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tation in northern California. Dawdy
and Feth (1967) applied factor ana-
lysis to results of chemical analyses
of ground water samples from the
Mojave valley in California. Mata-
las and Reiher (1967) felt that fae-
tor analysis was technically under-
developed, a view seconded by Wal-
lis (1968) who also felt, however,
that the technique was a powerful
tool for screening variables. Rice
{1967) suggested Varimax rotation
as an aid in rationally interpreting
factors resulting from a study of hy-
drologic  relationships. Eiselstein
(1967) used a principal component
regression analysis with Varimax ro-
tation of the factor weight matrix as
a means of synthesizing flow records
for small ungaged watersheds., An-
nual precipitation and runoff data
from 14 watersheds in Ohio and 7
watersheds in Texas were subjected
to principal component and factor
analysis by Diaz, Sewell, and Shel-
ton (1968) in an attempt to identify
the factors affecting the water yield
of the basins. Knisel (1970) used
factor analysis on 13 variables for
five reservoirs in Texas to determine
which variables were significant for
cstimating reservoir losses on the
fissured limestone terrain.

METHODOLOGY

The factor analyses discussed in
this paper were predicated on a
number of conservative assumptions.
First, the communality was esti-
mated by using the sguare of the
multiple correlation coefficient be-
tween each variable and all other
variables in the data set. These com-
munalities would appear alonhg the
principal diagonal of the correlation
matrix.

Alternative estimates of the com-
muunality could have been chosen;
for example, oncs could be inserted
in the principal diagonal. This proce-
dure then assumes that all of the
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variance of cach variable is related
to the common factors of the data
set. The true communality presum-
ably lies between the R* and unity
estimates; thus, the R? estimate is
probably more realistic.

Secondly, the general factor ana-
lysis program used {(BMD 03M) ex-
tracts a set of factors by the principal
components method. These factors
were then rotated so as to concen-
irate the loadings on a few of the
factors. The rotation used was the
Varimax solution, which involves a
series of orthogonal transfermations
of factor pairs. The Varimax routine
is perhaps the most commmonly used
form of rotation.

Rotations were performed on fac-
tors only if the eigenvalues exceeded
unity. In almost all cases, this arbi-
trary but conservative rule ensured
that all factors accounted for at least
as much as one of the original varia-
bles. In order to ensure uniformity
among factor structures on some data
sets, some factor analyses wete re-
peated with a stipulated but rea-
sonable number of lactors to be ro-
tated.

Quantitative factor structure com-
parisons can be achieved by using a
computer program called RELATI.
As discussed by Veldman (1967)
this program accepts as input the
factor loading matrices that were ob-
tained from an orthogonal factor an-
alysis of identical sets of variables.
Then the factor axes are rotated un-
til maximum overlap hetween cor-
responding test vectors in the two
structures is attained. The degree of
rotation required is expressed as the
cosine of the angle between the fac-
tor axes. These cosines may be inter-
preted as correlations between the
factor variables.

Acquigition of the requisite water
quality data sets was an immediate
and troublesome task. Preliminary
investigation revealed sampling in-
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adequacies in frequency, duration,
and number of variables, Data stor-
age and retrieval problems were also
evident. From the mix of public and
private agencies that operate stream
sampling sta’ions in New Jersey, it
was determined that some of the best
sets of water quality information
were routinely collected by large
potable water supply agencies.
Fortunately, an excellent set of
data for the Raritan Basin was
available in the files of the Elizaheth-
town Water Company (EWC(C), one
of the largest private water purvey-
ors in the country, In 1971, EWC
digtributed 117 mgd (441,090 m?/
day) to 44 municipalities in central
New Jersey (EWC Annual Report,
1971). Most of the water (about
759} is diverted from the Raritan
and Millstone Rivers near Bound
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2. Schematic Map of the Raritan River
Basin.

Brook (see Figs. 1 and 2} and the
Delaware-Raritan Canal which flows
parallel to the Millstone.

EWC samples its raw water on a
daily, weekly, and monthly basis for
6, 9, and 17 variables, respectively,
for each of the three intakes near the
filter plant. With the addition of dis-
charge and percent saturation, the
best mix of frequency of observation
and total number of variables is at-
tained with the weekly series.

The Raritan River Basin is one of
the largest in New Jersey, covering
1,100 square miles (2849 sq. km.).
The Raritan River rises in the High-
lands of New Jersey and then flows
eastward through the Piedmont Pro-
vince, The total length of the Rar-
itan ig over 74 miles (119 km.), with
the tidal portion. accounting for 19
miles (31 km.)} or 26%. The drain-
age area just above the confluence
with the Millstone River is 490
square miles (1269 sq. km.)}. The
average discharge for 52 years of
record is T16 cfs (20.3m*/sec.), or
1.46 cfs/square mile (0.016 m?/km=).
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The Millstone River rises in the
Coastal Plain Province, flows west-
ward and then northward through
the Piedmont Province where it joins
the Raritan near Bound Brook (see
Fig. 2). The drainage area is over
280 square miles (673 sq. km.) with
a main channel length of 28 miles
{45 km.). The average discharge for
49 wyears of record is 3566 cfs {101
m®/sec.), or L3R cfs/square mile
(0,015 m#/km*).

Following adjacent to the Mill-
stone and then the Raritan River is
the Delaware-Raritan Canal. By vir-
tue of a U.8. Supreme Court deci-
sion in 1954, New Jersey can divert
up to 100 mgd (377,000 m®/day} of
raw water from the Delaware River
at Raven Rock, ahout 20 miles (32
km.) upstream of Trenton (New Jer-
sey, Commission on Efficiency,
19673 . The water then Nows by gra-
vity through the 55-mile (88 km.)
long canal until it empties into the
tidal Raritan at New Brunswick.
Consequently, Canal water comes
from a basin of approximately 6,350
square miles (16,447 sq. km.), about
13 and 24 times larger than the
caged portions of the Raritan and
Millstone basins, respectively.

ANALYSIS OF THE DaTA

Eleven variables were available at
each of the three EWC stations:
temperature, pH, DO, turbidity,
BOD, color, alkalinity, hardness,
bacteria, discharge, and percent
saluration. The ten years of weekly
observations comprise 5,720 bits of
information at each site, or over
17,000 bits for the three siles. The
data were arranged in calendar year
sets,

The first run of factor analyses re-
sulted in structures about evenly
divided betwren two and three [ac-
tors. In order to preserve year to
yvear conhsistency in interpretation,
the data were factor analyzed again,
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this time specifying that three fac-
tors were to be rotated, The follow-
ing discussion is based on the or-
dered three factor runs,

The cumulative percentage of ex-
planation of the rotated factors is
plotted in Figure 3. The Millstone
decreases from a peak of 779, 1n
1960 to a low of 577, in 1965, aver-
aging 67Y%, for the decade. The Canal
structures vield the lowest percent-
ages of explanation, ranging from
69%, in 1960 to 549 in 1969, aver-
aging 609 for the decade. Although
the decline is not steady from vear to
vear, a pronounced secular decrease
in explanation is apparent for all
three intakes. This decline suggests
an interference in in-stream inter-
aclions among the wvariables, It is
hypothesized that human interfer-
ference might be the causative agent,
in the form of increased effluent dis-
charges and accelerated runoff com-
mensurate with urbanization and
land use changes.

The rotated factor loadings for
selected vears are shown in Table 1.
For clarity, only the highest loading
for each variable is shown. Thus, a
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blank indicates a factor loading less
than .70, a conservative threshold for
significance. The remaining 24 factor
structures that are not shown in
Table 1 are broadly similar to the
six representative structures. The
similarities and differences between
and among the entire 30 factor
structures will be discussed in a later
gection.

The factor structures generally re-
veal the following characteristic pat-
tern: (1) an oxygen-status flactor,
represented by high loadings on tem-
perature, DO, and BOD; (2} an ap-
pearance factor based on turbidity,
color, and discharge; and (3} a third
variable factor, loading occasionally
on percent gaturation.

The oxygen-status factor tends to
be the compenent of greatest statis-
tical importance. Temperature and
DO almost always have the highest
loadings in the factor matrix, usually
about .9. The loadings are inversely
related, which is in accord with the
temperature-DO relationship. Note
in Table 1 that in 1965 on the Mill-
stone this relationship i3 severed, as
temperature and DO split their as-
sociation between two factors. Pre-
sumably, this anomaly was caused
by drought conditions, as 1965 was
the driest year in the 1962-66
drought. Although not shown in
Table 1, temperature and DO were
also separated in 1965 for the Canal.

The second most important factor
in terms of explanation is one based
on appearance, i.e., high loadings on
turbidity, color, and occasionally dis-
charge. Note that bacteria forms
gsome association with the factor in
1960 for the Millstone and Raritan.

High loadings on percent satura-
tion occasionally form a separate
third factor. This last factor gener-
ally offers only half the explanation
of the first factor.

Bacteria, hardness, pH, and al-
kalinity generally exhibit the lowest
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loadings of any of the 11 variables.
Indeed, bacteria is the least related
to any of the other variables in the
data set.

FACTOR STRUCTYURE COMPARISONS

In order to assess inter-basin
and inter-basin changes in water-
shed characteristics, the EWC fac-
tor structures were compared in
space and over time. As mentioned
previously, the computer program
RELATE (Veldman, 1967) quanti-
tatively compares one factor struc-
ture with another as long as the var-
iables are the same and remain in
identical order.

RELATE enables one to indicate
the degree of similarity between fac-
tor structures by obtaining the
cosine of the angle between compon-
ent vectors. These cosine values may
then be interpreted as correlation co-
cfficients. Perfect identity in the
comparisons would be denoted by an
identily matrix I with ones in the
principal diagonal. Hughes (1971)
used RELATE in his study of ma-
jor urban metropolitan systems, As
Hughes states, “The greater the
value of the off diagonal, the greater

‘the difference between the corres-

ponding factors.”

The following three examples
should clarify the discussion. Consi-
der the following three matrices:

System B
I System A 1 0 0
0 1 0
0 0 1

System B
II. System A O 1 0
1 0 0
0 0 1

System B
ITI. System A .80 .05 B0
.05 89 .01
60 02 .80















