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ABSTRACT 

Chemical data from atmospheric precipitation in the Upper Great 

Lakes region were collected on a monthly basis by various organizations 

from late 1972 to late 1975. The data for pairs of chemical parameters 

are regarded as simultaneously recorded time series and are analyzed by 

spectral analysis to bring out periodic components present in both time 

series and also to reflect the correlation and phase difference between 

the pairs of time series. 

The precipitation data have four major bands of periodicities: 

(1) a yearly cycle representing high and low atmospheric loadings in the 

summer and winter respectively with regards to Fe, PART, so4 and P; (2) a 

6 monthly period reflecting the four seasons of the year and affecting 

Fe, PART, P and pH; (3) a 9 monthly period for the heaVY metals (cu, Ni, 

Cd, Pb and Zn); and (4) 2 to 5 cycles/month periodicities caused by 

atmospheric turbulence and affecting all the parameters. 

The mining-smelting industry at Sudbury has been identified as a 

major point source of atmospheric emissions of acid, sulfate and the 

heaVY metals, with the exception of iron, This is evident in view of the 

facts that the spectral intensities at the major periodicities decrease 

away from the mining-smelting centre; the strikingly high correlation and 

practically inphase relationship between Cu and Ni, and the 9 monthly 

period for the heaVY metals which is associated with the industry, 
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1. INTRODUCTION 


1.1 Statement of Problem 

An international network of stations is set up in the Upper 

Great Lakes region to collect chemical data from atmospheric precipita­

tion. Samples of precipitation are collected on a monthly interval and 

the concentration of various chemical parameters are determined. The 

laTge amount of data ranging from late 1973 to late 1975 is particularly 

suited for computer manipulations and is therefore analyzed by spectral 

analysis. 

The aim of the present study is to analyze the data (time series) 

for any periodic components. Furthermore, to see if any loading para­

meters are .correlated and what are their possible sources of origin. If 

a model is suggested as a result of this analysis, then it can be used to 

make predictions. That is, the estimation of future values x(t + T) of 

the time series in some future range 0 "- T '- T' from some values of the 

series up to and including time t. 

1.2 Outline of Analysis 

The obvious method of analysis of periodic data is the classical 

Fourier analysis, The precise use of the technique in this study is to 

approximate non-periodic functions by sine and cosine functions. The 

approximation becomes better as the number of points increases and becomes 

exact if the number of points is infinite. 

1 
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To analyze for cross correlation between two series involves 

statistical analysis. Thus statistical questions, to be discussed later, 

do arise from the fact that it is necessary to estimate the accuracy of 

the various functions obtained from finite amounts of data. 

Consequently two very important approaches are considered, the 

statistical analysis of time series and the method of Fourier analysis. 

These two approaches constitute spectral analysis. 

The main advantage of spectral analysis is that large amounts of 

data are digested into a few graphical spectral presentations, the main 

features of which can be readily interpreted and which disclose persistent 

periodicities in the data, if present. 

The power spectrum shows the frequency distribution of the energy 

(variance) of a time series over a defined frequency range. Peaks in 

particular frequency bands of the spectrum indicate higher contents of 

energy in those bands than in neighbouring ones. The positions of the 

peaks give the periodicities, 

To disclose relationships between loading parameters, they must be 

analyzed in pairs. The pairs are regarded as simultaneously recorded time 

series. Cross spectral analysis of such series contains two different 

types of information. The first is the squared coherency spectrum which 

effectively measures the correlation between the two series at each 

frequency, and the second is the phase spectrum which measures the phase 

difference between the two series at each frequency. 

Energy distribution with frequency is not a continuous distribu­

tion, but is a "histogram" made up of estimates o"f successive small sub­

divi.sions of the frequency range. The number of such sub-divisions is 



J 

called the number of "lags", It determines the statistical reliability of 

the results obtained and the frequency resolution, The resolution in­

creases as the number of lags L increases, However, the number of degrees 

of freedom (~ 2i where N is the number of points in the time series) and 

hence the statistical reliability, decreases as L increases (i.e. the 

confidence limits widen as 1 increases). 

When large amounts of data are analyzed, for example 10,000 points, 

it is not possible to look at the data and the spectra consistently and 

the number of lags becomes crucial. However, with an average of 40 points 

displayed graphically together with the spectra, interpretation can be 

consistent and less emphasis can be placed on the number of lags, Thus 

in the present work the number of lags is set equal to N/2 to give an 

adequate amount of resolution to disclose gross features, 

The data used in this study were collected on a monthly interval 

and thus the maximum frequency f is 0.5 cycles/month. If there is appreci­n 

able energy in the time series corresponding to frequencies greater than 

f , then this energy can generate spurious additions and peaks in the n 

range 0 to f , which in severe cases can completely mask the true spec­
n 

trum. For the present data, a period of less than two months is unlikely, 

In any event, it would be very costly to sample, say, every f month to 

see a t monthly period, if present, 

Fourier analysis requires a continuous series, In most cases the 

data are complete but in the few cases where data are missing for less 

than 3 months then such gaps are filled by the value of the month immed­

iately preceeding the gap. 
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Spectral analysis is applicable to stationary time series, Hence 

any trends present in the data must be removed, Atmospheric loading is 

presumably due to industries and therefore broad trends are expected which 

reflect the gradual growth of the economy, Such trends are rather 

difficult to remove if the data are not well understood, At the present 

time, the best one can do is to assume a linear trend and remove it by a 

least squares fit to all the data and subtraction to obtain the residuals 

which are used in the analysis, Negative residuals do not have physical 

meaning for the data and are set equal to zero. 



2. MEI'HODS 

2.1 Mathematical Development 

Spectral analysis brings together two very important theoretical 

approaches, the statistical analysis of time series and the methods of 

Fourier analysis. The role of Fourier analysis in applied mathematics 

and engineering is well documented. The analytic techniques are 

particularly important in three applications: (a) for studying periodic 

solutions to physical problems described by differential equations; 

(b) as an operational device for solving differential equations; (c) for 

approximating non-periodic functions, 

The present study is concerned primarily with the latter case. 

Before going into the analysis in some details, it is necessary to define 

a few basic terms. 

A function is said to be periodic of period T, if for 

all t, 

f(t) = f(t + T). (2.1.1) 

The function between time t and t + T can be of any shape whatsoever. A 

particularly simple shape is the cosine function, 

f(t) =A cos ~~t, -OJ, t -< OJ, (2 .1.2) 

which has a period T =1, since 
~ 

A cos 2ru;t = A cos 2~f.[t+(~)]. (2.1.J) 

Furthermore, a function f(t) is said to be a (real) harmonic 

with frequencv w and amplitude A, where A and w are positive constants, 

5 
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if it is of the form 

f(t) = A cos wt 

or f(t) = A sin wt. (2.1.4) 

A harmonic with frequency, w, has period 

T = 271w , (2.1.5) 

and since it is a harmonic, it must satisfy 

T =k2 rr for 
w 

some integer k.=1,2, ••• , (2.1.6) 

since 

cos (w(t+e)) = cos wt=¢. e=~. (2.1. 7)
w 

The frequency, w, represents the number of complete cycles in 

27T units of time and is therefore called the angular frequency, to 

distinguish it from the true frequency, f, measured in cycles per unit 

time. The true frequency f of a harmonic with angular frequency w is 

given by 

w 1 
f = 2rr- T"· (2.1.8) 

For completeness, we may define zero frequency by a constant function 

f(t) = A, (2.1.9) 

which may be regarded as the value of the harmonic function A cos wt 

with w = o. 

2.2 Fourier Analysis 

It is possible to represent any non-periodic functions using 

any class of periodic functions. In Fourier analysis, the periodic 

functions used are sine and cosine functions. They have the important 

properties that an approximation consisting of a given number of terms 
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achieves the minimum mean square error between the signal and the 

approximation, and also they are orthogonal, so the coefficients may be 

determined independently of one another. 

Consider a signal which is specified only at discrete times, and 

suppose it is required to be expanded in terms of periodic functions. 

The discrete signal can be regarded as having been derived from a 

continuous signal S(t) of duration T by sampling the values of the 

signal at spacing [1, as shown in Figure 2.2.1. This produces N = T/~ 

sample values S , where 
r 

Sr = S(t=r~). (2.2.1). 

s(t) 

Figure 2.2.1: 	 A discrete signal obtained by sampling a 
continuous signal. 

For convenience it is assumed that N is even and equal to 2n so that r 

may run through the integers -n, ••• , 0 ,1, •• , , n - 1. 

Note that periodic functions which pass through the sample 

values may be chosen in an infinite number of ways. For example, the 
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finite Fourier series 

n - 1 

S(t) =A + 2 (Am cos 2nmf1t + Bm sin 2Trmf1t) + An cos 27tnf1t 
0 L 

m = 1 (2.2.2) 

contains N constants, the A and B , which can be determined so that the m m 

discrete and continuous values coincide at the points t =ra, that is, 

"S(t) = S . Thus the function '§(t) provides an approximation to the 
r 

original. continuous function S ( t) in the interval. -T/2 ~ t < T/2, 

On substituting t = rD. in (2.2.2) and setting '§(rb.) = S , a set r 

of N equations for the N unknown constants is obtained. The equations 

are 

Sr ~ A + 2 ~ (Am cos 211mf1rA + Bm sin 211mf1rA) + An cos 2rrnf1rA,
0 

m = 1 

(r = -n, .•. ,0,1, ••• ,n - 1). (2.2.3) 

Choosing f = l/N~ simplifies the solution of equation (2.2.3),
1 

because then the sines and cosines are orthogonal., The frequency 

f =l/ND.. is cal.led the fundamental. frequency of the signal. S(t), and it
1 

corresponds to a period T equal. to the length of the record,
1 

(2.2.4) 


The function S(t) is composed of a sum of sine and cosine 

functions whose frequencies are multiples or harmonics of the fundamental. 

f , Note that (N = 2n) the 

22nd harmonic: f - T = ND.· f 2f2 - ND.; 2 2 ' 2 = 1 

and (2.2.5) 
f n NL2 1 T = 2", f fnth harmonic: 

L.l.n = ND. = N6. = 2D.' n n = n 1 

1 
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The highest frequency f present is 1/2~, which corresponds to a Period 
n 

of 2 sampling intervals. The parameter f is called the "Nyquist
n 

frequency". If the number of points N is odd, say 2n - 1, (2.2.2) can 

be solved by similar reasoning, the only difference being that the A 
n 

tenn vanishes. Furthermore, it can be shown that A is the mean or 
0 

average value of S if N is either even or odd. 
r 

To solve (2.1.J) for the constants, the A and B , the discrete m m 

Fourier transform of the series of N tenns would require approximately 

N2 operations. This is very expensive to operate when large number of 

data points are involved. However, a recent innovation in spectral 

analysis is the fast Fourier transform (FFI'), 

2.3 Fast Fourier Transform 

The FFI' is an algorithm for computing discrete Fourier trans­

forms much more quickly than the direct method given above, but at the. 

same time retaining accuracy. For a series of N tenns, the FFI' requires 

only 2Nlog2N operations compared to N2 operations required for the 

direct method. Thus savings in computer time is very large if one is 

interested in the Fourier analysis of long series. 

The relevance of the FFI' to spectral analysis is that it is now 

faster to compute the power spectrum directly using an FFI', then smooth 

the spectrum rather than compute the autocorrelation function, smooth 

with a lag window and finally transform. 

Description of the Fast Fourier Transform 

Suppose it is required to find the Fourier transform 
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Xm,m = 0,1, ••• ,N - 1, of the series xt,t =1,2, ••• ,N, where N is even. 

The series can be partitioned into two series Yt and zt' where 

Zt = x2t' t =1,2, ••• ,N/2. (2.3.1) 

The series Yt' zt each consist of N/2 values and hence have Fourier 

transforms 

and 

-j(4ntm/N)
zt e , (2.3.2) 

where the superscript on the transform denotes the number of terms in 

the series and the transform. But X(N) and y(N/2) Z(N/2) are related. 
m m ' m 

In fact, 

j(2nm/N) / /x<N ) = e y(N 2) + !z(N 2) 
m 2 m 2 m 

and 

X(N) _ ej(2nm/N) y(N/2) + !z(N/2) N 
m + (N/2) - - 2 m 2 m ' O ' m~ 2 - 1 • 

(2.3.3) 

Therefore, the Fourier transform for the series xt is easily 

obtained from the Fourier series of the half-series Yt and zt. Likewise, 

if N/2 is even, the series Yt and zt are partitioned into two series 

Yt' zt' and Yt' zt respectively, and an appropriate version of (2.3.3) 
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is used to construct the transforms y(N/2) and z(N/2) from the transforms 
m m 

of the series of length N/4. 

kFor series of length N = 2 , the procedure is followed until 

partitions of only one term are obtained, for which the Fourier transform 

equals the term itself. In practice, N is not an exact power of 2, thus 

sufficient zeros must be appended to the data to make N an exact power of 

2. This procedure does not alter the accuracy of the answers in anyway. 

2.4 Power Spectrum 

The power spectrum is the Fourier transform of the autocovariance 

function (acvf). The spectrum shows how the variance (energy) is distri­

buted. with frequency for a time series over a defined frequency range. 

Subject to statistical considerations, peaks in particular frequency bands 

of the power spectrum indicate higher contents of energy in those bands 

than in neighbouring ones. 

The variance or average power of a discrete signal x(t) observed 

at times t = -n~, -(n - l)~, ••• , (n - l)~, can be decomposed into contri­

butions at a finite number of harmonics of the fundamental frequency 

f 1 = l/N~ (N = 2n) according to 

n-1 n-1 

2 1 2
 = - = (2.4.1)ST N Lx~ L lxm, ' 

t= -n m= -n 

x is called the complex amplitude at the harmonic frequency f and m m 

measures the amplitudes of the sine and cosine terms at frequency f in 
m 

x(t). X is given bym 
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n-1 
-j2ITmt~ /NlJ. 1 -j2nmt/Nx = 1 e • (2.4.2)xt e = Nm N L 

t= -n 

The contribution of IX I2 to the average power of frequency f is called m m 

the intensity at this frequency. 

The power spectrum Cxx(f) is the Fourier transform of the acvf 

t= -n 

-j2nkf£J. k =o, ±1, ±2, ... e ' 

(2.4.3) 

C (f) shows how the variance of the X(t) process is distributed over xx 

f'.!:'equency and is non-negative for all f, The spectrum is usually plotted 

on a logarithmic scale which shows more detail in the spectrum over a 

wider amplitude range. Another reason why the log. scale is a sensible 

choice is that only proportional changes in power is important, Further­

more, if confidence intervals is to be represented on the plot, then on 

a log, scale it is simply a constant interval about the spectral estimate, 

2,5 Cross Spectrum 

Cross spectral analysis of two simultaneously recorded time series 

provides information on the relationships between them, in the form of 

estimates of coherences and phase differences, as functions of frequency. 

The acvf has a Fourier transform called the cross spectrum. This 

spectrum is a complex quantity which may be written as the product of a 

real function called the cross amplitude spectrum and a complex function 

called the :Eliase spectrum. However, a more useful quantity than the 
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cross amplitude spectrum is the coherency square spectrum. The latter 

is dimensionless. 

2.6 Phase and Cross Amplitude Spectra 

Suppose that ~(t) and x2(t) are arbitrary real signals with 

Fourier transforms x1 (f) and x (f) respectively. These Fourier trans­2

forms give the amplitude and phase distribution of the signals, i.e. 

(2.6.1) 

The cross spectrum can be written as 

(2.6.2) 


The covariance between the two series ~(t) and x (t) may be2

described by the phase spectrum F12li.2., 

(2.6.3) 


and the cross amplitude spectrum 

(2.6.4) 


The phase spectrum F12(f) shows whether the frequency components 

in one series lead or lag the components at the same frequency in the 

other series. Similarly, the cross amplitude spectrum A12(f) shows 

whether the amplitude of the components at a particular frequency in one 

series is associated with a large or small amplitude at the same frequency 

in the other series, 
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2.7 Co- and Quadrature Spectra 

Since (2.6.2) is a complex quantity, it can be written as a sum 

of a real and imaginary part, that is, 

where 

L (f) is called the co-spectrum and it measures the variance12

between the in-phase components of the two series. ~2 (f) is called the 

_quadrature spectrum and it measures the out of phase components of the 

two series. 

2.8 	 Squared Coherency Spectrum 

The squared coherency is defined as 

~2(f)
~2(f) = C (f)C (f) (2.8.1)

11 22 

where c11(f) and c22 (f) are the power spectra of series 1 and series 2 

respectively. A plot of ~2(f) versus f is called the squared coherency 

spectrum. It resembles the ordinary correlation coefficient. In fact, 

the coherency plays the role of the correlation coefficient defined at 

each frequency f. A value near to unity indicates that the two series 

correlate closely, in terms of variance contribution, at a particular 



15 

frequency interval, while a value near to zero indicates little correla­

tion between the two series at that frequency interval. 

The coherency spectrum is useful in practice because it provides 

non-dimensional measure of the correlation between the two time series as 

a function of frequency. Thus it should be preferred to the cross ampli­

tude spectrum, which depends on the scale of measurement of x (t) and1

x (t).
2

Consequently the cross correlation properties of two time series 

can be described by the squared coherency spectrum and the phase spectrum. 

The main uses of the co- and quadrature spectrum are in their estimation 

of the above two spectra. 

2.9 Smoothed Cross Spectral Estimators 

The estimators of the sample cross spectra have the undesirable 

properties that their variances are dominated by a constant term which 

does not tend to zero as the record length increases. Hence cross spectral 

estimators must be smooth using a spectral (lag) window. The lag window 

Hanning is used to smooth the data analyzed in this present study. 

Hanning is defined as 

D(u) = l(1 + cos nTu) for lul < T ,
2 m m 

= 0 for juj > Tm' 

where T is the maximum lag desired to be used. Note that D(u) is an m 

even fm1Ction of u and is regarded as a window of variable transmission 

which modifies the values of the autocovariance function at different lags. 
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2.10 Description of Computer Program (Fortran) 

The program is presented in Appendix A. Except for the main pro­

gram OFF and subroutine PLOTT, the program was obtained from Fee (1969) 

and little or no alteration was made to it. 

The program is simple to understand, The major steps of operation 

of the program are as follows: 

(1) PROGRAM OFF: This is the main program which reads the data 

of two time series and their identification from tape. The two series 

represent data collected within the same period of time. The number of 

data points N is also noted, 

(2) SUBROUTINE FOUR: DELTAT (the time interval between observa­

tions), NUMBER (the number of time series to be analysed) and LAGS (the 

number of spectral estimates to be made) are set equal to 1,2, and N/2 

respectively, This subroutine also labels the output. 

(3) SUBROUTINE INPUT: The trend in the data is removed by a 

least squares fit to the data and subtraction to obtain the residuals. 

Negative residuals are set equal to zero, Finally, zeros are appended to 

the end of the data to make N an exact power of 2 (N = 2k) as required for 

the fast Fourier transform, 

(4) SUBROUTINE FOURT: The time series is Fourier transformed 

to obtain the Fourier coefficients (~k + jblk' k = o, ••• ,N), 

Steps (3) and (4) are repeated for the second time series to 

obtain a2k + jb k. Since two series are analysed, SUBROUTINE SPECl is2

inactive, However, it has been retained for generalization, 

(.5) SUBROUTINE SPEC2: The real and imaginary Fourier coeffi­

cients are squared and summed over the number of lags L and normalized 
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by the number of terms squared, 

L 

~ <ai + b~) I (L i- + 1)' 

to obtain the raw spectral estimates of both series. 

The raw cross spectrum is obtained by taking the sum of the cross 

products of the real and imaginary parts of the transformed series, 

(6) The raw estimates are smoothed by Hanning (SUBROUTINE HANN) 

before estimation of the phase and coherency squared spectra. 

(8) 

(7) PHASE = arctan 
(Quadrature spectrum k) thed 

smoo ' 
(Co-spectrum k)smoothed 

where k refers 

to the kth lag. 

(Co-spectrumk) + (Quadrature spectrurnk)
2 2 

CORER.ENC~ = (Spectrum(l)k X spectrum(2)kj 

(9) SUBROUTINE PLOTT: This subroutine produces a series of plots 

of 	the data and spectra. 

a) Raw data of series 1 (and trend) vs. time; 

b) Series 1 (trend removed) vs. time; 

c) Same as a) and b) for series 2; 

d) Power spectrum for both series 1 and 2; 

e) Phase spectrum; 

f) Squared coherency spectrum. 

2.11 Testing of Computer Program 

The program is tested on simple periodic functions, namely the 
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sine and cosine functions. The values for the functions are estimated 

at ninety-six equally spaced sampling intervals on the domain 0 to srr. 

A linear least squares fit of all the points is also estimated. 

The power spectra for the trigonometric functions are estimated 

for various lags, which include the lag to be used for the precipitation 

data of the Upper Great Lakes region. The expected results were obtained. 

They are discussed in Section 3.3.1. 



3. RESULTS 

3.1 Station Locations 

Figure 3.1.1 shows the distribution of the monthly stations in 

the Upper Great Lakes (U.G.L.) region. Table 3.1.1 gives the latitude 

and longitude of the stations. 

TABLE J.1.1: Station locations 

No. Station Latitude Longitude 

2 Skead 46.658N 80.752W 

3 Killarney. 45.990N 81.447W 

4 Gore Bay 45.881N 82.57ow 

5 Jamot 46.105N 80.625W 

6 Windy Lake 46.615N 81.458W 

8 Mount Lake 46.680N s2.725w 

9 Gogama 4?.675N 81.727W 

10 Timagami 4?.067N 79.7s3w 

11 Espanola 46.255N 81.768w 

12 Sudbury South 46.420N 80.955W 

13 Sault Ste. Marie 46.505N 84.25ow 

14 Chapleau 4?.833N 83.400W 

15 Wawa 48.050N 84.725W 

16 Timmins 48.477N 81.364w 

17 Kapuskasing 49.417N 82,433W 

18 Sparrow Lake 44.798N 79,3s3w 

23 Lake St. Peter 45.300N 7s.033w 

24 Lake Traverse 45.947N 78.064w 

25 Shawanaga 45.53JN 80.200W 

26 Mattawa 46.287N 78.87JW 

27 Hearst 49.?00N 8J.66?W 

28 Hornepayne 49.218N 84. 787W 

29 Powassan 46,12JN 79.246w 

19 
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TABLE 3.1.1 (Continued) 

No. Station Latitude Lon~itude 

31 Marten River 46.725N 79.833w 

32 Verner 46.412 80.120W 

33 River Valley 46.577N 80.188W 

34 Sudbury North 46.488N 81.012W 

35 South Bay Mouth 45.585N s2.012w 

36 Tobermory 45.207N 81.523W 

37 Owen Sound 44.491N 80.871W 

38 Duck Island 45.821N 82.948W 

39 Goderich 43.726N s1.724w 

40 Goderich Tower 43.726N s1.724w 

41 Goderich Buoy 43.766N 81.859W 
42 Manitoulin Tower 45.821N 82.948W 

43 Manitoulin Buoy 45.118N 82.939w 

44 Wawa Tower 47.723N 84.809W 

45 Red Rock 47.723N 84.809W 
46 Goderich Tower 50 43.726N s1.724w 

47 Goderich Tower 30 43.726N 81.724W 
110 Gore Bay Airport r 45.881N s2.57ow 
140 Gore Bay Airport s 45.881N s2.57ow 
112 Thunder Bay Airport r 48.373N s9.32ow 
141 Thunder Bay Airport s 48.373N s9.32ow 

113 Wiarton Airport r 44.650N s1.233w 
142 Wiarton Airport s 44.650N 81.233W 
120 Sarnia Airport r 42.983N 82.283W 

143 Sarnia Airport s 42.983N 82.283W 

130 Caribou Island r 47.J67N 85.833W 
144 Caribou Island s 47.367N s5.s33w 
131 Copper Harbour r 47.469N 87.867W 
145 Copper Harbour s 47.469N 87.867W 
132 Isle Royale r 47.896N s9.216w 
146 Isle Royale s 4?.896N 89.216w 
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TABLE 3.1.l (Continued) 

No. Station Latitude Lon~itude 

133 Ney Provincial Park r 48.750N 86.567W 

147 Ney Provincial Park s 48.750N 86.567W 

134 Finery Provincial Park r 43.233N 81.SOOW 

148 Finery Provincial Park s 43.233N 81.800W 

135 Inverhuron Park r 44.300N 81.567W 

149 Inverhuron Park s 44.300N 81.567W 

137 Kilbear Provincial Park r 45.350N 80.200W 

138 Southampton Buoy 44.325N 81.650W 

150 Kilbear Provincial Park s 45.J50N 80.200W 

201 Porcupine Mountains 46.818N 89.644w 

State Park 

202 Isle Royale 47.896N s9.216w 

203 Fort Wilkins State Park 47.497N s7.867w 

204 Baraga State Park 46.760N 88.506w 

205 Pictured Rocks 46.664N 86.oo6w 

206 Tahquamenon Falls 46.543N 75.035w 

207 Mackinac Island State Park 45.858N 84.617W 

208 U.S. Coast Guard Station 45.0J4N 83.239W 
Alpena 

209 U.S. Coast Guard Station 44.254N 83.447W 

Tawas Point 

210 Albert Sleeper State Park 43.977N 83.211w 

211 Port Sanilac 43.429N 82.552W 

212 Bayf'ield 46,786N 90.s65w 

213 Tawas Buoy 44.225N 83,422W 

214 Grand Marais 47.735N 90.334w 

215 Benton Harbor 42.150N 86,384W 

216 Silver Lake 43,608N 86.521w 

217 Beaver Island 45.681N s5.5osw 

218 Two Harbors 47.002N 91.652W 

219 Alpena Buoy 45.167N 83.217W 

301 Mount Forest - wet 43.164N so.75ow 

302 Armstrong -wet 50.283N 88.090W 

303 Woodbridge - wet 43.795N 79,552w 
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~Wind - Percent of Days in 1974 


Figure J,1,1: 	Precipitation chemistry stations and wind directions in the 
Upper Great Lakes region 
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J,2 Codes and Units of Parameters Considered in this Study 

Table 3,2,1 shows the parameters used in this study, Not all 

the parameters listed in this table were used in the six areas considered. 

Those used in the various areas are given in Appendix B. 

TABLE 3,2.1: Codes and units of parameters 

Code Units 
Name No, Definition Concentration 

Cd T 101 Total cadmium m.icro-g/l 

Cu F 106 Filtered copper micro-g/l 

Cu T 107 Total copper m.icro-g/l 

Fe T 110 Total iron micro-g/l 

Pb T 113 Total lead micro-g/l 

Ni T 116 Total nickel micro-g/l 

Zn F 118 Filtered zinc micro-g/l 

Zn T 119 Total zinc micro-g/l 

SP CON 122 Specific conductivity umho/cm 

pH 123 Hydrogen ion concentration 

so4 127 Sulphate mg/l 

T PART 128 Total particulate weight g/l 
p T 240 Total phosphorus · micro-g/l 

3,3 Data and Spectra 

3,3,1 Sine and cosine functions 

Figures 3,3.1 and 3.3.2 show the data and trends for the sine 

and cosine functions respectively. Note that the trends are not straight 

lines of zero slopes and zero intercepts, This is due to termination 

errors which result since a finite number of points are used, Figures 

3,3.3 and 3,3,4 show the functions after the trends are removed, As 

expected, small trends result due to the least squares fit. 
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The effects of various lags on the power spectrum are shown in 

Figures 3.3,5 through 3,3,10, The peaks in the spectra indicate the 

periodicity, The peaks are very close to 27\, which corresponds to 24 

sampling intervals. In the spectra, the peak positions are given in terms 

of lags which has to be converted to sampling intervals, 

Figures 3,3,5 and 3.3,6, for which the lags equal 32, show essen­

tially pure spectra. As the lags increase the resolution increases 

(peaks are sharper) but the spectra become contaminated with "ripples" and 

the statistical reliability decreases, 

To illustrate the fact that any obvious trends in the data must 

be removed before analysis, a linear trend is added to the sine function 

(Figure 3.3,11). The power spectrum is shown in Figure 3,3,12. The peak 

is more or less 0 washed-out", Hence it is absolutely necessary to remove 

any trends from the data before using the Fourier analysis, 

The phase and squared coherency spectra were not plotted for the 

trigonometric functions, but the values obtained agree quite well with the 

expected results, The correlation at the 21\ periodicity is 0.99 and the 

phase difference is 90,0 degrees, 

3,3,2 ETrors 

The peaks in the power spectra do not occur exactly at 24 sampling 

intervals, Table 3,3,1 gives the periodicity for the various lags and the 

cross correlation properties, From the spectra, it can be seen that if 

smooth curves are to be drawn through the points then the periodicity 

would be very close to the lower values given in the Table, Even though 

there is some variation in the periodicity, the correlation and phase are 

quite consistent and very accurate. 
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TABLE 3,3,1: 


Periodic and cross-correlation properties for the trigonometric 


functions, (24 sampling intervals = 2~). 

~ 

Period 
(sampling intervals) 

sin x and cos x Correlation 
Phase 
(degree2 

32 21.3 - 32,0 ,99 90,0 
48 24,0 - 32,0 ,99 90.0 
64 25.6 - 32,0 ,99 90,0 

The reason why the periodicity does not occur at exactly 24 

sa.~pling intervals is due mainly to the finite amount of points used, The 

least squares fit is not quite adequate and leads to a small error. Further­

more, there is no definite way to determine the number of lags to be used. 

However, one must compromise between resolution and statistical reli­

ability. Finally, another source of error is the graphing of the spectra 

which consist of straight line segments rather than smooth curves, 

3,3,3 Precipitation data and spectra 

The data for the parameters studied can be displayed in two forms. 

The first consists of the raw data and trend, The resulting data after 

the trend is removed is the second form, Note that negative residuals 

are set equal to zero. The second form is used in the actual analysis, 

Due to space limitation, only the raw data and trend are given in this 

work, since they contain more information, However, the second form of 

data•can easily be visualized if one considers the trend line as the 

time-axis, The data are given in Appendix B, 

Three types of data are studied, The first consists of the in'- .. 

dividual stations 12, 2, 3, and 4. The second consists of data which is 
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the average over eleven stations (2, J, 4, 5, 6, 8, 9, 10, 11, 12, 13). 

This will be referred to as the Sudbury area. The third type is the data 

which is the average of the Upper Great Lakes area. This consists of the 

stations listed in Table 3.1.1. 

The Figures to follow are the spectra of pairs of data sets 

representing two simultaneously recorded time series, The figures show 

the parameters, the length of the data and locations, The parameters 

considered here are listed in Table 3,3.2, Spectra for other parameters 

are given in Appendix B. 

TABLE J,J,2: Parameters, locations and length of data. 

Time 
Parameters Area Interval 

Cu T & Ni T Station 12 7210-7511 
Cu T & Ni T Station 2 7206-7511 
Cu T & Ni T Station 3 7211-7511 

Cu T & Ni T Station 4 7204-7511 
Cu T & Ni T Sudbury area 7208-7511 

Cu T & Ni T U,G,L, area 7201-7511 

Cd T & Ni T Station 12 7210-7511 

Cd T & Ni T Station 2 7206-7510 

Cd T & Ni T Station 3 7211-7511 
Cd T & Ni T Station 4 7204-7507 
Cd T & Ni T Sudbury area 7208-7511 
Cd T & Ni T U,G.L, are-a 7201-7511 
Zn T & Zn F Sudbury area 7204-7511 
Zn T & Zn F U,G.L, area 7204-7511 
Cu T & Cu F Sudbury area 7204-7511 
Cu T & Cu F U.G.L. area 7204-7511 
pH & T PART Station 12 7206-7511 
pH & T PART Station 2 7206-7511 
pH & T PART U.G.L. area 7204-7511 
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Figure 3,3,20: Coherency spectrum for Cu T & Ni T, station 3 (7211-7511) 
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3.4 Errors for Precipitation Data 

Section 3.3.2 discusses the errors involved in the spectral 

analysis with regards to the trigonometric functions. The same comments 

hold for the precipitation data. In addition, the precipitation data 

length is much shorter. On the average, about forty points are analyzed, 

which is less than half of that used for the trigonometric functions. 

This will introduce quite a bit of errors in the periodicities in partic­

ular. The writer has no control over this in that the data available are 

limited. However, as the record length increases the errors should 

decrease. 

In an innocent example as the sine function, the trend could not 

be removed properly. Thus, for the rather fluctuating precipitation data, 

the trend removal is quite likely to be unreliable. It is extremely diffi­

cult to remove trends associated with the economy and at the moment it is 

the best one can do until the data are better understood. Only then 

methods other than the least squares fit can be used to remove the trends. 

For a few data sets, gaps occur in the time series. If the dura­

tion is less than three months then the gaps are filled by substituting 

the result from the preceding month, Linear interpolation might have been 

better but since this is an initial investigation and greater errors occur 

for other reasons it was judged worthless of the effort. 

It was assumed that chemical analyses are reliable to an extent, 

However, Kramer,(1975) observed variations among the different laboratories 

doing the analyses, This would certainly lead to some errors in the 

averaging procedure, It may be better to use data from one laboratory 

where the analysis is systematic to avoid random errors, 
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In view of the above remarks, a spectral analysis at this time is 

somewhat premature but should be very powerful as the record length of 

the time series increases and the data become better understood. Then 

confidence intervals can also be computed for the spectral estimates. 



4. INTERPREI'ATION AND DISCUSSION 


4.1 Choice of Pairs of Parameters 

First and foremost, pairs of parameters are selected which are 

expected to have a high degree of correlation between them. The choice 

is guided by a knowledge of their chemistry and also from the similarity 

of the ratio of each parameter in rain to snow for 1973-74 period 

(Kramer, 1975). If these ratios for two parameters are close together, 

then presumably their chemical cycles are similar and a high degree of 

correlation may be expected, The choice is restricted somewhat by the 

length of the data which was recorded for each parameter. 

The computer program is designed to compute spectral properties 

for two simultaneously recorded time series which by definition spans the 

same period of time. The length of the data is different for each para­

meter considered in this study. Therefore an appropriate truncation must 

be made to each pair of data set considered in order to obtain the data 

collected for both sets within the same period of time. 

Furthermore, some parameters are studied only for their periodic 

components. For such parameters all the available data are used. How­

ever each of these parameters must be run against a dummy parameter which 

has data of equal or longer length than that of the parameter of interest. 

The pH data is the longest and is often used as a dummy parameter. 

Emphasis in this work is placed on the heavy metals (Cd, Cu, Ni, 

Fe, Pb, Zn) due to their industrial association, particularly in view of 

98 
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the levels of atmospheric pollutants presently being emitted from the 

smoke stacks at Sudbury (Kramer, 1975) which act as a point source, 

Furthermore, the data for these metals are more or less complete, 

The periodic patterns of parameters other than the heavy metals 

are also considered and compared to those of the heavy metals, Such 

parameters are pH, so4 , SP CON, PART and P. These parameters are 

certainly related to industries, however, a substantial proportion of 

airborne phosphorus is thought to be associated with agriculture, 

4.2 Periodicities 

The periodic components of the precipitation data can be resolved 

from the power spectrum in that the "peaks" in the spectrum occur at 

persistent periodicities. The intensities of the peaks indicate the 

persistence of each periodic component. Therefore, in each power spectrum, 

the intensities at periodicities can be arbitrarily classified as strong . 

(s), medium (m), or weak (w) to reflect the relative importance of each 

periodic component. It should be noted that the intensities are in log 

units, thus the values for the intensities appear to be similar, but in 

fact they are quite different. The weak periodicities in the power spect­

rum may be due to termination errors, but this is difficult to establish 

at the present time. Furthermore, since the data for the parameters are 

somewhat limited from the point of view of spectral analysis, only the 

pattern of periodicities associated with the various parameters at 

different locations, is important. 

Figures 4.2.l(a) to 4.2.l(c) show the periodicities associated 

with the various parameters at different locations, The solid, dashed 
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and dotted lines represent strong, medium and weak periodicities respec­

tively, with respect to the peak intensities in each power spectrum, 

The error bars shown in the figures result from the fact that if a smooth 

curve is drawn through three points then an error is associated with the 

positions of the maximum or the minimum, However, more than this error 

occurs in the present analysis and thus the error bars are taken as the 

two points on either side of the "maximum" point, 

From the figures, definite patterns can be seen for the periodi­

cities. The heavy metals, in particular Cu, Ni, Cd, Pb.and Zn, generally 

show two frequency bands of periodicities. The first is a period of 9 

cycles/month and the second is a period or periods in the range of 2 to 

5 cycles/month, 

Iron is the only heavy metal that, though it shows the lower 

periodicities, does not show the 9 monthly period as associated with the 

other heavy metals, However, it does show 12 monthly and 6 monthly periodi­

cities, The particulates (T PART) have periodicities that are the same as 

for iron. This is due to the fact that most of the particulates consist 

of iron, 

The other parameters also show periodicities ranging from 2 to 

5 cycles/month, In addition, pH shows a 6 monthly period and so4 shows a 

12 monthly period. 

Phosphorus shows, in addition to the low periodicities, both 6 

and 12 monthly periods. Since phosphorus is generally associated with 

agriculture, a 12 monthly period is expected, This represents high phos­

phorus concentration in summer and low in winter, The 6 monthly period 

may reflect the four seasons of the year. 
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The origin of the high periodicities for the other parameters 

is not well understood but the periodicities must be real due to the high 

intensities observed in the power spectra. For Fe and PART, the 6 monthly 

period may reflect the four seasons while some yearly cycle must be res­

ponsible for the 12 monthly period. Whatever this cycle is, it may also 

explain the 12 monthly period of so4 . The yearly cycle may be seasonal, 

representing high concentration of the parameters in summer and low in 

winter. The 6 monthly period is less clear and the data for the para­

meters showing this period fluctuates throughout the year, It is quite 

likely therefore, that the four seasons may be responsible for this 

periodicity. 

The 9 monthly period for the heavy metals is even more difficult 

to explain in view of the fact that not many natural cycles of this dura­

tion are known. However, since most of the metals are associated with 

industries, this periodicity is most likely reflecting some strong periodic 

components involved with industries. 

Furthermore, all the parameters considered in this study show a 

high frequency component of periodicities ranging from 2 to 5 cycles/ 

month, Thus there must be some universal phenomenon affecting all the 

parameters. A study of the spectrum of the vertical velocity field of 

atmospheric turbulence (Lumley and Panofsky, 1964) indicates that peak in 

the spectrum moves towards lower frequencies with increased solar radia­

tion, This suggests that there are two different causes for the fluctua­

tions in atmospheric turbulence, a high frequency component due to 

frictional forces and a low-frequency component due to heat convection 

caused by solar radiation. The precipitation data are certainly affected 
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by atmospheric turbulence, thus the high frequency periodicities may 

very well be due to frictional forces associated with turbulence, 

Periodicity is due to "natural" phenomena and in some way it may 

also reflect the origin and/or behaviour of the precipitation data, This 

study shows clearly that Fe is the only heavy metal that does not follow 

the pattern of the other heavy metals, and therefore cannot be as strongly 

linked to the smoke stacks at Copper Cliff as are the other heavy metals, 

This is further supported by correlation and phase studies discussed in 

the next section, 

4.3 Correlation and Phase Relationships 

The squared coherency and phase spectra give the correlation and 

phase relationships of any two parameters, A high coherence indicates that 

the two parameters are correlated at that frequency band and the phase 

spectrum gives the phase difference between the two series as a function 

of frequency. 

4.3.1 Cu T and Ni T 

The spectra for Cu and Ni are given in Figures 3,3,13 through 

3.3.30, Table 4.3.1 summarizes the periodicities, peak intensities, cor­

relation and phase relationships. 

The correlation between Cu and Ni is in general very good for the 

major periodicities, At station 12, the correlation is somewhat low thus 

reflecting the questionable data for Ni (Fig, B.1.5). Data are judged to 

be unreliable if anomalous values occur for a few months, In such cases 

the least squares fit and trend removal are impractical, For the other 

five spectra where the data are better the correlation is quite good, 
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Figure 4.J.2; 	 Precipitation chemistry stations in the Sudbury area. The spatial relationship of 
stations 12, 2, 3, and 4 to Copper Cliff should be noted. These four stations lie 
in the path of the predominant northeastward wind direction (Fig. 4.J.l) 
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The strong correlation between Cu and Ni implies that the two 

elements undergo a cheillically similar cycle from their points of emission. 

These elements probably form similar complexes of nearly equal stability. 

Thus it may be possible to predict the behaviour of one element from the 

other. 

In general, the phase difference between the two parameters are 

very small at the frequency bands of major periodicities. This inphase 

relationship is seen for the four individual stations as well as the 

Sudbury and U.G.L. areas. This would imply a common source of origin for 

Cu and Ni. Furthermore, this source must be a point source of loading 

that is little affected from other sources, as required for the inphase 

relationship. 

A trend exists for the intensities of the peaks at the frequency 

bands of periodicities for the six areas. From the tables which give the 

intensities in log units, it can be seen that the intensities decrease in 

a general way from the individual stations to the U,G,L, region, that is 

12 > 2 > 3 > 4 > Sudbury area > U,G,L, area, at least for Cu. The Ni 

data show a similar trend, but to a lesser degree. 

In view of the location of the stations, this trend will point 

to INCO's 1250-foot smoke stacks at Copper Cliff as the source of emission 

of Cu and Ni. It should be noted that stations 12 and 2 are northwest of 

the smoke stacks with the former being closer, while stations 4 and 3 are 

south-east of the smoke stacks with the latter being closer. The varia­

tion of the intensities among these four individual stations reflects the 

predomj.nant northeastward wind direction and further evidence for the 

smoke stack being the source of emission of Cu and Ni. Thus, even if 
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TABLE 4.3.1: Cross-correlation properties between Cu T and Ni T 

STATION 12 	 STATION 2 

INTENSITIES INTENSITIES 
(Log. Units) (Log, Units)

T Cu T Ni T* r T Cu T Ni T r~ 	 ~ 
12.7 	 5,67(m) .34 15.2 7.6 5,31(s) .62 2.0 

9,5 5,24(s) .41 2.8 4.8 5,80(s) 5,38(s) ,99 -10.1 
6,3 5,80(s) .07 -17,5 3,5 5,64(m) 5.2l(m) ,94 8,1 

4.2 5.16(s) .26 -J8.0 	 2.1 5,33(w) 5,07(w) ,92 - 9.4 
2.7 5~26(w) 5.24(s) ,52 6.2 

2,0 

I ' 

5.19(s) ,40 -31.2 


STATION 3 STATION 4 

9,0 ?4.50(s) .15 52.7 8.0 J,48(w) .18 120.5 

7,2 ?3.28(s) .11 11.8 4.4 2.93(s) ,53 23.8 

4,5 3,43(s) ,30 - 9,6 4.0 3,7o(s) .82 8,8 

4,0 3,99(s) .61 -14.2 3.1 3.45(w) ,59 -14.4 

2.6 3,46(s) .64 - 0.3 	 2.4 J,02(s) .28 17.3 

2.3 4,04(s) .86 -14.4 	 2.1 3,51(m) .56 11.8 

2.0 	 2.67(w) ,71 11.5 

SUDBURY U.G.L. 

6,7 4.53(s) ,56 - 3.5 9,2 4.25(m) ,51 - 4.9 

4,4 3,97(s) .21 -44.4 7,7 4.17(w) ,54 -22,8 

2.9 4.39(s) ,91 3,2 	 5,1 4,14(w) .64 10.9 

2.7 4.22(s) ,75 - 8.0 	 4.2. 4,32(s) .60 25,8 . 

2.1 	 4.38(s) .60 22.8 3.8 4.45(s) .67 13.2 
3,1 4,08(w) 4,2l(s) ,51 - 5,9 
2.4 	 4,29(s) ,77 3,4 

2.2 4.27(m) 	 .67 17.0 

T ~Period (months); r = Correlation; ¢ = Phase (degrees) 

* Ni T data unreliable to a certain extent, 
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there is loading of Cu and Ni to the atmosphere from sources other than 

Copper Cliff, the latter dominates the loading cycle for the U.G.L. region. 

4,3,2 Ni(T) - Cd (T) 

A sympathetic relationship exists between Cd and Ni at station 12 

since they are highly correlated throughout the frequency range and also 

remarkably inphase (Figs, 3,3.31 to 3,3,33), The probable source of Cd 

and Ni is the effluent from Copper Cliff since station 12 is located in 

the immediate vicinity, 

The above relationship is not seen in any of the other areas 

analyzed, The results are shown in Figures 3,3,34 to 3,3,48. This in­

consistency may be explained by considering the molecular weight of Ni 

and Cd, The latter is about twice as heavy as the former and it would 

not be expected therefore, to be dispersed from the smoke stack as far 

as the Ni, Thus any similarity that exists near the smoke stack will 

not be the same at any great distance from it, 

Total cadmium 

The peak intensities at periodicities in the power spectrum for 

Cd T shows a general trend among the areas studied, Table 4,3,2 shows 

the intensities of the frequency bands of the periodicities, 

The intensities for station 12 are greater than that for station 

2, while those for station 3 are greater than that for station 4 in a 

general way, Furthermore, the intensities for these individual stations 

are greater than that for the Sudbury area, (The data for Cd T for the 

U,G.L, region is somewhat questionable, Fig, B,6,1). In view of the 

station locations, the intensities increase towards Copper Cliff and this 

points to the smoke stacks as the soUTce of emission of Cd, 
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PERIOD 
.(months) 

STATION 2 

INTENSITIES 
PERIOD (Log. Units) 

(months) Cd T 

9.0 

4 • .5 

4.o 
2.8 

2.6 

2.0 

9.0 

4.5 

3.0 
2.6 

2.4 

13.3 
.5. 7 
4.4 
3.6 

2.9 

2.7 
2.4 

TABLE 4.3.2: Intensities for Cd T 

STATION 12 

INTENSITIES 
(Log. Units) 

Cd T 

l.68(s) 

1.49(w) 

1..5l(m) 

1..50(m) 

STATION 3 

2.02(s) 

l.99(m) 

2.03(s) 

1. 98(rn) 

SUDBURY. 

l.50(s) 

l.43(m) 

1.29(w) 

l.l.5(w) 

1.0l(w) 

7.6 

6.3 

4.8 

3 . .5 
2.1 

9 • .5 
4.2 

3.8 

2.4 

2.2 

STATION 4 


l..56(s) 

1.48(s) 

l.lO(w) 

l • .56(s) 

1..53(s) 

1.67(s) 

*Cd T data for U.G.L. area 

unreliable. 
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4.3.3 Zn T - Zn F 

Striking relationships exist between the total and filtered zinc 

for the Sudbury ru1d U.G.L. areas, An exceedingly high correlation is seen 

for the total and filtered zinc and they are practically inphase at all 

frequencies. These relationships are demonstrated quite well in Figures 

3,3,49 to 3,3,54 and imply that the chemistry for the total and filtered 

zinc are quite similar, and in fact the behaviour of one can be predicted 

for the other. Consequently, from the point of view of chemical analysis 

all one needs to do is to analyze one form of zinc and infer the trend 

for the other. 

4.3.4 Cu T and Cu F 

The Sudbury and U,G,L. areas are analyzed for the total and 

filtered Cu. The former shows moderately strong correlation and low phase 

difference at the frequency bands of the periodicities. A simi}_ar re­

lationship is seen for the U.G.L. area but to a lesser degree. Figures 

3.3.55 through 3.3.60 show the spectra for the total and filtered copper. 

The relationship between total and filtered Cu is not as strong 

as that of the two forms of zinc. Thus the total and filtered copper 

have slightly different chemical cycles. However, Cu T and Zn T have 

a similar behaviour since they have similar periodicities. 

4.3,5 pH and T PART 

A local relationship exists between pH and T PART. Station 12 

shows high correlation and inphase properties for pH and T PART throughout 

the frequency range of the spectra (Figs. 3,3,61 to 3,3,63), A similar 
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trend is seen at station 2, but to a lesser degree (Figs. 3.3.64 to 

3.3.66). However, no such relationship exists for the U.G.L. region as 

can be seen from Figures 3,3,67 to 3.3.69, 

The spectral intensities at periodicities for the parameters de­

crease in a general way from station 12 to station 2 and are lowest for 

the U,G.L, region. Thus the pH and T PART show some association with the 

smoke stack. 

The restriction of these parameters to the Sudbury area is 

expected since particulates are quite heavy and "rains" near its source 

of origin. Furthermore, on a regional scale as the U,G,L,, the pH is 

buffered by carbonates, etc. and no association between pH and T PART 

exists on such a scale. 

The association between pH and T PART locally is probably due to 

the surface chemistry of the particulates which have considerable surface 

area. Presumably, the hydrogen ions attach themselves to the surface of 

the particulates by electrostatic forces and they are dispersed together 

as a unit. 

4.3,6 pH, so4, SP CON 

It is a common thought that pH should be related to so4 in some­

way since the latter may be responsible for the low pH in the U,G,L. area. 

Therefore a.~ intensive analysis is made to investigate the relationship, 

if any. Four individual stations (12, 2, 3, 4) and also the Sudbury and 

U.G.L, areas are analyzed and the results are given in Appendix B. 

GeneraJ.ly, no relationship is found to exist between the two 

parameters. This would indicate that the chemistry between the two ions 

http:GeneraJ.ly
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TABLE 4.3.3: Cross-correlation properties between pH and 

STATION 12 STATION 2 

so4 

T J2H 

INTENSITIES 
(Log. Units) 

S04 r ~ T J2H 

INTENSITIES 
(Log. Units) 

S04 r ~ 
14.o 2.67(s) .26 110.8 12.7 2.53(s) .02 35.0 
6.o 1.50(s) .53 -62.6 5.4 o.5o(s) .22 80.9 
4.7 2.29(m) .39 10.2 4.8 2.3l(s) .26 82.1 
3.2 2.47(s) .06 -110.1 2.7 o.45(s) 2.37(s) .64 92.5 
3.0 l.36(s) .16 -131.8 2.2 o.32(m) .32 -162.2 
2.6 2.28(m) .37 16.9 
2.0 1.3l(s) .73- -35.3 

STATION 3 STATION 4 

14.o l.43(s) .44 39.4 14.o 2.58(s) .73 .1 
7.0 l.26(w) .45 135.4 8.4 1.5l(s) .12 -120.3 
6.o 1. 77(s) .23 114.8 3.8 1. 37(s) .oo 54.9 
4.2 l.23(w) .41 -32.5 3.5 2.04(m) .14 - 5.3 
3.5 l.23(w) .89 -15.8 2.8 l.20(w) .62 39."o 
2.6 l.32(m) .53 16.1 2.3 1.3l(m) .54 -84.2 
2.5 l.58(m) .19 7.1 2.1 2.oo(m) .08 58.3 
2.2 1.30(m) .05 -159.6 

SUDBURY U.G.L. 

10.4 2.J3(s) .25 94.2 3.3 .ll(w) l.52(w) .56 - 8.8 

6.5 -.06(s) .14 -152.5 2.4 .4l(s) .09 -141.0 

4.7 2.26(s) .40 -96.5 2.3 2.0l(s) .12 -98.5 

3,7 -.03(s) .54 -121.7 2.1 -.09(w) .18 -11.4 

3.1 l.39(w) .60 56.9 

2.3 -.ll(w) l.88(s) .32 102.0 

T =Period (months); r = CorrGlation; ¢=Phase (degrees) 
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is not very simple or that other factors are involved, for example, many 

sources of the ions may be interfering. 

The spectral intensities for the individual stations decrease in 

a general way from the smoke stack at Copper Cliff. The lowest intensi­

ties are associated with the U,G,L. area. This trend can be seen from 

Table 4,3.3. 

Generally, hydrogen ions are considerably more mobile than most 

of the other ions in solution. Thus it may be related to the super 

conductivity of the solution. Consequently, pH and SP CON are analyzed 

for the Sudbury and the U, G.• L, areas and the results are given in 

Appendix B, In general, the correlation is low and they are out of phase. 

Perhaps, the super conductivity is due to ions other than the hydrogen 

ions. In fact this is brought out in the light that pH is associated 

with particulates, 

4.3,7 FeT andZnT 

These two elements are analyzed for four individual stations 

(12, 2, 3, 4), The spectra are given in Figures B.7.25 to B.7.36. Table 

4,3.4 summarizes the frequency bands of periodicities, correlation and 

phase relationships. 

Stations 12 and 2 show little correlation and out of phase rela­

tionships between Fe and Zn. However, stations 3 and 4 are quite the 

opposite as the correlation is high and they are generally inphase. This 

relationship is strongest for station 4. Furthermore, the spectral in­

tensities do not show any trend among the four stations and the correlation 

is high for the leeward stations (3,4) with respect to the smoke stack, 

This suggests that the loading of these elements are not from the smoke 

stack but from some other source which is probably close to station 4. 
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TABLE 4.J.4: Cross-correlation properties between Fe T and Zn T 

STATION 12 STATION 2 

INTENSITIES INTENSITIES 
(Log. Units) (Log. Units)

T Fe T Zn T r T Fe T Zn T r~ ~ 
8.4 6.2J(s) .43 128.6 12.0 6.9l(s) .02 -132.1 
6.o 7,3o(m) ,55 -72.6 9.0 6.24(s) .18 -128.6 
4.2 6.08(m) .Jl 57,9 5.1 6.92(s) .08 150.8 
J.8 7.22(m) .JO 52,5 4.0 6.25(s) .10 73.2 
J.O 7,39(s) .39 -14J.2 3.3 6,80(m) .44 -169.3 
2.6 6.02(m) ,33 40.4 2.8 6.26(s) .56 -11.5 
2.5 7,17(w) .50 41.5 2.6 6,77(m) ,39 19.6 
2.1 7.Jl(m) .51 -160.6 2.1 6,57(w) .27 -37.5 
2.0 6.07(m) .61 -167.0 2.0 6.32(s) .54 -13.7 

STATION 3 STATION 4 

8.4 5.4J(m) .26 88.7 14.0 6.6o(s) .64 17.4 
5,3 6.38(s) .14 - J.8 10.5 6.36(m) ,53 -15.6 
4.2 5.68(s) .60 -15.5 6.o 6.J2(m) .60 19.·2 
2.8 5.7o(s) .57 35.4 J.8 6.23(m) 6. 30-(m) .82 lJ.9 
2.5 6.33(s) .58 -40.4 3.0 6.27(m) .82 15.6 
2.1 5.4l(m) .43 -56.1 2.8 6.2l(m) •75 3,7 

2.3 5.88(w) .78 - 6.4 
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4.4 Summary 

1. All the parameters considered in this study have periodicities 

in the range 2 to 5 cycles/month. In addition to these periodicities, 

they also have higher periodicities which are as follows: 

(a) 9 cycles/month for Cu, Ni, Cd, Pb, and Zn; 

(b) 12 cycles/month for Fe, PART, P, and so4 ; 

(c) 6 cycles/month for pH, Fe, PART, and P. 

2. The yearly cycle corresponds to high and low atmospheric load­

ings in the summer and winter respectively; the 6 monthly period reflects 

the four seasons of the year; the 9 monthly period is possibly associated 

with the smelting and.mining industry at Sudbury and the 2 to 5 cycles/ 

month periodicities are due to atmospheric turbulence. 

3. Good correlation and low phase difference are found between 

the following parameters: 

(a) Cu T and Ni T at stations 12, 2, 3, 4, Sudbury and U.G.L.. areas; 

(b) Cd T and Ni T at station 12; 

(c) Zn T and Zn F for Sudbury area and U,G,L. areas; 

(d) Cu T and Cu F for Sudbury area; and 

(e) pH and PART at stations 12 and 2. 

4. The mining and smelting industry at Sudbury has been estab­

lished by this work as a major point source of atmospheric emissions of 

acid, sulfate and the heavy metals, with the exception of iron. This 

phenomena is well-substantiated by (i) the pattern of the heavy metal 

periodicities; (ii) the general correlation and phase relationships given 

in 3. above and (iii) the general decrease in spectral intensities at 

major periodicities, away from the mining-smelting centre. 
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IF<ISOJCJ>-I:;01J23,22,23 

VAL1='Ji'.L1+1/AL(J) 
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n:.. L :..=v ::.. ... x 

S2 	 VALX=VAL1 

IF<IC2>34-,54,:53


53 	 ·~VAL2=J 

IJA~2=V~L2/FLOATCI:2>

,;o ro s;:

51.. 	 'lVAL2=qVAL2+1
JAL2=VA_Y 

53 l/i-.L'f=VAL2
lFCf,\/ALl-2) :J6,5c,55 
: F (!,VJ~ '.... 2 - 2 ) 5 7 , 5 7 , 5 9 

·.io= t;o-~ .. VAL1+1 

:;o TO 57 


59 ~0=1<0-'HAL2+1 

57 iTX=I1"-1JG+I2 


Ni\O=Nt.0+1. 

'4 O= t,o+ 1 

Xl'; 1 S CI. :J l =NT X· 
':JAT!C1,'i0)=V~L1 

JA.T2<1,~0>=VAL2 

IF<NTA~ .~J. 99>:;0 TO 99 

:;o TO 11 

31 	 IC1=IC2=C 
:;o TO 1 

99 ;>Fif,T 1J1,'i0 
1C1 FO~P~T<1X 1 :1J, 2CI~,=iG.2>> 
c J S :: C~.. t.. ~ S:. AL:: • 

GALL 	 FLJ1('J.,:.,-2C> · 
CA~L 	l~TTE~<1c,.s,sJ.,1.,1.,10HHASSAN,I. ) 
:;ALL 	 P:..JTC2.,:J.t-3)
::;ALL fOJ;;(t;O,DA 1.cAr2,rco1,1co2t 

:;Ai..L PL)TCG.,v .,99S>

STOP 
::ND 

SUSkO~TINE FJJ~ CN,OAT1,JAT2,ICJ1,I~D2> 
J l t-: EN~ I J '\ J AT <2, 1> , 0 AT 2 ( 2, 1)
uEllAT=1.o 
fWMS~F =2 
L. AGS=IU 2 

2 	 f~~~~I~~~.2t~~,I~,B1J,2F5.D,3I5>

i.r(LAG::._,r.c:.:.:) <.,'.) T:) 9 

:;~LL I.'1:>ur <D~ T 1, ~, JE_ TAT, Sl-IO~K, r:;J1t

IFC N.~1.:> ~O TJ 0 

3 I~ =FL G 4 r u ~ .rn :(_ K ) I ( 2 • 2 .. F L 0 A r ( L A Gs ) ) 

.~ K. IT E C ~ , ~ ) i~, - .;. GS, QC.LT AT 

I F < r~ U ~; S E. F. - 2 l 4 3 , 11 


4 	 :;~LL SP~:1 CJAf1,N~O~Kl2,0ELTAT,LAGS,BW
;:;o TO 93 

5 :ALL ~?~C2CD~T1,JAT2,N,D~LTAT,LA;s,aw,rco2,rco1> 
:;o TO ~3 

9 tlr::.ITE<t-110)
:-.o TO :::1 

11 	 rlP.l TE<S, 12> 



123 

3 	 FO~~AT<1H1,1JX, ~ N = •,IS1SX1• LAGS = 
£IS SX • TIME INTE~~AL = ~~VAL = • F,.2> 

12 FO~.~·.AfP J::Jf3 TE?,"I"IATED •• ·Wt-~SER G~~EATER THAN 
1G FOPMAT<• J03 TE~rllN~T~J •• LAS r::io ~ARGE +) 

99 ~ETURJ, 
::NO 

S U BR0 UT P ~ E ! 'l PUT ( lJ t, T .C. , ~ , 0 El T ~ T , N~ 0 R.< , I C 0 ) 
DI V t: i • !:. : ::H; J AT A <2 , 1 > , .'i t; C 1 ) , H 0 ""-K C 2 0 G ) 
) Ii-·~ r.~:: J t. A C ~ ) , S <2 > , X<1 :J J > , Y ( 11: Q> 
~O~~O~t=>LT/X~ISC4tSJ,FkCTOR,~INT~R 

c••••• =-o~ ?H JNLY. 
IF<ICC .NE.123>~0 TO 13 
JO 14· I=1,i'I 
)ATA(1,I>=-A~OGCO~T~C1,I>> 

1.Y 	 ::. Ot:T H- J:: 
L3 	 )0 :!. l=1iN

Y<I)=C-ATid1,I>
X<I>=FLJATCI-1)

1 	 ~ o~. TH,J:: 

GA~L L~SQCA,3,X,Y,1,~) 

~ l t" T ::: F-. =3 <1> 

3LOP::=3<2> 
=ACTJ~ = $_0PE 4 JELTAT 
JO i ~} I= 1 , rl 
A::.r;::cs, 11) OC..TAC1, I> 


iO ccnHI~~J;::

11 =-o~l'Ai <FlC. 2)


PF.Il\.T 12,rco,N 

12 FOF-.'iAT<ZilC>


CALL 	 P_JTTCOATA,N,lCJ)
JO 3 	 I=l h 

3 J~H<1,1~ = JAIA<l,I>-;.'..INfER-FAGi::li{"FLOATCI>
=>fdLT 1:c ,AI.NTE~,F..\CTO~ 

100 FO~~~i(1X,~!iT~~C~?T=~,F1c.s, .. FACTOR=",F10.5)
JO 2 	 I=l,N
IF<DAT4t:,i> .LT. C.C)
?F.It;T 1.::1,0ATA<1,I>

2 :;o.'JTit,JE
101 FO~MAT<!X,FlC.2) 

~ALL ~L3TTCD~T~,~,ICD> 
'l ¥1J F.I( = 2 
IFlNWORK-N) 3,7,5 
'l vlO F, K = 2 + N W J R. K 
;o TO 4­

5 ~ 1 = t. + 1 

DO f: I='.lli,NrDKK 

6 JA.TAC1,I> = :.c 
.7 J O t I =1 J ~n·lO =<_ K 

0 )ATt!C2,IJ = ~.G 
:-Hi ( ll = NH::)P< 

DATA<1,I>=O.O 


~ALL FOJ~TC04TA,N~,1,-1,G,HO~K> 

~ Ei. UR.f'. 

:. NO 


SU8fOUTINE H~NNC~,LAGS> 

J I M Gi~ i J .'I A <1 ) 

Tl=A {1> 

~cu = <c.s•cr1+A<2>» 
<=LAG~-1 
DO 1 	 I=2,K 

•, 
2 •) 
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T2 = A<I)
A<I> = J.5 .. T2 + J.25"'CT1+ACI+1))

1 T 1 = T 2 
~(LAGS) = co.:::•cr1+A<LAGS))) 

=<..ETU.~N 

:: NO 

1 

13 

2 

11+ 

3 
4 
s 
c 

7 

15 

8 
9 
10 
11 

12 

SUQFOUTINE SPEC2CJATd1,0ATA2,N,JELTAT,NDIM,B~,I~D2,I:D11
JIMENSIJN JATA1C2,!),Q~TA2<2,1) 
J :i r1::: ~:: i J t, c; o3? <2 J ... > , :-,i uI'\ s? <2 o G > , s::>:: cr 1 <2 a0> , so Ecr 2 c 2 o o > 

J l '1 :=:;JS I 0 t~ ;;) P:: CT Cl C2 , ~ ,::, ~ l 

J I ME1'1 ~ I 0 i l S P : 2 ( 2 z. :.. ·: 5 ) 

,: 0 ~1rl0 t.I ;:. J TI Y =- H;'.. S:. <3 J ) , YCO HE:-: ( 5 0) 

:; il L L I 'i => U T <D .:, TA 2 , 'l , J E L TAT , h \rn F~ K , I C 0 2 > 

;:: A G T 0 F, = C • 5 1 C F L 0 ~ T ( :~ G I M > ~ DEL T.l T ) 

"4=t.wOF ':<.12+.!.

LAGS=tJIM+l 
<=t}
;;, = G.J 
)0 5 I=1,LAG3
:;oSP<l> = D.O 
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1 

13 

2 
3 

3S 

36 
37 

12 

7 
8 

g 
10 

11 
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1UASPCI) = O.O 

3 PE Ci 1 <I> = 0 • 0 

SP:::CT2C!) = G.J 
J=K+1 
IFCJ-1) 1,14,1

=>=::HU2. j +1 

< = IFIX CP> 
:;o TO 3 
:> = P+3~ 
IF<P-U 13,1312
< = IFIX<P+J,:;,)
:;o TO J 
K = N
)0 4 L=J,K
:osP<I> = CO~P<I>+D~iAiC1,L)•OATA2<1,L) 
l+DATA:C2,L>•JATA2C2,~) 
.lU~Sf-'(l} =QUASP (I) +'.:;ATt,1c1,u•oMrA2c2,L>

i-GhTA.!.(2 U"')ATA2Cl L)
3FECT1<d = ::PE:T1cf>+DATA1<1,L> .. DATA1<1,L) 
i•DtT~lC2,L>•JATA1<2,~> 
~FECT2<I> = SPECT2<I>+JATA2C1,L>•DATA2C1,L)

i•OATA2C2,L>•CAT42C2,L) 
IF<K-J+1>3~,3S,3o 

F~CT=C. 

:;o TO 3! 
=ACT=1.C/F~OATCK-J+l) 
'.;Ot1Tit·U::
::;osP<I) =COSP<I>""=AcT 
lUASP<I> = QU~S=><I>"'FACT
3PEC71CI) = SP::CT1<I>+FAGT 
SP~CT2<I> = SP~::;T2<I>"'FAGT
COhTH;u:: 
:; A L L rl £: ~n, ( s p:: cT 1 ' L .4 ;_; s ) 
CALL H~NNCSP~crz,L~GS>

::; t. L l H .~ ~i ~ ! ( '.) U t, S? , L A G '3 ) 

::;ALL H4NHC:.OSP,LC.:;S) 

.<j ~. 1 T E < : , 2 J > 

Fo;:;.MAi ( 1H1) 

l'lKliEC~,S) 
fO~MAT~J~ - ~~G·~3x?~F~::g~,~x,•p::~IJO•iSX,•LJG(S?EC1>~, 
$~X,•LOJ(~P~C~)·,_x,d-iCOi~~··2,Gx,•?-iAS~·, 
z; 1 G X,,.. CJ-SP=: C" , 9 X, •-:w,::. -SP EC• 11 > 

JO 1J l=:'..,LA::;S 
:oH~~ = <COS=>CI>•:osPCI>+QUASPCI>•JUASPCIJ)/(SPECTi<I> 

$,..~FECi2<I»
l'COHEF t! >=~0-iEi=: 
=>HASE = ATAN2((l_U~3PCI) ,:OSPCI>> •57.29578 
YPHASE<i>==>HC,SC 
SP~CT1<:> = ~Lo:;1c<S?~CT1CI>> 
3F::CT2<I> = AL0:;1J(3PECT2CI» 

FREQ= FLO~TCI-1>•FACTOR 

J=I-1 

IFCI-1) 12,12.7 
PE~iOG = 9~9.~S93 
:;o TO 5 
=>E~IOC = 1.C/F~EJ 

~~IT~<S~~) J,FR::1.?::FIOD,SP::CT1<I>,SPEGT2(I>,GJ-iER,


$.::>H;:.~E,::;JSP<Il ,QU4:.)t(I)
=0; t'AT ( 1 ti.;. , IS: , 2 C:: S • ·!+- 1 2 X) , 3 { 3 X, F 9. S) , 3 X, F 10 • 5, 2 <3X,·'.::1 $ • 9) ) 
,ff. :i T ::::: <3 , l U F ~ ::: ·) , S P :: C ; 1 ( I) , 5 P E C T 2 ( ~ l , C 0 H:: k. , P H il S E , 

; ~ U S P (1 > ~l U.4 S ? C I > 
r 0 F, I'~ T d E1. 2 • ~ l 2:: 1 G • 3 ) 
)0 !i..L I=1,L1-1GS 
SP~CTCC1,I>=S?E~T1CI> 
:;CNi If\UE 
::;ALL F~JTT(S=>ECTJ,~A:;S,IG01) 
JO 121 I=1,LAGS
SPC2C1,I>=SPECT2CI> 
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1('1 


1 

2 

10 

11 
12 

20 

31 
32 

40 

50 

51 

60 
70 

71 
12· 
73 

71:. 
75 

7'0 

:m.;TINO::
;ALL FLJii<s~c2,LAGS,IC02) 
~ET UF:Ji 
:: NO 

SUBROUTINE FOU~TCJATA,~NfNO!~,I3IGN 1 IFO~H,HO~K)

) I 11 Et;~ I J ~J ) AT A CU , ~ N ( 1) , FA Ci <3 2 I , I~ J kK <1 > 

~THLF = C.7C71C57t12 

TWOP!=S. 2o31cS3G7 

IF<~OIM-!)32C,l,1
:·HOT=2
Jo 2 r:::·r~=t rrnr-1 
IF0:1;(I). :M>. ~ ~2Gf92G,2 
\ITCT=t\TJT~'.,'l(IC M)
ISAVE = NTJT 
'iP!=2 
JO 91[ IDIM=i,NDI~ 
'i =~~ t· ( I C I M> 
NP2=NP1,. ti 
IFCt:-1> 92Q,9J0,5 
t-1=N 
'I HI O=~;P1
IF=1 
I DI V=2 
IQUCT='-1/IDIV 
I~~~=~-IDIJ•IQUOT 
IFC11~0T-IJI~>~J,11,11
i F ( _: Fi.. ::: ~'. ) 20 , 1 2 , 2 0 
'HWO=f,T ~ O+~JT'IW 
IFACTc::.=» = IOI\/
IF = IFtl 
~=IC'.UOT 
:;o TO 10 
IOIV=3 
l 110 t, 2 = IF 
1 QU 0 T =~· I I uI V 
I~Er=M-IOIV•IJUOT 
iFlilUOr-IJIV>SG,31,31
IFCI:.:.EM>4C,32,t...G 
IFACTC:i.rl=lDIV 
IF=IF+1 
"1=IQUOT 
:;o TO 30 
IelIV=IOIV+2 
:;o TO 3J 
I t.; O~. 2 = IF 
IFCIREM> 6ut31,o0
'-1ThO=hlt4lJ+N HO 
:;o TO 70 
IFACTCIF>=M 
ICASE.: = 1 
IFMIN = 1 
llf\.t;G = NP1 
IFCIDlK-~) 11,1c0,1ao 
IF<IF0~~)72~72L1~G
IF<IJIM-U . 3, f!+,73 
ICAS=: = 2 
I1R~G = ~PJ¥(1+~~~EV12)
;o TO lJC 
IF<~TWO-~Pl) 75,75,76
ICASE = 3 
:;o TO ;.JC 
!l-ASC: = 4 
iFMH-i=2 
~TWO=f.T 1'40/2 
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80 
100 
11C 

120 

123 
13~ 
14C 
145 

20C 

21c 

22G 

230 

2'4-C 

25C 

2oC 

27C 
30Q 
3CS 

310 
3 2G 

'f=N/2 
'~P2=NP2/2
'l T 0 T =~. i 0 T / 2 
I = 3 
)O 8'J J=2 rn:H 
JATACJ) =DlfA<I> 
I ==I +2 
:F<~THO-NP2)2CG,11C,110 
>iP2t-iF='P 2/2
J =1 . 
JO 150 I2=1,~P2,NP1
IF<J-12) 12J,13::i,13G 
I 1 ~ t, x=I 2 t I~ D 1 - 2 
)0 12~ !1=:2,11~AX,2
JO 125 I3=i1,NTOT 1 NP2 
J3=J+I3-I2 
f U' F!-\=Ct\ T A ( I 3 > 
r ::MPI=JL\ r A ( 13+:1.)

)AT,..C.3) =Df.T~<J3> 

JATt.<I3t1)=0~TA<J3+1) 

)AT A (J~l =T":M=>~ 

) ~ T /.:.. CJ 3 +1) =T:: M PI 

-1 = t-, P2H F 

IFCJ-~J1S0,150 1 145 
J=J-M 
'1=M/2 
IF<M-NP1)13Q,1~0,140 
J=J+M 
:;o TO 3JC 
~rJO~K = 2"" N
JO 27C I1=1,~P1,2
DO 27C I3=I1,NTOT,NP2 
J = 13 
JO 2EC I=1,N~OR< 1 2 
I Ft ISAS::-3> 21. C, 2~G, 210 
.-10:;,K<I> = )AfA(J) 
WO~K<:+1)=DATACJ+1) 
:;o TO 232 
rJORKCI> = DATA <J> 
~O~KCI+U = 0 .C 
IFF-2 = ~P2 
IF = IF~! IN 
IFP1 = IFP2/IFACT<IF>
J = J+IFP1 
IFCJ-I3-lFP2> 2$0 1 252,250 
J = J-IFP2 
IFP2 = IFPl 
IF = IF+-1 
IF<IFF2-\P1> 260,26J,240
GONiILU:: 
i2MAX = I3+NP2-~~1 
I = 1 
)0 27C I2=I3,!2~i£\X,NP1 
J AT t. C:i 2 > = WJ ~ ;<C I > 
JATA<:2+-1} = WO~<CI+1)
I = I+2
I F C tH IH1 - rl P : ) 5 G 0 , 5 '1 0 , 3 G 5 
'iP::T«~ = ~,P1+'iP1 
rpi:_;;;:t,T..JOl~•Pl
iFCIPA=-z>JSJ,330,323
i.PAF.=1?!1.i-./4 
:;o TO 310 
)0 3~L 11=1 7 l1R~~,2
JO 3~C <:=I1,NTOT,NP1TW 
'\2 = Ki+-\JPl 
TE~·P~=:J"-TA<K2> 
r :.. MP r=:1 c. i A ci< 2 + u 
J A T A. <K 2 l =0 ~ TA C K 1} - T E '1 PR 
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340 
3:; .. 
36C 
37C 
37 2 

37~ 
377 

38C 

L:-20 

Lt 7 c 

I.. 71 

~72 

49J 

)ATA<K2+1)=0ATA((1+1)-TEMPI 
JATACK1>=0ATACK1>+~~MPR 
JATA<K1+1>=D~TACK1+1>+TEHPI 
'1 t1 A X =r, P 1 
I F ( h M ii X- t1T .rn I 2 ) 3 7 IJ , o0 C , 6 ·J D 
rFu:r1r,..,-t~1Ai<t2> 372,375,375
_MAX = M~AX/2
;o TO 377 
~M~X = 'lP1Trl 
J 0 S· 7 C - =nP 1 , L MA )( , ~\ P 1 T W 
"1 = L 
IF<i·ir1AX-tlP:..> 42~,:..20 28C
TrlETA=-TWODI•F~O~Tc~r/FLOAT<~•MMAX)
IF CIS~:;~> t. JG, 3 9: , 3 ~ D 
THC..Ti:.=-THETA 
4F.=COS(iHETA) 
~I=SI~;<THETA> 
rlZ;.=rlF "fl;;_-Wl .. WI 
..,2:=2 ... ~::.•wr 
w3~=w2~·w~-w2r~wr 
~3I=~2~~~l+~2I•~R 
JO S3l I.!.=1 Ii;;:.'4:;,2
(I·' l f~ : ! 1 + J.. ~ C., pH; 

l F UiMAX - t~ Pl> '* 3 G 1 +3 G , 4 4 0 
<~:Ir.= Ii 
<DIF=I?~::.•M~~X 
C:)lEP=:...•KOIF
IF (i<STE::>-l~T ifl) 4SJi~cCtS30 
JO ~2C Kl=KMIN,NT:J1 ,KS EP 
<2=Kl+<JIF 
<3=K2+<DIF 
<i..=K3+KJIF 
IF<MMi'.oX-~~P:!.) 470t!..,7G,480 
J1~=JtT~<Kl>+JAT4CK2J 
J11=0~TA<K1+1)+JAT~<<2+1) 
U2~=J~r~lK!)+JAT4CK~>
J2l=JtTACK3+1> +'!ATC.(Kt.+1) 
J3~=J?TQCK1>-DAT~<<2> 
J3I=OAT~<K~+1}-Q~TACK2+1)
lFCISI:;'l) <+i·i,472~~7'2 
u..,.R=D~T~<K3+!J-JAT~<<L+1) 
J~l=DA~A<K4)-0~1ACK3) 
:;o TO ~1C 
J~P=D~TA<K~+1>-DATAC~3+1) 
J~I=OAT~<K3l-JATA<K4> 
:;o TO :C1C 
rz;=w2~·DATA<K2>-wzr~rATACK2+1) 
T 2 I = W2 ~ • [; A i A <K 2 +1> +vJ 2 : ' 0 A T il. { r( 2 ) 
T3~=Wf·~~7A(~3l-~I•DAT~<~3+1l 
T 3 i ="1 f- '" Cl A T A <<~ + 1 > + 11 P Qii TA <K 3 ) 
T4~=~2~ .. 0ArACK4l-H3!~CATA<K4+1) 
TLl=~3;~cATA<K~•1>+~3r•oATACK4> 
Ji==OAT4<Kll+T2~ 
J!I=OflTA <K:+:!.) +T2! 
J 2 ;_ =T3:;,. +: 4 ~ 
J2I=T3~+T4I 
J ..F·:=Ji-- I A< K: > -T 2R 
J3l=JAT~<K1+1>-T2I 
IFCISISSl43Q,SC0,5~0 
J .. F-<. =T 3 i - T L 1 
J~l=T1..=.-T3~ 
;o TO ::-1•j
J4?.=TL 1- "."3I 
J..,.~=T3~-TL..;:;_ 
J~TtdK.:l =U11'.+<.J2~ 
JATA<Kl•:>=ULI+U2I 
JATACK2>=U3K+U4~ 
JAT~CK2+1)=U3I+U~I 

http:U11'.+<.J2
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S2C 

530 

SE. u 

570 

61C 

615 

o3G 

~- 3 3 
o'"'J 

645 
b 5 iJ 

-)ATA<K~>=U1R-U2R 
JAT~<K3•1)=U1l-U2I 
JATACK:+> =U3K.-U4~ 
JATA<K~•!>=U3I-~~I 
<Mi.t.=i.," (KMlll-11> •Ii 

<uIF=KSl::P 

lF<KDl=-'iP2H=> '+50 ,53(1,538 
:;o~T!l:J:: 

:1 = ~1 + - '1 ;'.. x 

IF<~-M~~X) 5~0,5~G,57C 

IF<ISIG~> SSJ,~60,S6Q 

Tt:MP;"(=:>l:.:. 
"~ = (NR+W:>~~TH~F 

~I = l~I-TEMDR)•~THLF 

:;o TO :.10 
TEMPR.=,,.j~
..l K. = ( W;:, - vll ) .. F, T -L.. F 
~I = <T::MPK+NI)•KTHLF
GO TO '.t1C 

:;Oi"ITiliJ:: 

IPAf.;.=3-I::>A~ 

·t M;.; X= ~i '1 ~ X +MM A X 

.;o TO 3SC 

:FChTWJ-'lP2) 6CS,70'3,700 
IFP1 = ~Two 
IF = I'lJN2 
'lP1HF='~=>1/2

IFP2 = IFA:T<IF>~IF?1 

J H; H1 = ~~ P .:.. +1 
IFCJ1MIN-IFP1) 615,615,640
)0 f2~ J1=J!MI~,IFP1,N?1 
TH~TA=-fNOPI•F~OAj(Jl-1)/FLOAT<IFP2) 
IF<ISI~~>E2~,62C,520 
iHE.1i'.>.=-THETA 
~STP2 = :os<IHET~) 

rl S T FI =S I ~, <T H:: T A > 

rif.'.=WSTP:;,
'4I=WSTPI 
J2t·GN = Ji+IFP1 
J2~AX = J1+1=02-IF~1 
J 0 t 3 S J 2 =J 2 MI i-.i 1 J 2 ~· !\ X: , IF P 1 
I H: .4 X=J 2 +I 1 F~ '4 G - c 
JO t3C I1=J2,!1MAX,2 

JO CE J"3=I 1zt·TJT, iFP2 

TE. MPF-,=) Cl.TAC J: > 
) A i ;. ( J 3 ) =0 1\ T ~ CJ 3 ) + \·I ~ - C4 T A ( J 3 +1 ) " fl I 
J~TACJ~+1)=T~MP~~WI+DATACJ3+1) 5 WR 

TEl~P~~=\.'F 

~~=w~·~STP~-~r~wsTPI 

~1=7E~~~~wsT~!+~r·~STFR 

fHETA=-fHOPIIFLOATCIFACTCIF)) 
IFC1SI~~)6~C,643,S45

i H~IA=-frlF.TA 

ASTF~ = ~OS<THETA> 

~STP.i=Sirl <Trl:::T;U 

J 2 ;;;_ :--; G = I F? P <1+I F ~ CT <I F > I 2 ) 
JO E9S I1=1,!1~N~,2 
J 0 E ':3 :· I 3= 1 , ~.. T 0 T , NP 2 
J2MAX = I3+J2~~G-IFP1 

) O t ~ C J 2 =I 3 z.. J 2 '1 C\ X , I F P 1 

J 1 M t X = J 2 + Ir- P 1- ti P 1 

JO foC J1=J2,J1~AX,~P1 

J3MAX=Jl+NP2-IF~2 

Jo lSC J3=J1,J3~~x,r~Pz

Jr·Gt-; = J3-J2+I 3 

JMAX = JHI~+lFP2-IF?1 

I = 1+(J3-13)/NP1HF
1FlJ2-I3> o53,65S,S65 

http:H~IA=-frlF.TA
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660 

665 

670 

675 

o8C 

685 

686 

b'JO 

695 

700 
701 

702 
703 

710 

SUMF.=O. 
SU~; I =t:. 
)0 66( J=JHI~,JMAX,IFP1 
::>u~·~.=SJ"~:+JAT A (J) 
SUM:i:=::iJ'lI+JAfA CJ+-1)
AOf...KCl> =SU~\R, 
~0Fi<<l+1> =SUMI 
c;o To soc 
rccr~J = :+<IFP2-2•J2+I3+J3)/i~P1-tF
J:: Jt•AX 
:.> U~: F. =C µ,TA CJ)
su:-,I=[t'lTA(J+l)
)LOSR.=J. 
JLOSI=~. 
J=J-IF:>l 
r a, F '~-=sJ ~ R
TEMPI=SJMI 
SU~F=T~JWR•SJM~-JLDS~+JATACJ) 

3U~I=T~JH~&SJMI-JLLSI+OATACJ+1J 

JLCSK.=T::~'P.(

J Lu.:> :;:: =i :: I~ P I 

J = J-IFP1 
J:F<J-J'1ltl) 67S,675.67C 
TEMPR=~;~sJM~-OLOst+oATA(J)
TEU-'.i=•ll .. SJMl 
rlO~KCI>=TE~P~-TE~P: 
rlO~<<lCO~J>=TE~PR+TEMPl 
TEMP~=W~+SUMI-OLDS!+CATACJ+i) 
i E~' PI = YI I .. SU M'.\. 
~OFKC!+l)=T~'1PP+T~MPI 
rlOF.KCI~J~J+1>=TE'1:>~-TEMPI 
:ot;Tit.u::
IF<J2-!3) 685,635 7 686 
rlF,=i~STP::l. 
ril=l~STDI 
:-;o TO £:3C 
f Er-.P.:,.,.=\·l~ 
ri I'= ~j ~ ... \'J s Tp ~ - rl I + YI sT~ I 
~I=TEtP~•wsT~I+AI•HSTPR 
T 1-W W;;_ = l·i ~+VI ~ 
r = 1 
I2M~X = I3+ND2-NP1 
JO ~3~ I2=13,I2~AX,NP1 
J A T A C .I 2 > =~lJ R<<I > 
JAT~<12t:)=WJ~KCI+1) 
i = !+2 
IF = :iF+1 
IFP1. = IFP2 
IF<!FPt-t:P2) S1 1J27~J 1JGO 
:;o TO OC0,8JG,9u•;,7J1>,ICASE 
NHALF=N 
N=t: + N 
T~ETfa=-TWOPI/FLOAT<N> 
IF<ISI~~>723,702,7C2 
lH~TA=-TrlETA 
"STP~ = COSCTHET~)
,1 S i FI ::. S I t\ ( r H:: T A > 
.1F.=WSTP~ 
"l=WSiPI 
1 r1I N=3 
JM 11· =2 f> 'l HALF -1 
:;o TO 725 
J=JllH;
)0 72[ I=IMI~,~TJT,~?2 

3 U!-. ;:- = ( J AT A <I > +GA i ;.., <J > ) I 2 • 

SUr·il=C:Jt\Tt'<CI+U+OATACJ+U) /2, 

JIFF<=<::.ATA~Il -L1-1TA<J> )/2. 

JIFI=CLATACI+1)-J~TACJt1})/2, 
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720 

725 
73J 

731 
73~ 
740 

74~ 

750 

755 

760 

.., ,. ~-

' o~ 

770 

775 

780 

800 
8DS 

c • ~ 
v .I." 
62C 
e3J 

8 I+ J 
e5J 

91C 
92C 
93'.l 

'34 0 
95C 

TEMPR=w~·su~r+wr~orFR 

JEMPi=~I•SJMI-WR•JIFR 

JAT~<I>=SU~~•TE~~~ 

J~TACI•l)=~IFI+T~~PI 

JATA<J>=SU~R-TE~?~ 

JtTt<J•l>=-OIFI+TEMPI 
J=J+Nf 2 
I 1Ht,=IMIN+2
J:'.It<=J;v;ItJ-2 
TU'.P~,=.-1~ 
.-lk=w~·~STP~-~r~wsTPI 

~:=TE~~~·wsr~I+~r~wsrPR 

I F ( :;: Mr,·~ - JM IN> 7 10 , 7 3J, 7 ~ C 

IF(l3lG~>731,748 74J 

~9.73~ I=IMI~f~T~T,~?2 
J~1Al~+1>=-0~ ~(l+l) 

:-..P2=~jP2+1'iP2 

'-t T 0 T =LT 0 T+NT:; T
J=t--.TOT+l 
ILAX=LTJT/2+1 
l~I~=!M~X-2~~HALF 

I =l l'~H, 

SO TO 73~

JATtdJ)=JATA<I> 
~~TACJ+t>=-OATA<I+1)
I=I+2 
J=J-2 
1F<l-I~AX>T5Di760,760 

JATACJ) =S.:.iA<iMl~) -OATA<IMIN+1)

)ATA<J+i)=J. 

~f!f-J>7~St7eQ,7ao
;..il-'ddJ)=JA A(l) 
~tTACJ+1)=0AlACI+1}
l=I-2 
J=J-2 
IF<I-1MI~>775 775 T6S
J~TA<J>=CA7A<fMI~f +DATACI~IN+1> 
)AiA(J+U=C.
Hi AX=I '1 l N 

:;o TO Ii~ 

~AT~C1)=uATAC1>+DATAC2> 

JATA<2>=C. 

:;o TO ?GC 

l.FCIH~:;-NP1) ec?,9CJ,9GC

JO €6~ I3=1,NTOT,~P2 

I2~AX=I3+NP2-NP1 

JO 6SC I2=.3,I2MAX,~P1 

I MI f~=l 2 t- Ii ~.N::1 

IM~X=I2l-NP1-2 

JMAX=2'I?+~P1-IMI~ 

IFCI2-~~)o2C e20,810

JMi:.X=J'1AX+·~p~ 
IFCi01~-2)65C,c50,630 

J=JMAX+~PC

:JO E:.c I=IMI't, I"tAX,2
JATAC:) =DATAtJ> 
JAiACI+1)=-0ATA(J+1)
J=J-2 
J=J~'. AX 
)0 c6C I=IH!N,!~~X,NPO

JAT.:.cr>=OATACJ) 

JA1~Cl+1l=-DATA(J+1)
J=J-NPC 
~~ p J =i~ p ! 

r~P1=NP2 

·~pc,::v=N 

IFCISI:;'J) g:.:,9~G,9.3C 


-~HGT= 2.:/FLJAT<ISAV~) 
JO g.:.. 1=1 ISAV::
)AT~C ) = bATA(l)~=A~T
::..ET u.:: . 
~NO 

http:g:.:,9~G,9.3C
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3Ub~OU7!SE P_OTT<D,~,ICD> 
)IME;•~:.o~: J(2,4S~) ,'f(L,.c3>,X<'.+B5) 
JIME~~~JN IY<2~>,XLAGS(30J 
JIM E ~! ~ I Ji~ LU '1 C 1 S > 
)H.E~~s~J;: X?IOJC:;;J) 
JlME:iS!ON :H::CKC7S) ,YSPC1G)
:; 0 i': i',J t I 'H'I Tn. A~' ( 2 u.J l , H 0 ( 2 JC ) , Z 1·, A~< 2 0 0) , N 0 
:;OMMJ~/ 0 JT/Y~HAS::C~C) ~YCOHERCSO> 
:oM;;Jf IPLT/X~lSC~d3>,FACiM ,AHHE~ 
INI~Gg~ z,~ZiZN~~ 
iJi-\1t1 .:.~JUh,I.:/
ICOUNT=ICOUNT+i 
- U~'. <1 >=: CH'H:;;.. 0-::; ~IL 
LUi1(2)=l~HX lCC-3> G 
-U~CJ)=lCH~lLLI-;M/L
LUM(L)=1CHX 16{-S}G 
LU~· (0) =!.CHGR.C.l-1/l 
~U~lb)=lGHX iCC-3> 
L U t· <7) =1 ,:: H 
LU~\(,;)=iGHCEXP) r-EQ 
-U~'. ('::) =1~ HuHV;0/:;'1-25
LUMllC>=lCrl 
:.. O~ C=C 
JO 91 
iFClCL 

I=1,t~lD 
.N~. NAMCI>>GO TO 91 

Z=ZLAl''.CI> 
J J =J. 'W <I > ­ <H< 0 C I > I 1;) >i.. 1 G+L 0 A 0 

31 

ZZ=LUMCJJ) 
::; 0 TO ? 2 
~ 0 ~.I I tW:: 

92 :; Ot·~ T H'UE 
XMAX=-9~.0 
XMit~=1::), C""""20 
JO 1 1=1,M 
'f(I>=CC1.,I> 

1 

X~AX=~~QX1CX~AX,YC!)) 
i<. t'il r, =t: :H N 1 <X '1 Ii~, 'f ( I ) ) 
~Ot1T:i~ u:: 
:a.F<CICOUNT .EQ. 3) .cw. crcou:·n 
.:;HECK<l>=iJ,O
JO 2::: I=2 75 

.EJ,. o»GO TO 27 

::;HC.CK<I> =C-i::::;K!I-1.> f-2C. O 
IFCXM~X .Lr. Crl~CK<I>>~3 TO 26 

25' 
2~ 

;o~.TH.J:: 
Y<M+2)=CHECK<I> +3.0 
l A 0 0 =('f <~· + 2 ) I 1 3 , G > .. 3 • 0 
Y <i·l +2 ) =F L 0 A T <I A 0 0 ) '" 5 • 0
x ( t·'. +1 ) =J • c 
;( (I-• +2 ) ='! - 1 
y ( ~ +1) =0 • 0 
)0 2,j L=i,~ 
X<L>=L-1 

20 

27 

:;m.TINU~ 
:;o TO 21 
'( (M+2) =XMAX 
Y <r-1 + :1.) =X'1 H~ 
YA D [; = <X'1 AX- X ~·1! in 17 • G 
x n·+1> =J. o 
)( {i-l+ 2 ) :-:: c • 5 
:<CM=2L.~ 
XMAF.G=;,,,C 
IF<ICGU~T ·El. E>GJ TO 28 
f Mi.:. F.. G=12 • 0 
YCM=li:..J 

2o 
,;o TO 9 
YCM=11.0 
'( ~1'1F:G=4, 0 
:;o TO 9 



133 

9 

8 

It 7 

10 

15 

21 

C.1 


15 


)(CU=C.J
.<OEL=C.3/FLOATCM-1)
)0 6 L=-2,M 
X CL>= X <L. -1> +X DEL 
: 0 t.. i It. u:: 
lF<ICOUNT .£). 7>GO TO 1J 
IF«ILJJ~,:T .::Q. S>.O:-<,.<ICOUNT .::J.. :»>~~=M+2 
IF(ICO~~T .EQ. e>GJ iO ~6 
;o TO '.+:i 
Y <~1 +1 >=a•o 
'((1-!+2)=1.5
)0 L;7 I=1,H 
f <I ) = Y C 0 HER. <I > 
:;o~TihUE
::;o TO 21 
'f u~ +1 >=2 7 c • o 
'( Ch+2) =-18u .G 
XH1+1>=J 
)((M+2)=.5 
DO 16 I=1,1.1 

Y ( i) =YP:H,SE <I)

:;ot.;Til.UE 
::;o TO 21 
11=1~+2 

XCM= 2L·. • 0 
y c ~'. =19.: 
XM.C.FG=:...o 
n·t.f'.G=-4. Q 
:;hLL F~:TO~C1,X 1 Y 1 XCM2YC~1XM~RG,YHA~G)IfCICOU'lT .E~. ::>)GO Tu 99':1 
:;ALL PLJTC:+.:,t..0,3)
:ALL PLJT<~.:,4.J,2) 
:ALL PLJTC2L.C,~.J,2>
:;ALL P~JT<Z~.~,13.c,zJ 
Ct~L FLJTC~.~,19.G,2)
:ALL PLJiC1.t.C,4.iJ,2) 
.·1:~:-2 
~A~L FLT~socx,v,.12,1Hx,G.,M)
CALL PLTMPLCX,Y,~)
.<2=Y2=4.0 
IPTS=16 
'( It~ c~=:;_ •c 
:;~LL YC~LI3CIPTS,X2,Y2,YINCR> 
IPTS=M 
;(M=~·-1.J 
XlNCf...=2J.tJ/X~ 
X2=Y2=~.G
CALL XCALIB<IPTS,X2,Y2,XINCR> 
X2=23.t 
IPTS=15 
'flNCf.",=1.iJ
;ALL YC~LI3CIPTS,X2 1 Y2,YINCR> 
IFCICOU~T .EJ. 1 >~O TO +0 
IFCICCU~7 .El. 2 >GO TO 41 
IFc:c0u~r .El. 3);0 TO ~J 
IF<~COU~T .E). ~)::;J TO ~1 
IF<ICOU~T .E}. ? >GO T3 42 
IFCICOJ~T .E). 7)~J re 31 
lFCICCU~T .~Q. 8)GJ TO 31 
CALL L~TTE,(~7,.3,G.,12.J,l8.5,17HDAT4-TREND ~E~OVE> 
:; A L L L E r T E -~ ( 1 2 , • 3 , ~ • , 1 2 • 0 , 2 • 3 , 1 2 -H I M E < ~: 0 N THS ) ) 
CALL L~TTE~<13,.3,~C.,3.J,t.o,13~ca~cE~TRATION> 
i'F:il,T lJi,ICJ,z,zz
IY<:>=C. 

lFTS=:: 
)0 3 J:=2,IPTS 

http:flNCf.",=1.iJ
http:ot.;Til.UE


1.34 

3 

23 


.., 

22 

:+ 2 

11 

12 

31 

13 

IY<I>=IYCI-1>+IADD 
~Ot,.TitiUE
.(X=3.1
'(Y:L.I} 
THET.1.=~.C 

hEIGHT=.20 
JO L. I=l,IPTS 

I ~i U M =I Y C I >

CALL ~U~SE~CXX,YY,H~IGHT,l~U~,THETA,~HCI~l,4)

YY=YY+3.C 

: Ot;T It,J::

HEIGdT=.20 

XX=4.G 
YY=3.2 
TH:::TA=3~.0 
XhS=Xt:ISC1)-1.C 
I~UM=X~S , 
~~LL t. J ~t :. E =\. (XX, Y'(, H:: I G HT , IN U '"f, T;::: TA, ... H <IL+> , 4 > 

xx= xx+::- • .:.~xr·~cR 

IPTS=t·~-1. 


?~u~=~~i~fiI~~ 0 
..; AL. L f.: J \~ 8 E .:., <X X , Y Y , h EI G H T , I NU "1, I; C: T A , i.. H<I '+) , 4) 

IF<CIP7's~x..:.:~-.;R+~.J-XXi .Lr. 6.J .. XIN.:;RJGO TO 22 

.<X=XX+2. :· 4 XI'iGK. 

~OhT H.J::: 

XX=l?TS•XI~C~+~.o 

Ii~UM=X~"1S<IPTS)

,; ALL hJ '" c E>< CXX , Y 'f , H;:: I G HT , I ~U'-1, TH:: TA , t+ H<I '+ > , !+ ) 
YY=H.~ 
:; 0 TO i 
~ALL L:::TTE~C291.3,?G.12•3,7.0f 
$2~H~ELAfIV~ SP~Gr~~L ~~TENSIT ~S> 
~PTS=L~
YSP(1):.:XMIN 

:JO 11 I=Z,IPfS 

YSPCI>='fSPCI-1>+2~YAJO 

C O ~' T I .'l J E 
:(X=3.C
YY=12.G 

IFCICGJ~T .El. S>YY=~.C 

rHE:.TA=-..C 

HEIGHT=.2C 
JO 12 ::=1,IPTS

.( t, U~'= Y 5 ,::> C I > 

.:; A L l t, U '! 3 E .:., <X X , Y Y , H =.: 1 G ; T , X t-i Ul'1 , T rl :: TA , cH C F 5 • 3 ) , 6 > 

YY=YY+2 

:;o\THiuE 

.< r~u1,,= x~· Ax 

fY=19.0 
IFOCOU~T .E~. G)YY=11.1 
::. ALL t. U '1 3 E .:., CXX , Y '( , "i:: i G HT , X NU '-1, T rl:: TA , 6 H CI=' 5. 3) , 6) 
IFC~COJ~T .E). o)GJ TO 7 . 
:~LL L~rTE~(23,.2,~.,:2.a,3.J,23;F~EJU~~CYCCYCLES/MONTH~•
CALL L:rrE~(l4,.2,:.,:2.J,2.1,1~;pE~lOC{MO~TrlS))
XLAGSC1.)=0.0
I P T~ = t·' I 2 +1 
XCEL=C.3/FLO~TCM-1>
)0 13 I=2,IPTS
XLlGSCI> =X:....AGS CI-1> t-2ll-XD::L 
XPI 0) ( ~ > =1 • GI <XL I\ GS (I -1) +X 0 EU 
::ot._TILJ::
x.<=3.t 
fY=3.7 
rH~TA=:i.2 
rlEIGHT=.20 
JO 1.4 I=1 IPTS
A'.l1UM=Xu\G~ CI) 

http:rlEIGHT=.20
http:HEIGHT=.2C
http:L:::TTE~C291.3,?G.12�3,7.0f
http:HEIGdT=.20
http:hEIGHT=.20
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71 

72 

24 

101 
7 

17 

999 

32 

33 

1J5 

~aLL ~U~3E~(XX 7 YY,NEIGHT,XNU~,THETA,6HCF4.3),4 > 
==FLOAfCIPfS-1J•2.: 
1 F l <F~ XI tJC ~~ + ~ • l:- XX> • EQ. <3. 0"' XI t~C ~..> } :; OTO 71 
;< X=XX+ 2 " X I >I C~ 
:; mHH u:: 
GO TO 72 
XNUt'=C.3 
XX=F,_.X:NCR.+4. G 
CALL ~J~8E~(XX,YY,HEIGHT,XNUM,TH::TA,6H(F~.3),S)
XX=4.2 . 
YY=3.1.,­
iPTS=I=>f S-1 
JO 2"" !=21IPTS
X:NUt=XP!Ou<I> 
~A~l NJ13E~<XX,YY,~EIGHT,XNUM,Trl::TA,6HCFS.2>,&> 
XX=XX+2"'Xl0lC~ 
:;ohTit J:: 
IF!ICOUNT .EQ. 7>J0 TO 32 
IF<ICOJ~T .E1. 8)~0 TO 48 
IF<ICOU~T .El. 5)YY=11.5 

~O TO 1 

::~LL L::TTE~(16,.3,G.,12.c,1e.5,1sHR~N-DATA A~O T~END> 

;ALL L::fTE~Cl2,.3,~.,~2.J,2.3,12~TIME<MONTHS>> 

Cf~L L~!!E~C~31.3,SG.,3.J,b.J,13rl~ONCENT~ATION) 

PK . .o.!.T .J-1lC..1,L,ll
X1=[.C 

Y 1 =A I I·, T:: ~ 

X2=M-1 
Y2=FACT~·xz+~INTE~ 

CALL LI~ITTJ<x1,v1,xr1,YT1) 

~ALL U~:TTJCX2,Y2,~T2,YT2)

::ALL P~OTCXT1,YT1,3)

:ALL P_JT<XT2,Yf2,2) 
:;o TO 13 
F C :;. t. Ai { 1 X , I 5 , 2 <2 )( , A 13 ) ) 
I l'lUM::: I: D 
xx=i;:.c
rlEIGHT=.2 
THETA=O.O 
~AL b t. U ~1 8 E.:;. _(_XX , yY, H '::I G HT .z. It~U:-1, THETA, 4 H CI 3) , 3) 
lFCiCOJ~T .tJ. o>GO T0 1f
:;ALL L~TTE~C2, .2 1 v.,4.3,YY,2YX) 
xx=s.e 
l t~Ut'= Z 
~ALL NUM3ERCXX,YY,HEIGHT,ISUM,THETA,~HCA7>,7> 
XX=?.'1 
INUM=ZZ 
:;Ai..L t.J~3E~<XX,YY,11C:IGHT,INU"1,THETA,5H(!\10),10) 
lF<ICOJ~T .EQ. 3>~::TJ~N 
:ALL F~Ji(28.,o.,-~> 
IF<ICOJ~T .E~. 6JI:OJNT=7 
;E<I~OJ~T .t~. 7>GO TO 9 
K!:.TUKt. 
:i=f-1-2 
:; AL l P - T~l SP CX, Y, • 1 2 , 11-1 + , 0 • , M> 
~ A L L P _ T ri PL ( X , Y , '1 )
:;ALL L::ii£~C2,.2,G.,4.S,11.0,2H+) 
::; 0 TO : 3 
CALL L::TTERC~,.3,3~.,3.~,1J.J,5HQHASE> . 
CALL L~TTE~c1~,.3,c.,12.,1a.,1~H?HASE SPECTRUM) 
IPTS=13 
IYC1>=-1t0 
?~(~r=t~71£~r~3G
:;oNTH.JE
XX=3.1 
YY=L.(
HEIGHT=.20 

http:HEIGHT=.20
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81 

82 

99 

1 

1 

THET A=S. 0 .20 34_I=1 7 IPTS · . 
J.t.U~:...l. Y' ( 1 J 
::;J.i.LL ~.J'13Er...:cxx,YY,H'::lGhT,INUM,HETA,4H(I4> ,£+> 
'fY=YY+1.C 
:.crnrt J:. 
:ALL F_JT(:..G,11.Q,3)
CALL FLOT c2~.v,1G.J,2)

:A._L P ... '.)T(26.,j.,-3> 

lFClCOJ~T .Ei. 7>I:OUNT=3 

IF<ICOJ~T .~J. 8lG~ TC 9 

;ALL L~TTE~<3, .3,3J.,3.0,1G.O,~H:OrlERENGE> 

;;:P1S=11.
CALL LETTE~C26~.3,c.,11.~1s., 
$?6HSQUA~ED CJH~~E~:Y SPE~T~UM) 

YSPC1>=3.G 
JO 61 I=2 I?TS
YSPCI>=YS~<I-1>+0.1 
COr~T H~ J:: 
YY=4.u 
JO £2 I=i IPTS 
XNUM=YSP Cf> 
::; Al L I: J '1 3 E ~ C 3 .1 , YY, • 2, X N UM , G. 0 , 6 H CF:+ • 2) 1 4 > 

YY=YY+l.C · 


COr1T I 'l J E 
~ALL PLOTC28.,0.,-3) 

~.ET UF-i.h 

:: ND 

suaROUTINE x:ALIB<IPTS,x2,v2,x1~:~> 

)0 1 I=l,IPT5

I FLAG=:!
;ALL P~JTCX2,Y2,IFLAG)
Y2=Y2+C.2 
IFLt'.lG=Z 
~tLL F_JTCX2,Y2,IFLAG>
X2=X2+XINC;;.,
l'2=Y2-:.2 
:J~,Tif\UE 

~ET Ui~J. 

END 

SUBROUTINE Y:ALI3C!PTS,X2,Y2 7 YIN:R> 
)0 1 1=1,IPTS , 

IFLAG=3 · 

:kLL r~JTCX2,Y2,IFLA~>

i<2=X2+C.2 

I Fu!G= 2 
;ALL PLOTCX2,Y2,IFLA;) 
Y2=Y2+YI~JC,.:;;.
X2=X2-t:.2 
:;011Tlt U~ 

:.:E.1 U~N 

~NO 
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s u a;::, au T I tl E NJ WE R ( x' y' HE I G HT , I NU :-i, T-i:::: T A' FM T ' I p Ts) 

Jlt.E1iSIJ~; 3CuU.. > 

:: ~i c0 0 E ( I 0 Ts 'FM: ' a c J) n; u H 

~ALL s,~3o~<x,Y,HEI~rlT,aco,rrlETA,IPTS> 

r<EiUR.N 
:: ND 

3LOCK DATA 
c 10 NO. ~EFE~ TC NUMa~ps 3EYOND O~CIMAL. 
c 1 r, 0. : J Lu :'1 ~4 0ET :: ;: ~~IN f u~n T • 

::; Cl :--~ t· 0 ~ I 'i AT I N A '1 ( 2 J C ) , I t, J ( 2 0 G ) , Z N !\ ~ ( 2 J 0 ) l N 0 
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APPENDIX B 

B,l Data, Station 12 

The raw data and trends are displayed graphically in the Figures 

to follow. The data after the trends are removed are not given, but can 

be visualized if one considers the trend line as the time-axis. (Com­

pare Figures B.1.1 and B.1,2), 

Table B.1.1 gives the parameters considered at this station and 

the length of the time series. 

TABLE B.1.1: Parameters studied at station 12 

Code Time 
Parameters No. Interval 

Cd T 101 7210-7511 

Cd T 101 7210-7511 
Cu T 107 7206-7511 

Fe T 110 7206-7511 

Ni T 116 7210-7511 

Zn T 119 7206-7511 

pH 123 7206-7511 

so4 127 7206-7511 

T PART 128 7206-7511 

PT 240 7210-7511 

139 
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Figure B.1.1: Cd T data and trend, station 12 (7210-7511) 
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Figure B.1.2: Cd T data-trend removed, station 12 (7210-7511) 
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Figure B,l,J: Cu T data and trend, station 12 (7210-7511) 
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Figure B.1.4: Fe T data and trend, station 12 (7206-7511) 
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Figure B.1.5: Ni T data and trend, station 12 (7210-7511) 
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Figure B.1.6: Zn T data and trend, station 12 (7206-7511) 
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Figure B.1.7: pH data and trend, station 12 (7206-7511) 
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Figure B,1,8: so4 data and trend, station 12 (7206-7511) 
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Figure B.1.9: T PART data and trend, station 12 (7206-7511) 
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Fi ure B.1.10: P T data and trend, station 12 (7210-7511)
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B.2 Data, Station 2 

Table B.2.1 gives the parameters considered and the length of 

the time series. The data are displayed graphically in the figures to 

follow. 

TABLE B.2.1: Parameters studied at station 2 

Code Time 
Parameters No. Interval 

Cd T 101 7206-7510 
Cu T 107 7206-7510 

Fe T 110 7206-7510 
Ni T 116 7206-7510 

Zn T 119 7206-7510 

pH 123 7206-7510 

so4 127 7206-7510 

T PART 128 7206-7510 
p T 240 7211-7510 
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Figure B.2.1: Cd T data and trend, station 2 (7206-7510) 
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Figure B.2.2: Cu T data and trend, station 2 7206-7510..:.:~:.:.....=..:~.:::..:~:....:~=.::::::,....::==:...,..::...==;:..!'..__:.:'.~.:.:::.:::.;;.....:::_.i.!,.!::..:::..:::_+L::.::::..L.,-~--,~?'""l,__--io1gt 
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Figure B.2.3: Fe T data and trend, station 2 (7206-7510) 
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Figure B.2.4: Ni T data and trend, station 2 (7206-7510) 
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Figure B.2.5: Zn T data and trend, station 2 (7206-7510) 
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Figure B.2.6: pH data and trend, station 2 (7206-7510) 
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Figure B.2.7: so4 data and trend, station 2 (7206-7510) 
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Figure B.2.8: T PART data and trend, station 2 (7206-7510) 
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Figure E.2.9: PT data and trend, station 2 (7211-7510) 
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B.3 Data, Station 3 

Table B,3.1 gives the parameters considered and the length of 

the time series. The data are displayed graphically in the figures to 

follow, 

TABLE B.3.1: Parameters studied at station 3 

Code Time 
Parameters No. Interval 

Cd T 101 7211-7511 

Cu T 107 7211-7511 

Fe T 110 7206-7511 

Ni T 116 7211-7511 

Zn T 119 7206-7511 

pH 128 7206-7511 

804 127 7206-7511 
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Figure B.J.1: Cd T data and trend, station 3 (7211-7511) 
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Figure B.J.2: Cu T data and trend, station 3 (7211-7511) 
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Figure B.J.3: Fe T data and trend, station 3 (7206-7511) 
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Figure B.J.4: Ni T data and trend, 	station 3 (7211-7511) 
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Figure B,3,5: Zn T data and trend, station 3 7206-7511 
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Figure B.3.6: pH data and trend, station 3 (7206-7511) 
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Figure B.3.7: so4 data and trend, station 3 (7206-7511) 
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B.4 Data, Station 4 

Table B.4.1 gives the parameters considered and the length of 

the time series. The data are displayed graphically in the figures to 

follow. 

TABLE B.4.1: Parameters studied at station 4 

Code Time 
Parameters No. Interval 

Cd T 101 7204-7507 
Cu T 107 7204-7509 
Fe T 110 7204-7509 
Ni T 116 7204-7509 
Zn T 119 7204-7509 

pH 123 7203-7509 

so4 127 7203-7509 



Figure B.4.1: Cd T data and trend, station 4 (7204-7507) 
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Figure B.4.2: Cu T data and trend, station 4 (7204-7509) 
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Figure B.4.3: Fe T data and trend, station 4 (7204-7509) 

0 
(XJ 

0., 
NOI1tltl1N3JNOJ 




172 

Figure B.4.Lr: Ni T data and trend, station 4 (7204-7509) 
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Figure B.4.5: Zn T data and trend, station 4 7204-7509 
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Figure B,4,6: pH data and trend, station 4 (7203-7509) 
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Figure B.4.7: SO data and trend, station 4 (7203-7509) 
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B.5 Data, SudblU'Y Area 

Table B.5.1 gives the parameters considered and the length of 

the time series. The data are displayed graphically in the figures to 

follow. 

TABLE B.5.1: "Parameters studied for the Sudbury area 

Code Time 
Parameters No. Interval 

Cd T 101 7204-7511 

Cu F 106 7204-7511 
Cu T 107 7208-7511 

Fe T 109 7204-7511 

Pb T 113 7201-7511 

Ni T 116 7208-7511 

Zn F 118 7204-7511 

Zn T 119 7204-7511 

SP CON 122 7108-7511 

pH 123 7108-7511 

so4 127 7108-7511 
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Figure B.5.1: Cd T data and trend, Sudbury area (7204-7511) 
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Fi ure B.5.2: Cu F data and trend, Sudbury area (7204-7511) 
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Figure B.5.3: Cu T data and trend, Sudbury area (7208-7511) 
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Figure B.5.4: Fe F data and trend, Sudbury area (7204-7511) 
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Figure B.5.5: Pb T data and trend, Sudbury area (7201-7511) 
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Figure B.5.6: Ni T data and trend, Sudbury area (7208-7511) 
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Figure B.5.7: Zn F data and trend, Sudbury area (7204-7511) 
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Figure B.5.8: Zn T data and trend, Sudbury area (7204-7511) 
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Figure B.5.9: SP CON data and trend, Sudbury area (7108-7511) 
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Figure B.5.10: pH data and trend, Sudbury area (7108-7511) 
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Figure B.5.11: so4 data and trend, Sudbury area (7108-7511) 
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B.6 Data, U,G,L, Area 

Table B.6.1 gives the parameters considered and the length of 

the time series, The data are displayed graphically in the figures to 

follow. 

TABLE B.6.1: Parameters studied for the U,G.L. area 

Code Time 
Parameters No, Interval 

Cd T 101 7201-7511 

Cu F 106 7204-7511 

Cu T 107 7201-7511 

Fe T 110 7201-7511 

Pb T 113 7201-7511 

Ni T 116 7201-7511 

Zn F 118 7204-7511 

Zn T 119 7204-7511 

SP CON 122 7108-7511 

pH 123 7108-7511 

so4 127 7108-7511 

T PART 128 7204-7506 

PT 240 7201-7511 
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Figure B.6.1: Cd T data and trend, U,G,L. area (7201-7511) 
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Figure B.6.2: Cu F data and trend, U,G.L, area (7204-7511) 
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Figure B,6,J: Cu T data and trend, U.G.L. area (7201-7511) 

0 z 
w 

l'.k 

t­

0 
z 
CI 

CI 

I­
CI 
0 
l w 

3 :.?E:: 
CI H 
a: I­

-' ...... z 
t!l 

I 


0
a:: 
u 
H z 
r­
=:J 
LI 

" 0., 

TH:l 

TOSl 

iOvt 

,-.. 

(f) 

I 

tovL~ 
0 
:.?E:: 

0 C) 0 
ID ru (J) 

Ti .-I 

NOI1tlt11N3:JNO:J 

x 



192 


Figure B.6.4: Fe T data and trend, U.G.L. area (7201-7511) 
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Figure B,6,5: Pb T data and trend, U,G,L, area (7201-7511) 
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Figure B.6.6: Ni T data and trend, U,G,L, area (7201-7511) 
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Figure B.6.7: Zn F data and trend, U.G.L. area (7204-7511) 
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Figure B,6,8: Zn T data and trend, U,G.L. area (7204-7511) 
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Figure B.6.9: SP CON data and trend, U.G.L. area (7108-7511) 
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Figure B.6.10: H data and trend, U,G,L. area 7108-7511 
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Figure B.6.11: so4 data and trend, U.G.L, area (7108-7511) 
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Figure B.6.12: T PART data and trend, U,G,L. area (7204-7511) 
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Figure B.6.13: P T data and trend, U,G.L area (7201-7511) 
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B.7 Spectra 

The following Figures give the spectra of pairs of parameters 

which are given in Table B,7,1, 

TABLE B, 7, l: Pairs of spectral parameters considered 

Time 
Parameters Area Interval 

pH & so4 Station 12 7206-7511 

pH & so4 Station 2 7206-7510 

pH & so4 Station 3 7206-7511 

pH & so4 Station 4 7203-7509 

pH & so4 Sudbury 7108-7511 

pH & so4 U,G,L, 7108-7511 

pH & SP CON Sudbury 7108-7511 

pH & SP CON U,G,L~ 7108-7511 

Fe T & Zn T ·station 12 7206-7511 

Fe T & Zn T Station 2 7206-7510 

Fe T & Zn T Station 3 7206-7511 

Fe T & Zn T Station 4 7204-7509 
Fe T & Pb T Sudbury 7204-7511 

Fe T & Pb T U,G,L, 7201-7511 

Zn T & Pb T Sudbury 7204-7511 

pH & P T Station 12 7210-7511 

pH & P T Station 2 7211-7510 

pH & P T U,G,L, 7201-7511 
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Figure B.'?.27: Phase spectrum for Fe T & Zn T, station 12 (7206-7511) 
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