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ABSTRACT

A study of turbulent diffusion in the surface boundary layer

is conducted to determine the effects of the wind speed on the dis-

tribution of sulfur dioxide (SO2) with time. Wi th the use of ‘uto-

correlograms and the spectra of wi nd speed and SO2, similarities be-

tween these scalar quantities under varying stability conditions are

i nvestigated . Pollution monitoring sites in the Salt Lake Valley

vicinity and St. Louis are used .

Under stable conditions , the auto-correlograms and the spectra

of wind speed and SO2 are simjlar in many respects. ‘The auto-correlo-

grams show very similar coefficients up to a time lag of 13 hours, and

the spectra shows similar peaks near periods of 24, 12 and 8 nours .

The wi nd speed peaks are more prominent, which suggests the spectrum

of SO2 is affected by the spectrum of the wind speed for periods equal

to or less than 24 hours. Forecasting the SO2 spectrum from the wind

speed spectrum is possible for the periods near 24 and 12 hours.

The similarity between the wi nd speed and SO2 auto.correlograms

and spectra decreases as stability decreases. In the stable periods ,

the effect of the large scale motions Is suppressed , and more energy

is found in the higher frequencies than in neutral or unstable periods . j
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Chapter 1

INTRODUCTIO N

In the study of boundary layer diffusion with application to

air pollution concentration forecasting . many forecast model s have

been developed. The most important variables in most of the models

are the mean wind at varying levels through the boundary layer and

diffusion parameters such as turbulence intensity and therma l strati-

fication .

It is known that the power spectrum of wind which is a vector

quantity Is not necessarily similar to that of pollution concentra-

tion which is a scalar quantity . However , since diffusion is a con-

sequence of turbulent motion , the power spectrum of turbulent wind

speed which is a scalar quantity may bear some similarity to that of

pollution concentration . Should such a similarity be established ,

portions of the pollution concentration spectrum can be predicted by

the spectrum of wind speed. The purpose of this study is to test

such an hypothesis.

The autocorrelatlon coefficients and the spectra for wind

speed an d SO2 were calculated for air pollution monitoring sites in

the Salt Lake City vicinity and from urban and suburban sites in the

St. Louis area . Salt Lake City and St. Louis were chosen for their

different physical environments and amount of data .

This paper consists of five major sections. The first

L -
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section deals with statistica l the~’r~ which i~ appli cable to ~.ilcu-

lating diffusion parameters . The second section deals. with the

methods used In this papet’ for calculatin g thr autocorrelation cLw~-

ficients and spectra. The third section describes the topography of

the Salt Lake vic1n 1t~ ~nd St. Louis, and the type end location of

monitoring sites. Th. fourth section contains a discus sion of how

the %tahili ty categories were detennined and the quantit y of data

• aveflabli’. in section five , the results end conclusions of this

ctudy are presented . Fina fl,s, a quick ~uninar~ of the conclusions is

In the last section . 

-.- —
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Chapter 2

APPLICABLE STATISTICAL THEORY

In the study of atmospheric diffusion two basic theories

exist: the P-. or gradient transport theory , and the statistical

theory. The k-theory is derived in Eulerian space. The va l ues of

eddy diffusivities derived from K-theory appear in the Gaussian con-

tinuous point source equation (1) and are a function of space. The

statistical theory is derived in Lagranglan space and the correspond-

ing Gaussian continuous point source equation is (2) in which

and ~~(t) are a function of time . Other models also employ the use

of Lagrangi an diffusion parameters (c).

4~~
(yyKzz 

exp 
~[~~y 

+ (1)

~(x ,y.z) 
~~~~

(t)0
~(t) 

exp + 
2~:

2
~~] 

(2)

~(x ,y,z) is the average concentration at the desired point, ~i Is the

mean wind velocity , and Q is the rate of emission of effluent.

The value s of ~~ and K,, are related to ~~
‘(t) and ~~~~~

As t~~ o.~ (t)—.2K t end ~,~(t)--~2K~~t. Thus , K-theory is a special

case of the statistica l theory . But in mesoscale diffusion , such as

the Salt Lake Valley and St. Louis metropolitan area , t is of the

order of hours . Therefore. statistical theory is more accurate for
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these areas.

Equation (~ \ is used when calcu lating pollution concentration

downw i nd of a üolnt source which is emittin g effluent at a steady con-

tinuous rate over flat terrain. The most important terms in the

equation , or any pollution model equations , are the u and the diffu-

si on ucrame ters .  ~ must be steady and uni-directione l and c
~
(t) and

are a function of atmospheric turbulence , space and time . This

work is aimed at a better understandin g 0f the diffusion parameters

and ~-‘,‘~ t)) and how they vary with atmospheric stability .

In order to apply the Gaussian equation to predict concentra-

tion , ~~~~ and c’,’(tl mi~st he known . G. I. Taylor (19211 found the

following relationship:

t~~
2 f f  (v~ ( t ) v~(t’)> dt’d~

where v1 is the Lagrangian turbulent velocit y , ~ Is a duniiiy variable

and ‘.v ’ (tlv ’(t l - ’ is the autocorrelat ion function , whi ch may he cal-

culated as an ensemble average of many data samples called realiza-

tions.

if v~ is plotted as the ordinant and t as the abscissa for

all realizations then

~ ~~~~~~~~~~~~~ ~ 
v~( t ) v ~ ( t ) ~ (4~

wher-’ N is the number of realizations or trails , if the turbulence

is homogeneous and stationary , (4~ can be written as

• where Is the time lag defined as

i_A
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I E t’ - t ( 5)

Now (4) is a function of I not t. The autocorrelation coefficient

may then be defined as

<v ’(t)v ’(t+T)> ~Tt)v1’(t+T)
R • 

L L L. L ( 6)
VI <v~ (t)’ v~

2( t )

where <v~
2’ is used to normalize the equation . Equation (3) can now

be written as

~~
2(t) 2? 5 ? R

~~
(I)dTdn ( 7 )

From integration by parts of (7), Kamp~ ie Feriet (1939) de-

rIved the following equation :

o ‘~(t) 2v ’’ I (t_ -r)R
~ 

(t)di (8)
o I

• In order to calculate o~
2(t)~ the integral in (8) must be known . The

integral can be approximated by

~ R~~(i)dn TL

where TI is the lagrangian integra l time scale. Equation (8) for long

diffusion time may be expressed as

o~
2( t ) 2v~[~ TL (101 

—“ - - ~~~~~~- - • - . - -
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Eva l ua tions of R ( I )  and TL were done for the Magna stationVI
in the Salt lake Val ley and are presented In Chapter 6, Resul ts and

Conc l us ions.
Wi th the advent of the Fast Fourier Transform algorithm , a P

more useful and i nformative method of determining the diffusion param-

eters was found , This method involves the use of the power spectrum ,

S~(u~) of the Eulerian wind speed VE. Equation (11) shows the rela-

• tionship of S (w) to P (-r ) and c~V1 VI

S (~) -
~~ 

f R ( I)  cos ~TdT (11)
V
1

With much manipulation ,

o~
2(t) 2t2 f Sv (w) (sin j2 d~ (12)

Equation (12) shows the diffusion parameters can be found by knowing

only the spectrum and the diffusion time of interest.

The data that is used in this study was gathered at fixed

stations which is the Eulerian system. However, (10) and (12) are in

the lagrengian system. The Equations (10) and (12) must now be con-

verted Into the Eulerian system.

Pasquill (1961) found that for the microsca le, the lagrangian

and Euler lan time scales are related by

- . I
(13)

For large diffusion time in the Eu l erian system (10) may be expressed

- -

~

-

~

. --
~~ -~~~~~~ ~~~~~~~~~~~ IL~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
-

~~
--

~~~~~~
-‘--- -

~~
-

as 

o~
2(t) 2v~~ B T E ( 14)

and (12) expressed in terms of the spectrum of the Eulerian wind speed

2

0
y

2 ( t )  = 2t2 I 5v (w) dw (15)
o E

For the wind speed and SO2 we want to determine where the

energy is located and what is the rate of dissipation in the higher

frequencies . This information will give a more concise understanding

of the S,,~ (w) in (15) and help in forecasting the SO2 spectra from theE
wi nd speed spectra which will ultimately lead to improved forecasting

of SO2 concentrations at different locations.

With equations (14) and (15), good values of 0y
2(t) or o

~
2(t)

should be obtained providing homogeneous and stationary turbulence

exist. These conditions do not exist in the large scale in either

the Salt Lake Valley or in St. Louis , so many realizations must be

taken under differing stability conditions to evaluate how the auto-

correlation coefficients and the spectra behave. With many relations,

quasi-stationary turbulence can be assumed for a given stability con-

dition and the statistical theory can be applied to forecasting pol l u-

tion concentrations. 
•

I
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CHAPTER 3

MET HODS OF CALC ULATION
‘4-

R and Ry
E cE

The most important variable in Taylor ’s diffusion equation is

the autocorrelation function R or R and how it varies with chang-cE 
y
E

ing time lag. The classical method for calculating R isy
E

N
~ u ( t ) u~(t+T)

R
~ 

= ~~~~~ 

i~l 
~~~~~~~ 

(16)

where M is the l ength of the interval frm which R is calculated .

Box and Jenkins (1970) suggest the following method :

N
~ u ’.(t)u~(t~~)

D — 3 
j 

(V . ’
“ 

— r i d  I]
V ! I~ .) I-[

~ 
u~~(t) V u~~(t+ :)

3 j

where N~n-t and n is the nunihe~ of observations. Fiaure 1 shows RVE
calculated for the wind speed at Magna under neutral conditions . Note

the values of R for the classical method are slightly l ower than I -
~~y

E

that for the Box and Jenkins Method , however , the shape of the curve

is similar.

Two types of averages were used i n  this study , the 24 hour 

— -~~~~~~~~~~ .- ---
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movi ng average and eliminating the linear trend .

The 24 hour moving average was calculated using I -

= (0.5 u~~12 + 
~~~~~ 

+ 0.5 u~~12 )/24 (18)

where u~912 and u 1_ 12 are the values plus and minus 12 hours from the

u 1 in question . A ti .~ is calculated for every point in the realization

and u~ is found by

u~~= u 3~~
U
3 

(19)

The linear trend was the other method used to calculate u~.

Any steady increase or decrease in concentrati on or wind speed which

prevailed tnroughout the entire realization is eliminated . Equation

(19) is then used to calculate u,~.

The Spectrum

J. N. Rayner (1971) outlines a direct method to calculate the

spectrum . I have used this method and modified it slightly to accomo-

date spectral density and ensemble averaging calculations. See

Appendix F for computer programs,

The first step of the direct method Is to remove the linear

trend . Since periods as short as three days in the Salt Lake data

and one day in the St. Louis data are used, any wa ve longer than three
days or one day , respectively , will be affected by this trend removal

and might not produce meaningful results .

Once the trend was removed , a cosine bel l window function was

multiplied to the first and the last ten percent of the data in the

-~~~~~~ • - •  -~~~~~



p,r ~~~~~ — . —  • ~~~~~ . -

• 
~~ •• •

~~
• • —

~~~ 
5.~~ .•~~ - • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~ •

11

following manner. For the first ten percent of the data , the window

func ti on (20) i s used .

h[j] = 
~~ - ~~~~ ~i-} 0 < j < G  (20)

where h[j] is the window function , 0 is the l ength of the time series ,

G = 0/10, and j is the data hour. For the last ten percent , the de-

scending cosine bell window function is

h[j] = 
~~ {l - cos 0 - G < j ~ 0 - 1 (21)

The third step is to add zeros to both ends of each time

series. This is done for two reasons: one, to correct for the non-

periodicity of the time series , and two, to make all the realizations

the same length of 336 hours so the frequency res -lution will be

equal and thereby allow ensemble averaging.

The fourth step is to call the Fast Fourier Transform (F’1)

algorithm. The basic equation in the algorithm is

V(n) = v([j+1]At)e 1 jAt /  At (22)

where V(n) is the complex Fourier coefficient , v([j+flAt) is the value

of either w ind speed or SO~ concentration in the time series , and NAt

is the length of the time series. A real time series is input into

the FF1 subroutine which calculates N/2 complex Fourier coefficients.

• The (N/2+1)th Fourier coefficient is calculated separately and in this

analysis contains the amplitude at the frequency 0.5 cycles/hour.

After the FF1 subroutine has provided the complex Fourier

— - - - -

~

-

~

- • ~~~-•~~~~--- •~~~~ - -
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coefficients , Equation (23) calculates the power spectrum with an ele-

mentary band width of 0.00298 cycles/hour. The power spectrum is

E~(n) ~~V (n)I
2 (23)

for all n from 1 to N/2+l .

lhe fifth step is to calculate the normalized spectral density

by dividing the spectrum of each realization by the variance for that

realization .

Finally, each frequency is ensemble averaged . The result is

the normalized spectral density for one case and location .
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Charlter 4

DATA

Salt Lake Cit~ Vic in i t y

Of the two metropolitan areas selected for this study . the

Salt Lake Valley and surrounding areas have much more rugged terrain.

Figure 2. Four air pollution monitoring sites were used . The sta-

tions are located at Magna. Kearns . Tooele and Bountiful .

Sulfur dioxide (SO2) is the effluent monitored in this study .

It was chosen because of its 1on~ half life and the relatively hiah

concentrations at the four sites. The major single SO2 source in the

Salt Lake area is the Kennecott Copper Corporation smelter located at

the north end of the Oquirrh Mountains (kao and Taylor . 19 7). Since

the Kennecott sme l ter i s a major source of SO2. espec ially near the

Maqna , kearns and Tooele sites, it is assumed to be a point source.

Also , the rate of effluent emission is assumed to be constant throuQh—

out each realization , but the rate may vary from reali:ation to real-

ization. This variance is of no consequence since deviations from the

mean or trend are calculated .

St. Louis

St. Li.1iis is a large metropolitan area l ocated on relat ivel y

flat terrain near the Mississippi River just south of the confluence

of the rissouri and Mississi ppi Rivers . Figure 3 shows the mor t~ring

stations and the major SC6 sources affecting the stations.
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With the high number of SO9 sources , the only assumption to

make is the area outlined in Figure 3 be considered an area source and

contains the majority of SO2 effluent (Littman et al ., 1976). Again ,

the rate of effluent emission is assumed to be constant throughout

each realization.

Monitoring EquIpment

The Salt Lake City vicinity stations are operated and main-

tained by the Utah State Division of Health , Bureau of Env i ronmenta l

Health-Air Quality Section. The St. Louis stations are operated and

-

• 
$ maintained by the Environmental Protection Agency .

The anemometers used at all sites in the Salt Lake City vicin-

ity and St. Louis were standard rotating cup anemometers. The make of

the instruments varied , but all have a threshold of approximately one

meter per second with an instantaneous error of ±0.5 meters per second .

The SO2 monitors vary in type and method of operation , but all

have a threshold of 0.005 parts SO2 per million (ppm) and an accuracy

of ±0.005 ppm . The types and heights above the surface, of the anernom-

eters and SO2 monitors follow : J

Magna : Type SO2 monitor: flame photometric.

• Height above surface: 30-foot tower.

Kearns : Type SO2 mon itor: conductimetric.

Height above surface: 24-foot tower on a one-story

building .

Tooele: Type SO2 monitor: conductimetric.

Height above surface: 24-foot tower on a one-story

building .
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Bountiful : Type SO2 monitor: conductrimetric.

Height above surface: 24-foot tower on a one-story

building .

St. Louis: Type SO2 monitor : all flame photometric.

Height above surface: 30-meter free-standing tower at

all sites except Site 8 which has a 10-meter free-

standing tower.

Averagi ng

All the data used in this study is hourly averaged . Salt Lake

City vicinity station averages are obtai ned by polling the instanta-

neous w ind speed or SO2 concentration once every six minutes , aver-

aging the values , and rounding to the nearest whole mph or 0.01 ppm ,

respectively. The St. Louis station averages are obtained by polling

the instantaneous wi nd speed or concentration once every minute ,

averaging the values , and rounding to the nearest 0.01 m sec or 0.0001

ppm.

Pasquil l (1962) explains the effect of averaging on the

spectra. Two problems arise in the averaging process. The first is

to reduce the fraction of the total variance that appears in the

higher f”equencies . The second is to introduce aliasin g.

In this study , the fraction of total variance lost in the

higher frequencies does not become significant except for frequencies

greater than 0.4 cycles/hour (Table 1). This region of the spectra is

small compared to the total domain.

When observations are at discreet intervals , and in this sthdy

the Interval is one hour , the variations associated with oscillations
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Table 1
Effect of Hourly Averagiiig on Spectral Variance

Frequency Fraction of Var iance
(cycles/hour) Remaining

0.1 0.97
0.2 0.88
0.3 0.80
0.4 0.62
0.5 0.45

greater than 0.5 cycles/hour appear at a lower frequency . This source

of error is called aliasing . If aliasing is a problem , the spectra

will show high ampl i tudes in the frequency range greater than 0.3

cycles/hour. The Bountiful wi nd speed spectra, but no other, show the

high amplitudes and the reason for the high ampl i tudes will be dis-

cussed in Chapter 6.

I

~

- - -- -- -_________ 
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Chapter 5

STABILITY CATEGORY DETERMINATION

Stability Indices

One of the major problems in the air pollution meteorology

field is determining the stability of the atmosphere in the surface

and planetary boundary layer. Three major causes of this problem are

diurnal stability fluctuations at a single location, horizontal homo-

geneity of stability , and variations in stability among cases that

have the same synoptic situations. Since these problems exist ,

methods of classifying periods into similar groups are necessary if

any analysis of SO2 and wind speed fluctuations are to yield meaning-

ful information.

The Salt Lake Valley and St. Louis have different topography

and thus differing stability problems. Because the valley effect

poses unique problems , the National Weather Service Forecast Office in

Salt Lake City has developed a method of determining stability classi-

fications for the Salt Lake Valley . However, St. Louis uses nati on-

ally produced air quality classifi cation products.

The differences in mixing depths , wind speeds and air pollu-

tion potential between Salt Lake City and St. Louis was found by

Holzworth (1967). He found that throughout the year, the height of

the mixing depth in the morning averages 200 feet lower in the Salt

Lake Valley than at St. Louis. The average wind speed in the morning

— - --- —.5----- •-— - — - • - •.• • -
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for Sal t Lake City was about two meters per second slower every month

than at St. Louis. The afternoon monthly average wind speeds were

about four meters per second slower during the winter months at Salt

• Lake City and about equal during the suniner. The air pollution poten-

tial was about equal on the average even though the Salt Lake City

size was only half the city size of St. Louis.

Since 1967, the Nationa l Weather Service Forecast Office at

Salt Lake City has calculated daily an Air Stagnation Index (ASI)

which incorporates the height of the mixing depth , mean wind speed

through the mixing depth and surface temperature (Jackman and Chapman ,

1977). The ASI was used to determine the stability category for the

Salt Lake and adjacent valleys .

Seventy—eIght percent of the stagnant high pressure areas in

the Salt Lake area occur during the months of November through Febru-

ary (Jac kman , 1968). Since the stable periods are of most interest.

cases were only selected from these months.

Jackman and Chapman (1977) found conditions in the Salt Lake

Valley can be separated into three categories during November through

February (the winter months). These categories are ASI < 200, 200 <

ASI < 1 ,000 and ASI 1 ,000, and are used throughout the Salt Lake

Valley analysis. F
The first category ASI < 200 Is called the stable case. This

condition occurs when cold air trapped in the valley s combined wi th

radi ation and snow cover , results in strong surface Inversions . Usu-

ally, warni air advection above the inversion tends to strengthen the

stable condition at the surface. This stagnant layer is generally

confined to below 6,000 feet. Under these conditions , diurna l

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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heating is unable to destroy the stable layer making the mixing depth

very shallow . Winds below the inversion are very light and often

show a diurnal reversal limiting any horizontal transport (Kao, Lee

and Smidy , 1975).

The second category, 200 < AS! < 1 ,000 is called the neutra l

case. In this range, synoptic conditions are generally characterized

by a subsidence inversion or stable layer between about 6,000 and

12,000 feet. Surface heating usually allows mixing to the base of this

stable layer which gives a moderate mixing depth in the valley . How-

ever, the base of the stable layer may be at or just above higher

mountain areas, and may severely restrict the vertical transport of

pollutant s.

The third category, AS! > 1 ,000 is called the unstable case.

The vertical temperature lapse rate approaches the dry adiabatic rate.

Mixing depths can extend to great heights , especially in the presence

of approaching frontal systems.

The category determination for St. Louis was not as quantita-

tive as the Salt Lake City categories because no localized pollution

i ndex was available. The data was divided into two categories , stable

and neutral . No unstable category was used because under the unstable

conditions , most 0f the SO2 concentrations were zero . Data was pl aced

in the stable category if St. Louis was under a stagnant high pressure

area , the vast majority of the hourly wind speeds were below three

meters per second and the hourly wi nd directions were between 090° and

180°. Data was placed in the neutral category if no stagnant high

pressure was over the St. Louis area , no precipitation was recorded ,

the vast majority of the hourly wind speeds were between three and six

-~~~~ • -  — - -
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meters per second , and the hourly wind directions were between 0900

and 180°.

Quantity of Data 
p

Data for the Salt Lake Valley cases was taken from 1970 to

1977 during the months of November through February . If a period of

three consecutive days or longer wi th the same stability category was

found , then the period qualified as a realization for the respective

stability category.

• At Magna , both SO2 and wind speed data was used . For Magna .

stable , 23 realizations were used with lengths between three and 13

days. For the neutra l case, 29 realizations were taken ranging from

three to eight days. For the unstable case , 17 realizations were found

varying in length from three to six days .

At Kearns and Tooele, only SO2 data was available during

stable periods. Eighteen cases at Kearns and 11 cases at Tooele were

found. All cases varied in l ength from three to 13 days.

Bountiful had sufficient data to calculate both stable and

neutral wind speed and SO2 spectral densities. For the stable case,

18 realizations with lengths of three to 13 days , and for the neutral

case , 10 realizations of length three to five days were found .

The data used in the St. Louis calculations varies from the

Salt Lake data in some respects. Since only 1976 data was available,

realizations were taken from any month of the year. When 24 consecu-

tve hours or more were found wi th wind direction , speed and synoptic

conditions meeting the above stated criteria, the period qualified for

use.

• 
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The seven St. Louis stations had the same realizations. Sta-

tions 1 , 4, 5 were grouped together and called urban stations because

of their location . Stations 8, 13 , 20 and 21 were grouped and called

suburban stations . For the stable case, nine realizations of SO2 and

wind speed were used. For the neutral case, 16 realizations were

found . All realizations varied in length from one to three days.

Since the realization length is much shorter for St. Louis

cases compared to Sal t Lake Va ll ey cases , the lower frequency waves

in the St. Louis spectra will be suppressed. T~1is fact can be seen

by noti ng the spectral densities of both areas in Chapter 6.

Degrees of Freedom

Rayner (1971) gives a method of estimating the degrees of

freedom for each realization. The following all affect the degrees

of freedom: the number of points tapered at each end of the realiza-

• tion , G; the length of the realizati on, D; the elementary bands , n/2;

and the number of elementary bands in non-overlapping groups , B. An

equation to estimate the degrees of freedom, ~~, is

B(D-G) (24)n/2

where G is 10 percent of 0.

Since the degrees of freedom for each realization in a sta-

bi lity case are suni~ed , the 0 and G in Equation (24) are the sum of

all the realizati on l engths and tapered points , respectively.

The degrees of freedom vary for the same spectrum because the

number of elementary bands in non-overlapping groups increase wi th

i ncrea si ng frequency. Only one elementary band i s in the groups from

.5 - -— - • --  - -
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0.003 to 0.065 cycles/hour , two bands in the groups from 0.065 to

0.119 cycles/hour , five bands in the groups from 0.119 to 0.298

cycles/hour and ten bands in the groups from 0.298 to 0.500 cycles!

hour.

The degrees of freedom for the shortest and longest time

series were calculated . For the St. Louis urban case, which is the

shortest time series, the degrees of freedom are 5.2 for the 0.003 to

0.065 cycles/hour range increasing to 52 for the 0.298 to 0.500

cycles/hour range . For the Magna neutra l case , which is the longest

time series, the degrees of freedom are 15.7 for the 0.003 to 0.065

cycles/hour range i ncreasing to 157 for the 0.298 to 0.500 cycles!

hour range.

- --
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Chanter 6

RESULTS AND CONCLUSIONS

Auto-correlograms

Autocorrelation coefficients were calculated only for Magna

since the spectra yields more information than auto-correlograms .

Some interesting conclusions can be drawn from the auto-correlo-

grams , however . The autocorrelation coefficients of SO2 and wi nd

speed under three thermal stability conditions were investigated

for their similarities and differences.

The auto-correlograrn under stabl e conditions using the 24

hour moving average shows very similar coefficients between SO2
and wind speed up to a lag of 13 hours, (Figure 4). The co-

efficients of SO., damps out for longer time lags. but that of the

wind speed continues to show relatively high values of 0.3 and

0.2 at 24 and 48 hours respectively. This correlation which

shows the diurnal effects of the wind speed in the Salt Lake

Valley during stable conditions could be a consequence of the 
-

effect of lake-valley circulation.

In the neutra l case the similarity between SO2 and w i nd

speed auto-correlograms (Figure 5) is less than in the stable

case. In the time lag of the first five hours the area under the

curve is greater for SO.., than wind speed . No diurnal correlation

shows in the wind speed. This is due to wind speeds being less

r.

~.1
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affected by diurnal circulation in neutral periods .

With unstable conditions less similarity exists between

SO2 and wind speed auto-correlograms than in neutral conditions

in time lags less than five hours . (Figure 6). Again , no diur-

nal variation is apparent in the wind speed correlation due to

the intense vertical mixing.

A direct relationship exists between the integral area for

time lag from zero to four hours , and the stability category

(Figure 7) for SO2 and an inverse relationship exists for wind

speed . During the stable periods SO2 concentrations are generally

better correlated than those during neutral and unstable periods.

with wind speed. higher correlations show in the unstable periods

than in the neutral or stable periods.

Two similarities exist between all auto-correlograms .

All autocorrelation coefficients go to zero between time lag of

four to five hours when using the 24 hour moving average , and the

negative correlations are very similar for all autc’-correlograms ,

(Figure 7).

Two methods of calculating the autocorrelation coefficients

were employed , the 24 hour moving average and eliminating the

linear trend. Each method has its usefulness. By comparing

Figure 7 with Figure 8 it can be seen that using the 24 hour

moving average to calculate the autocorrelation coefficients

gives the best similarity in the auto-correlograms of the hourl y

averaged data among stability categories for both wind speed and

SO2. If only the linear trend is elimi nated , then the differences
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in the integra l time scales among the stability categories will be

larger. This makes for easier comparison among auto-correlograms

for different stabilites .

Cross -correl ograms

Cross-correlograms can provide useful information about

correlations between different stations. The cross-correlogram

i n Figure 9 shows corre lat ions of SO2 between Magna and Kearns.
• The maximum correlation of 0.42 occurs at a lag of one hour when

the vE ’(t) is calculated from the Magna data and the vE ’(t+T) is

from the Kearns data . This result shows that often a change in

concentration at Magna will appear at Kearns one hour later. This

occurrence i s expected s i nce Kearns i s further down w ind from the

major pollution source. A second interesting correlation appears

at a lag of 26 and 27 hours. This shows a probable diurnal rela-

tionship. It will be shown in the discussion of the SO2 spectra in

stable periods that a diurnal variation exists .

Compar i son of SO, and Wind Speed Spectrum

The most Important part of this study is analyzing the sim- F
ilarities of SO2 and the wi nd speed spectra. It is the objective

of this study that similarity between the spectra can be established

so that the spectral density ira varying spectral bands of the SO2
spectrum can be predicted from the spectral density in the wi nd

speed spectrum .

Since the Magna site provided sufficient data to analyze the

spec tra of SO2 and wi nd speed for all three stability categories ,

L
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we shall first analyze the spectra at Magna.

• The SO2 and wi nd speed spectra for stable periods were simi-

lar in genera l appearance , but the wi nd speed spectrum has more
F pronounced max ima, (Figure 10). In both spectra a broad maximum

appears in the frequencies from 0.006 to 0.009 cycles/hours (peri-

ods of 168 to 112 hours). These low frequency waves are possible

because 12 of the 23 realizati ons are five days or longer thereby

allowi ng a wave of longer than 112 hours to appear. Thi s max imum

is more pronounced in the SO2 spectrum than in the wind speed spec-

trum because the buildup of background SO2 occurs over the course

of at least three days during a stable period . Another broad maxi-

mum occurs in both spectra between 0.025 to 0.05 cycles/hour (pe-

riodof 4O to 20 hours). This maximum encompasses the 24 hour diur-

nal period . The amplitude of the 24 hour period is especially

• strong in the wind speed spectrum and is probably due to the lake-

valley circulation in stable periods . Also , two other peaks corre-

spond in both spectra; the 0.083 and 0.125 cycles/hour peaks (12 hour

and 8 hour periods). The 12 hour peak is probably due to a combined

mountain -valley and lake breeze effect and will be discussed in more

detail later. As with the other prominent peaks the 12 and 8 hour

peaks are higher in the wind speed spectrum.

Unlike the 0.006 to 0.009 cycles/hour range where the SO2
spectrum had a more pronounced maximum , all peaks with frequencies

at higher than 0.04167 cycles/hour (24 hour period) show more pro-

• nounced maxima in the wind speed spectrum. This fact suggests that

a different mechanism is affecting waves of period greater than 24

hours compared to less than 24 hours. Since the wind speed spectrum

H
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has the higher peaks in the frequencies equa l to or greater than

0.04167 cycles/hour , it seems likely that in this frequency range

the wind speed spectrum greatly affects the spectrum of SO.,. But

in the frequencies less than 0.04167 cycles/hour , the SO2 spectrum p
is probably influenced more by the buildup of SO2 trapped in the

valley than by the wind speed.

The neutral and unstable spectra can now add more substan-

tiation to the above claim , (Figures 11 and 12). For the neutra l

spectrum the wind speed shows a 24 and 12 hour maximum , but not as

predominant as the wi nd in the stable category. The SO2 neutral

spectrum shows a weak maximum around 24 hours , but no 12 hour max-

imum . Both neutral SO2 and wind speed spectra have a broad maximum

centered around 0.01 cycles/hour. In the unstable case at Magna

a weak peak appears around 24 hours , but no other significant

peaks are evident. For SO2 small peaks appear at 24 and 48 hours ,

but at no other frequency .

In the stable category , the wind speed and SO2 spectra

compare similarily . but the similarity decreases with i ncreasing

atmospheric instability suggesting that variables such as vertical

motion and precipitation have more effect on the SO2 spectrum than

the horizonta l wi nd speed.

This decrease in similarity between the SO2 and wi nd speed

spectra is also seen in the St. Louis urban spectra , (Figures 13

thru 16). The peak in the urban stable wind speed spectrum at

0.095 cycles/hour matches the SO2 spectrum peak at 0.083 cycles!

hour (12 hour period). The urban neutral wind speed has no peak in

the 0.08 to 0.1 cycles/hour range. but a peak at 0.083 cycles/hour
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Figure 11. Normalized spectral density of Magna under neutral

conditions with wind speed (top ) and SO2 (bottom).
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Figure 12. Normalized spectral density of Magna under unstable
conditions wi th wind speed (top) and SO2 (bottom).
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Figure 13. Normalized spectral density of the wind speed

for urban St. Louis under stable conditions

~.top ) and neutral (bottom). 
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Figure 14 . Normalized spectral density of the SO, for

urban St. Louis under stable conditions (top)
and neutral ~bottor).
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Figure 15. Normalized spectral density of the wi nd speed
for suburban St. Louis under stable conditions
(top) and neutral (bottom’ .

- . 5 - - .5 .5- - .5 . 5-



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.5
. - - - .• 

~~~~~~~~~~ 
‘•-

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
. .,.~~~.. ~~~~~~~ 

• _____

. 5 -  ~- -~-•  .5— - -~~~- .5 ~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ,  - .5

42 
- 

-

-U •-i

~~~I 1 ’ 1  I I I I I h J ~~ 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I I 1 1 1 1  I 1 I I I  I ’ I  I I I 10
0.01 0.1 0.5

cycles / hour
Figure 16. Normalized spectral density of the SO2 for

suburban St. Louis under stable conditions

(top) and neutral (bottom) .



1 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~ .5i
~~~~~~~~

-.

p ~~~I~PL~-. 
-.5 - .5 — —- .5—•—-——...-. ~~~~~~~~~~~~~~~~~~~~~~~~~ — ‘- .i~~

- _, - ,. 4._

43

does appear in the urban neutral SO2 spectrum , (Figure 14).

From the above analysis it seem- that forecasting the SO2 spec-

trum from the wind spectrum for the stable category can be successful

for the 0.02 to 0.05 and 0.08 to 0.10 cycles/hour ranges (24 and 12

hour periods) and possibly for the 8 hour period and 0.003 to 0.015

cycles/hour ranges. The ability to forecast the SO2 spectra for
neutral and unstable categories is doubtful .

The Inertial Sub-range

The energy decrease in the spectrum provides information about

the mechanisms affecting the distribution of energy under various

stability conditions . Pasquill (1962) stated that convectively in-

duced turbulence in the inertial sub-range will cause energy to de-

crease wi th increasing frequency and the spectra l density at frequency
.5 n takes the form of

F(n )  c2”3r15”3 (25)

where e is rate of energy dissipation per unit mass of fluid. So as

n increases in the inertial sub-range where convectively induced tur-

bulence occurs , F(n) will decrease at a rate proportional to n 513.

Thus , Pasquil ls equation is named the ‘mlnus 5/3 power law ’ . This

means the decreasing portion of each spectrum should have a slope of

-5/3. Pasquill also stated tha~ convectively induced turbulence

• extends the region in which energy decreases rapidly with increasing

frequency, and thereby the range over which a “mi nus 5/3 power law ”

applies.

To evaluate the accuracy of this theory to the spectra l

-.5- — - -.5 - - -- .5 .5- - .5
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analysis conducted in this study , a best fit straiqht llne was esti-

mated for the decreasing portion of each spectrum. See Tables 2 and 3

for the results. From Tables 2 and 3, It is obvious that the slope

does not obey the minus 5/3 power law in all cases . However, the in-

ertlal sub-range is extended to l ower frequencies with increasing in-

stabil ity . This is shown in the table and by observ i ng the respective

spectra .

Another result of the wind speed spectra is the increase in

the absolute value of the slope with decreasing stability for stations

- 

.5 

in the Salt Lake area. The likely reason for the change in slope is

that under stable conditions the large scale motions are suppressed by

the inversion , but the small scale mot i ons are not influenced by the

Inversion . More ey~ergy can remain In the higher frequencies , and have

a smaller decreasing absolute slope , Under neutral or unstable condi-

t ions , the microscale turbulence Is more locally isotropic than under

stable conditions , therefore, little constraint to the large scale

motion exists and the l ower frequency waves absorb more energy . Waves

of higher frequencies show relatively less energy , and the spectrum

shows a steeper slope .

Kao, Paeqle and Normington (1974) found that in the Salt Lake

Va lley , higher frequencies have a more pronounced contribution to the

spectra l densities below the mountain tops , particularly close to the

surface. therefore , the slope would be less in the Salt Lake Va l le~
than under equa l stability conditions in a flat area such as St. Louis.

Since a direct comparison between Salt Lake stations and St. Louis

stations cannot be made because of different methods of determlnlnQ

stability category , a firm conclusion cannot be drawn about the

1.
.5 - --- .5 -~~~~~~~~~~~ - -- -.5 .5 .5 - - .5 .5
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Table 2

The Slope of the Wind Speed Spectra

Station Stabil ity Frequency Range Slope
(cycles/hour)

Magna Stable 0.14 to 0.5 -1.16

Neutral 0.13 to 0.5 -1.40

Unstable 0.045 to 0.5 -1.52

Bounti ful Stable 0.18 to 0.28 -1.49

Neutral 0.175 to 0.275 -1 .82

St. Louis-Urban Stable 0.18 to 0.5 -2.25

Suburban Stable 0.15 to 0.5 -1.95

Urban Neutral 0.08 to 0.5 -1.63

Suburban Neutral 0.10 to 0.5 -1.66

- - - -.5-
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Table 3

The Slope of the SO2 Spectra

Station Stability Frequency Range S lope
(cycles/hour)

Magna Stable 0.04 to 0.13 -1.20

0.13 to 0.50 -1.66

Neutral 0.04 to 0.10 -0.92

0.10 to 0.50 -1. 44

Unstable 0.04 to 0.09 -1.94

0.09 to 0.20 -0.37

0.20 to 0.50 -1.43

Kearns Stable 0.05 to 0.15 -0.75

- 

. 

0.15 to 0.50 -1.74

Tooele Stable 0.05 to 0.15 -0.93

0.15 to 0.50 -1.95

Bountiful Stable 0.175 to 0.50 -1.73

Neutral 0.125 to 0.50 -1.73

St. Louis-Urban Stable 0.12 to 0.50 -1.62

Suburban 0.16 to 0.50 -1.71

Urban Neutra l 0.10 to 0.50 -1.42

Suburban 0.13 to 0.50 -1.55

IL ~~~~~~~~ • • ~~~~~~~~ •~~~~~~~
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~mountain effect” that Kao , Paegle and Normington (1974) found . But

their findings might explain why the slope at Magna during stable peri-

ods was -1.16 and at St. Louis -2.25 for urban and -1.95 for suburbs

• in stable periods. The neutral spectra for the same l ocations show a

slope of -1.40 and at St. Louis about -1.65 for urban and suburban

stations .

The slope in the inertial sub-range of the SO2 spectra for all

sites decreases with decreasing stability . Also , the decrease is bro-

ken into two or three slopes in the Magna spectra . The difference in

the SO2 and wind speed decrease can be partly explained because SO2
concentrati ons which are a scalar quantity , are dependent on the wind .

Lake/River Effect

The 12 hour period in the wind speed in the Salt Lake Valley

due to the lake—land circulation was confirmed by Kao, Lee and Smidy

(1975). In this study , the 12 hour period appears , but with varying

degrees depending on stability . From Figure 17 , one can see the de-

crease in amplitude of the 12 hour period from stable through unstable

ca tegor i es. In the SO2 spectra , a prominent 12 hour peak occurs only

in the stable category (Figure 18).

A river effect is found in the data obtained at St. Louis , but

to a much smaller degree than the Great Salt Lake effect in the Salt

Lake Valle y as shown inFigures 13,14, 15 , 16,17, and 18. For stable pen-

ods, the 12 hour period set up in the St. Louis area appears between

0.095 to 0.12 cycles/hour in the wind speed spectra . In stable periods

the SO2 spectrum for the urban stations shows a greater amplitude in

the frequencies near 0.083 cycles/hour (12 hour periods) than the sub-

.5 -- - - -- -—.5-~~- - ---.5 - - . 5  --.5 .5 .5- - -
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• Figure 17. Normalized spectral density of the wi nd speed at

Magna under stable conditions (top), neutral

(middle) and unstable (bottom). 
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urban stations . The neutra l periods for both urban and suburban sta-

.5 tions show little energy in the 12 hour period. From the above obser-

vations , we can conclude that the river effect does not exist far from

the river banks and only appears in stable conditions .

Effects of Local Wind Patterns on the Spectra

Of the four Salt Lake vicinity stations , only two, Magna and

Kearns, are in the same valley (Figure 2). The l ocal wind patterns in

the different valleys have specific effects on the spectra .

The SO2 spectra for stable conditions at Magna and Kearns are

very similar as shown in Figures 18 and 19, which is expected since

both sites are located in the western part of the Salt Lake Valley .

The Tooe le SO2 spectrum under stable conditions as shown in

Figure 20, shows one marked difference compared to spectra at Magna

• and.Kearns. The difference is the 24 hour peak. Tooele ’s 24 hour

peak is much larger than Magna or Kearns peak indicating a difference

in the type of diffusion in the Tooele Valley compared to the Salt Lake

Valley . The Salt Lake Valley is closed to the south by a mountain

boundary whereas the Tooele Valley is open to the north and south . A

tunneling effect is set up and enhances the lake-valley circulation . 
.5

The spectra at Bountiful as shown in Figure s 21 and 22, dif-

fers considerably from any of the other Salt Lake vicinity stations in

two ways: first, the highest peak in the stable wind speed spectrum

is 12 , not 24 hours ; second , much more energy is contained in the .5

higher frequencies of the wind speed spectra at Bountiful under both

the stable and neutral conditions.

The two differences are attributed to the lake breeze coupled
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Figure 19. Normalized spectral density of the SO2 at Keerns .5
under stable conditions.
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Figure 20. NormalIzed spectral density of the SO2 at Tooele
under stable conditlonc. 
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FIgure 22. Normalized spectral density of the SO2 at
Bountiful under stable conditions (top) .5
and neutral (bottom).
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wi th canyon winds. Several deep canyons are located in the Wasatch

Mountain Range just to the east-south-east (ESE) of Bountiful and the

Great Salt Lake is several miles to the west (Figure 2). Between

the hours of 10:00 p.m. and 9:00 a.m ., the prevailing winds are ESE

out of the canyons at Bountiful compared to the prevailing winds at

.5 Magna out of the south-south-west (Figures 23 and 24). With a lake!

canyon wind regime , the 12 hour peak is explained .

The additional energy in the higher frequencies of the Boun-

tiful wind spectra (Figure 21) is caused by an increase of energy in

turbulent eddies due to the canyon winds . Significant energy appears

in the periods ranging from 3.5 to 2 hours. At this frequency range ,

aliasing has probably occurred and indicates considerable energy is in

.fregijencies higher than 0.5 cycles/hour. The relatively large amount

of energy in the higher frequencies indicates that even under stable

conditions , canyon winds produce high amounts of turbulence.

The canyon winds do not affect the SO2 spectra in the higher

frequencies, but the lake-canyon wi nd shift does develop a very prom-

i nent 12 and 24 hour peak.
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Figure 23. Wi nd rose 0f Bounti ful under stable conditions
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CHAPTER 7

SUMMARY

Regarding auto- and cross-correlograms it is found from this

.5 study:

1. The similarity decreases between wind speed and SO2 auto-

correlograms with decreasing stability .

2. The first zero autocorrelation coefficient occurs near

the time lag of four to five hours for both wi nd speed and SO2.

3. The 24 hour moving average gives the best similarity in

the auto-correlograms of the hour averaged data among stability .5

• categories for both wi nd speed and SO2.

4. If only the linear trend ‘is eliminated , then the differ-

ences in the integral areas among stability categories will be larger.

5. For stable periods the time lag of one hour has the high-

est correlation in the cross-correlogram of SO2 for Magna vs. Kearns.

The followi ng results were found from spectral analysis:

1. The Magna wi nd speed spectrum greatly affects the SO2
spectrum for periods equal to or less than 24 hours under stable

conditions.

.5 2. Under stable conditions for periods longer than 24 hours

the SO2 spectrum is probably more i nfl uenced by the buildup of SO2
trapped in the Salt Lake Valley than by the wind speed spectrum .

• 3. The similarity between the spectra of wind speed and 502

•

iL~~~~.5 .5 ‘ ‘  
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-- — ~~~~~~~ “ ~~~~~~~~~~~~~~~~~~~~~~~~~~ Z 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

59

decreases with decreasing stability .

4. Forecasting the SO2 spectrum from the wind speed spectrum

for stable periods is possible for the ranges Of 0.02 to 0.05 and

.5 0.08 to 0.10 cycles/hour.

5. For both wind speed and SO2 spectra the range over which

the energy decreases is extended to lower frequencies with decreasing

stability .

6. In stable periods the large scale motions are suppressed

by the inversion , but the small scale motions are free to absorb

energy. In unstable periods little constraint on the large scale

motion exists and the l ower frequency waves absorb more energy .

7. The slope of the energy decrease at Maqna for the wind speed
.5 

spectrum is less than at St. Louis in stable periods probably because .5

in mounta i nous terrain the higher frequencies hive more contribution

.5 to the total energy than in flat terrain .

~~~. The lake effect in the Salt Lake vicinity produces a 12

hour peak in the wind speed spectra . To a lesser degree the Missis-
.5 

sippi River produces a river effect close to the river banks , hut .5

only in stable periods.

9. The l ocal wind patterns in the different Salt Lake vicin -~

ity valleys have specific effects on the spectra .
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APPENDIX A

AUTO- AND CROSSCORRELATION PROGRAMS 
.5 

.5

The first program calculates the autocorrelation coefficients .5

at one station , and the second program calculates the crosscorrelation 
-

coefficients between two stations. Both eliminate the linear trend

using the subroutine Linear Trend Removal used in the first program of

Appendix B. When correlations using a 24 hour moving average are de-

sired , replace the Linear Trend Remova l subroutine wi th Equation (18)

of Chapter 3. All programs in Appendix A and B are written by the

author , and ICASE is the number of realizations for each case and M is

the length of the respective realization .

~ 
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~~~~ 001’! F’JRNISUI.1) N DDC ,,. . .5

H PROGRA~ IC CA~..CULA TE THE AUTOC ORRE~.AT1OK COE~~ IC1ENTS ~OR
C Or~E ST A T 2u~. A~~ ONE SIABIi IT~ COND!TTO’~.5 O1M~~ 510I~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.TRTAU (~o 5 ) ,  TXPR IS(~ea

ICASE lb

1 DC 9 Kr1 ,1C~.St
IF (K •L C.  ~e )  GO 10 101
IF (K •Lt . G) 60 10 102
I~ (K •LE . 10) 60 10 103
1~ (K •L.E. 13) 60 10 10’
IF 1K .E~~. IM) GO IC 105.5 IF (K .EG. 15) 60 TO lOb
IF ~ .EC • 16) 60 10 107

301 ~ 96
GO •rC) 200.5 

102 Mr 120
GO TO ~0O103 Mr
GO TO 200

2 O ~ Mr 16~
— GO T O ~o0

105 Mr
GO TO 201)

lOb Mr 2’IC
ao TO ~00

107 Mr 336
200 CONTINUE

DO 10 Zr . 1 . M v 12
REAC (b ,501) A ( I ) , A ( I + l) , & ( 14 2 ) ,  * ( 1.3) . A ( I4 ~~) , A ( I . 5) , A ( I .6 ) ,

• 
~A ( 1 .7 )~ A ( 1+5) . £11.9) ,  AU*10). £13.11)

.5 
. 10 CONTiNUE

.5 
501 FOkP4A T (12F5.2)

11: — 13
CM.).. I..IR ( M ,A . A V >
00 13 ~.: 13,MMXE

13 XPkIM~.( L )  A l L )
C CALC L a~..ATE ThE AUT 000RRELATION COEFFICIENT S USING THE
C B~~ ANt) ~JLNK1NS MEIHOC

00 15 1: 1~ ’.EXP. ISV: 0.
XSOX..I~: 0.
RIA U I K , 1) :  0.
XPR IS2Iic ,I): C.

16 ~: l3.M~ 13
~hU1OCC = XPE~IME (L) • XPR1ME (1..)
XPRIS~ : XPRIME(L)..t.XPRILC r XPRIME(L .l).s2.
RT A U( K , 3 )  *1.110CC . RTAUt K.Z)
XPRI Si : XPR!SG 4 XPRIS’~lb XbOXJ P XPRILG

=p
~TA U(K, IJ/X PRX S ,.2(L.,1)

15 MMI3 MMI3 I
9 CO~ T1i~UE

.5 .RITE ~~‘~~2C~GZC F0RM&~~~,/ 10~~,’I0TM. ‘TOCORREL ATIOPIS FOR ONE CLASS OF CLEAR ING
•
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3~ C~II OQPX EL~F~2&ISkiB.D 2,~Q ~DC ,.. ..-

I
00 20 1: 1.’eB
TRTAU (I): 0.
TXPRZSII): 0.
00 21 ~.: 1,ICASE
IRTAUC I) = IRTAUC I) • RTAUiK ,I~21 TXPR ZS ( I )  = TXPRZS( I ,  • XPRIS2(K.I )
TOTRXE = TRTAU (X )/T XPRISU)
WRi TE (6’621 ) I. TOTRXE , T RT A is (Z ) ,  TXPRIS (I)

bZl FORMA T
.TXPRISx ’ .EJ2.7)

20 CONTINUE

IF (K ) .EO. 2) GO TO I
STOP
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~~0M COP! FW.~2USHF~D TO DDC ...~ ..._
— - .5

C PROGRAM TO CALCUL ATE CROSSCORRELATION COEFFECIENTS BETWEEN ANY
C T~ O STATIONS

• DIMENSION A (336).XPRIME (336).RTAu (29,148).XPF (152(29,14a) ,
•TRTAUI14B). TXPRXS (.8),8(336),BDRIME (336),
.CRT AU(29.48) .TCTAU (’e6) .TCPRIS (1e8 ) ,CPRIS2 (29,~8 ,
RZERCO (29), RZERSiI(29) • RZERLG Z9)
ICASE = 16
DO 9 K 1,ICASE
IF (K •(.E. 14) 60 TO 103.
IF (K ,l..L. 6) GO TO 102
IF (K •LE. 110) 60 TO 3.03
IF (K .LE , 13) 60 10 110”
IF ( K •E 6. 114 ) 60 TO .3.05
IF (K .0. 15) 60 TO 106• IF 1$ •EG. 16) 60 IC 10’?

3.01 N: 96
GO 10 200

3.02 Mr 120
GO 10 200

103 N: 1141’
GO TO 200

1014 H: 166
60 IC 200

105 Mr 3.92
60 10 200

106 Mr 2140
60 10 200

107 H: 336
200 CONTIIUE

00 10 1: 1,M ,12
READ 15.501) 1(1), *11+1), *114.2), AlIi3), AC I+*), *11+5) , *11+6).
.A(I.7). *11.6). A (~ +9), *11+10), *11+11)

10 CONTINUE
.5 
. 501 FORMAT (12F5.2)

.5 00 50 j : 1,M,12
READ (5,501 ) BU).a(I,1).B(l+2),a (2.3),B (I+1e),g (I,5).6(1+6)

.8(1+7) .0(1.8 ) .b ( I.9 ) .B~~.10) .5(1.11)
50 CONTINUE

MMIZ N — 32
NM33 N —

CAl..).. (TR (M.A.AV )
CAU.. L.TR (M.B.A V )
DC 13 LS 13.MNIZ
BPRINEIL) = 5(L)

3.3 XPRIME(L) z A((.. )
RZERCO (K): 0.
RZLRSG(K)x 0,
RZERL.(K)z 0,
00 17 )..: 33.MMI.3
ZEROCO = XPRIME(L .PPRIME U.)
ZEROSO = XPRIML L. ..a .
ZEROLA ~~RZME (L..)..*,
RZERCO(K) $ ZER000 • R,ZERCO (K)
RZERSI(l() ZEROSG • RZERSGIK )

17 RZERLG (K) = ZERO~I • RZERLG (K)00 3.5 1: 1.148
XPR ISM: 0.
ZBOX~P.: 0.

.5 RT*u(K.I) 0..5 XPRIS2IK.1)$ 0.

•

11

.5
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64 .5

111DM COP! ~tB2USli~~ ~
O DDC

CPR15~’ : 0.
CBO)..11¼ = 0, .5

CRT*U1p~.I) = 0. .5

CPRISZ (K.I = 0. - .5

00 3.6 L 3.3,MMI3
AUTOCO : xPRIME L) $ BPRIME (L. *I ) .5

CN~GC0 = BpRIME (L)*~PRIMC(L+I)
XPRISG = ZPRIME(&.)w.$Z, .5

XPRILG = BPRIHE (t.+I)**2.
CNEGSG = BPRIME(L)s.&.
CNEGLG = XpRIML(L ,1 ..&.
-XPR SM xPRISG • APRISM
x5oMIIc XPRILG • *OOXJK .5

.5 
CPRISM = CNEGS.1 • CPRISM
CaO).J’( = CNE GL G • C5OxJK
RTAu (I’.,l) = AUT OCO • RTAU (K.I)

3.6 CRTAU(K.1) = CrIEGCO • CRTAu(K, :)
XPR1S&(K.I) = (XPRISN.XBOX,.1K)s.O.5
CPRIS2 (K.I) : (CPRLSNsCBOX1JK)*iO .5

15 MM3.3: MNL3 — 3.
9 CONTINUE

TZERCC : O •
TZE RS~ : 0.
TZERLG :0,
00 22 Ic: X .ICASE
TZERCO = RZERCO(K , • IZERCO .5

TZgR S~ = RZERSG (x , + TZERSG
22 TZESLG = RZERLG(K) + TZERLG

TOTZC1 = TZERCO/TZ~R$C
TOTZC2 : TZERC0,TZ~RLG . 

.5

TOTZC3 : TZERCQ, (T2ERSO$TZERLG) ..O .5
~P(ITE (6.6221 IOIZC3.. TOTZC2 . TCTZC3

622 FOR MAT (1OX ,’TOTZC3.:’,F7 ,14,5X ,’10T2C2 ’,F7.4,5X,’1012C3 ’,F7,14,/) .5

wRITE (6.620)
620 FORMAT(//1OX .’TOTAL AUTOCDRPEL LT ONS FOR ONE CLASS OF CLEAK ING

• INC.EA’ /)
00 20 1: 3,148
TRT AUW: 0.
T~?R)~~L I )  0,
?CT.W(fl =
TCPR S(I) = 0. .5

DC 21 K 1,ICASE
TR TAU c.~) : ¶RTAU (I) • P1*1.41K,!)
IX PRIStI) = TXPR S(I) • XPRIS2(K,Z)
ICTAUII ) YCTAU IZ J • CRT*O(K ,2)

21 TCPRIS(I ) T~PRI$~~~ • CPRIS2 (K,I)
ToThXE = TRTAU (I)/TXPR IS (X )
TOTCXE = TCTAU(Z)/1CPRIS(I)
WR ITE (6,921) I. TOTRXE , TRT*u (I), TXPRIS (1 . TOTCXE,
•ICTAU II), TCPR1S (1)

621 FOR MAT (‘TAU:’,I3,3X, ’TQTRXE:’,F7.14,3X ,’yR1AUg ’,E9.14,3.x,’TxDqIS:’, .5

sEG. 14.1Z. ‘TOTCXEz ’ ,rT ,~~,3X , ‘TCTAU :’ .E9.M .3X . ‘TCPRIS ’ .E9.1’)
20 C0Nfl1~UE

STOP
END

.5 ‘- - - . 5  -.5 .5 .5
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APPENDIX B

SPECTRAL DENSITY PROGRAMS

The spectral densities are calculated for the Salt Lake Valley

and vicinity stations in the first program and for the St. Louis urban

and suburba n stations in the second program . The two subroutines ,

.5 
. Linear Trend Removal and Cosine Bell Window , are modified in the first

program so that the 12 first and last data points are not used . This

step is necessary since 12 extra data points were added to the Salt .5

Lake Valley and vicinity data so that in the programs of Appendix A

the and the of the 24 hour moving average could be calculated.

.5 -- -.5
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~IIs PAGE IS BEST QUALITY PRACrICA3LZ 66 
.5

.5 
111DM COPY 1lJR~NIS1iE1) TO DDC

C PROGRAM FOR CALCULAT ING THE POWER SPECTRUM FROM * SING)..E MONITOR 
- - .5

C FOR MANY POLLUTION CASES USING THE DIRECT TRANSFORM METHOD ON PAGE
C 82 — 63 RATHER (1973) AND MOOIFI~~ SUBROUTINES FROM LEE AND MATCH.

DIMENSION A(336 ) .C(366 ) , IWK (1Dl& 9) ,E(336 ) ,ZPRIME(336).
.CVA R 29 , CSPEC(29.369),SPEC(29.169) .XVA R(29),TSPICc 369),
.TCSPEC (369), SPAV$C3.69)

COMPLEX C. •*MN .5.5 EQUIVALENCE (E.C) .5
N 33b
N Z ZN / 2  - .5

N3 N Z . 3 .  .5

ZCASE 38
KIn

• 3. 00 9 Ic 3..IC*SE.5 IF ( K ,).E . 6) GO 10 3.03.
IF (K .LE. 10) 60 TO 102
IF (K .L.E. U) GO TO 3.03
IF (K .1.5, 114 ) 60 TO 1106
IF (K .1.5. 17) 60 TO 310
IF (K .56. 3.8) GO TO 3.07

.5 3.01 M r96
60 10 200

102 Mr 1120
60 10 200

103 Mr 11414
60 10 200

LOG Mr 23.6
60 10 aoo

1110 M : 2 140
.5 60 10 200

107 ~~ 336
200 cONTINUE .5

12 = (N—M)/2 + i2
MM3.2 M — 1 1 2
M N 2 ø : M — 2 1 e  .5

M214 23. = N — 214 + 12 • 1
DO 3.0 1: 3,M,33 .5

READ (5.503. ) A l l ) ,  *11+3). *11.2). *11+3). A (I+14). *11+5), A (Is6).
— *11+7). A(1+8). A(1•9), A (1+X0). A (I.L1)

501 FORMAT (3.2F5.2)
10 CONTINUE

CAL.).. LTR(M ,A ,AV 6)
CALL. WINDOw (N .A .P)

C GI VE AU.. YFIE PERIODS THE SAME LENGTH BY ADDING EQUAL NUMBER OF -t
C ZEROS TO BOTh ENDS OF THE DATA.

005 3 1 1 . I Z
53 XPRZML(I)a 0,

00 52 1* 1.NN214
52 XPRIME(I,IZ) *(I.112) .5

DO 5* 2= M214IZI,N
514 XPRZML(I)z 0.

C CAL.C(J(.*T5 THE SPECTRUM USING THE FAST FOURIER TRANSFORM AL.GORITHMN.
DO ‘45 IcKZ 3~N

~ê 5 C(KI1) a XPRINC(KK)
CA1..).. FFTR(t.$AMN.H,IWK )
00 30 KK 3.N2

30 ClIck ) C1P.K)/FLOAT (N2)
GA* : GAMN/FLO AT(N& )

_ _ _ _ _ _ _ _ _ _  .5 
.5
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00 35 Zn 3. ,N 2
35 SPEC (K .1 CAeS(C(I)).$Z./2.

SPEC(K.N3) = CAB S(GANN)* .Z .
C~AR (K) = 0.
00 50 Ir l,N2

50 CV A R ( K)  = SPEC (Ic,I) • CVA R( K )
CVA R( K) = CVAR K) • SPEC(Ic.N3)
00 211 1 1,N3

23. CSPEC(I1..I) = SPEC(Ic, I)/CV*R(K)
yr 0.
DO 70 2: 1,H

70 Tn Y XPRIMECI)as2 .
XV * R( K) : Y/N .5

9 CONTINUE
C ENSEMBLE AVERAGE THE CASES FOR EACH STABILITY C~.ASS,

ICVAR a 0.
TXVAR 0,
00 2,2 K: 1,ICAS5
TOVAR = CVA R(K) • TCVAR

22 TXVAR = XVA R (K) + TXVAR
DO 23 1: 1.N3
TCSPEC(I) = 0.
TSPEC (I ) = 0.
DC 21’ Kr 1.ICASE 

.5

TSPEC(I) = SPEC(k , I) • TSPEC(I)
214 TCSPEC U = CSP(CIK.fl • TCSPECU)
23 CONTINUE

DC 25 I: J ,N 3 .5

TSPEC(I) = TSP EC( I)/ (ZCA S EsT CVAR )
25 TCSPEC(I~) = TCSPEC ( )/ICASE

C AVERAGE THE POWER SPECTRA IN THE HIGHER FREQUENCIES. (0.065
C CYCLES/HOUR AND HIGHER).

DC 27 I: 22.140,2
27 SPAVG II.X) = (TCSPEC(I) + ICSPEC(I+1)),’Z,

DO 28 1= ‘42,97,5 .5

28 SPAVG( Is14 ) = (TCSPEC(I) • TCSPEC(I+1) • ICSPEC(I.2) • TCSPECU.3)
• • ICSPEC(I.4))/5.
DO 29 1: 102.152.110

29 SPAVG(I,9 ) = {TCS PECCI) • TCSPECCI•t ) + TCSPCC (1+2) •
• TCSPEC(I.3) • TCSPEC (I.14) + TCSPEC (I+5) • TCSPEC(I.6) ,
• TCSPEC(I.7) + TCSPEC(I+8) • TCSPEC (I+9))/J.0.
00 31 I: 162.168

33. SP*VG(3.68 ) : SPAV G(1168) + TCSPEC (I) .5

SPAV$(3.b8) = SP*VG (3.68 /7.
.RZT EI6,63O)

610 FORMAT 1// IOX, ’W A VE ’ ,GX, ’FREQ’ ,8X, ’HOURS1 ,9X. ’DAYS I ,711,’SPECTR UM’ , .5

•9X. ‘C SPEC’ .9X, ‘SLOPE ’ .’)
14*0: 0 

.5

WRITE ~6,612) IMO. TSPEC(3.). ~C5P5c ( 3. )
63.2 FORMAT (3.OX,I 14.142X,51O,S,SX.510.5)

DO 26 I: 2,N3
14*1* I — 3
iiRSz FLOAI(N)/FLOAT(IM3.)
DAYS S 14R5/2’4 , .5

FREG a 11,/MRS
WRITE (6.63.1) INI,FREQ,HRS,DAYS,TSPEC(I),TCSPEC(I),SPAV G(I)

9113. FORMAT c3.Ox.I 14,SX,F8.5.5x ,F9.2,5X,F6.2,5X,53.O.5,sx, t1 O.5.5x,E11O ,S)
26 CONTINUE

WR ITE (6,U1)TXVAR , TCVAR
6211 FORMAT (/3 QX, ’VA R IANCE ’ .ZX,E3.0 .5,5X , ’SPEC VAR IANC E’ ,2X ,E3.0,5/// / )

.5 KI :KI.3.
IF (II .5G. 2) GO TO 1
$10.

• END

-- .5
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THIS PAGE IS BEST QUALITY PBACTICJtBLZ 68
J~OM COPY FUL*).ISBJ~D 1’O ~DC .__.-.

C~~.m LINEAR TREND REMOVAL PROGRAM
SUBROUTINE 1.TRUa.Z,SX)
DiMENSION 3(N)

NN3.*aP’ 112
p1*0.
00 111 1:3.3.4*4*112

3.3. SK SXeX (I)
SAUX/FN
00 .113 Z J.3.NM2.2

113 SP SP’sXII sFL.OATU
.5 AVI: (F N.3. .1 /Z .

ANG —112.sSP/ (FN (FH.*2J))
DO 3.5 I:3.3.MM112
FI:I

15 X ( I) Z ( I )—A NO (AV 1 F1)
RETURI’.
END

Cs. a COSINE BELL WINDOW
SUBROUTINE W INDOW ( H,X ,P)
DIMENSION KI N )

NTENTh*6
P1653,jle3.59265/ (6—32 ,
NP*N.3.
QO 2 I:113.NTENTIw
FZ:1—32

COSBELaO.5~~3..—COSlI I.P1G~~X(I)aX(2).COSIE)_
2 X(JNP) X(JNP )SCOSSEL

RETURN
END

‘- . 5 .  -. .5 .5 _ _ _  _ _  _ _  _ _
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.5 fl~OM COPY P R~).ISHE.J) TO DDC , . - 69

C PROGRAM FOR CALCULA UNG SPECTRAI. DENSITITES FROM SEVERAL MONITORS
C FOR MANY POLLUTION CASES USING THE DIRECT TRA NSFORM METHOD ON PAGE.5 C a2 — 83 RATHER U9711) ANC SUBROUTINES FROM LEE ..ND MA TCH .

DI MSNS~0N A (336).C(i.68).ZWK(10149),E(336),XPRIME(336)..5 . CVA R 29). CSPEC(29.169).SPEC(29,169).XVAR (29) ,TSPEC ( 1b9).
•A~,G (30),TCSPECC10 ,3o9). SPAVG (10,3.69), *VSPEC(3.69),TSPAVG(169)COMPLEX C. GAUF.

EQUIVALENCE (E.C)
.5 Mr 336

HZ = N/2
N3 = N2 • 3.
Pr 0,3.
IC*S5 9
KIn 3.

~ 00 9 ,c:3. ,ICASE
IF IX .EG, 3.) Mr36
IF K .EG. 2 Mr2’e
IF 1K .EQ. 3~ M:14c
IF ( K .~ G. .le ) Mr14 Ô
IF (K .50. 5) M 6~IF (K .50. 6) Mr 3D
IF (K .5G. 7) Mr 214
IF (K .50. 8) Mr 214
IF (K .50 . 9 4 :  2~12 :
LASTZ h—1243 ,

.5 DO 10 1: 3.,M.112
.5 READ (5 ,503. ) A ll). *11.1), 4(3+2). 4( 1+3) .  ..(1.14)~ A (1.b) . A(1.6),

.A(I.7). *11 +6), 4(1.9), A (I+10), A(~I+1X)503. FORMAT (3.ZFS.2)
10 C0NTI~UECALL LTR(M ,A,AV G)

CALL •INDOW (N,A ,P)
.5 C GIvE AU.. THE PERIODS THE SAME LENGTH BY ADDING EQUAL NUMBER OF

C ZEROS TO QOTH ENDS OF THE DATA.
DC 53 1= 1,12

53 XPRIM5(I): C.
D0 52 1: 3.,M

52 XPRIME(I.IZ) = *11)
DC 514 I: USTZ.N

54. XPRXNE ( I): 0.
C CALCULATE THE SPECTRUM USING TH5 F*ST FOURIER TRANSFORM ALGORITMNt. .

00 145 (K: ~ .N
145 SlICK ) XPR1NE (KIC )

CAL).. FFT R(E,GAMN ,N,IWK )
DO 30 KK 3.,N2

30 ClIcK ) = C (KK)/FLOAT (N2 )
GAMN GAMN /FLOAT (N2 )
00 35 1: 1,N2

35 SPEC(t~.I) = CABS(CII))**2./2.
SPEC(IC,N3) C*BS(GAMN)*.Z .
CV A R( K ) = 0.
00 50 I: 1,442

50 CVAR (IC) = SPSC(K,II • CV AR (X)
CVAR (k) = CVA RIK ) • SPEC(K,N3)
DC 21 1: 1,I~321 CSPCC (K. I )  SP EC ( IC. I ) / C VA R ( K )
Yr 0.
00 70 1: 1,N

70 Yr Y XPR1ME ( I)esZ .
XVAR(IC) = ~rn9 CONTINUE

_____ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~
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Th)M COPY FURN1S~lE.~

) It) D1)~ —

C Ei~SEM8LE AVERAGE THE ASES FQi~ EAC H STAB iLI TY CLASS.
T C V A R C.
TXVA R 0.
DC 22 ~~ 11,ICASE
TC VA R = CV *R (K) • TCVA R

22 TXVAR : XVA R (K • TXV *R
DO 23 1: 3.,N3
T5PEC ( Z )  =
DO 21’ K= 1,ICASE
T5P5C (Z )  = SPEC(K, Z ) + TSPEC( l)

24. TCSPEC ’.KI. I)  = CSPZC K,f l  + TCSPEC( K I, I)
23 CONT INUE

00 25 1: 3.,N3
?SPEC U = TSP~.C(~~)/ ( ICAS5ST CV.~R,

2~ T CSPEC(K I .1)  = TCSPEC( K1,f l / IC.~SE.5 ; AV 5RAGE TPI~ PQWER SPECTRA IN THE HIGHER FREOUENCIES ,R ..0t5
C CYCLES/HOUR ANC .416H5R).

00 27 1: 22,140,2
27 SPA V G( K ,I,11) :(TCS~5c (KI ,I).TC5p EC(KI ,1.3. ) )/2.

DC 28 I; ~~~~~~~28 SPAvG ( i~I,1.14)=(TCSPEC(Ki .1 )*TCSPEC(4C ,1.3.).TrSPEcI ,%i ,1.2),
•TCSPEC KI,I+3 .TCSPEc u~~I,1.14 ~~~~~,5. -.5
00 29 1= 3.g2 ,15a,IC 

.529 SPAVG (KI,I.9) (TCSPEC (KI,I).TCSPEC (KI,1.1).ICSPEC (K1,I,2).

•TCSPEC KI,1.7 .TCSPEC IcI,1 .8 +TCSPEC(KI.1+9~~~~~,3.~~~. .500 33. 1: 3.62,198
33. SPAVG (I1 I,3. b8) SPAV~,IK Z ,3.66 ).7CS PEC(K3 , I) .5

SPAV G (II , 168) SPAV ~~(KI .1166)/7.TA VG: C.
DO ~1 .J 3.,ICASE

63. TAvG : TAVG +*VG .J)
WR ITE (6 .532 ) TAVG .5

632 FORMAT (1OK,F3.O.5///)

IF (II .1.5 . 7) GO TO 3.
C A V 5RAGE EACH FREQUENCY OF THE 7HR55 URBAN STAT IONS

00 62 1: 2.N3
00 63 j= 1, 3
TSPAVG CI ,: TSPAvG(I .. SPAVG (.J,I)

63 AV SPEC (I) AV SPEC (1. • TCSPEC (~~,I)T5P*V G~ I~ TSPAvG(I)/3.
AVSPEC (I) AVSPEC (fl/3 .
iMIn I—i
FRg~�: FLOAT(IM3.)/F,QAT(N )

62 WR XTE (9.633) XMl. FREG. *V SP EC(3 ),  TS PAV GII )
C AV ERAGE EACH FREQUENCY OF THE FOUR SUBURBAN STATIONS

00 72 I: 2,443
DO 73
T$PAVG(Z): TSPA VG( 1) • S PAV G(J , I )

73 AVSDECU): AVSP EC (Z ) • TCSPEC(.J,I)
TSPAV 6U~~ TSPAvG(X ),14.
AVSPEC (Z) AVSPEC (I)/14.
INIr 1.1
1R56 FL OAT ( IM3. ) /F L OAT (N) 

.5
72 WRITE (6.633 ) XMl . FREG, Av S PEC( I) ,  ¶ S PAVG( I)
633 FORMAT ( 1OK ,I ’,F12. 5 ,E3. 5.5,5~ 5.5)

STOP
£1.0 .5
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eIIS?AG.EISBEST QUALIT~~~~~
CTIC1tBt

~
R 7•~ .5

r1~O~ COPY PUeUSREl) 1’ODDC

~~~~~ LINEAR TREND REMOV ,.L PROGRMM
SUBROUTINE LTR ( N,X ,5X )
DIMENS ION 3.144 )
PPaN
$Xa0 .
p1*0. .5
00 11 I*3.,r~3.11 SXaSX.X(I) 

-

.5

SX SZ/FtJ
00 .113 1*11. .

3.3 SP:SP.X(I).FLOAT(Z)

DO 3.5 1:1,N
Fin

3.5
RETURN
END

Css•. COSINE SCU. W INDOW 
.5

-SUBROUTINE WIP1L~OW (,~.,X,D) 
.5 

.5

DIMENSIO N K I N )

NTENTM*G
Pi~ a3. 11’159265iQ
NP:N.J
00 2 1*i.NTEN1PI
P 1*1
.JNP NP—I
COSSLaO .5.11 .—COS FI.P1G)

2 X(JNP ):X(JNP).COS9&l.
RETURN
£440
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