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History is neither determined or random. At any moment
it moves forward into an area whose general shape is
known but whose boundaries are uncertain in a calculable

way.

Jacob Bronowski, The Common Sense of Science




ABSTRACT

‘Methods of time series analysis have been employed
to examine climatological and hydrogeological variables

associated with a grouhdwater discharge arcea at Delta,

Manitoba.

P

Nonrandom components associated with the wéather
and circulation of the North American summer climate were

-identified in both the climatological and hydrogeological

variables.

The hydrogeological variables, daily groundwater.
evapotranspiration and daily groundwater inflow rate, were

satisfactorily described by first-order Markov processes.

Statistical filtering of the hydrogeological variablés
showed that two hydrogeological processes were associated with
seasonal maxima in the daily groundwater evapotranspiration
time series. Both occurred iﬁ the presence of hot weather and
a shallow water table. One process was associated with strong
upward groundwater flow to the water table in the discharge
area due to the propagation of recharge through the flow
system, while the other was due to infiltration and the Lisse

effect causing a rise in the water table in the discharge area.

Results from the study explain why the water table
fluctuates within a small range of depth in a groundwater dis-
charge area, a major assumption of the steady-state,

mathematical model of groundwater flow systems.
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~NOTATIOHNS
Major Abbreviations
acf = gutocorrelation function
acvf = autocovariance function
Var = variance
Greek Symbols
a = confidence level probability
€ = limiting value of error in the corrected filter
y = mean
E = some point on a real line
(L) = theoretical acf
LH = sum of filter values
As = daily drawdown of hydrograph
x% () = chi-square value

m

2 = lag

Other Symbols

a = fitted acf coefficient
B(2) = theoretical acvf

b(2) = the filter

b'(g) = the corrected filter

c = fitted acf coefficient
c(e) = estimated acvf

c*(2) = modified apparent acvf




Hl
h(g)

K(s,t)

N(k)

n(k)

il

- vii -

lag window

expected value

distribution function

smoothed estimate of spectral density
function of

cumulative distribution function of variance
probability deﬁsity function of variance
theoretical spectral density

covariance kernal

lag

sample size

noise (population)

noise (samplé)

probability

daily precipitation in inches

filter coefficient

filter coefficient

groundvater evapotranspiration in feet/day

acT significance test coefficient

‘coefficient in chi-square test

estimated acf -

groundwater inflow rate in feet/hour
lag one acf coefficient

signal (population)

signal (sample)

specific yield




s

= time

= set containing all possible t

= mean éaily temperéture in degrees Fahrenheit

= maximum lag |

= student's variable at probability level p

= raw estimate of spectral density

= degrees of freedonm

= random variable or stochastic process (populatioh)

= sample of X(t)

TIME SERIES

P(t)
Q(t)
R(t)

T(t)

time seéries of

time series of

Wooo M

time series of

H|

time series of




CLHAPTEER 1

INTRODUCTION

1.1 Motivaticn

The development of the high-speed, digital con-
puter in the 1950's led tc spectacular advances in hydrology
in the following decade. Appropriately enough some of these
advances were made at the bteginning of the International
Hydrological Decade (I.H.D.) of 1965-1975, whose purpose %as
to enable all countries to make a fuller assessment of their
vater reséurce; and a more rational use of the;e resources
by industry, agriculture, and the populace in general,
Fundamental to these purposes was thé intention of the I.H.D.

to promote research and education in scientific hydrclogy.

Among the areas that were identified as being not

only in the spirit of the I.H.D. but also in need of urgent

attention by Canadian hydrologists was that of the "correlztion

of groundwater observations with meteoroiogical parameters"
(8). The atmosphere is the source of recharge to the ground-
water reservoir and the sink for discharge of evapotranspirz-
tion of groundwater. Fortunately the advances of the 1960C'=
produced mathematical methods and hydrologic models with

which to analyse the grcundwater-climate regimen.

Geophysicists in general, and hydrologists in

particular, have gained much information from their dzta tyr

|



using a family of mathematical methods collectively called
time series analysis. 1In hydrology these methods have pro-
duced more reliable predictions of upper bounds for stream-
flow discharges, techniques for identifying ncnrandom
components in a data sequence, and an approach for examining

the relationship between variables (20).

Perhaps fhe most - -impressive advance in conceptual
hydrologic modelling since the work of Perrault, Mariotte and
Halley in the seventeenth century has been that of the dynamiec,
groundwater flow system. Meyboom's (29) Prairie Profile
(Pigure 1, p.3) is the classic case of a regional, ground-
water flow system and his words suffice to define it..

"By definition the Prairie Profile consists of a

central topographic high bounded at either side

by an area of lower elevation. Geologically

the profile is made up of two layers of different
permeability, the upper layer having the lower
permeability. Through the profile is a steady
flow of groundwater from the area of recharge to
the area of discharge. The ratio of permeabilities
is such that groundwater flow is essentially down-
ward through the matefial of low permeability and
lateral and upward through the underlying more

permeable layer."

Freeze (1L), in developing a steady-state, mathema-

tical model of the regional groundwater flow system,

N
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"introduced the concept of the dynamic equilibrium:

"Phe recharge to the water table (or the discharge
from the water table) is the amount necessary to
maintain it in its equilibrium position at every
point along its length at all times. It is thus
a case of dynamic equilibrium. This assumption of
a steady water table enables us to treat regional

groundwater flow as a steady~state problem."

The discharge to which Freeze refers generally takes two

forms -- baseflow and evapotranspiration.

The motivation of this study was to explore the
potential of using the mathematical methods of time series
analysis and the conceptual model of the groundwater flow
system in analysing the groundwater-climate regimen. It 1is
the objective of this study to employ time series analysis to
examine the climatological and hydrogeological variables

associated with the evapotranspirétion from a groundwater

discharge area.

1.2 Literature Review of the Groundwater-Climate Regimen
It is necessary to first define a few fundamental terms.
The water table is that imaginary surface beneath the ground at
which the pressure is atmospheric. The saturated zone above
the water table, the capillary fringe, is at a pressure less
than atmospheric, consequently the water table must be defined

on the basis of pressure rather than water content. "A dis-



charge area is an area where the direction of grouvndwater
flow is toward the water table" (1h), wherezs in the recharge
area the direction of flow.is awvay from or parallel to the
water table. Therefore recharge is that fiow whose vertical
component is downward, and discharge is that flow whoce

vertical compeonent is upward.

Meyboom (30) zscribed the natural fluctuaticn of
water-table levels on the Canadian Frairies to rain, barometric
pressure, temperature and evapotranspiration. Each is a part

of the groundwater-climate regimen.

1.2.1 The Effects of Rain

In soils in which the water table lies within 3 fecet
of the surface, it has been freguently observed that a light
rain will cause an immediate and disproportionate rise of the
level in an adjacent well. This phenomena, which is not due
to recharge by infiltration, is known as the Lisse Effect.
Commonly an inch of infiltrated rain will cause an lé inch

rise of the water table. Meyboom (30) reported that this

phenomenom is caused by the following process:

"Rain infiltrating evenly into the light soil acts
as a tight closing 1id compressing the air above
the capillary fringe. If "n" is the depth of the
rain penetration and "h" the distance from the
surface to the tor ¢f the capillary fringe, the

pressure increase cf the air above the capillary




fringe is given by Hocghcudt as:

atmospheres = hfn % 35 feet of water."
The re~establishment of equilibrium cf the soil-
moisture system neccssitates a rise in the phreatic surface
of n/(h-n) x 35 feet of water. Figure 1.2, p.7 shows an
example of the Lisse Effect, where a C.22 inch rainfall

produced a rise of 0.31 feet in lhe well giving a rain-to-

rise ratio of 1:17.

Meyboom (3C) in quoting a Dutch report by Hooghoudt
has noted that another process, the VWeiringermeer Effect, may
also cauce ancmalies appearing on groundwater hydrograzphs.

In those cases in which the capillary fringe is close to the
surface, rain produces an almost instantaneous rise in the
hyérograph followed by an equally fast decline due to

evaporation.

1.2.2 The Effect of Barcmetric Pressure

It has been only in the last decade that hydrologists
have investigated the effecct of charging barometric pressure
on an unconfined aquifer. Peck (33) discussed the effects cof
entrapped air on the water table when the aquifer is subjected
to changing barcmetric lcads. Meyboom (20) vointed out that
a thunderstorm would produce the opposite effect as would the

Lisse Effect, that is a rise in the hydrograrh due to reduced

atnospheric nressure. Gilliland (1%) developed a2 generzl
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theory, the rigid plate model, to explain the effects of
barometric pressure on c&nfined and unconfined aquifers. The
model relates the barometric efficiency of the aquifer, that
is the slope of the regression of the hydrograph on the baro-
graph, to the hydrology of the aquifer and the soil moisture
zone, which acts as a rigid plate modifying the effects of

changing barometric loads on the aquifer.

Let it suffice to say that generally the water table
responds inversely to the barometric pressure due to air

pockets within the saturated zone.

1.2.3 The Effects of Temperature

If only the direct effects of air temperature on
unconfined aquifers are considered there are two processes

which can produce diurnal fluctuations of the water table.

In the first case the diurnal fluctuation is due to
the physics of the capillary fringe. Capillary rise is
directly proportional to the interfacial tension between water
and soil particle which, in turn, is inversely proportional to
the temperature of the soil. When the capillary fringe 1is
sufficiently close to the surface to be affected by the di-

" urnal fluctuation of soil temperature, that is within the
upper 20 cm of the soil horizon, the increased deytime soil
temperature causes a decrease in the interfacial tension and
a subsequent dewatering of the capillary fringe, which, in

turn, causes a diurnal rise of the wvater table.




The seccend process, that of water vapour iransfer
along a temperature gradient, cou1d produce & diurral
fluctuation if the gradiert was reversed by the diurrnal air
temperature fluctuation. In this case the vapour flow would
be downward during the day from the surface to the capillary

fringe, and upwvard at night.

Meyboom (30) céncluded from his Saskatchewan study
that the effect of temperature on the interfacial tension was
not observable during the summer since the capillary fringe
vas too deep ard the diurnal evapotranspiration signal wvas
too dominant. By Octecber the situvaticn had changed with the
autumnal rains raising the water table and the first frosts
killing the vegetation; hence halting the summef drawvdown due
to evapotranspiration. During the autumn Meyboom observed
several days with diurnal fluctuations having a peak in the

late evening, indicating the presence of one or both of the

above-mentioned processes.

~1.2.4 The Effect of Evapotranspiration by Phreatophytes

Meinzer (27) defined the phreatophyte as a plant
"that habitually obtains its water supply from the zone of
Qaturation, either directly or through the capillary fringe."
Meyboom (28) has noted that while Meinzer's statement applies
to the semi-arid Canadian Prairies, "where abundant soil

moisture is normally lacking", most species can survive in




moist unsaturated environments. In fact Jaworski (18) has
implied that in more humid areas, at least, the unsaturated

zone 1is the more fundamental source.

White (k2), in his classic study of phreatophytes
in the Escalante Valley, Utah, credited Professor Smith of
the University of Arizong wvith being the discoverer of the
cause of the diurnél fluctuation of shallow water tables in
areas of vigorous growth of cottonwood and mesquite. In 1922
Smith delivered an unpublished address to the Geological
Society of Washington explaining that the decline of the
wvater table during the afternoon and its subsequent rise at
night and during the following morning (Figure 1.3, p.l11 was,
in White's words, "due to withdrawal of groundwater from the

zone of saturation by the trees."

It is now known that the recovery at night is due
to natural groundwater discharge; in Meyboom's (30) word's,

"phreatophytes live by virtue of the nightly recovery of the

water table."

Meyboom (30) described evapotranspiration as a
"tnecessary evil' related to the gas exchange, which is
required for photosynthesis.and respiration.”" It is also
vital in the heat regulation and ion trancport within the
plant. Water evaporating from a leaf causes the sap concen-
tration of the leaf to increase, thereby producing an osmotic

gradient between adjacent cells in the plant. This gradient
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"pumps" the soil moisture and groundwater through the roots,
up the xylem to the leaf and then through the stomata, from

whose surface it is evaporated.

Numerical methods for computing daily evapotrans-
piration of groundwater by hydrograph analysis have been
proposed by White (42) and Troxell (41). Of the two methods
the former is less subjective and more widely known. White
estimated daily groundwater evapotranspiration (Q), from the
specific; yield of the soil in which the fluctuations occur
(sy), the héurly groundwater inflow rate (R), and the daily

change in water level due to evapotranspiration (As):
Q = Sy(24R + As) 1.1

It should be noted that R refers not to infiltration but to
subsurfacedischarge due to the fact that these fluctuations
occur in groundwater discharge areas where the flow lines of
the regional groundwater flow system converge towards the
surface. R is measured (Figure 1.3, p.11) by taking the
slope with fesPect to time of the hydrograph during the night.
A negative value of R indicates that the water table 1is

draining, while a positive value indicates subsurface
discharge.

The works of White .(42), Robinson (38), McDonald
and Hughes (25), and Meyboom (30) have pointed to the intimate

relationships between air temperature and the depth to the

water table on phreatophytically-induced groundwater fluctua-

tions.




Meyboom (30), by comparing évapotfanspiration in
a greenhouse with that of an open, adjacent site in the same
wolf willow patéh, showed that an 8°F rise in temperature a=zd
a 30% increase in the relative humidity due to the'gréenhouse-
environment doubled the evapotranspiration of groundwater.
This experiment concisely demonstrates the dominant effect of
teﬁperaturg since "the effect of the relatively slight rise
in temperatufé is far greafer than.the opposite effect of %he

rise in relative humidity" (30).

McDonald and Hughes'(25) work at Yuma, Arizona has
réised some interesting points about the relationship between
air temperature, solar radiation and evapotranspiration. They
observed that their hydrographs chanéed from a falling to a
rising stage within.1l5 minutes of t@e first rays of the sun
striking the area of the well. Furthermore they noted that
the maximum shortwave solar radiation occurred in June vhile
the maximum amplitude of the diurnal fluctuations occurs in
October, by which time the summer rains from the Gulf of
Mexico have brought the water table close to the surface and
into the reach of the roots of more phreatophytes. Con-
sequénfly, alléwing that there is a strong relationship between
air temperature and solar radiation in arid regions (Sellers
(39), 1965), the importance of the temperature-evapotranspiration
relationship is modified by the timing of the rainy sezson znd

the resulting change in the depth of the water table.

\ "




Meyboom (30) stated "that the depth to water is
the most important variable governing groundwater consunption,
at léast in the semi-arid C;nadian Prairies". Using sinple,
linear regression he statistically explained 64% of the
variance of the relationship between groundwater consumption
of shrubs and herbs and the avefage depth to the water table.
Likewiselprinson ((38) p.18) compiled data from all over

Western U.S.A. and graphically demonstrated the importance of

the relationship.

1.3 Literature Review of Time Series Analysis

Becaise of the proliferation of uses of time series
analysis it is necessary to define certain fundamental terms.
First it is appropriate to use Kendall and Stuart's (21)

definition of a time series:

"Observations on a phenomenon which is moving through
time generate an ordered (sequence) known as a

time series."

A time series 1is éssumed to be composed of three
additive components _- the trend, the periodic component andé
the random component. The tfend is & slow, gradual change of
a variable over the period of record. The periodic component
"is a fluctuation imposed on the series by a cyclic phenomencn.
external to the main body of causal influences at work upon
it" (21). The random component "evolves, entirely or in part,

according to a random mechanism." (22). It should be noted




that any periodic component with a pefiod much longer than
the record will appear as a trend and not as a periodic

fluctuation.

A deterministic process or variable is-défined
throughout 1its entire time of existence by an equation which
predicts the process with unit probability. On the other hand
a.stochastic_prqcess devélops in time due, wholly or. in part,
to a random mechanism and can only be predicted with a pro-

bability of less than one.

A stationary time series has a mean and variance
that are constant in time. This concept is defined more

rigorously in.Section 2.1.

Persistence is "the existence, at some (time) lag
k, of a serial correlation coefficient R(k) which is signifi-

cantly greater than zero with some level of assurance." (11).

1.3.1 Applications in Hydrogeology

The first workers to consider the groundwater hydro-
graph as a time series were Remson and Randolph (37). By
fitting a least-squares line to the trend component of a
hydrograph, they showed how certain aquifer constants could

be estimated. Meyboom (28) later used the same method.

A stochastic process can be analysed by two
approaches, that of the time domain and that of the frequency

domain. Time-domain analysis shows, by the use of correlation
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functions, to what extent points on the hydrograph are
related to each other in time. Freéuency—domain analysis
assigns the observed variance of the random component to an
infinite number of periodic components with a continuous
distribtution of frequencies. It is actually a modified form

of classical Fourier analysis.

Gilliland (l6)lwas the first hydrogeologist to employ
the time-domain methods of time-~series analysis. He showed
by the use of auto- and cross-correlatiqn functions how to
determine whether small fluctuations in ground-water hydro-

graphs are due to barometric or evapotranspiration effects.

Frequency-domain analysis of one variable is more
familiarly known as power-spectrum, or, preferably, variance-
spectrum analysis. Julian (20), suggested that its use in
geohydrology would be in the analysis of "ground-water
fluctuations in an effort to study natural regulatory processes."
More generally he stated that it can be used for detecting

non-random components in a time series and for digital simula-

tion of time series.

The frequency'analysis of the covariance of two time
series is known as cross-spectrum analysis. From the cross-
spectrum and the individual spectra of the two time series one
can compute the coherency spectrum, vhich measures the
correlation between the frequencies of the two time series.

Julian (20) has suggested the use of the crosc-spectrum and




the coherency in those cases which are suited to regression:

and nultivariate analysis.

The application of these spectra to groundwater
problems has been pioneered by Eriksson (12,13). Using
groundwater levels from a riparian esker, a glaciofluvial
deposit, and lccal air temperature, streamflow and precipita-
tion records, Eriksson féund strong persistence in the ground-
water, air temperature and streamflow records, but noted that
precipitation was almost randomly distributed in time.
Furthermore he developed a stochgstic model of the water
balance of the esker, assuming that the groundwater reservoir
was in steady-state, to give estimates of the mean annual
infiltration of the esker. Both spectral and coherency analysis
showed that at high frequencies wells are more representative
of local fluctuations in the water balance than regional ones.
This has obvious importance in observation well network design.
Complementary to this Eriksson showed that groundwater levels

are more sensitive to long-term changes, that is low fregquencies,

than are river stages.

1.3.2 Application in Climatology

Of those climatic variables which most affect the
water balance of a regicn, precipitation and air temperature
are the most important. In examining groundwater hydrographs
for non-random components it ié necessary to be aware of what

non-random periodicities may be contributed by these climatic

variables.




Landsberg, Mitchell and Crutcher (23) analysed
both short and long records for periodicities in precipitation
and temperature. They showed that any six-week record of
daily precipitation, regardless of the time of year, had a
unique spectrum. That is the spectrum for any particular six-
week season varied widely from year to year, with no particular
periocdicities common to all spectra. However, for several
5-year long récords of daily temperature and precipitatién,
they observed periodicities of approximately 20 days, of 5-7
days, and, for precipitation only, of 3 days. The lesson to
be learned here is that it is eaéier to detect periodic signals
when large data samples are used; that is the signal-to-noise
ratio increases with record length. The physical importance
of the 3-day period was ascribed to a little-understood rapid-
pressure wave of this period. However the more familiar 5-7
d#y periodicity is attributed to the "long waves in the

westerlies, first described by Rossby."

Dickson (9) showed that the latitudinal position of
major anticyclones over the North American continent was an
effective control of the periodicities of mean daily tempera-
ture that could be observed at any North American climatic
statioh. If the anticyclone is situated north of the sixtieth
parallel it blocks the path of the atmospheric circulation and
causes "a southward displacement of the upper westerlies,
bringing frequent temperature changes to many U.S. stations"

(10). This "high-latitude blocking" is therefore favourable

N




to short-period escillations of less éhan ten days. Dickscn
also noted that.an amplification of the normal summer, upper-
levei anticyclone over Horth America favoured periodigities

of greater than or equal to 20 days at U.S. statioﬁs, while
dampening cycles of a shorter period by deflecting the
vesterlies northward. "Such a pattern has long been recoghized
as being both a very peréistent summer pattern and one

associated with drought conditions in the nation's interior™ (9).

1.4 Objectives

The objectives of this study are to use time series
analysis to: (15 identify, by correlogram analysis, nonrandon
components in the climatic variables.affecting the groundwatier
flow system and in the hydrogeological variables associated
with evapotranspira%ion from the flow system; (2) seek a
stochacstic model of the Markov type to describe these hydro-
geological variables; (3) develop a statistical filter to

extract the hydrogeological signals from the attendant noise.




. CHAPTER 2
MATHEMATICAL METHODS

In order to identify nonrandom components in a
time series 1t is necessary to compute the sample auto-
correlation and/or spectral density functions of that time
seriesf . Here the sample autocorrelation function is also the

basis for the development of the stochastic model and the

statistical filter.

2.1 The Nature of Stochastic Processes

Let T be some arbitrary infinite set and let X(t)
be some function on T. In mathematical ﬁerms therefore
{X(t) : teT} is a random or stochastic process "in which the
set T is the region of time over which the process is defined

and the time parameter t belongs to T, the index set of all

possible values" (22).

If the sample values x(tl), x(t)2 ......x(tn) of the
stochastic process from the populations X(tl), X(te)...X(tn)
are statistically independent of one another, the sequence is
described as pure random. However if the seguence is
internally dependent, that is, serially correlated, then 1t 1is
described as nonpure random or stochastically dependent. As
Kisiel (22) has suggested "we note a spectrum of different
processes is possible in naturé, ranging from a pure deter-

ministic process to a pure randon process. "




It Flx(t)]| is defined zs the distribution functicn
of %X(t), that is

-
]

Flx(t)] = P{x(t)<x(t)} - 2.1

then the joint distribution function of a n-dimensional ranrndom

variable may be defined as
F[x(l),x(z),...x(n)]=P{x(tl)<x(1),x(t2)<x(2),...X(tn)<x(n)} 2.2

The left hand side of Eqn. 2.1 expresses the probabiiity thet

¥(t) takes on a value less than or equal to x(t).

If F(x) is a function defined on an interval (a,b)

of a real line, and if (a,b) is divided up into n equal
intervals such'tﬁat B =Xy < Xy < ... <X = b, where

Ax = xj - xj_i for.j = 1, ... n then the Stieljes integral
with respect -to F(x? of a function g(x), as x varies fron

a to b, is defined as
b
f g(x) dF(x)
a

which in discrete terms may be written

lim n
px » 0 ) ele )|F(x;) = Flx;_ )|
i=l

where gi is a point on (a,b) such that xi_l<2i<xi.
From the Stieljes integral the expected value or

mean is defined as

¥

E|x(t)] = T f— x(t) aF|x=(t)] 2.




and the covariance kernal as

K(s,t)=E| (X(s)=u ) (X(t)~u ) |=| (x(s)-p ) (x(t)-u )aF|x(s),x(t)] 2.k

wvhere s and t are particular times and Mg and uy the mean

values of X(s) and X(t) respectively.

As Kisiel (22) has pointed out, if R T 0 then

-

for s # t Eqn. 2.4 yields the autocorrelation function and

its graphical expression the correlogram. Also, irrespective
of the values of u_ and u,, if s = t then Eqn. 2.4 yields the

variance of the process.

1f K(s,t) depends 6niy on the difference s-t, i.e.,
the lag, and if E|[X(t)]| is also constant for all t, then the
process x(t) is said to be covariance'stationary and the auto;
covariance function is denoted by B(L), where % is the lag.
Tt is assumed henceforth that all stochastic processes will
be normalised by -shbtracting their means so that e P 0.

This, of course, does not interfere with their stationarity.

2.2 Variance Spectrum Analysis

Variance spectrum analysis may be considered as the
application of genéralised harmonic analysis to the study of
a stochastic process. Panofsky (31) has stated that the
difference between variance spectrum analysis and ordinary
Fourier analysis is that the former does not ascribe "the
observed variation to a finite number of cycles with discrete
periods, but to an infinite number of small oscillations

vith a continuous distribution of periods.” It is assumed




in the followiné_discussion that domihant periodicities,
for éxample annusl or diurnazl cycles, have been withdrawn
from the time séries, or do not contribute as much to the
total variance of the time series as do the random ‘and non-
pure random components,

If {X(t) : teT} is a stochastic process which is
sgmpled in‘the frequency'range 0 tp w', then the total
variance of the process in this frequency range 1s given

by H(w'). Obviously H(w') is a cumulative distribution
function.

If the function g(w) is now formed, such that

g(wo) = H'(wo), where H'(wo) is the derivative of H(w) at W
then g(w) is a probability density fdnction and
. w O )
H (wy) = g(w)dw 2.5
0

Since it is convenient to work in positive wvalues

of frequency, the following even-valued function is defined

glw)/2 if w > 0
h(w) = { 2.6
gl-w)/2 if w <0
which is called the spectral density function. Therefore
“o “o
B (wy) = glw)dw = 2 h(w)dw 2.7
0 0

The relationship between the theoretical auto-
correlation function p(%) and the theoretical spectral densitiy

is given by the following Fourier integral transforn pair:




rm
h (w) = 5% p(2) exp (-i2w) 41
) e
1 [
== p(L) cosws df 2.8
‘0
p(8) = ( h (w) coswsf dw
‘0

The plot of h(w) versus w is called the variance
or power spectrum, while the plot of p(2) versus ¢ is called
the correlogram. An oscillation of period 2* or frequency
w* = R,*/QTm where T is tye maximum value of the lag, will
have a peak on the correlogram at 2* and on the spectrum at
w*. If the spectrum is constant for all w, that is the
stochastic process is truly random, it is called a wvhite
noise spectrum; if the spectrum has a concentration of

variance in the low frequencies then the process is called

red noise.

2.3 The Estimation of Spectral Density

Before estimates of any of the necessary functions
vhich are needed in time series analysis may be made, it is
necessary to call upon the theofy of ergodiecity and, in fact,
make the assumption that the sample time series available is
representative of all the possible time series for that time
periocd and spatial area. Hannan (17) has shown that by the

ergodic theorem that if {X(k)} is covariance stationary and




if {y(k)} is 2 samplc taken on K at k == 1, ... n, then for
large n the estimate of the mean of y(k) is given by
_ n
y = (1/n) ) y(k) 2.9
. k=
and its estimated autocovariance function (acvf), that is the

estimated covariance kernal, 1s

: n<4
clr) = (1/(n-2) ¥ (y(x+2)-¥)(y(x)-y) 2.10
k=1

It is much simpler to calculate C(2).-by first
forming x(k) = (y(x)-y)/o, k =1, ... n, where o is the
standard deviation of {y(k)} so that x = O and og(x) = 1
((19) p.184). This procedure is called standardisation.

Tf the autocorrelation function (acf) of {X(k)}
at lag % is defined as

p(2) = B(2)/B(0) 2.11
then the estimated acf is

R(2) = c(g)/c(o0) 2.12
where B(0) and C(0) are, respectively, the theoretical and
estimated variances of {X(k)}.

Therefore the estimate of the acf, R(£), is a
function which assumes values not greater than +1, and not
less than -1, and is a measure of how points lying £ units

apart influence each other. It is simply an adaptation of

the product-moment corrclation coefficient for the analysis

of points in time.




A ravw estimate of the spectral density at lag ¢

is given by Blackmazn and Tukey (6) as:
T =1
“m

v(g) =c(0) + 2 'Z {c(j) cos (23m/T )} + c(r, ) cos(mns) 2.13
35 1

Here 1 < Tm < n is the maximum value of the lag and V(&) is
the raw estimate of the variance spectrum at the frequency
f = 2/2Tm. Egqn. 2.13 is'simply the discrete form of the
expression for h(w) in Eqn. 2.8.

However thece raw estimates do not give a satis-
factory estimate of the true variance spectrum because of
the small sample size, and so it is necessary to form a

. * . -
"modified apparent acvf", C (2), ((6), p.12) and to use this

in calculating a smoothed version of the true variance
spectrum.
Therefore define

c*(z) = ¢c(g) D(2) 2.1h4

where D(2) is a lag window weighing function such that
D(0) = 1, and D(&) = 0 for all & > T , where T is the maxi-
mum lag. Kisiel (22) has suggested that the optimal maximum

lag is 10% of the record length.

A commonly used lag window is the "hanning" window:

D(g) = 1/2(1 « cos(wﬂ/Tm)) 0 < & < Tm 2.15




-]

1

Therefore the "mcdified apparent acvf" is

% ’ :

¢ (2) = 1/2 c(2)(1 + cos(aw/T )) 0 < & < T 2.16
= 0 2 =2 T

m

The smoothed spectral density estimate is
T -1
mn .

G(s) =c(0) + 7} C(j)cos{(zjn/Tm)(1+cos(jn/Tm))} "2.17

j=1

Agterberg noted (1):

"Phe individual values G(2) can be considered as
estimators of a smoothed version of the under-
lying true (variance) spectrum Pt(z) with

(2]

Average P(R) = Q(g + 21) Pt(l)gzl

-

where Q(%) is the bell-shaped hanning response
function with a main lobe that is 2/T_ freguency
units wide." n

2.4 The Method of Filtering

The derivation of the linear, statistical filter
used in this study is due to Agterberg (1) and is based on

the theory of Yaglom ((43), Charter 5).

It is assumed that a signal-plus-noise model
represents the structure of hyd?ological observations. This
means that the hydrological variabie ¥(k) is assumed to be
composed of two components -- a signal, S(k), and a pure
random component that carries either no information or

undesired information, (k) -- the noise. This process is

represented by {#(k)} = {s(x)} =« {r(x)}.
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The protlem at hand here is given a sanmple {x(x),
k=1, ....n} to filter out the.noiéc n(k) for all k to leave
the signal s(k). The noise may be a sampling error and/or
some random fluctuation in sampling that makes the observed
values something other than deterministic. The observed

values are simply the sum of these two.

In the model it is assumed that {X(k)}, {S(k)}, and
{N(k)} are all covariance stationary with zero means. Also
it is assumed that the signal and the noise are uncorrelated,
i.e., E|s(x)N(k)| = 0. Therefore, if B(%2) represents the

theoretical acvf, then

By(2) = Bg(2) 2] > 0
2.18
B,(0) = Bg(0) + B,(0)
Given a sample {x(k), k =1, ... n} for which the

sample acvf Cx(z) and the sample acf Rx(z) for & = 0,1,...T,
are known, denoted the sample acvf's for the signal and noise

as Cs(l) and Cn(z) respectively, then cs(z) = Cx(l) for |2]>0.

However to design the filter it is necessary to
know RS(O), the sample zero-lag acf, and CS(O) wvhich are
estimated as follows. dalculate the sample, signal acf by
R () = cs(z)/cx(o), where C_(0) = c (o) + ¢ (0) for all
|2]>0, that is assunme c (2) =0 for all |2]>0. Then R_(0)
equals CS(O) times a constant. RS(O) js estimated by finding

the least-cquares fit to the points RS(Q)or, in fact, Ry(z).




It is now necessary to consider a model for the
curve of the correlogramn, RS(Q). Cénsidering what was said
in Section 2.2 on the minor importance of periodic components
in this context, there is.reason to believe that a simple and
adequate model of nonpure randon hydrological and climato-
logical time series is the first-order Markov process. Amongst
the geophysica% time series that have teen successfully
modelled by a first-order Markov process are daily precipita-
tion (22), the water balance of an esker (12), annual minimunm
streamflow discharges (24), and evaporation from and the air

temperature above a lake (LL).

The acf of the first-order Markov process 1is an
exponential function, and the following form used by

Agterberg (1) allows an efficient curve-fitting approach
R(2) = ¢ exp(-a|2]) 2.19

The curve is fitted by leasti-squares technique to Rx(z),
£ =1, ... m where m is that lag such theat R(z2) > 0 for all

2'= 1, ... m and R(m+1) < 0. If all values of the acf are

positive then m = T, the maximum lag.
Therefore R(0) = ¢ is the estimate of RS(O).
The equations to derive c are developed by taking

the natural log of Egn. 2.19 and performing a simple linear

regression, therefore

R(2) = ¢ exp (-als}])




becomes
in|R(2)] = 1n ¢ -a|2| 2.20
then
m _ m 5 2 .
a = {) (1n R(2)*2) = me2» 1nR(2)}/{ )} (£%)-mes } 2.21
=1 =1

and

nN
L]

[}9]
n

¢ = exp (InR(2) - a+%)

To summarise a least-sqguares line is fitted to the
acf Rx(z) and extrapolated back to lag O where RS(O) = c,
Rn(O) = l-c, and Rx(O) = RS(O) + Rn(O). Rn(O) is a measure
of the sampling error and RS(O)/Rn(O) is called the signal-

to-noise ratio.
The filter b(2) is .that function of & such that

for all k

s(k) = () x (ks+g) d2 2.23

[=-]

The problem now is to find s(k) in terms of x(k) by the dis-

crete form of Egqn. 2.23

(-]

s(k) = Y b(2) x (k1) 2.2k

£, =ec

so that the sum of the squares of the residuals n(k) is
minimised. 1In the words of Yaglom ((43), p.128) "we nzy
finally reduce the solution of the linear filtering vroblez

to the solution of the following system of linear algetraic

equations:”
o

} b(2)R (r-2) = R (k)

s

o
ny
A\ |

g ==




- =
! -

vhere k¥ == -=h, ~-h+1,...0,....h.
If a and ¢ of Eqn. 2.10 are known then the solution

for Egn. 2.2k is given by Agterbverg (1) as

b(2) = q exp (-p|2e])
where p =V a2 + 2ac/(1-c) 2.26

and T q = ac/(1-c)p

Since Egn. 2.23 is really a sum of the x(k)'s with
the weights b(%), then for some lag, & = a , such that b(2)<e
for |%2]>a, where e > 0 is arbitrarily small, then

o

s(k) = J  bl2)x(k+s) : 2.27
f==0 ’
m .
To find o consider £H = % ' b(2) ~ and choose € > 0 and let
R ®
o be the value such that
a
[zH - ]  b(&)] < e 2.28
L= =-a

This b(2) is a symmetrical, bilateral exponential
filter such that b(g) 3 0 for all &. Then, assuming Eqn. 2.28

holds true, for all |2|>a then at least 0 < h(%) < e/2. This

regulates the error term.

To show that TH exists write from Eqn. 2.26

o]

sHo=q ] exp (-p|i])

g==o

= q 4+ 29 ) exp (-p|2])
g=1

Sirnce |exp(-p)| < 1 then from the sum of = ceometric series




)
(V]
no
1

IH = g ¢ eq{exp(-p)/(1 - exp(-p))} 2.30

A correction is necessary-to keep the total sum of
the weights constant in going fron Eqn. 2.24 to 2.27. To

acconmplish thig introduce '(2) suen that

2'(8) = sH-b(g) /¢ f b(g)) 2.31
L=-q

o
Therefore yy = 5 b'(£) and the total weight ig unchangeq.

Consequently the final estimate Of the signal is

where Py is the lag one acr coefficient, ang nl2] is a

stationary randon function.

The theoretical Spectral density jig

(Var{x(1)1)(1-2)
h(w) = 0 2.35

n(l+p§ - 2plcosw)

This has a maximum at w = 0 given by

|
g




h(0) = ] 2.36

By convefting froem angular frequency co-ordinates
and by standardising the data so that Var{X(%)} = 1 the

numerical expression for Egn. 2.35 is
' 2 2
h(f) = (1-p7)/(1+p] - 2p; cos (27f)) 2.37

for =1 < 0y § + 1.
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CHAPTER 3
THE EYPERIMENTAL SITE

An experimentallsite was instrumented at Delta,
Manitoba (Figure 3.1, p.35) during the summers of 1970 and
1971 to study diurnal fluctuations of groundwater hydrographs
and their climatological causes and effects. The site had
been used previously by Gilliland (16) in his studies of the

cause of small fluctuations of the water table;

3.1 GCeology and Hydrogeology

Delta lies in the middle of the Manitoba plain,
whose.physiography has been described by Bostock (7) as
follows:

The surface of the Manitoba plain has an elevation

of about 800 feet and is very gently undulating to

flat. It is largely covered by lakes and includes
most of Lake Winnipeg. In the southern part its
features have been smoothed over by the deposition

of the clays and silts of glacial Lake Agassiz.

The surficial‘geology of the Delta area (Figure 3.2,
p.36) has been described by Gilliland (16):

The silty clays of Lake Agassiz are overlain by

more recent alluvial. deposits which grazde sharply

from sands in the old river channels to silts and

clayey silts outside the channels. The zlluvial
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PROVINCE OF MANITOBA /

Lake Winnipeg,

Lake Manitoba

DELTA AREA

e Brandon Fortage 1a Prairie e Winnipeg

Scale 1”- 64 mi.

95°W
FIGURE 3.1 - MAP SHOWING LOCATION OF DELTA AREA, MANITOBA
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silty deposits are widespreazd and, to the eye,
uniformu.

The Delta area is a groundwater discharge area "in

which the water table lies beneath both the mean level of

Lake Manitoba and the piezometric surface of the underlying
bedrock aguifer"™ (16). The area is drained by several channels
which lead to Lake Manitoba and which are ephemeral, floving

only after snowmelt in the spring.

Each summer since 1967 various existing observation
wells have been instrumented with Leupold Stevgns type F water
level'reco£ders. - Lithological loés and details of the well
construction are given in Appendix A, hovever, a brief des-

cription of each is presented.

Well K-1 ;its in an ephemeral stream channel composed
of alluvial sands resting on clays.and silts (Figure 3.2, p.36).
Well D-1 stands on relatively high ground between two ephemeral
stream channels and penetrates seven feet of alluvial silts
and clays which sit on top of the Lake Agassiz clays. Although
D-1 is in the groundwater discharge area of the regional flcw
system,‘it probably forms an ephemeral recharge area for z

local flow system during wet spells (Figure 1.1, p.3).

Tn his time series analysis of water-level fluctua-
tions at Delta, Gilliland (16) assumed that each ground-water
hydrograph, H(t), was composed of a sinusoidal, periodic

signal, S(t), and a Gaussian randonm noise, (t). By cross-




correlating the hydrographs with a diurnal, unit impulse,
i.e., one with a period of one day, and then computing
theoretical and actual, signal-to-noise ratios, Gilliland

was able to identify which wells were fluctuating due to

diurnal, evapotranspirative effecfs. Although the evapotrans-
pirative signal was indeed cinusoidal, Gilliland found that

the noise was not Gaussian and attributed it in part to

natural recharge bj rainstorms. Those wells with sinusoidél
amplitudes of the same order as the product of their barometric
efficiency and the amplitude of the fluctuation of the baro-
metric pressure were assumed to be responsive to barometric
rather than evépotranspirative effects. Both K-1 and D~1 were

jdentified as fluctuating due to evapotranspiration.

Furthermore Gilliland shoved that for wells with
water levels fluctuating due to evapotranspiration, the phase
and the amplitude of the fluctuations were linear functions
of the depth, indicating that the transport of water to the
surface from the water table is a quasi-linear process when

long (approximately 100 days) time periods are considered.

3.2 Climatology
The climate of Southern Manitoba is typically con-

tinental -- warm and humid in the summer, cold and dry in the

winter. The summer climate is summarised in Figure 3.3. p.3

There are various ways of demongtrating this con-

tinentality. Barry and Chorley ((4), p.197) showed that by




FIGURE 3.3

Summer Climate of Southern Manitoba, 1967

June July Aug.
Rainfall %
in inches 1.08 3-2h 139
Mean Daily o '
Temp.* (deg. T) 62.6 67.9 6Lh.7
Class A Pan # % 7.11 8.06 T 47

Evaporation (in)

*
Indicates measured at Portage la Prairie

*® %
Indicates measured at Gimli

Sept.

0.40

60.3

6.39

Source: Monthly Records, Meteorological Observations in
Canada, Canada Department of Transport, Meteoro-

logical Branch, Toronto.
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use of Conrad's index, which depends on the annual tempera-
ture range and.the latitude, that Manitoba has the strongest
continentality of anywhere in North America south of the 60th
parallel. Polowchak and Panofsky's (34) spectral analysis

of daily temperatures showed that the geographical distribu-
tion of summer and winter variance in North America is also a
continentality index, in that the variance maxima are con-
centrated from Ontario to Alberta. In this case the spectra
are expressing the pronounced fluctuations in daily climate

that is the essence of a continental climate.

The precipitation and moisture balance regime of
the Prairie Provinces is dictated by the summer precipitation,
which accounts for 40% of the annual total. According to
Barry and Chorley'((h), p.201) the wettest period is "commonl&
in late summer or autumn when depression tracks are in higher

middle latitudes."

At K-1 a climatological station was established to
continuously record barometric pressure, relative humidity,
air temperature, and precipitation. The instruments employed
were, respectively, a Short and Mason microbarograph, a
Lambrécht hygrotherhograph and a Kahlsico Hellman raingauge.
Furthermore a Class "A" U.S. Weather.Bureau Evaporation Pan

was installed to measure hourly, free-surface evaporation

using an electronic sensor.

3.3 Vegetation

Crasses of the genuses Carex and Scripus are pre-

dominant at the Delta site.
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CHAPTER 4
DATA PROCESSING AND ANALYSIS

4,1 Data Processing

Observation-well hydrographs for the summers of
1967-1971 at Delta were examined for continuity and quality.
This involved selecting only those periods of record, showing
diurnal fluctuations, which lacked gaps due to instrument mal-
function and for which the pen-trace quality permitted
accurate estimates of R and As. On this basis the following
"evapotranspiration seasons" were chosen for analysis --

June 1 to September 21, 1968 at K-1, June 16 - September 10,
1970 at D-1, and June 15 - September 3, 1971 at D-1.

Values of R and As of Eqn. 1.1l were taken from the
hydrographs and used as input to computer program WHIfE
(Appendix B), which computed daily values of Q, the ground-
vater evapotranspiration. On those days on which the hydro-
graph rose due to rainfall infiltration or to a Lisse Effect
and thereby obscured the true value of R, the groundwater
jnflow rate, R was set equal to zero. This involved 17% of
the values at K-1 in 1968 and 12% of the values for 1970 and
1971 at D-~1.

Values for the specific yield of the aquifers, Sy’
af K-1 and D-1 were taken from data suggested by Meyboom (30).
K-1, being a fine-grained alluvial sand, was given a specific

yield of 15%, while D-1, being an alluvial clayey silt, was

given a value of 10%.




The climatology station at K-1 provided the data
for the calculation of méan daily temperature (E)‘and daily
precipitation (P) for the éummers of 1970 and 1971. For the
summer of 1968 values of T and P for the Delta Wildfowl
Research Station, two miles north of K-1, were taken from

the Meteorological Service's Monthly Record (3).

4.2 Tdentification of HNonrandom Components

Time series of Q, R, T and P for the three seasons
(Appendix C) ﬁere first standardised by subtracting their
means and dividing by their standard deviations. Henceforth
these shall be referred to as Q(t), R(t), T(t) and P(t)
respectively. This necessarily made the.variance of each
variable, C(0), equal to unity, with ﬁean zero. The sanmplec
acfs of these series were computed by Eqn. 2.10, which is
strictly the acvf however since c(0) = 1 by standarisation,
then R(2) = C(2) (see Egn. 2.12). Estimates of the spectral
density were computed by Ean. 2.17. The theoretical acf,
o(2), was computed by Eqn. 2.3L4, wvhile the theoretical specctral
density, h(f), was computed by Eaqn. 2.37. These computations

were performed by program SPECTRA (Appendix D).

A test of significance for R(2) has been given by

Eagleson and Lariviere (11) as

* 2,1/2 '
rk~tp/(v.-— tp) L.l

o
u
O
3
i
o
1
i
N
t
o)
0]

where v is the number of degrees of frecdem - o




the Student's vaeriable at exceedence ﬁrobability, 1-7, Ty
is the value of the acf at lag k which nust be exceeded for
significance at the chosen level P. For a nonrandom time

series v is replaced by v' such that

v o= (n-2-2)/(1+2r§+2r§+ Ceees) L,2

However if the time series is assumed to be generated by a

first-ordetr Markov process.then
" — 2 .2
v! = (n-2—2)(l—rl)/(l+rl) 4.3

The results of that part of the thesis directly
concerned with the identification of nonrandom components in
the time ceries are shown in Figures 4.1 to 4.8, pages Ly - Lo,
Each figure sﬁows either the sanple dqrrelogréms or spectra
of a particular variable over the three seasons. The correlo-
grams, Figures L.l to 4.4, pages hh‘and 46, show R(£) =nd p(2),
with the af&rementioned significance test calculated for
various lags by Ean. 4.1. The equation of the stochastic
model (Eqn. 2.33) is also listed, with its acf, o(%2), shown
by the dashed line.

The spectra, Figures bL.5 to 4.8, pages 46 - L9,
show values of G(g&) and h(r). The x-axis of the spectrunm
is calibrated in both freguency units (cycles per day) and

in periodic units (days per cycle).
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4.3 Stochastic Modelling of Q(t) and R(t)

In order to test the adeguacy of the proposecd
stochastic models of the signals of Q(t) and R(t) (Zqn. 2.33),
it ic necessary to apply statistical tesis to both the

correlograms and the spectra.

The small sample size (n) of most geophysical
records leads to less damping in the sample correlogram than
in the theoretical one, because the sample autocorrelation
coefficients are inflated by sampling errors which would
approach zero as n approaches infinity (24). This dis-
advantage is part of the reason why the statistical testing

of correlograms is less satisfactory than that of spectra.

Quenouille (36) has suggested the following goodness~-
of-fit test for Eqn. 2.33, the stochastic model of the signals,

such that the value of chi-square associated with the kth order

autocorrelation coefficient is given by

xi = (n-1<)1:<§/(1-R(1>2)2 ‘ 4.l

where R2 = R(x) - 2R(1)R(k-1) - R(l)gR(k-Q)

k
If
gm X2 > X2 )
« 4.
k=1 k Tm (=) >
where the right-hand term is the value of the chi-sguare with
confidencé level « and Tm degrees of freedom (Tm = the maximum

lag of the acf), then the first-order Yarkov process 1s
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rejected. Figure 4.9 (p.s52) shows the results of this

goodness-of-{it test.

A further test of the suitability of the proposed
stochastic model may be carried out by using Tukey's sampling
theory (22). This test involves determining whether any of
the sample spectrum estimates are significantly different
from the proposed fheoretical spectrum value of the first-
order Markov process (Egn. 2.37). Confidence limits for
chi-square~-distributed values of G(2) have been given by
Panofsky and Brier ((32), p.145). By using the computed 95%
confidence level it is possible to identify significant
spectral peaks, and by using the 5% confidence level it is
possible to pick out significant spectral gaps. There is
only a 5% probability that a sample spectrum estimate will
be larger than the 95% confidenée level and smaller than the
5% level. The six significant spectral estimates are shown
in Figures 4.5 to 4.8, pages 46 - 49, by horizontal dashes

with the accompanying confidence level.

4.4 Development of the Statistical Filter

Program SPECTRA was sO written that after analysing
fhe time series of Q and R for nonrandom components it would
then subject each to the method of statistical filtering

described in Section 5.4, Values of a and c, the regression

coefficients in Egn. 2.19, wvere computed bty Eans. 2.20, 2.21

and 2.22. In this way the acf of the zignal was built into




Timwe Series kZm xi x% (0.1) Results at 90% level
= m
Q,K-1, 1968 25.17 - 17.28 rejected
Q.D-1, 1970 "12.724 14,68 accepted
Q,D-1, 1971 bhohT 13.36 accepted
R,K-1, 1968 50.02 17.28 rejected
R,D-1, 1970 33.89 14.68 rejected
R,D-1, 1971 15.79 13.36 rejected

Figure 4.9 Goodness-of-Fit Test for proposed
Stochastic Model
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the filter, which was then derived by Eqn. 2.26. The =rrov

term, € (Eqn._2728), was fized at 0.05. Figure L4.10 1ists

values of a, ¢, p, and g for each time series of Q and R.

By filtering the standarised values of G(t), and

b,11

2
D
v

R(t), the signal, s(k) of each series is given. Figu

{3}

to 4.13, pages 55 - 57, show the seasonal pattern of th
filtered values of Q and R, with T, P and weekly water table
depths. Periods of infiltration and Lisse effects are notel

by 'I' and 'L' respectively.
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CHAPTER 5

DISCUSSIOR

The procedure described in the last chapter assumed
that the trend and periodic components of the time series of
Q and R were absent. That is it assumed @(t) and R(t) to be
random, which was then cﬁecked by the computation of corre;o-
grams and spectra and found to be incorrect. The tools by
which the nonrandomness was identified were then used to |
filter out this nonrandom signal, and were further used to

determine whether the proposed stochastic model was suitable.

5.1 Assumptiohs

Tvo assumptions were made by White (42) in deriving
Equation 1.1. In the first case he éssumed that R, the
groundwater inflow rate, remained constant throughout the day
and, second, he implied that there must be instantaneous dis-
charge of Q, the evapotranspiration from the groundvater body.
Hydrograph analysis of K-1, 1971, showed that while there is
persistence between values of R one day apart it was quite
common for the'rising 1imb of the hydrograph in the early
morning to have a different R than that of the rising limbd

late that night (Figure 1.2, P. 7).

Similarly the second assumption is not strictly
fulfilled since the vertical transport of water from the

water table to the plant stomata takez place in a finite

time (29).




Nevertheless the nonfulfillment of these two
assumptions is not of critical impo?tance since the guantitis=s
of Q@ and R are not the primary interest in the study. All
that is required is a consistent method to permit analysis of

their time distribution.

There are several assumptions concerning Agterberg's
filter which merit discussion. One of these is conceptual,
that of the validity of the signal-plus-noise mcdel, while the

other are concerned with the stationarity, normality, and

ergodicity of the data.

The validity of the signal-plus-noise model, which
has already been touched upon in Section 2.k, may be confirmed
in the light of the errors just discussed which are intro-
duced in extracting the data from the hydrographs. These
errors may then be considered as white noise which is un-
correlated with the signal and must be filtered out. Further-

more there are the actual sampling errors incurred azt the
observation well.

Covariance stationarity may usually be approximated
by standardising the time series, furthermore the dynamic
eéquilibrium model of the hydrologic regimen of the discharge
area presented in Section 5.6 suggests that the data 1is at
least homogeneous. This model states that the water table
will fluctuate in a zone of limited depth beneath the ground
surfece, conseguently extreme nonstationarity in the

time series, both of which depend on Gepth, will be avoided.




The normality of the data is generally regarded
as important in the significance and the gooduess-of-fit
tests. VWhile Q, 1968 and Q, 1971 of the hydrogeological
variables were both skewed, McDonald (26) has presented con-
vincing evidence that the climatologist and hydrologist
interested in correlation analysis need not be ovefly congerned

wvhen their data does not apprdximate a2 bell-shaped curve.

Ergodicity, as Kisiel (22) has noted, is impossible
to establish since the ensemble of samples of any hydrologic
process is never available. Consequently an attempt to
satisfy érgodicity was made by using three evapotranspiration
seasons from two sites in the discharge area. Such an approach
should minimise the liklihood of purely local effects having

a dominant effect on the results.

5.2 Nonrandom Climatological Components

The two climatological variables responded quite
differently to the weather and atmospheric circulation
associated with eabh of the three summer periods. As Lands-
berg and ﬁis co-workers (23) noted the three precipitation
seasons each have their own spectral signature which are all
basically random (Figure 4.7, p.h8); The correlograms
(Figure 4.3, p.hs) have only one statistically significant
value, R(9) in 1970, and this is a chance correlation due to

the occurrence of two of the summer's major storms being nine

days apart.




In contrast to iLhis strong fandomness, the tenmpera-
ture correlogranms (Figure 4.4, p.45) showed one- and twc-day
persistence, which can be viewed as a measure of the local
residence time of air masses, and significant 6 to 7 day
cycles, due to the aforementioned waves in the westerlies.

The temperature spectra (Figure 4.8, p.49) are all rather
similar, e;pecially 1968 and 1970,vwith most variance ccn-
centrated in the low-freguency or long-period range of gréater

than ten days, the so-called red noigse spectrun.

The summer of 1968 was a particularly interesting
one with sfrong westerly flow from June to mid;August which
weakened with the growth of high-latitude blocking leading
first to a trough (Sept. 3-7) and thén to a dominant ridge
over central'North America in mid-September (2,35). The
westerly flow and the high-latitude blocking account for the
significance of R(T) in Figure b.ha, p.45, while the anti-
cyclone of September gave the fine hot weather which produced
the large values of Q (Figure 4,11, p.55). The dominance of
the low fregquencies in the spectrum is probably due to a
trend, which in reality is the summer portion of the arnual
temperature cycle, however since the cycle is not complete
it is ascribed to a zero frequency oscillation.

The persistent, continental, anticyclonic conditions’
of late July and August, 1970 (40) resulted in two-day

persistence at Delta (Figure L4.hb, p.t5) and a concentration of

ur

N

~

variance in the low-fregquency portion of the spectra (ri

W]

4.8b, p.49), as predicted by Dickson (3).
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Given what has been said above and due to the
absence of published anaiyses of this summer's climate at
the time of writing (Septeﬁber 1971), it is possible and
desirable to speculate briefly on the nature of the climate
of summer 1971 by analysing the appropriate correlogran
(Figure 4.k4c, p.Ls) and spectrum (Figure 4.8c, p.l9). Unlike
1970 the.corrglogrqm exhibits one~day and not two~day
persistence and a stronger 6 to 7 day peak. The spectrum has
a damped low-frequency component. These factors suggest
generally cool and very changeable weather dominated by the

westerlies associated with the noticeable absence of a strong

continental, summer anticyclone.

5.3 Nonrandom Hydrogeological Components

It is now opportune tc recall the ¢oncept of
dynamic equilibrium associated wifh Freeze in Section 1.1.
The groundwater flow system is in dynamic equilibrium and
responds to changes in input and output, and therefore storage,
by adjusting the piezometric head distribution throughout the

flow system. This response is manifested by daily fluctuations

in the values of Q and R.

Considering Q first, thelcorrelograms (Figure b.1,
p.L4)Y) show differing responses to temperature. Only in 1968,
a year of strong persistence in E, was there significant
persistence in Q. Again only in 1968 was there a significant
peak in both Q and T in the 5 to 7 day periodicity. The lack

of coherence between the peaks, 5 days for n and 7 for T,




probably reflects the importance of thé depth to the water
table. A T-day‘cycle of T will progressively lower the water
table such that, as Gilliland (16) pointed out, the amplitude
and phase lag of the groundwatcr hydrograph undergéing

evapotranspiration will be significantly altered.

It should be pointed out here that most of the
significant acf estimates for 1970 -are intimately cbnnected
with the fwo Lisse effects which dominated Q and R that sumnmer.
The two- and four-day peaks in Figure 4.1b, p.Ll, are due to
the chance occurrence of two major storms eight days apart.
Generally,'with one exception, the correlograms.for Q and R,
1970 do little.to help develop a more general understanding

of the role of climate in a groundwater discharge area.

The excepfion noted above refers to the persistence
of the first three autocorrelation coefficierts of R. This
is permitted by the large storage of the flow system and 1is
due to daily extractions of evapotranspiration which is
replaced by upward seepage, that is, posiﬁive values of R.
These positive R's reflect a disturbance in the equilibrium
of the flow system, that is previous recharge and/or discharge
events, therefore an adjustment on the part of the flow systen
is required to offset the increase in the head difference
between recharge and discharge areas. The adjustment transfers

groundvater to the discharge area. An excellent example of

-

'-

.
2WINE

this is the period of high R wvalues in September, 1968 fol

the heavy rains of August (Figure 4.11, p.55).




The léyge number of zero values of R at D-1 for
1970'and 1971, that is no upward seepage, probably may te
explained by the fact that the well is in a slight topo-
graphic high and the upward flowing streamlines of thé
discharge area are diverted to the sloughs on either side

of D-1.

. The negative values of R are due to the drainage

of the water table after Lisse effects or infiltration pericis.

5.4 The Stochastic Model of the Signals

To determine the suitability of the proposed
stochastic model of the signals, it was necessary to use twc

kinds of statiéticgl tests.

The results of the chi-square goodness-of-fit test
to the correlograms of Q and R gave Aisappointing results
(Figure h.9,.p.52). Only those time series with R(1) less
than 0.3 were accepted. Similar results vere experienced by
Matalas (24) with streamflow discharges. However the key tc
the results probably lies in the fact that Quenouille (36)
designed the test for large sample sizes, by which he meant
severél hundred'values and not just one hundred.

Much more encouraging results were derived when all
four variables were subjected to the Tukey sampling thecry.
As was noted in Section 4.3 only six values in the twelve
spectra were significantly different at the 90% confidence lzvel

from the spectrum of a first-order Marxzov prccess.
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In summary the results of tﬁe Tukey sampling theory
seem to be both more reliable and more positive and it is
concluded that, as a visual.inspection of the spectra will
confirm, the first-order Markov process adequately hodels

Q(t), R(t) and T(t), while P(t) is obviously random.

5.5 Statistical Filtering of the Signals

The results of the statistical filtering show that
two processes act to give seasonal maxima in the Q time series,
both occurring in the presence of a shallow water table, that

is less than 3 feet, and hot weather.

For i958 (Figure 4.11, p.55) the ma%imum Q was pro-
duced in Septeﬁberlwhen strong upvard seepage at K-1, coupled
with daily maximum temperature in the eighties and a water
table between 2.6 and 3.2 feet were %he principal causes.

TL,ate June and mid-July, 1968 showed similar but less important
examples of this process.

This process probably accounts for the observations
of McDonald and Hughes (25) at Yuma, Arizona (see Section 1.2.h).
They noted that the maximum daily amplitude of the diurnal
flucﬁuations of the water table occurred in October, rather
than when they expected which was in late July, when the water
The ideas developed in this thesis

table was at its deepest.

suggest that the large groundwater inflow rates of October

were a response to the rains of August, September and October

which are a regular feature of the climetology of the U.S.




Soutﬁwest. These maximum amplitudes were therefore due to
the hydrogeological response of the flow system to the
climatic stimulée of infilt}ation in the recharge area and
ninety-degree heat of October causing large consumptive use
in the discharge area. The amplitudes of July were small
compared with those of October because of a lack of recharge

due to the early summer drought of Arizona.

The observation well at D-1 showed very different
responses during 1970 and 1971 than K-1 in 1968. The evaﬁo—
transpiration season 1970 (Figure 4.12, p.56) was dominated
by.two Lisse effects which brought the water table within two
feet of the sg?face, and consequently into the influence of =&
denser root zone network. Maximum témperature in the seventies
and eighties then caused large daily.consumptive use. The
largest value of Q in 1971 (Figure k4.13, p557) was on August b
when infiltration brought the water table to within four feet
of the surface. The difference between the response of K-1
and D-1 may reflect the existence of a local flow system at

D-1, which was suggested in Chapter 3 of this study.

Therefore large values of Q are a function of hot

weather and a factor that brings the water table close to the

surface. In one case this factor is due to climatic effects

»

on the recharge area producing- large groundwater inflow rates.
In the second case it is due to climatic elements affecting

the discharge area, the Lisse effect and infiltration.
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5.6 The Hydrologic Regimen

In the development of his mathematica1 model of a
groundwater flow system, Freeze (1ll) had to assume a steady-
state water table, which he defended on the grounds that the
zone of fluctuation of the water table is small compared with
the saturated thickness of the flow system. Results froﬁ the
present study spggeét wh& this is necessarily true as far as

the groundwater discharge area of the flow system 1is concerned.

In a groundwvater discharge area the upper limit of
the water table is effectively controlled by groundvwater
evapotranspiration and lateral base-flow discharge to nearbdby
streams, both of which increase with the shalldwness of the
water table. The lower limit is controlled by the increase
in piezometric head with depth, which suggests that the
groundwater inflow rate should also increase with depth to the
water table. However, the very factors that control the upper
1imit of the water table become less important as it is lowered

by their action. 1In one case the rate of groundwater evapo-

transpiration becomes insignificant compared with groundwater

inflow rate at depth, while in the other, lateral baseflow

discharge to a stream céases when the water table falls

beneath the base level of the stream. Although these factors

become less important with depth, climatic stimulae occur
which return the water table to a shallower depth. In one

case these stimulae affect the discharge area in the form of

the Lisse effect and infiltration, while in the other case
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they affect the recharge area whence,'by lateral Tflow, dis-

charge increascs in the discharge area.
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CHAPTER 6

CONCLUSIONS

Nonrandom components associated with the weather
and circulation‘of the North American summer climate were
identified in the time series of mean daily temperature and,
in much damped form, in the time series of daily groundvater

evapotranspiration. Daily precipitation was random.

The groundwater variables were adequately modelled

by a first-order Markov process.

Statistical filtering of the hydrogeological
variables showed that seasonal maxima in the daily ground-
water evapotranspiration time series.occurred in the presence
of hot weather and é shallow water table. Shallow water tables
in the groundwater discharge area were associated with either
strong, upward groundwater flow due to a récharging of the
flow system, or jpfiltration or the Lisse effect raising the

water table.

Results from the study explain why the water table
fluctuates within a small range of depth in the groundwater
discharge area, a major assumption of the steady-state,
mathematical model of groundwater flow systems.

The methods used in this study should find ready
application in suggesting sampling times for observation=

well networks, and for studying nonrandom components affecting

the water balance of regions.
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APPENDIX A

Observation Well Data

Well: K-1
Average water leyel, Summer 1967: 3.34 ft below datum
Description: k4-inch casing, gravel-packed, with a S5-foot
long, Lt-inch screen from 4 foot to 9 foot
Lithology:
Depth from to * Lithology ‘Interpretation
’ o 9 feet fine-grained sand Alluvial
9 1k clayey silt Alluvial
1k 19 silty eclay Lacustrian
19 26 silty clay Lacustrian
26 END OF HOLE
Slug-test results: permeability: 2.85 x 10"3 cm/sec
. induced phase lag: 6 minutes

Well: D=1
Average water level, Summer 1967: 3.94 ft below datum
Description: U4-inch casing slotted from 4h.h to 19.3 ft,

gravel-packed
Lithology:
Depth from to | Lithology Interpretation
0 4 feet clayey silt Alluvial
'h T silty clay Alluvial
T 20 siity clay Lacustrian
20 END OF HOLE

S =4
Slug-test results: permeability: 3.84 x 10 cm/sec
’ : induced phase lag: 21 minutes
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APPENDIX C
Data List for Q,R,R, and T for 1968,1970,1971
Q= Groundﬁater, evapotranspiration in ft/day
R = Groundwater inflow rate in ft/hour

P = Daily ppt in inches

T = Mean daily temperature in degrees Fahrenheit
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