings at Dulles Airport for 1961 through 1964. The user who is only inter­
ested in the 4 years of data used in this report should specifically request only the F 1, F 2, and F 3 special tabula· 
tions of regular Tabulations I, II, and III, respectively. These mixing-depth and wind-speed tabulations were pre­
pared by the NCC under Job Number 7717. 
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Station Vr Mo 

14842 60 04 

Table A-2. EXAMPLE OF NATIONAL CLIMATIC CENTER 
TABULATION III, DAIL vxio VALUES 

Daily mixing depths and average wind speeds 

Morning Afternoon 

Day T 1 2 3 4 T 1 2 

01 498 9.7 5.9 3 P 811 17.8 
02 P 1237 11.8 5.7 4 304 13.7 
03 1084 6.5 3.8 4 1038 8.8 
04 P 784 3.0 2.3 3 P 1116 9.8 
05 424 8.0 5.5 3 1644 11.4 
06 151 7.5 4.7 2 1200 15.0 
07 300 9.0 5.4 3 1545 13.4 
08 461 9.0 4.7 3 P 342' 12.7 
09 1825 9.2 6.5 6 1867 6.8 
10 123 2.2 2.2 1 1728 9.2 
11 P 582 13.7 9.0 3 909 13.8 
12 86 1.5 1.5 1 1715 10.0 
13 151 7.0 4.5 2 1518 12.4 
14 P 608 8.3 4.2 3 P 469 2.0 
15 413 6.3 3.5 3 1799 7.0 
16 P 234 8.5 6.5 2 P 165 8.5 
17 P 562 7.0 4.3 3 C 19.6 
18 153 3.5 2.7 2 1671 2.6 
19 254 6.5 5.3 2 1762 12.8 
20 213 10.0 8.3 2 P 1034 14.0 
21 P 238 4.5 4.0 2 1628 8.0 
22 180 6.5 5.1 2 335 13.3 
23 189 6.5 4.6 2 1394 11.6 
24 103 5.1 5.1 1 1982 11.7 
25 130 3.0 3.0 1 1188 8.5 
26 484 12.7 7.4 3 1021 8.0 
27 59 1.5 1.5 1 1374 5.2 
28 278 4.5 3.7 2 1406 8.4 
29 P 830 14.8 7.3 4 778 5.0 
30 P 1145 15.3 6.9 4 C 

I 
15.8 

3 4 

10.3 4 
11.0 3 
6.7 4 
4.9 4 

10.1 5 
11.3 4 
10.5 5 
11.5 3 
6.4 6 
6.2 5 

10.3 4 
6.7 5 
8.5 5 
2.9 3 
5.1 5 
7.4 2 

12.7 9 
4.0 5 
9.5 5 
9.7 4 
5.8 5 
9.8 3 
8.4 5 
7.5 6 
5.1 4 
7.7 4 
4.7 5 
5.3 5 
5.7 3 

• 10.0 9 
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Station Season 

14842 01 

14842 02 

14842 03 

14842 04 

Table A-3. EXAMPLE OF NATIONAL CLIMATIC CENTER 
TABULATION III, SEASONAL MEAN VALUES 

Seasonal means of 
daily mixing depths and average wind speed 

Morning Afternoon 

T 1 2 3 N T 1 2 

327 5.2 3.8 313 533 6.8 
P 675 7.9 5.4 128 P 388 6.6 
C 14.5 4.4 2 C 13.3 

361 5.7 3.9 327 1353 8.2 
P 695 8.1 5.4 129 P 718 8.3 
C C 12.6 

272 3.8 2.6 383 1498 5.8 
P 548 5.9 4.0 70 P 1034 5.8 
C C 5.6 

273 4.4 3.1 374 1068 6.7 
P 690 8.1 5.0 78 P 608 7.8 
C C 12.6 

Appendix A. NCC Tabulations of Mixing Height and Wind Speed 

3 N 

5.4 290 
5.4 110 
7.3 43 

6.2 332 
6.1 105 
8.1 19 

4.7 391 
4.4 61 
5.1 1 

5.1 381 
5.8 53 
6.6 18 
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Table A-4_ EXAMPLE OF NATIONAL CLIMATIC CENTER TABULATION II, EPISODES 

Mix Avg wind speed Frequency of episodes, 
depth, through mix depth, Number of consecutive computations ~: 

m m sec-' 2 3 4 5 6 7 8 9 10 11 13 15 17 1921 2531 41 51 61 91 121 Total 

A 2 15 
4 3 47 
6 622 63 
8 743 71 

B 2 16 
4 7 3 1 1 62 

6 18 6 3 3 1 1 1 98 

8 2614 9 6 3 1 1 1 1 127 

C 2 16 
4 831 1 63 

6 2510 3 3 1 1 1 109 

8 331912 7 3 3 2 1 1 146 

D 2 16 

4 831 1 65 

6 2710 3 3 1 1 1 113 

8 35 20 1 3 8 4 3 2 1 1 153 

E 2 16 

4 8 3 1 1 65 

6 2710 3 3 1 1 1 113 

8 35 20 13 8 4 3 2 1 1 153 

F 2 16 

4 831 1 65 
6 2710 3 3 1 1 1 113 

8 35 20 13 8 4 3 2 1 1 153 

G 2 16 

4 831 1 65 

6 2710 3 3 1 1 1 113 

8 35 20 13 8 4 3 2 1 1 153 
'--
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Table A·5. EXAMPLE OF NATIONAL CLIMATIC CENTER 
TABULATION I, MIXING HEIGHTS BY WIND SPEEDS 

-~--------~. --
Frequency of occurrence 

Average wind speed through mixing depth for NOP cases 
Mixing depth, 

Season Time m 1 2 3 4 5 6 7 8 9 10 

04 02 250" 2 1 2 2 3 6 1 
251·500 2 3 4 3 6 18 4 3 
501-750 2 3 8 4 6 21 7 2 1 
751-1000 2 8 2 10 6 15 9 5 4 
1001-1500 2 15 15 16 14 29 9 16 14 
1501-2000 4 6 8 6 9 12 8 6 5 
2001-2500 1 1 3 5 
2501~3000 2 
3001·3500 
3501-4000 

>4000 

NOP Total 14 36 39 42 45 104 43 32 26 
Total P 1 1 5 5 8 13 9 6 5 
Total C 4 1 5 8 
Missing 
Total 15 37 44 47 53 121 53 43 39 

--

Totals 

NOP I P 1M I 
17 14 31 

43 12 55 
54 11 65 
61 7 68 

130 6 136 
64 3 67 
10 10 

2 2 

381 381 
53 53 

18 

3 3 
381 53 3 455 





APPENDIX B. ALLOWANCE FOR P-, C-, AND M-TYPE 
MIXING HEIGHTS AND WIND SPEEDS 

NCC tabulations of mean mixing heights and wind speeds are given separately for precipitation (P) and 
non-precipitation (non-P) cases. These tabulations show a distinct tendency for P mixing heights to be higher In 
the morning and lower in the afternoon than non-P heights. In the calculations. this happens because of the 
effects of dense cloudiness. Actually, morning and afternoon mixing heights with precipitation may be expected 
to be higher than without because in the mixing layer above the condensation level the (slower) pseudoadiabatic 
lapse rate would be more appropriate than the dry adiabatic lapse rate. However, the effectiveness of this 
consideration is highly dependent on such assumptions as the water vapor content of the initially lifted parcel, 
the amount of entrainment as the parcel rises, etc. In view of such complexities and the intended climatological 
use of the derived data, it was decided to allow for all mixing-height and wind-speed cases other than non-P in an 
arbitrary manner. C cases (Appendix A, Tabulation III) were treated as P cases since marked cold air advection 
was assumed to be generally indicative of a comparatively deep mixing layer. Wind speeds for P and C cases were 
assumed faster than otherwise. The number of missing (M) cases was insignificant. 

In allowing for P, C, and M cases, it was assumed that the morning and afternoon mixing heights and wind 
speeds generally were greater than for non-P cases. The allowance was made through use of NCC Tabulation I (see 
Table A-S), frequencies of mixing·height classes by wind speed classes. One-half of the total P, C, and M 
frequencies were proportionately redistributed among the non-P frequencies for mixing-height classes above the 
mean height (for all speed classes). The remaining one·half of P, C, and M frequencies were redistributed among 
the non-P frequencies for wind speed classes above the mean speed (for all mixing height classes). Thus, the non·P 
part of each table of mixing-height class by wind-speed class (see Table A·S) was divided Into four sections 
according to the mean height and mean speed. ApprOXimately one-fourth of the P, C, and M frequencies was 
redistributed in the upper-right section of the frequency table (i.e. in the non-P section with speeds above the 
mean and heights below the mean); one-fourth was redistributed in the lower left section (i.e., non-P heights 
above the mean and speeds below); and one-half was redistributed in the lower-right section (I.e., non-P heights 
and speeds both above the mean). In the redistributiOns each individual (cell) frequency of non-P mixing height 
by wind speed was Increased in proportIOn of its frequency to the total non-P frequency of all cells being 
considered. The total frequencies of all non-P cells above the mean mixing height and above the mean wind speed 
each was considered separately. Cells With zero non-P frequencies were unaffected by redistributions as were cells 
below both the mean mixing height and mean wind speed. Due allowance was made for mean heights and wind 
speeds that fell within a class interval. 

Mean mixing heights and wind speeds given in NCC TabulatIOn III (see Table A-3) are based on aver'ages of 
the actual values. The means finally arrived at after the redistributions are the NCC Tabulation ill means plus the 
increase in mean value between the mean based on frequency counts by class intervals before (non-P cases only) 
and after (all cases) the redistributions. Table B-1 gives mean seasonal and annual values of mixing height and 
wind speed for both before and after allowance for P, C, and M cases. Percentage frequenCies of non-P cases are 
given also. 
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Table 8·1. MEAN SEASONAL ANO ANNUAL MORNING AND AFTERNOON MIXING 
HEIGHTS (U) AND WIND SPEEDS (U) FOR NOp a AND All b CASES. 

Wmter Spnng Summer Autumn 

,,~ 
H,m U,msec- 1 H,m 

E 
Station ,: NOP All % NOP NOP All NOP All 

Albany, M 576 804 580 50 67 613 786 

New York A 868 967 608 69 76 1663 1753 

Albuquerque, M 345 391 889 3.7 40 498 553 

New MeXICO A 1402 1464 883 5.5 58 3426 3452 

Amanllo, M 237 273 839 65 6.9 311 337 

Texas 1101 1171 830 82 85 2447 2507 

Athens, M 328 407 712 51 60 328 383 

Georgia A 970 1042 724 65 7.0 1707 1754 

Bismarck, M 272 380 597 50 65 378 474 

North Dakota A 528 625 608 70 78 1756 1880 

BOISP, M 327 407 681 36 42 342 424 

Idaho A 631 754 679 43 49 2244 2329 

Brownsville, M 365 438 74.6 64 74 722 746 

Texas A 1043 1084 783 82 86 1113 1127 

Buffalo, M 595 869 366 63 82 476 627 

New York A 727 857 344 7.2 85 1333 1431 

Burrwood, M 535 593 816 70 75 701 720 

LOUISiana A 637 681 761 68 71 804 816 

Cape Hatteras, M 630 725 73.2 78 85 643 736 

North Carolina A 701 769 71 5 77 82 878 945 

Caribou, M 447 596 540 61 75 475 610 

Mame A 706 823 496 78 89 1511 1618 

Charleston, M 296 363 74.8 4.9 58 339 385 

South Carolina A 951 1004 750 6.7 71 1519 1562 

Columbia, M 390 448 743 6.0 65 409 477 

Missouri A 797 872 71.5 70 75 1523 1599 

Dayton, M 461 557 586 62 7.1 462 555 

Oh,o A 749 836 56.4 72 79 1570 1670 

aND? excludes type P, C, and M cases (see text) 
bALL Includes all cases, with allowances for types P, C, and M (see text) 

cM, morning, A, afternoon 

U. m sec 
-1 H,m U, m sec 

-1 H,m 

%NOP NOP All NOP All %NOP NOP All NOP All %NOP 

663 50 61 474 527 830 37 4.1 491 583 81 1 

694 83 87 1896 1943 791 68 70 1231 1272 802 

924 42 45 560 582 937 36 37 377 414 903 

944 88 89 3902 3941 885 58 60 2247 2295 901 

BB 7 7B B.l 353 379 835 70 74 296 323 870 

896 99 10.1 2475 2520 889 73 74 1648 1693 884 

787 47 53 363 390 826 36 38 278 314 855 

778 69 72 1876 1918 757 47 49 1428 1455 853 

687 55 65 239 282 802 39 45 255 301 844 

746 87 92 2015 2078 844 70 72 1299 1368 835 

76.7 45 50 185 193 904 33 34 224 279 798 

780 64 67 2511 2540 922 58 59 1320 1409 81.5 

889 81 83 788 794 965 71 72 530 561 892 

894 95 96 1533 1540 930 87 87 1369 1385 868 

625 54 64 391 458 807 42 46 462 571 767 

568 75 81 1575 1616 810 65 67 1135 1196 731 

926 64 66 1282 1300 878 41 42 1090 1113 875 

913 61 62 1238 1252 837 42 43 1053 1073 831 

783 76 8.2 780 848 774 62 67 761 846 782 

772 8.5 88 988 1021 787 7 1 73 923 962 787 

628 56 67 417 508 68.7 44 51 472 603 655 

620 77 82 1817 1883 698 76 80 1099 1191 624 

826 48 53 411 437 844 42 45 264 297 857 

824 72 74 1447 1510 707 57 60 1222 1243 848 

739 66 73 294 321 83.3 47 50 317 358 831 

758 84 88 1689 1723 83.9 56 58 1349 1395 822 

672 5.9 66 349 375 87.4 3.8 40 360 417 824 

683 75 80 1661 1685 839 53 55 1315 1346 826 
-- ------" -.J 

Annual 

U, m sec 
-1 H,m U, m sec 

-1 

NOP All NOP All %NOP NOP All 

42 48 538 675 721 45 54 

69 72 1414 1484 723 72 76 

33 35 445 485 913 37 39 

53 55 2744 2788 903 64 65 

65 68 299 328 857 70 73 
74 76 1917 1973 874 82 84 

40 44 324 374 795 44 49 

55 57 1495 1542 778 59 62 

44 50 286 359 732 47 56 

78 81 1399 1488 758 76 81 

38 42 269 326 787 38 42 

50 53 1676 1758 799 54 57 

56 59 601 635 873 68 72 

7 7 78 1264 1284 868 85 87 

47 53 481 631 641 5.1 61 

65 69 1192 1275 613 6.9 76 

62 64 902 932 873 5.9 62 

60 62 933 956 835 58 59 

66 72 703 789 767 70 76 

70 73 872 924 765 76 78 

53 63 452 579 62 I 5.4 64 

77 83 1283 1379 609 7 7 83 

42 46 327 371 818 45 5.1 

61 63 1284 1330 782 64 67 

5.5 5.9 352 401 786 57 62 

65 67 1339 1397 78.3 6.9 72 

45 50 408 476 739 51 57 

63 65 1323 1384 72.8 66 70 
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Station 

Denver, 
COlorado 

Dodge City, 
Kansas 

EI Paso, 
Texas 

Ely, 
Nevada 

Flint, 

Michigan 

Glasgow, 
Montana 

Grand JunctIOn, 

Colorado 

Great Falls, 
Montana 

Green Bay, 
Wisconsin 

Greensboro, 
North Carolina 

Huntington, 

West Virginia 

International 

Falls, Mtnn 

Jackson, 
MISSISSIPPI 

JacksonVille, 

FlOrida 

Lake Charles, 
LOUISiana 

Winter 

" 
H,m 

~ 

E 
,: NOP All %NOP 

M 178 219 785 
A 1357 1482 803 

M 224 266 80.5 
A 811 879 81.4 

M 360 405 90.7 
A 1421 1460 916 

M 157 193 788 
A 1020 1072 80.8 

M 518 674 491 
A 762 862 456 

M 220 283 73.7 
A 428 524 673 

M 276 329 81.9 
A 1075 1160 830 

M 447 562 735 
A 874 1003 70.8 

M 442 573 59.7 
A 632 704 597 

M 389 480 74,8 
A 926 992 719 

M 482 634 579 

A 963 1079 583 

M 251 347 54.0 
A 584 656 52.7 

M 379 470 688 
A 1014 1088 691 

M 345 403 794 
A 1058 1104 80,1 

M 319 394 712 
A 822 867 745 

Table 8·1 (continued)' MEAN SEASONAL AND ANNUAL MORNING AND AFTERNOON MIXING 
HEIGHTS (HI AND WIND SPEEDS (UI FOR Nopa AND ALL b CASES. 

Spring Summer Autumn 

U. m sec -1 
H,m U. m sec 

-1 
H,m U, m sec 

-1 
H,m 

NOP All NOP All %NOP NOP All NOP All %NOP NOP All NOP All %NOP 

45 48 360 423 82.6 43 46 243 255 926 36 37 163 174 870 
58 63 2951 3070 807 72 76 3358 3458 796 59 61 2085 2161 868 

67 73 316 354 81.7 77 82 302 328 796 7 1 75 255 283 855 
80 83 1783 1872 828 96 99 2028 2086 861 83 85 1267 1323 873 

4.2 45 660 690 961 55 57 718 758 898 40 4.2 385 429 903 
59 61 3211 3222 970 84 84 3696 3721 917 51 52 2118 2148 919 

48 51 427 489 833 47 51 108 109 950 42 42 146 161 888 
52 55 2630 2708 791 71 74 3583 3624 878 69 7.0 2116 2179 881 

60 72 429 527 696 53 61 280 328 835 35 40 400 494 771 
70 78 1496 1608 661 76 82 1697 1734 811 61 6.3 1213 1268 756 

47 5.5 347 391 826 59 63 277 304 865 54 57 232 262 888 
62 69 1855 1971 776 77 81 2409 2454 880 71 7.2 1257 1307 886 

31 3.4 550 628 865 51 54 290 307 904 46 47 239 273 866 
31 34 3087 3166 861 63 66 3895 3940 878 59 61 2048 2133 864 

88 97 527 643 767 6.5 73 359 399 891 44 47 422 491 842 
99 105 2318 2439 722 8.4 89 2984 3040 833 69 72 1641 1707 833 

5.8 6.9 433 534 70.9 5.4 62 323 372 817 40 45 465 543 796 
73 7.9 1389 1492 73.3 78 82 1607 1648 84.1 65 67 1067 1127 780 

47 54 402 492 761 47 54 400 445 809 38 4.2 290 343 824 
64 68 1708 1765 787 71 74 1674 1710 785 49 51 1306 1334 846 

42 53 575 721 707 46 55 300 338 830 2.4 27 332 403 821 
57 6.4 1872 1986 725 60 65 1596 1641 819 41 43 1300 1340 817 

43 56 319 411 663 46 56 266 337 75,2 33 41 406 513 706 
63 70 1540 1646 68.3 7 1 75 1688 1747 789 66 69 1054 1146 699 

40 49 417 467 813 44 49 408 421 919 30 31 305 343 830 
54 59 1503 1543 818 60 62 1803 1830 764 43 45 1319 1349 313 

52 59 447 477 904 53 56 567 583 91 1 43 44 418 458 859 
67 70 1639 1667 861 7,1 72 1681 1712 680 56 58 1321 1342 804 

58 67 418 459 873 53 57 493 506 924 40 41 290 308 908 
71 75 1164 1179 862 69 70 1365 1392 80.4 50 5,2 1299 1315 865 

Annual 

U, m sec 
-1 H,m U,msec- 1 

NOP All NOP All %NOP NOP All 

35 36 236 268 851 40 42 
51 53 2437 2543 818 60 63 

66 70 274 308 818 70 75 
82 84 1472 1540 844 85 88 

3.3 35 530 571 917 43 45 
44 45 2611 2638 930 59 61 

43 4.5 209 238 86.4 45 4.7 

59 61 2337 2396 839 63 65 

45 52 406 506 698 48 56 
67 71 1292 1368 671 68 74 

5.0 53 269 310 82.9 53 57 
75 77 1487 1564 803 71 75 

37 39 338 384 863 41 4.3 
44 46 2526 2600 858 49 5.2 

70 75 438 524 808 67 7.3 
90 93 1954 2047 774 86 9,0 

49 55 415 506 729 50 5,8 
7 1 75 1173 1243 737 72 7,6 

38 4.3 370 440 785 43 48 

56 58 1403 1450 784 60 6,3 

26 31 442 524 734 34 42 
4,6 49 1432 1511 736 5.1 55 

51 60 310 402 665 4,3 53 

70 74 1216 1299 674 6,8 72 

32 36 377 425 812 37 41 
49 51 1409 1453 77,1 52 54 

47 5.0 444 480 86.7 49 52 
65 65 1424 1456 78,6 65 6,7 

43 45 380 417 854 49 53 
5.7 5,8 1162 1188 819 62 64 
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Station 

Portland, 

Mame 

Rapid City, 
South Dakota 

St Cloud, 
Minnesota 

Salem, 
Oregon 

Salt Lake City, 
Utah 

San AntoniO, 

Texas 

San Diego, 
CalifornIa 

Santa Monica, 
Calrfornla 

Sault Ste Mane, 
Michigan 

Seattle, 
Washington 

Shreveport, 
LOUISiana 

Spokane, 
Washington 

Tampa, 

FlOrida 

Topeka, 
Kansas 

Tucson, 

Arizona 

Winter 

H,m 

NOP All YoNOP 

M 481 618 704 
A 879 945 690 

M 226 363 655 
A 848 982 677 

M 338 393 748 
A 537 607 597 

M 325 431 562 
A 622 787 504 

M 254 329 71 9 

A 808 944 679 

M 370 459 71 7 
A 1065 1112 790 

M 468 534 881 
A 989 1021 914 

M 376 422 854 
A 863 893 916 

M 386 532 339 
A 582 700 334 

M 626 824 498 
A 585 718 458 

M 430 508 724 
A 1016 1088 728 

M 336 414 60.2 
A 430 523 569 

M 394 436 858 
A 1052 1079 814 

M 381 448 737 
A 801 876 746 

M 216 247 907 
A 1390 1424 883 

Table 8·1 (continued). MEAN SEASONAL AND ANNUAL MORNING AND AFTERNOON MIXING 
HEIGHTS (H) AND WIND SPEEDS (U) FOR NOpa AND ALL b CASES 

Sprmg Summer Autumn 

U, m sec -1 H,m U, m sec -1 H,m U, m sec -1 H,m 

NOP All NOP All 1% NOP NOP All NOP All %NOP NOP All NOP All %NOP 

56 66 533 689 685 54 6,4 435 501 789 43 48 395 506 741 

7 2 78 1384 1479 709 82 87 1414 1476 804 73 76 1083 1141 763 

47 63 362 465 737 58 67 298 330 854 45 4,8 264 314 866 

72 79 2032 2166 746 8,4 88 2419 2510 835 67 69 1559 1615 870 

54 61 404 469 776 56 6.3 328 351 894 39 4.2 389 429 870 

66 73 1344 1432 757 7 7 80 1595 1646 828 66 69 952 1006 80.7 

30 38 432 627 554 2,3 29 379 424 891 20 22 292 404 681 

37 4.5 1614 1733 563 43 48 1655 1632 861 44 45 1115 1212 679 

37 43 317 419 737 48 54 198 216 889 44 46 198 238 848 

40 46 2548 2675 748 62 66 3673 3737 \\5,9 60 62 1\\21 1933 837 

50 58 678 748 789 60 65 897 915 920 56 57 595 654 840 

65 68 1529 1552 887 7.1 7,2 2108 2119 91 7 59 60 1542 1572 875 

20 22 807 851 91 1 26 27 531 538 954 20 20 558 578 950 

42 43 1056 1085 926 5.1 52 564 566 985 41 41 819 834 958 

28 3.0 651 676 926 27 28 552 562 941 19 19 487 510 919 

44 45 946 963 950 59 60 603 603 99,4 51 5 1 785 798 958 

4.8 61 390 493 66 1 47 55 278 332 761 37 42 519 676 64,2 

59 7,0 1152 1243 663 73 77 1394 1433 791 69 7 1 1024 1125 607 

51 62 681 838 55 1 46 55 532 576 851 40 42 476 585 615 

47 54 1490 1577 56.5 57 62 1398 1419 895 48 49 898 987 663 

5 7 6,3 55 566 839 63 67 469 482 92.2 4.7 48 391 430 862 

62 67 1441 1484 82,4 68 71 1802 1823 854 47 48 1385 1414 853 

47 57 341 401 741 52 58 234 259 883 41 44 218 266 750 

48 56 1861 1943 72.0 61 65 2533 2559 878 52 53 1261 1362 747 

58 61 503 526 91 7 56 58 656 674 911 42 43 419 439 892 

64 66 1523 1544 878 67 68 1460 1526 689 50 53 1401 1429 844 

59 66 454 529 759 70 78 371 406 804 52 56 317 361 81 3 

74 79 1441 1512 772 93 96 1503 1542 861 68 70 1228 1267 822 

43 45 244 260 965 42 43 335 356 900 38 39 225 241 930 

50 52 2659 2664 978 68 68 3040 3110 822 53 55 2073 2110 895 

U, m sec -1 
H,m 

NOP All NOP All 

47 56 461 578 
70 74 1190 1260 

50 55 287 368 
76 78 1714 1810 

51 55 364 411 
7.4 7 7 1107 1173 

22 28 357 471 
42 46 1251 1354 

43 46 241 300 

52 55 2212 2322 

51 5,5 635 694 

60 6.1 1561 1589 

20 21 591 625 

43 43 857 877 

23 24 516 542 
48 48 799 814 

49 58 393 508 
70 76 1038 1125 

43 50 578 705 

46 5.0 1092 1175 

45 48 451 497 
52 5,4 1411 1452 

38 43 2\\2 335 
50 54 1521 1597 

5,4 56 493 519 

64 68 1359 1394 

5,0 56 380 436 
7,5 78 1243 1299 

44 45 255 276 

49 50 2290 2327 

Annual 

YoNOP 

729 
741 

778 
782 

822 
747 

67.2 
651 

79.8 
780 

816 

867 

924 
945 

910 
954 

600 
59.8 

62.8 
645 

836 
814 

744 
728 

894 

806 

778 
800 

925 
894 

-U, m sec 

NOP 

50 
74 

50 
7.5 

50 
7 1 

24 
41 

43 
53 

54 

64 

22 
44 

24 
5.1 

45 
68 

4.5 
49 

5.3 
57 

44 
53 

53 

62 

58 
78 

42 
55 

AI 

5 
7 

5 
7 

5 
7 

2 
4 

4 
5 

5 

6 

2 
4 

2 
5 

5 
7 

5 
5 

5 
6 

5 
5 

5 

6 

6 
8 

4 
5 

9 
8 

8 
9 

5 
5 

9 
6 

9 
5 

5 

3 
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Station 

Lander, 
Wyoming 

Las Vegas, 
Nevada 

Little Rock, 

Arkansas 

Medford, 
Oregon 

MIami, 

Florida 

Midland, 

Texas 

Montgomery, 

Alabama 

Nantucket, 

Massachusetts 

Nashville, 
Tennessee 

New York, 
New York. 

North Platte, 
Nebraska 

Oakland, 
California 

Oklahoma City, 
Oklahoma 

Peoria, 
illinoIs 

Pittsburgh, 

Pennsylvania 

Wmter 

~ 
H,m 

~ ... NOP All ~NOP 

M 188 223 830 
A 808 926 821 

M 266 321 920 
A 1123 1153 940 

M 451 541 763 
A 996 1101 721 

M 289 387 606 
A 747 933 650 

M 654 707 872 
A 1208 1221 892 

M 249 290 834 
A 1222 1276 845 

M 387 484 721 
A 988 1060 721 

M 780 905 637 
A 791 890 597 

M 440 563 628 
A 1035 1123 666 

M 875 986 71 5 

A 901 976 675 

M 209 284 721 
A 886 986 774 

M 386 453 783 
A 649 709 801 

M 296 342 781 
A 804 859 788 

M 327 392 693 
A 533 594 642 

M 419 634 423 
A 811 920 451 

-

Table B 1 (contonuedl MEAN SEASONAL ANO ANNUAL MORNING ANO AFTERNOON MIXING 

HEIGHTS (HI ANO WIND SPEEDS (UI FOR NOpa AND ALL b CASES. 

Spring Summer Autumn 

U, m sec -1 
H,m U, m sec 

-1 
H,m U, m sec -1 

H,m 

NOP All NOP All % NOP NOP All NOP All %NOP NOP All NOP All %NOP 

25 28 427 511 81 7 33 37 326 337 954 27 27 265 322 862 
36 41 2629 2755 794 64 69 3406 3490 844 63 66 1907 2030 851 

42 45 405 433 954 54 56 283 292 972 46 47 242 276 943 
41 42 2769 2785 952 70 71 3672 3693 920 66 67 2076 2106 956 

46 52 460 544 778 50 57 355 375 900 35 37 303 342 862 
61 66 1554 1612 800 67 70 1817 1851 84,1 4,8 4.9 1360 1401 846 

15 19 392 535 680 18 22 259 285 937 1 2 13 220 293 750 
22 28 2004 2079 676 45 48 2332 2349 920 46 46 1481 1594 776 

54 57 947 980 91 1 57 59 1041 1071 883 43 45 872 933 824 
64 65 1440 1459 874 68 69 1360 1383 737 53 55 1315 1341 787 

51 57 405 429 909 73 75 583 606 902 70 72 388 419 879 
75 78 2408 2449 924 89 90 2716 2744 907 66 67 1849 1887 897 

42 50 382 431 826 39 43 430 444 920 34 35 294 323 868 
58 63 1590 1622 844 58 60 1770 1801 796 43 44 1380 1402 857 

85 95 588 734 663 75 84 389 448 759 57 62 625 739 723 
90 98 746 827 746 84 88 609 667 774 7 1 73 765 831 708 

43 52 500 606 737 48 56 417 441 894 32 34 301 357 81 1 

62 68 1713 1783 754 68 71 1845 1874 809 46 48 1438 1473 809 

83 91 788 918 720 69 77 662 711 820 55 58 675 741 826 

8.2 8,8 1360 1466 754 87 91 1512 1570 820 68 70 1086 1132 807 

43 53 317 383 730 59 68 321 361 809 54 59 238 287 820 
76 81 1778 1894 761 87 91 1717 1756 887 73 74 1356 1400 886 

29 33 701 763 846 39 42 515 527 933 32 33 464 508 853 
41 44 1087 1121 876 65 66 643 644 980 59 59 745 770 895 

69 75 409 457 820 87 92 344 367 835 69 72 309 343 831 
81 84 1447 1506 820 98 100 1830 1862 885 72 73 1266 1302 855 

52 59 361 431 71 1 57 64 272 305 83.3 3.8 42 273 321 822 

68 73 1353 1443 722 82 87 1498 1532 850 58 60 1068 1104 83.7 

47 6.5 404 536 61 1 42 51 333 382 828 31 35 404 488 793 
69 79 1753 1892 609 77 84 1794 1827 822 54 56 1365 1409 787 

Annual 

U, m sec -1 
H,m U, m sec -1 

NOP All NOP All ~ NOP NOP All 

26 29 301 348 865 28 30 
46 50 2187 2300 827 52 56 

41 43 299 331 947 46 48 
51 52 2410 2434 942 57 58 

34 38 392 450 825 41 46 
50 52 1431 1491 802 57 59 

11 13 290 375 743 14 1 7 
32 35 1641 1738 755 36 39 

50 53 878 923 872 51 53 
66 69 1330 1351 822 63 65 

57 60 406 436 881 63 66 
66 67 2048 2089 893 74 75 

33 36 373 420 833 3.7 4,1 

48 49 1432 1471 804 52 54 

69 76 595 707 695 71 79 
79 83 727 804 706 81 86 

30 35 414 492 767 38 44 
51 53 1507 1563 759 57 60 

66 7 1 750 839 770 68 74 
74 77 1214 1286 764 78 82 

43 49 271 329 770 50 57 
75 7 7 1434 1509 827 78 81 

27 29 516 563 853 32 34 
50 51 781 811 888 54 55 

67 72 339 377 816 73 78 
77 79 1336 1382 837 82 84 

44 49 308 362 764 48 54 
67 69 1113 1168 762 69 72 

37 43 390 510 663 39 49 
62 65 1430 1512 667 65 7 1 
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StatIon 

Washington, 
DC. 

WInnemucca, 
Nevada 

Winslow, 
Anz.on3 

H,m 

NOP All %NOP 

M 539 672 740 
A 963 1054 71.5 

M 231 301 832 
A 1001 1067 825 

M 205 223 91,' 
A Hl7B H2B 915 

Table B·l (continued). MEAN SEASONAL AND ANNUAL MORNING AND AFTERNOON MIXING 
HEIGHTS (H) AND WIND SPEEDS (U) FOR NOP" AND ALLb CASES 

SUmmer Autumn 

U, m sec-' H,m U,msec- 1 H.m 
~---- ._---

NOP All NOP NOP All NOP NOP All ",NOP 

53 6,3 481 47 54 378 421 840 31 34 359 436 83,2 
6,7 73 1795 75 79 1884 1924 834 54 56 1371 1412 843 

2.8 3.3 343 36 41 117 129 852 26 27 179 255 826 
4,5 49 2699 66 68 3627 3656 926 6.1 62 2095 2150 903 

28 30 241 40 4,2 221 232 938 32 33 198 213 919 
53 56 3160 B,8 89 33()1 3840 873 69 7 1 2243 2303 '883 

U,msec- 1 H,m U,msec-1 

NOP All NOP All r..NOP NOP All 

37 44 439 528 79,6 4.2 4.9 
6.2 64 1503 1570 784 64 SE 

29 34 217 835 30 34 
52 54 2355 872 

25 26 216 927 
50 52 2570 904 



APPENDIX C. DERIVATION OF URBAN DISPERSION MODEL 

Following the discussion in the main body of this report, consider a city with along-wind length S (meters 
m) and cross-wind width 2B located in a rectangular coordinate system with the wind along the x-axis and the 
origin at ground-level of the midpoint along the upwind side of the city: 

z B 
y 

~~----------------------------~~~------------------+ x 

~B~------------------------------

Assume a uniform average area emission rate 0 (g m - 2 sec -I) at ground-level over the city, ~erfect reflection 
from the ground, and no restriction on vertical mixing. The ground-level concentration X(g m- ) within the city 
(i.e., 0 < x < S) along the center-line wind through the city and at distance x from the origin may be written 

JXfB 20 [~(y )2] 
X(x,o,o) =J 2rro

y
o

z 
U exp L 20y~ dyo dxo 

o ~B 

(\) 

where Xo ,Yo =: downwind and lateral distances (m) of infinitesimal area source dxodyo from origin. 
uy,uz =: lateral and vertical diffusion functions ~ lateral and vertical standard deviations (m) of Gaussian 

concentration distributions at downwind distance x-xo from source. 
U =: average wind speed (m sec - I) through the mixing layer. 

For situations where x and thus 0y is not large compared to 2B, the error in concentration at (x,o,o) will not be 
large if in equation (1) ~ Band B are replaced by ~OO and 00, yielding 

x -J 2Q X(x,o,o) - . T1- dxo 
y2rr Uz U 

() 

(2) 

In addition to he foregoing assumption, the general nature of the model being developed here suggests that it is 
more appropriate for large than small cities, say larger than about 10 km. 

In this model, it is desirable to consider travel time t instead of travel distance x from the upwind 
edge of the city. The effect of this consideration is that the faster the winds, the less steep the profile of the 
upper edge of the pollutant plume. In terms of the travel time from the source to the place where the 
concentration is desired (i.e., in terms oft-to =: r) equation (2) becomes 

f t 20 dr 
X(t,o,o) =: PC 

y2rr Uz I) 

(3) 

113 



with 01. now a function of 7. To integrate equation (3) a mathematical expression is needed for Oz(7}. Smith and 
Singer (I966) have given expressions for ozCx) for classes of atmospheric stability. Using the wind speeds of 
Smger and Smith (J 966) that correspond to their stability classes, their expressions for oz(x) may be converted to 

Oz(7). Since this model implicitly assumes that relatively vigorous vertical mixing occurs in the mixing layer, 01.(7) 
was derived as the average of "very unstable" and "unstable" stability classes (Brookhaven gustiness types B2 and 
B J). The resulting equation is 

(4) 

which substituted in equation (3) gives 

x(t) = 4.453QtO. 115 (5) 

Equation (5) gives the concentratIon at any travel time (or distance) within the city from the upwind edge of the 
city. The highest concentration occurs at the downwind edge of the city (i.e., at travel time t -:::: stu T). In 
reality, for most cities the highest concentration does not necessarily occur at the downwind edge because actual 
emissions are not uniform, constant, necessarily at ground level, etc. In view of these circumstances and the 
assumptions of the model, t~ city-wide average concentration is conSIdered a more appropriate output of the 
model. It is obtained by integrating equation (5) again. Thus, the average concentration over the city, normalized 
for average area emission rate, is 

X/Q = 3.994 T°.l 15 (6) 

Up to this point the mixing layer has been considered as unbounded above ground. If, however, the mixing layer 
is only of depth H (e.g., bounded aloft by a relatively stable layer), it is assumed that: 

I. Vertical diffUSIOn from each elemental source follows the Gaussian distribution out to a defined 
travel time tH that is a function of H. 

2. After the time tH the vertical distribution of pollutant is uniform. 

Therefore, equation (5) is valid only where t ,,;;;; tH and equation (6), only when T";;;; tH. For cases where t ~ tH 

equation (3) is modified to 

tH 27 -0.885 t 

X(t)/Q =J J2rr" 1.558 dr + J ~ 
o tH 

(7) 

tn is the travel time where, assuming a Gaussian vertical distribution, the ground-level concentratIOn from a 
source equals the concentratIOn resulting from a uniform vertical distribution within the mixing layer. This is 
given by 20/y2rr OZ Q/H, or, using equatIOn (4) with T = t H, 

(8) 
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To obtain the normalized concentration averaged over the city, X/Q (sec m- I ), for T ~ tH equation (7) is 
appropriately integrated again, yielding 

1 
(T - t )2 t 

X/O. = 1fT 3.9994 tH 1.115 + 4.453 tH 0.1\5 (T - tH) + 2H H \ (9) 

Equations (6) and (9) for T :;;;; tH and T ~ tH, respectively, were used to generate values of XjO. as a 
function of H, V, and S. For S greater than about 10 km, the variation of Xj(j against S is practically linear, as 
shown in Figure C-I, and permits simple interpolation according to S. Table I, which is discussed in the main 
body of this report, gives values ofXjO. for S-values of 10 and 100 km as a function of various combinations of H 
and V. The values of H and V that were used are the mid-points of the class intervals in NCC Tabulation I (see 
Appendix A) with three exceptions. For the upper unbounded class intervals of H greater than 4000 m and V 
greater than 12.0 m sec - \ , values of 4500 m and 13.0 m sec -\ were assumed; for the V-interval of calm-I.O m 
sec-I, a value of 0.75 m sec- I was assumed. 

Although the model has been presented only in terms of a uniform average area emission rate, it can be 
shown that the reSUlting average concentrations are the same as those for which the emission rate varies linearly 
along the wind through the city (no lateral vanation) from zero at the upwind edge of the city, to a value of 20. at 

. the center of the city (i.e., at x = S/2), to zero at the downwind edge of the city. In the case of the variable emis­
sion rate, the highest concentration does not necessarily occur at the downwind edge of the city, but usually near 
the mIddle of the city. Nevertheless, it view of the assumptions in the model, the average concentration over the 
city is considered most appropriate for applications in this study. 

Appendix C. Derivation of Urban Dispersion Model liS 
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Figure C-1. Variation of x/a (see text) with city size (S) for vari­
ous combinations of mixing height (H) and wind speed (U). 
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