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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, 504 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.

v



ACKNOWLEDGEMENTS

The writer would like to express his gratitude to Dr, H. D. Grundy
for suggesting the topic for this project and for his supervision and
intellectual inspiration provided throughout. Dr. Grundy has been particu-
larly helpful in providing the author with valuable references, and also by
devoting his time to entertain frequent discussions -- all of which
contributed to a better understanding of the problem and for which the
author is extremely grateful.

I would also like to express my greatest thanks to my wife Jackie
for her patience and understanding during the writing of this thesis and

also for her continual help with its preparation.



CHAPTER 1
l'l

1.2

CHAPTER 2
2.1
2,2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

2.11

CHAPTER 3
3.1
3.2
3.3
3.

TABLE OF CONTENTS

INTRODUCTION
Statement of Problem

Outline of Analysis

METHODS

Mathematical Development

Fourier Analysis

Fast Fourier Transform

Power Spéctrum

Cross Spectrum

Phase and Cross Amplitude Spectra
Co- and Quadrature Spectra
Squared Coherency Spectrum
Smoothed Cross Spectral Estimators
Description of Computer Program

Testing of Computer Program

RESULTS

Station Locations

Codes and Units of Parameters Considered
Data and Spectra

Errors for Precipitation Data

vii

Page

11
12
13
14
14
15
16

17

19
23
23
96



Page
CHAPTER 4 INTERPRETATION AND DISCUSSION

L1 Choice of Pairs of Parameters 98
b,2 Periodicities 99
4,3 Correlation and Phase Relationships 105
Lu Summary 117
REFERENCES | 119

APPENDICES 121

viii



TABLE
3.1.1

3.3.1

3.3.2
4,3.1
4,3.2
4.3.3
L.,3.4
B.1.1
B.2.1
B.3.1
B.b4.1
B.5.1
B.6.1

B.7.1

LIST OF TABLES

Page
Station locations ; ' 19
Periodic and cross-correlation properties for
the trigonometric functions 37
Parameters, locations and length of data 38
Cross-correlation properties between Cu T and Ni T 109
Intensities for Cd T . 111
Cross-correlation properties between pH and 804 ‘ 114
Cross-correlation properties between Fe T and Zn T 116
Parameters studied af station 12 139
Parameters studied at station 2 150
Parameters studied at station 3 160
Parameters studied at station 4 168
Parameters studied for the Sudbury area 176
Parameters studied for the U.G.L. area 188
Pairs of spectral parameters considered 202

ix



LIST OF FIGURES

FIGURE Page
2.2.1 A discrete signal obtained by sampling a

continuous signal 7
3.1.1 Precipitation chemistry stations and wind direc-

tions in the Upper Great Lakes region 22
3.3.1 Sine function and trend 24
3.3.2 Cosine function and trend 25
3.3.3 Sine function, trend removed 26
3.3.4 Cosine function, trend removed 27
3.3.5 Power spectrum for data of Figure 3.3.3, lags = 32 29
3.3.6 Power spectrum for data of Figure 3.3.4, lags = 32 30
3.3.7 Power spectrum for data of Figure 3.3.3, lags = 48 31
3.3.8 Power spectrum for data of Figure 3.3.4, lags = 48 32
3.3.9 Power spectrum for data of Figure 3.3.3, lags = 64 33
3.3.10 Power spectrum for data of Figure 3.3.4, lags = 64 3
3.3.11 Data for linear trend added to the sine function 35
3.3.12 Power spectrum for data of Figure 3.3.11, lags = 48 36
3.3.13-3.3.15 Spectra for Cu T and Ni T, station 12 39
3.3.16-3,3.18 Spectra for Cu T and Ni T, station 2 L2
3.3.19-3.3.21 Spectra for Cu T and Ni T, station 3 Lsg
3.3.22-3.3.24 Spectra for Cu T and Ni T, station 4 48
3.3.25-3.3.27 Spectra for Cu T and Ni T, Sudbury area 51
3.3.28-3.3,30 Spectra for Cu T and Ni T, U,G.L. area 54
3.3.31-3.3.33 Spectra for Cd T and Ni T, station 12 57
3.3.34-3.3.36 Spectra for Cd T and Ni T, station 2 60


http:3.3.31-3.3.33
http:3,3,28-3.3.30
http:3,3.22-3,3.24
http:3.3.19-3.3.21
http:3.3.16-3.3.18
http:3.3.13-3,3.15

FIGURE
3.3.37-3.3.39
3.3.40-3,3.42
3.3.43-3.3.45
3.3.46-3,3.48
3.3.49-3.3.51
3.3.52-3.3.54
3:3:55-3.3.57
3.3.58-3.3.60
3.3.61-3.3.63
3.3.64-3.3.66
3.3.67-3.3.69
Lh,2.1

4,3.1

Spectra for
Spectra for
Spectra for
Spectra for
Spectra for
Spectra for
Spectra for
Spectra for
Spectra for
Spectra for

Spectra for

Periodicities of

Cd T and N1 T,
Cd T and Ni T,
Cd T and N1 T,
Cd T and Ni T,
Zn T and Zn F,
Zn T and Zn F,
Cu T and Cu F,
CuT and Cu F,
pH and T PART,
pH and T PART,
pH and T PART,

parameters

station 3
station 4
Sudbury area
U.G.L, area
Sudbury area
U.G.,L, area
Sudbury area
U,G,L, area
station 12
station 2

U.G.L, area

Precipitation chemistry stations and wind direc-

tions in the Upper Great Lakes region

L.3.2

B.1.1
B.1.2
B.1.3
B.1.k
B.1.5
B.1.6
B.1.7
B.1.8

B.1.9

Precipitation chemistry stations in the Sudbury
area

Cd T data and trend, station 12

Cd T data-trend removed, station 12
Cu T data and trend, station 12

Fe T data and trend, station 12

Ni T data and trend, station 12

Zn T data and trend, station 12

pH data and trend, station 12

504 data and trend; station 12

T PART data and trend, station 12

xi

Page
63
66
69
72
75
78
81

87
90
93
100

106

107
140
11
142
143
144
145
146
147

. 148



FIGURE
B.1.10
B.2.1
B.2.2
B.2.3
B.2.4
B.2.5
B.2.6
B.2.7
B.2.8
B.2.9
B.3.1
B.3.2
B.3.3
B.3.4
B.3.5
B.3.6
B.3.7
B.4.1
B.4.2
B.4.3
B.L. L
B.b4.5
B.4.6

BlLPl7

P T data and trend, station 12
Cd T data and trend, station 2
Cu T data and trend, station 2
Fe T data and trend, station 2
Ni T data and trend, station 2
Zn T data and trend, station 2
pH data and trend, station 2

SOu data and trend, station 2

T PART data and trend, station 2

P T data and trend, station 2

Cd T data and trend, station 3
Cu T data and trend, station 3
Fe T data and trend, station 3
Ni T data and trend, station 3
Zn T data and trend, station 3
pH data and trend, station 3

804 data and trend, station 3

Cd T data and trend, station 4
Cu T data and trend, station 4
Fe T data and trend, station 4
Ni T data and trend, station 4
Zn T data and trend, station 4
pH data and trend, station 4

804 data and trend, station 4

xii

Page

149
151
152
153
154
155
156
157
158
159
161
162
163
164
165
166
167
169
170
171
172
173
174

175



FIGURE
B.5.1
B.5.2
B.5.3
B.5.4
B.5.5
B.5.6
B.5.7
B.5.8
B.5.9
B.5.10
B.5.11
B.6.1
B.6.2
B.6.3
B.6.4
B.6.5
B.6.6
B.6.7
B.6.8
B.6.9
B.6.10
B.6.11
B.6.12

B.6.13

Cd T data
Cu F data
Cu T data
Fe F data
Pb T data

Ni T data

7n F data

Zn T data

SP CON data and trend, Sudbury area

and trend,
and trend,
and trend,
and trend,
and trend,
and trend,
and trend,

and trend,

Sudbﬁry
Sudbury
Sudbury
Sudbury
Sudbury
Sudbury
Sudbury

Sudbury

area

area

area

.area

area

area

area

area

pH data and trend, Sudbury area

504 data and trend, Sudbury area

Cd T data
Cu F data
Cu T data
Fe T data
Pb T data
Ni T data
Zn F data

Zn T data

SP CON data and trend, U,G.L, area

and trend,
and trend,
and trend,
and trend,
and trend,
and trend,
and trend,

and trend,

U.G.L.
U.G.L.
U.G.L,
U.G.L.
U.G,L,
U.G.L,
U.G.L.

U.G.L.

area

area

area

area

area

area

area

area

pH data and trend, U.G.L. area

sou data and trend, U,G.L. area

T PART data and trend, U.G.L. area

P T data and trend, U.G.L. area

xiii

Page

177
178
179
180
181
182
183
184
185
186
187
189
190
191
192
193
194
195
196
197
198
199
200

201



FIGURE
B.7.1-B.7.3
B.7.4-B.7.6
B.7.7-B.7.9
B.7.10-B.7.12
B.7.13-B.7.15
B.7.16-B.7.18
B.7.19-B,7.21
B.7.22-B.7.24
B.7.25-B.7.27
B.7.28-B,7.30
B.7.31-B.7.33
B.7.34-B.7.36
B.7.37-B.7.39
B.7.40-B,7.42
B.7.43-B.7.45
B.7.46

B.7.47
B.7.48

Spectra for pH
Spectra for pH
Spectra for pH
Spectra for pH
Spectra for pH
Spectra for pH
Spectra for pH
Spectra for pH
Spectra for Fe
Spectra for Fe
Spectra for Fe
Spectra for Fe
Spectra for Fe
Spectra for Fe

Spectra for Pb

Power spectrum for
Power spectrum for

Power spectrum for

and SO@’ station 12

and SOu, station 2

i

and SOu, station 3

and SON’ station 4

and SOn, Sudbury area

and 804, U.G.L, area

and SP CON,
and SP CON,
T and Zn T,
T and Zn T,
T and Zn T,
T and Zn T,
T and Pb T,
T and Pb T,
T and Zn T,
pH and P T,
pH and P T,

pH and P T,

Sudbury area
U.G.L, area
station 12
station 2
station 3
station 4
Sudbury area
U.G.L. area
Sudbury area
station 12
station 2

U.G.L. area

Page
203
206
209
212
215
218
221

224

227

230
233

" 236

239
242
245
248
249

250


http:B.7.37-B.7.39
http:B.7.31-B.7.33
http:B,7,28-B.7.30
http:B.7.25-B.7.27
http:B.7.22-B.7.24
http:B.7.19-B.7.21
http:B.7.16-B.7.18
http:B.7.13-B.7.15
http:B.7.10-B.7.12

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 vérious chemical parameters are determined. The
large 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 pericdic 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 té
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 ﬁeriodic 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 inéreases and becomes
exact if the number of points is infinite.

1



To analyze for cross correlation between two series involves
statistical analysis. Thns 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 of successive small sub-

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



called the number of "lags". It determines the statistical reliability of
the results obtained and the frequency resoclution. The resolution in-
creases as the number of lags L increases, However, the number of degrees
of freedom (-~ %? 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 I 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 fn is 0.5 cycles/month. If there is appreci-
able energy in the time series corresponding to frequencies greater than
fn, then this energy can generate spurious additions and peaks in the
range 0 to fn’ which in severe cases can completely mask the true spec-
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 ¥ month to |
see a & 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 filléd by the value of the month immed-

iately preceeding the gap.



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. METHODS

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;

(t) 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,
£(t) = £(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 2r"ft, -w¢t ¢ o) (2.1.2)

which has a period T = 1, since
A cos 2IKEt = A cos 2nf [t+(3)]. (2.1.3)
' 1 ﬁ

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

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

5



if it is of the form

ll

f(t) = A cos wt

or £(t)

A sin wt. (2.1.4)

A harmonic with frequency, w, has period

m
v =20, (2.1.5)
and since it is a harmonic, it must satisfy
T = k&7 for some integer k=1,2,..., (2.1.6)
since
- _ 2R
cos (w(t+0)) = cos wt = 6=k=". (2.1.7)

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

27 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

f = ——=

5 . (2.1.8)

Sl

For completeness, we may define zero frequency by a constant function
£(t) = A, (2.1.9)
which may be regarded as the value of the harmonic function A cos wt

with w = 0.

2.2 PFourier Analysis

It is possible to represent any non-periodic functions using
any class of periodic functions. In Fourler 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



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 discréte 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 A, as shown in Figure 2.2.1l. This produces N = T/A

sample values Sr’ where

s_ = s(t=rp). | (2.2.1)

Figure 2.,2.1: A discrete signal obtained by sampling a
continuous signal.
For convenience it i1s 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. FPFor example, the



finite Fourier series

n-1
B(t) = A + 2 E (h, cos 2nmE t + B sin 2mmfit) + A cos 2maf; ¢
m=1

(2.2.2)

contains N constants, the Am and Bm’ which can be determined so that the

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

B(t) = Sr' Thus the function B(t) provides an approximation to the
original continuous function S(t) in the interval —T/2 ¢ t«< T/2,
On substituting t = rA in (2.2.2) and setting S(rA) = S, a set

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

are
n-1
Sr = Ao + 2 :EE:r (:Am cos anfer + Bm sin 2nmflr4> + An cos 2nnf1rA,
m=1
(r =-nyeeey0,1,000yn = 1), (2.2.3)
Choosing fl = 1/NA simplifies the soiution of equation (2.2.3),

because then the sines and cosines are orthogonal. The frequency

£, = 1/NA is called the fundamental frequency of the signal §(t), and it

corresponds to a period Tl equal to the length of the record,

=1, -
The function S(t) is composed of a sum of sine and cosine

functions whose frequencies are multiples or harmoniecs of the fundamental

f1. Note that (N = 2n) the
1Ce = .é-- = -H—A-- =
2nd harmonic: f2 X T2 5 f2 Zfl
and (2.2.5)
. _n _N2_1 — -
nth harmonic: fn " YA~ WA N Tn 20, fn nfl



The highest frequency fn present is 1/2A, which corresponds to a Period
of 2 sampling intervals. The parameter fn is called the "Nyquist
frequency". If the number of points N is odd, say 2n - 1, (2.2.2) can
be solved by simllar reasoning, the only difference being that the An
term vanishes., Furthermore, it can be shown that Ao is the mean or
average value of Sr if N is either even or odd.

To solve (2.1.3) for the constants, the A.m and Bm, the discrete
Fourier transform of the series of N terms 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 (FFT).

2.3 Fast Fourier Transform

The FFT is an algorithm for computing discrete Fourier trans-
forms much more quickly than the direct method given above, but at the
same time retalning accuracy. For a series of N terms, the FFT requires
only ZNlogzN 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 FFT to spectral analysis is that it is now
faster to compute the‘power spectrum directly using an FFT, 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,.4.yNy where N is even.

The series can be partitioned into two series Yy and Zys where

Yy = Xop-1}

Z, = X t =1,2,...,8/2, (2.3.1)

t 2t’

The series Vi Zy each consist of N/2 values and hence have Fourier

transforms
N/2 _
'YIgN/Z) -2 Z 7, o I(bmen/N)
t=1
and
N/2
7 (N/2) =2 Z % oI (Hmem/N) (2.3.2)
t=1

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

the series and the transform. 3But XéN) and Yéy/é), ZéN/Z) are related.

In fact,
oM __J_(Egm__@ H/2) |, 1,05/2)
and
%) /2) =~ E‘J'S'z;l’@ 12+ 2 0V2), 0ene - a,
(2.3.3)

Therefore, the Fourier transform for the series Xy is easily

obtained from the Fourier series of the half-series Vi and Zyo Likewise,

if N/2 is even, the series Vi and z, are partitioned into two series

t

1 "

y%, z%, and Yis 2y respectively, and an appropriate version of (2.3.3)
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is used to construct the transforms YéN/z) and ZéN/z) from the transforms
of the series of length N/4.

For series of length N = Zk, 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 tb 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 = -nf, -(n - 1)A, ..., (n - 1)A, can be decomposed into contri-
butions at a finite number of harmonics of the fundamental frequency

£, = 1/NA (N = 2n) according to

n-1 n-1
2 _1 :g 2 _ :Z 2
t= -n m= -n

Xm is called the complex amplitude at the harmonic frequency fm and
measures the amplitudes of the sine and cosine terms at frequency fm in

x(t). X, is given by
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n-1 / n-1 /
_1 E -j2rmta MNp 1 } - jenmt /N
t= -n t= -n

The contribution of IXm‘z to the average power of frequency fm is called
the intensity at this frequency.

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

¥ xx (KD

e 0]
_ \ -j2nkfa 1 1 — 4+ 4
C)Cx(f) -_— A E XXX(k) e ’ - ﬁ < f £ ‘é—'A’ k - O, "'1, —2’ [ '}
k= - (2.4.3)

cxx(f) shows how the variance of the X(t) process is distributed over
frequency and is non-negative for all f. The spectrum is usually plotted
on a logarithmic scale which showé 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 Sgectfﬁm

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 phase 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 xl(t) and xz(t) are arbitrary real signals with
Fourier transforms Xl(f) and Xz(f) respectively., These Fourier trans-

forms give the amplitude and phase distribution of the signals, i.e.
X; (£) = A, (£) eJFi(f), i=1,2. (2.6.1)
The cross spectrum can be written as

Co(£) = A, (£) JF12(f) (2.6.2)

The covariance between the two series xl(t) and xz(t) may be

described by the phase spectrum Flzgf!,

F ,(£) = Fy(£) - Fy(£) (2.6.3)

and the cross amplitude spectrum

1

Alz(f) Al(f)Az(f)/T. (2.6.4)

The phase spectrum Flz(f) shows whether the frequency components
in one series lead or lag the components aﬁ the same frequency in the
other series, Similarly, the cross amplitude spectrum Alz(f) shows
whether the amplitude of the components at a particular frequency in one
series is assoclated 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,

C1o(F) = L,(£) - Jay,(0),

where
L, (f) = Ay, () cos F,(£),  Qp,(f) = -A ,(f) sin Fy,(£), (2.7.1)
" (£)
| Q. (£
£ =5, + (0, Fp(0) = wmotan - oy

le(f) is called the co-spectrum and it measures the variance
between the in-phase components of the two series. le(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,(5)
K, (f) = 2

1 Gy; (£)C,, () (2.8.1)

where Cll(f) and sz(f) are the power spectra of series 1 and series 2

respectively. A plot of Kiz(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
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frequency interval, while a value near to zero indicates little correla-
tion between the two seriés 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 Xl(t) and
X, (t).

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)

1l

1 ALY
2(1 + cos Tm) for |u] < T

(2.9.1)

=0 for |uj > T

where T  is the maximum lag desired to be used. Note that D(u) is an
even function 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 = Zk) as required for
the fast Fourler transform.

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

to obtain the Fourier coefficients (alk + jb Oyees,lN).

1k K
Steps (3) and (4) are repeated for the second time series to

obtain aZk ok’

inactive., However, it has been retained for generalization.

+ jb Since two serles are analysed, SUBROUTINE SPECl is

(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

(a2 +10) /(L -1 +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,
L

oy (a.lk X a2k) + (blk X b2k) / @ -1i+1).

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

before estimation of the phase and coherency squared spectra.

(Quadrature spectrum k)smoothed, where k refers

(7) PHASE = arctan )
k’/smoothed

(Co-spectrum
to the kP 1ag,

(Co—spectrumk)2 + (Quadrature spectrumk)2
(8) COHERENCE, =

(Spectrum(l)k X spectrum(z)k)

(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. timej;
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 1s 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 8,
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 3.1.1: Station locations

No. Station Latitude Longitude
2 Skead 46,658N 80.752W
3 Killarney. L5,990N 81.447W
L Gore Bay L5, 881N 82.570W
5 Jamot L6.,105N 80.625W
6 Windy Lake - 46,615N 81.,458W
8 Mount Lake L6,680N 82.725W
9 Gogama 47,6758 81.727W

10 Timagami 47,0678 79.783W
11 Espanola L6,255N 81.768W
12 Sudbury South L6,.420N 80.955W
13 Sault Ste. Marie L6, 505N 8L .250W
14 Chapleau 47,833N 83,4000
15 Wawa 48,050N 84, 725W
16 Timmins L8 477N 81.36LW
17 Kapuskasing Lo 417N 82.433W
18 Sparrow Lake Lk, 798N 79.383W
23 Lake St. Peter L5,300N 78.033W
24 Lake Traverse L5, 9u7N 78, 064\
25 Shawanaga L5,533N 80.200W
26 Mattawa 46,287N 78.873W
27 Hearst 49.7OQN 83.,667W
28 Hornepayne L9,218N 84,787
29 Powassan 46,1238 79,246\
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TABLE 3.1.1 (Continued)

No.

31
32
33
34
35
36
37
38
39
4o
41
42
L3
Ly
ks
L6
b7

110

140

112

141

113

142

120

143

130

14k

131

145

132

146

Station
Marten River
Verner

River Valley
Sudbury North

South Bay Mouth

Tobermory
Owen Sound
Duck Island
Goderich
Goderich Tower

Goderich Buoy

Manitoulin Tower

Manitoulin Buoy

Wawa Tower
Red Rock

Goderich Tower 50
Goderich Tower 30
Gore Bay Airport r
Gore Bay Alirport s
Thunder Bay Airport r
Thunder Bay Airport s
Wiarton Airport r

Wiarton Airport s

Sarnia Alrport
Sarnia Airport
Caribou Island
Caribou Island
Copper Harbour
Copper Harbour
Isle Royale r
Isle Royale s

=

B n KB oo

Latitude

L6,725N
Lé.412

46.577N
L6,L88N
ks5.585N
L5,207N
Ly 91N
L5,821N
43,726N
43,726N
L3, 766N
Ls5,821N
45,1188
L7,723N
L7,723N
43,726N
43,726N
L5,881N
L5,881N
48.,373N
48.373N
Wy, 6508
Lh 6508
L2,983N
42,983N
L7.367%
b7.3670
L7 469N
L7 L69N

. 47,896N

L7,896N

20

Longitude
79.833W
80.120W
80.188wW
81.012W
82,012wW
81.523W
80.871W
82.9u8wW
81,724wW
81.724W
81.859W
82.948W
82.939W
84 . 809w
8l ,809W
81.72u4W
81.724W
82.570W
82.570W
89.320W
89.320W
81.233W
81.233W
82.283W
82.283W
85.833W
85.833W
87.867W
87.867W
89.,216W
89.216¥W



TABLE 3.1.1 (Continued)

No.
133
147
134
148
135
149
137
138
150
201

202
203
204
205
206
207
208

209

210
211
212
213
214
215
216
217
218
219
301
302
303

Station
Ney Provincial Park r
Ney Provincial Park s
Pinery Provincial Park r
Pinery Provincial Park s
Inverhuron Park r
Inverhuron Park s
Kilbear Provincial Park r
Southampton Buoy
Kilbear Provincial Park s
Porcupine Mountains
State Park
Isle Royale
Fort Wilkins State Park
Baraga State Park
Pictured Rocks
Tahquamenon Falls
Mackinac Island State Park
U.S. Coast Guard Station
Alpena
U.S. Coast Guard Station
Tawas Point
Albert Sleeper State Park
Port Sanilac
Bayfield
Tawas Buoy
Grand Marails
Benton Harbor
Silver Lake
Beaver Island
Two Harbors
Alpena Buoy
Mount Forest - wet
Armstrong -wet
Woodbridge - wet

Latitude

48,750N
48,750N
43,233N
L3,233N
Lk, 300N
Ll 300N
45,3508
Ly, 325N
45,350N
46,818N

L7.896N
b7.497N
46, 760N
L6, 664N
L6, 543N
45.858N

L5, 034N

Ldy 254N

43.977N
43, 429N
L6, 786N
Ly, 225N
47,7358
42,150N
L3,608N
L5, 681N
L7,002N
L5,167N
43,164N
50,283N
43,7958

Longitude
86.567W
86.567W
81.800W
81.800W
81.567W
81.567W
80.200W
81,6500
80.200W
89. 64y

89.216W

- 87.867W

88, 506W
86 . 006W
75.035W
84,617W
83.239W

83 4l7w

83.211W
82.552W
90,86 5W
83.422W
90.334W
86.384W
86.521W
85.508W
91.,652W
83.217W
80,750W
88.090W

79.552W

21
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Figure 3.1.,1: Precipitation chemistry stations and wind directions in the
Upper Great Lakes region
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3,2 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 nicro-g/1
Cu F 106 Filtered copper micro-g/1
CuT 107 Total copper micro—g/l
Fe T 110 Total iron micro-g/1
Pb T 113 Total lead  nicro-g/1
Ni T 116 Total nickel micro-g/1
Zn F 118 Filtered zinc micro-g/1
Zn T 119 Total Zinc micro—g/l
SP CON 122 Specific conductivity umho/cm
pH 123 Hydrogen ion concentration
S0, 127 Sulphate - mg/1
T PART 128 Total particulate weight g/1
PT 240 Total phosphorus : micro-g/1

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 functlons 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 2%, 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 "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 2K periodicity is 0.99 and the
phase difference is 90,0 degrees.

3.3.2 Errors

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 perilodicity, fhe 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 = 2K).

Period
(sampling intervals) Phase
Lags sin x and cos X Correlation gdeggeez
32 21.3 - 32.0 l99 90.0
48 2L,’|O hand 32-0 099 90.0
61“,' 25.6 - 32.0 099 90-0

The reason why the periodicity does not occur at exactly 24
sampling 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 betwéen 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
datarcan easily be visualized 1f 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, 3, 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 péirs 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 3.3.,2: Parameters, locations and length of data.

Time
Parameters Area Interval
CuT&NLT Station 12 7210-7511
CuT & Ni T Station 2 7206-7511
Cu T &UNiT Station 3 7211-7511
CuT &DNi T Station 4 7204-7511
Cu T &Ni1i T Sudbury area 7208-7511
CuT & Ni T U.G.L, area 7201-7511
CAT&NL T Station 12 7210-7511
A T&NLT Station 2 7206-7510
Ca T&NLT Station 3 7211-7511
CdT&NLT Station 4 72047507
CAdT&NL T Sudbury area 7208-7511
Cd T &NL T U,G.L. area 7201-7511
ZIn T & Zn F Sudbury area 7204-7511
InT & Zn F U.G.L., area 7204-7511
CuT&CuF Sudbury area 7204-7511
CuT& CuF 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 regofd 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 fif 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 usé 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,




L, TINTERPRETATION AND DISCUSSION

L,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
(Xramer, 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 palr 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 avallable data are used., How-
ever each of these parameters must be run égainst 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, SOL;’ 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 7Periodicities

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 quiteidifferent. 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 4.2.1(a) to 4.2.1(c) show the periodicities associated

with the various parameters at different locations. The solid, dashed
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Figure 4,2.1(a): Periodicities of Parameters
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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 erxror
occurs in the present analysis and thus the error bars are taken as the
two points on elther 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 1s a period or pericds 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 804 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 buf 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 Sou. 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 1likely 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,

L,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 serlies as a function

of frequency.

4,31 CuT 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 4.3.2: 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. 4.3.1)
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The strong correlation between Cu and Ni implies that the two
elements undergo a chemicélly 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. Tbis 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 pericdicities for the six areas. From the tables which give the
intensities in log units, it can be seen that the iﬁtensities 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, Tt 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
predominant 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 g T Cu T Ni T T g
12,7  5.67(m) —-—- 4 15,2 2N J— 5.31(s) .62 2.0
9.5 —=m- 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) 5.21(m) 9% 8.1
[ R— 5.16(s) .26 -38.0 2.1 5.33(w) 5.07(w) .92 - 9.4
2.7 5.26(w)  5.24(s) .52 6.2
2,0 ———- 5.19(s) .40 -31.2
STATION 3 STATTION 4
9.0 74,50(s) ~---- a5 52,7 8.0 3.48(w) ——-- .18 120.5
7.2 e 73.28(s) .11 11.8 4.4 - 2.93(s) .53 23.8
b,5 e 3.43(s) .30 - 9.6 4,0 3,70(s) ~=-- .82 8.8
L0 3.99(s) ~--—- 61 -14.2 3.1 3.45(w) —-—- .59 -14.4
2.6 - 3.46(s) 64 - 0.3 2.4 e 3.02(s) .28 17.3
2.3 4,04(s) - .86 -14.4 2.1 3.51(m) ———e .56 11.8
2.0 —=—m 2.67(w) .71 11,5
SUDBURY U.G.L
6.7 4.53(s) --m- 56 - 3.5 9.2 4.25(m) —-m- 51 - 4.9
[ 3.97(s) .21 Wb 7,7 e B,17(w) .S -22.8
2.9 4.39(s) ---- 91 3.2 5.1 Lab(w)  ---- bl 10.9
2,7 ———- L,22(s) .75 - 8.0 L,2 W —me- 4,32(s) .60 25.8
2.1 4,38(s) —=-- .60 22.8 3.8  4.45(s) em—m b7 13,2
3.1 4,08(w) 4.21(s) .51 - 5.9
2.4 - h,29(s) .77 3.4
2.2 b.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 loadling 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). 1In view of the
station locations, the intensities increase towards Copper Cliff and this

points to the smoke stacks as the source of emission of Cd.



Intensities for CA T

TABLE 4,3.2:
STATION 12
INTENSITIES
PERIOD (Log. Units)
(months) cd T
9.0 1.68(s)
L,s ———
4,0 1.49(w)
2.8 ——

2.6 1.51(m)
2.0 1.50(m)
STATION 3
9-0 2.02(8)
4,5 1.99(m)
3.0 2.03(s)

2.6 —
2.4 1.98(m)
SUDBURY.

13.3 1.50(s)
5.7 1.43(m)
b4 —
3.6 1.29(w)
2.9 1.15(w)
2.7 —
2.4 1,01(w)
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STATION 2
INTENSITIES
PERIOD (Log. Units)
(months) cd T
7.6 ———
6.3 1.56(s)
4.8 ——

3.5 1.48(s)
2.1 1.10(w)
STATION 4
9.5 1.56(s)

4.2 —
3.8 1.53(s)
2.4 —
2.2 1.67(s)

*¥Cd T data for U,G.L. area

unreliable,
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4.3-3 Zn T - Zn F

Striking relationéhips exist between the total and filtered zinc.
for the Sudbury and U.G.L. areas. An exceedingly high correlation is seen
for the total and filtered zinc and they are practically inphase at all
vfrequencies. 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 1s to analyze one form of zinc and infer the trend

for the other,

4.3.4 CuT 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 similar 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 sirong
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 assoclation 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 considerablg 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.

L.,3.6 pH, 50,,, SP CON

It is a common thought that pH should be related to 504 in some-
way since the latter may be responsible for the low pH in the U,G.L. area.
Therefore an intensive analysis 1s 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.

Generally, no relationship is found to exist between the two

parameters. This would indicate that the chemistry between the two ions
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TABLE 4.3.3: Cross-correlation properties between pH and SOu
STATION 12 STATION 2
INTENSITIES INTENSITIES
(Log. Units) (Log. Units)
T pH S0, r g T pH 50y, T g

14,0 - 2.67(s) .26 110.8 12,7 ——=- 2.53(s) .02 35.0
6.0 1.50(s) ~——- .53 -62.6 5.4  0.50(s) —--- .22 80.9
b,7 e 2.29(m) .39 10.2 4,8 - 2.31(s) .26 82.1
i Py R— C2.47(s) .06 -110.1 2.7 0.45(s) 2.37(s) .64 92,5
3.0 1.36(s) ~——- .16 -131.8 2.2  0.32(m) —=-- .32 =162.2
P J— 2.28(n) .37 16.9 |
2,0 1.31(s) -—- .73 -35.3

STATION 3 STATION 4

14,0 1.43(s)  ——e- 4 394 14,00 eeee 2,.58(s) .73 .1
7.0 1.26(w) ———- A5 1354 8.4 1.51(s) ——=- .12 -120.3
[ Jp— 1.77(s) .23 114.8 3.8 1.37(s) -—-- .00 54,9
L,2 1.23(w) —-——- A1 -32.5 3¢5 e 2.04(m) .14 - 5.3
3.5 1.23(w) ———- .89 -15.8 2.8  1.20(w) —=—- 62 39.0
2.6 1.32(m) —-—- .53 16,1 2.3 1.31(m) ——-- .54 84,2
2.5  —m—- 1.58(m) .19 7.1 2,1 - 2.00(m) .08 58.3
2.2  1.30(m) ——-- .05 -159.6

SUDBURY U.G.L.

104 ———- 2.33(s) .25 4.2 3.3 JA1(w)  1.52(w) .56 - 8.8
6.5 -.06(s) -—-- L4 -152,5 240 b1(s) ---- .09 -141,0
4,7 - 2.26(s) 40 -96.5 2.3 ——-- 2,01(s) .12 -98.5
3.7 -.03(s) ~--- .54 -121.,7 2.1 -.09(w) —-—- .18 -11.4
3,1 ———- 1.39(w) .60 56.9
2.3 -.11(w) 1.88(s) 102.0

T = Period (months);

.32

r = Corrclation;

§ = Pnase (degrees)



115

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,i. 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
ioﬁé. In fact this is brought out in the light that pH is associlated

with particulates.

4,3,7 Fe T and Zn T

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
L,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 4.3.4: Cross-correlation properties between Fe T and Zn T

STATION 12 STATION 2
INTENSITIES INTENSITIES
(Log. Units) (Log. Units)

T Fe T Zn T T g T Fe T Zn T T g
8.4 - 6.23(s) 43 128.6 12.0 6.91(s) ~-—- 02 -132.1
6.0 7.30(m) -———- .55 =72.6 9.0 —=m- 6.24(s) .18 -128.6
h,2 —eee 6.08(m) .31 57.9 5.1 6.92(s) =——- .08 150.8
3.8  7.22(m) --— .30 52.5 4,0 —ee- 6.25(s) .10 73.2
3.0 7.39(s) —--- .39 -143.2 3.3 6.80(m) -—-- A4 -169.3
2.6 - 6.02(m) .33 4Oo.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 7.31(m) ---- .51 -160.6 2.1  6.57(w) —-—- .27 =37.5
2 — 6.07(m) .61 -167.0 2,0  ———- 6.32(s) .54 -13.7

STATION 3 ~ STATION 4

8.4  5.43(m) --—- 26 88,7 14,0 6.,60(s) —--- b4 174
[ J— 6.38(s) .14 - 3.8 10,5 —=m- 6.36(n) .53 -15.6
h,2 5,68(s) —-— .60 -15,5 6.0 6.32(m) —-—- 60 19,2
2.8  5,70(s) ——-- 57 35.4 3.8 6.23(m)  6.30(m) .82 13.9
2.5 ———- 6.33(s) .58 -4o.4 3.0 6.27(m) ~-—- .82 15,6
2.1 5.41(m)  ---- A3 -56.1 I Jp— 6.21(m) .75 3.7

2.3 5.88(w) ——-- .78 - 6.4
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L.L  Summary

1. All the paraméters 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 SOj;
(¢) 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 Winte; 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) CuT and Ni T at stations 12, 2, 3, 4, Sudbury and U.G,L. areas;
(b) Cd T and Ni T at station 12;

(¢) 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.

L4, 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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5. Semkin and Kramer (1976) found that the Sudbury-area lakes
effectively act as a sink for heavy metals that have been introduced via
atmospheric precipitation. Thelir evidence for this phenomena has been
well-substantiated by observing heavy metal trends in both lake sediment
and atmoshperic fall-out. This conclusion has been arrived at since their
results indicate (i) similar metal ratios in both media; (ii) increasing
concentration gradients for the trace elements in sediments and atmos-
pheric precipitation toward the mining-smelting centre; and (iii) signifi-
cant correlation of the sediment parameters, suggesting a point source

emission of heavy metals.,
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APPENDIX B

B.1 Data, Station 12

The raw data and trends are displayed graphically in the PFigures
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.1.1l and B.1l.2).

Table B.1.1 gives the parameters consldered 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
CuT 107 7206-7511
Fe T 110 ' 7206-7511
Ni T 116 7210-7511
Zn T 119 7206~7511
pH 123 7206-7511
S0y, 127 7206-7511
T PART 128 7206-7511

PT 240 7210-7511

139



Pigure B.1l.1l: Cd T data and trend, station 12 (7210—?511)
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Figure B.1.2: Cd T data-trend removed, station 12 (7210—7511)
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Figure B.1.3: 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: 50, 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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Figure 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 Tine

Parameters No. _ Interval
cd T 101 7206-7510
CuT 107 - 7206-7510
Fe T 110 7206-7510
Ni T 116 7206-7510
Zn T 119 7206~7510
pH . 123 7206-7510
S0y, 127 7206-7510
T PART 128 7206-7510

PT , 240 . 7211-7510



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)
l} i { { l i l i | [} 1 i

—

RAW-DATA AND TREND

Cly T MICRO-GM/L
f

X 107

0T76s

9064

eTrL

90F L

2TEL

90€4

540

!
~ w
n -t
wm o

NOI LgdINIINGS

TIME({ MONTHS)




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)
1 I

) T T T I T T I I 076!
-legst
-
Bl
= -80v4
L -1
% _
D 1 Cam)
Z - w
a T
- —
T prd
= TRoye O
a | =
O . —
! | 14
= >
s i [
r —
-
T180€¢L
_l —
N p—
=
7
i i
o
g 1
-
— -l2ggs
- _
~
_]
= .
-
o ]
) / 1,/‘ i
i { L i { i } 1 { 1 i i 1 1
O [+4] w -t [AX] 0308‘!
[X] [¥4) . [»e] 2]
-t i [+2] 5= L4V
—t -t



Figure B.2.6: pH data and trend, station 2 (7206-7510)
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Figure B.2,7: S0, data and trend, station 2 (7206-7510)

I{ { 1 4 i -1 T ERYA
19084
-
N
—eTve
g2 -
l i
o a0k
— —
D -
z —
&
s
- -
a
53 —eTeL
+ i
a _
o
-
—130€Z
‘J —
.
=
Cf} -l
H
-t -
o |
H o
=
S -eTed
[72] 4 -
o~ —
= _
x —
i { ! }
Q @ 59024

NOI1lgdiN33NO3

TIME( MONTHS)



Figure B.2.8: T PART data and trend, station 2 (7206-~7510)
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Figure B.2.9: P T 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
CuT 107 7211-7511
Fe T 110 7206-7511
Ni T 116 7211-7511
Zn T 119 ' 7206-7511
pH 128 72067511

804 127 7206-7511



Figure B.3.1: 0d T data and trend, station 3 (7211-7511)
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Figure B,3.2: Cu T data and trend, station 3 (7211-7511)
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Figure B.3.3: Fe T
: I T T
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data and trend, station 3 (7206-7511)
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Figure B.3.4: Ni T data and trend, station 3 (7211-7511)
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Figure B.3.5: Zn T data
: T I I T
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Figure B.3.6: pH data and trend, station 3 (7206-7511)
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Figure B.3.7: 50, 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
CuT 107 7204-7509
Fe T 110 ' 7204-7509
Ni T 116 7204-7509
Zn T 119 7204-7509
pH | 123 7203-7509

S0y, : ' 127 - 7203-7509
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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)
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Figure B.4.4: Ni T data and trend, station 4 (7204-7509)
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Figure B.4.5: 7Zn T data and trend, station 4 (7204-7509)
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Figure B.4.6: pH data and trend, étation 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, Sudbury 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
follOWo

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

S0 L 127 7108-7511



Figure B.5.1: Cd T data and trend, Sudbury area (7204-7511)
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Figure B.5.2: Cu F data and trend, Sudbury area (7204-7511)
I I I [ i i i I I I ! i IT6L
YA
[} -
o \
Ll -
o Y0¥ L
[—-— - -
) »——— -
< .
T
o | |
E o
) - »‘ —0TEZ
—-‘?;‘ ‘< -t
a - _
o -----lllllll
“" —Trog s
N
5 -
o) "l
m ———f
|5
H “ -
z
D ot
I
§ -‘ -
x —
| ! { { } { I} | | I
~ ™ -

TIME( MONTHS )



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)

184

580

I } I i i I | ! ¥ 1} I I TTGZ
“1v064
0Ty L
0 -
=
Ll_' —
0l Y0 L
— -
A _
= _
a
(@
o -
a
- 0TEL
I / .
=
CE -
o ‘«
‘ “1¥0EL
_i -
~
=
5 -
9 B .
O
H —
= _—-III.IIIIIIIIIII'
- 0724
z -
~N
o -
hév]
- -
x _
| ] I i J I 1 I I } I l
(¥ -t 3 —
- ™ Y -

NOI1BdiINIONGD

MONTHS )

—

TIME



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: 50, 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 T 118 7204-7511
Zn T 119 7204-7511
SP CON 122 | 7108-7511
pH 123 7108-7511
50,, 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.6.3: Cu T data and trend, U.G.L. area (7201-7511)
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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: pH data
T I T i

and trend, U.G.L. area (7108-7511)
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Figure B.6,11: S0) data and trend, U.G.L. area (71.08-7511)
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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.7.1l.

TABLE B.7.1: Pairs of spectral parameters considered

IR Time
Parameters Area Interval
PH & 80, Station 12 7206-7511
PH & SO, Station 2 7206-7510
PH & S0;, Station 3 7206~-7511
PH & 804 Station 4 7203-7509
PH & SOLl, Sudbury 7108-7511
PH & S0), 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 & 7Zn T Station 2 7206~7510
FeT & Zn T Station 3 7206-7511
Fe T& Zn T Station 4 7204-7509
FeT&Po 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
PTH&PT U.G.L. 7201-7511
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Figure B.7.27: Phase spectrum for Fe T & 7n T, station 12 (7206-7511)
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