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The problem of estimating differences in water
quality between sampling locations, using data from a water
quality sampling network, is addressed. Sodium and nitrate
plus nitrite concentrations measured between 1984 and 1986 at
five locations on the Bow and South Saskatchewan Rivers, vary-
ing from a headwater site to a site below agricultural and
urban Ijegions, are used to illustrate statistical methods.
It is shown that differences between locations can be esti-
mated from these data using models which account for seasonal-
ity due to the hydrological regime. For example, the two
lower stations had significantly different sodium concentra-
tions early and late in the year, but not in the summer. This
case study should be of interest to anyone trying to assess
spatial differences in water quality along a transect or a
river system where data are collected over time at relatively
long intervals (in this case study, one month). It is to be
incorporated into the report of the departmental task force on

the design and assessment of water quality data collection

programs.




PERSPECTIVES DE GESTION

On examine le probléme de 1’estimation des différences dans la
qualité de 1l’eau entre les stations d’échantillonnage, grace a des
données provenant d'un réseau d’échantillonnage pour la qualité de
1’eau. Les concentrations de sodium et de nitrate ainsi que de
nitrite, mesurées entre 1984 et 1986 en cing points des riviéres Bow
et Saskatchewan-Sud, présentant des variations & partir d’une
station en amont jusqu’id une station située en dessous de régions
agricoles et wurbaines, servent & illustrer 1les méthodes
statistiques. On montre qu’il est possible d’é&valuer les écarts
entre les divers points grace a ces données et & 1'aide de modéles
qui tiennent compte des caractéristiques saisonniéres correspondant
au régime hydrologique. Par exemple, les deux stations inférieures
présentent des concentrations de sodium sensiblement différentes au
début et &4 la fin de 1’année, mais non en &té. Cette é&tude de cas
devrait pouvoir intéresser quiconque veut é&valuer les différences
spatiales dans la qualité de 1l’éau le long d'un transect ou d’un
bassin de riviére, dont les données sont recueillies dans le temps
4 des intervalles relativement longs (dans la présente &tude, un
mois). Les résultats de 1'’étude seront incorporés au rapport du
groupe de travail ministériel sur la conception et 1'é&valuation des
programmes de collecte de donnés pour l’estimation de la qualité de

- 1’eau,



ABSTRACT

Five locations on the Bow and South Saskatchewan
Rivers, varylng from a headwater site to a site below uiban
and agricultural regions, are compared for differences between
concentration and flux of sodium and nitrate plus nitrite for
the years 1984 to 1986. The hydrological regime displays
matked seasonality and differences between up;pe'r and lower
locations due to differing sources over the year. Two general

methods of statistical analysis, both of which account for

. Seasonality, are used to compare locations. One method, based

on matching observations made at the same point on the hydro-
logical regime, is used for the three upper locations. The
sampling dates are matched and subsequently the differences
are analyzed using matched pairs procedures such as the t test
or the Wilcoxon signed-rank test. For locations where such
matching of observations 1is not possible, concentration or
flux at the same point on the hydrological regime is estimated
by regression methods and the difference between estimates is
assessed in the framework of regression analysis. Comparisons
between locations, for each of three periods in the year, were
made because the major flow events correspond to melting of
snow on the pairies, melting of snow in the mountains and an
autumnal increase at the lower stations, where irrigation
waters are returned to the river. For the three years of data
analyzed here, differences between the three upper and two
lower locations are large, but depend upon the period of the
year. Differences within the group of three uppér or the
group of two lower locationis also depend upon the time of

year.



RESUME

Cing points sur les riviéres Bow et Saskatchewan-Sud, & partir
d’une station en amont jusqu’a une station situSe en dessous de
régions agricoles et urbaines, ont fait 1'objet de comparaisons pour
évaluer les écarts dans les concentrations et les flux de sodium et
de nitrate ainsi que de nitrite pendant les années 1984 & 1986. Le
régime hydrologique présente des caractéristiques saisonniéres et
des différences tré&s marquées entre les points en amont et en aval,
par suite de la variabilité des sources au cours de l’année. Deux
méthodes générales d’analyse statistique, tenant chacune compte des
caractéristiques saisonniéres, servent & comparer les différents
points. L'une des méthodes, consistant & comparer les observations
faites en un méme point du régime hydrologique, est utilisée pour
les trois sites supérieurs. Les données d’'échantillonnage sont
appariées, et les différences sont ultérieurement analysées a 1'aide
de méthodes utilisant ces données appariées, comme le test-t ou le
test de Wilcoxon pour observations appari&es. Dans le cas des
endroits oli il n’est pas possible d'apparier les observations, la
concentration ou le flux en un méme point du régime hydrologique
sont &valués grace 3 des méthodes de régression, les écarts entre
les é&valuations é&tant déterminés dans le cadre de 1’analyse par
régression. On a procédé & des comparaisons entre les stations, pour
chacune des trois périodes de 1'année, car les principaux événements
de flux correspondent au dégel dans les Prairies, au dégel dans les
montagnes et aux hausses automnales dans les stations inférieures,
ol les eaux d'irrigation retournent & la riviére. Pour les trois
années de données analysées ici, les différences entre les trois
stations supérieures et 1les deux stations inférieures sont
importantes, mais elles dépendent de la période de 1l’année. Lles
écarts & 1'intérieur du groupe des trois stations supérieures ou du
groupe des deux stations inférieures sont également fonction de la

période de 1'année.



INTRODUCTIOR

Along the course of a river system, changes occur in
the hydrological regime and in the loading from point and
non-point sources. To answer questions about the differences
in water quality at different locations; these changes need to
be taken into account in both the formulation of more specific
questions or objectives and in the determination of the
methods of data analysis. Answers to such questions are often
sought using data from water quality sampling networks where
samples have been collected at selected locations at some
specified frequency. Data from the five sampling locations on
the Bow and South Saskatchewan Rivers, which were described in

the previous chapter, are used here.

Objective

Estimate differences in the concentration and flux
of selected water quality variables measured at locations
upstream and downstream from urban or agricultural areas,

taking into account features of the hydrological regime.

Description of the Data

Nitrate plus nitrite (NO3 + NO,) and sodium (Na)
concentrations, observed at the five previbusly described Bow
and South Saskatchewan Rivers stations during 1984 to 1986,
were chosen since the analytical methodology was consistent
for both variables during these years. There is no overlap

between the Na concentrations of the pair of locations BN0OOO1



and AK0OOl, and the three 1locations BAOOll, BEOO13, and
BHOO17, but there 1s overlap between the two groups for
NO3 + NO, during the period of low NO; + NO, concentrations
(Figures 1la and 2a). In the previous chapter, seasonal
patterns were shown to exist for both variables at all loca-
tions, and this can be seen more clearly for three stations
with lower concentrations in Figures 1b and 2b where only
locations BAOOll, BEOOl13, and BHOOl7 are plotted together.

Since these five stations span the Bow and South
Saskatchewan Rivers from the headwater site in the mountains
to the South Saskatchewan site below the irrigation region,
the flow regime varies from location to location. Periods,
during which the flow increases at some or all of the loca-
tions, appear to correspond to snow melting on the prairies,
the later melting in the mountains and the return of irriga-
tion waters. The importance of this is not merely the change
in water volumes, but also the effects of difference sources
of the water on the concentration of substances. The complete
discharge record over a year would show these periods clearly,
but even the discharge level on the day of water quality
sampling, which is available in the water quality data files,

is useful.

Each of the three years analyzed here was divided
into tﬁree periods by using the plots of flow versus time and
the following criteria. The first period of the year includes
sampling times prior to the increased discharge at BAOOll and
thus would appear to include increased flow due to the prairie
snow melt but not due to the mountain snow melt. During this
period, the flow remains approximately constant at BAOOll,
BEOO13, and BHOO17, but goes through a peak at BNOOOl and



AKO0001 (Figure 3). The second period shows a peak at all five
stations and appears to result from the melting of mountain
snow. In the third period, the flow is increasing again at
BNOOO1 and AKOOOl but is near spring levels at BAOOll, BEOO13,
and BHOOl7. The dates of first and/or last sampling for each
of the periods determined in this way and the number of
sampling dates in each period are shown for each location and

year in Tables 1 and 2.

The flux, obtained by multiplying concéntration and
flow at each sampling date, is plotted for Na and NO; + NO, in
Figures 4 and 5, respectively. The major difference between
NO3 + NO, concentration and flux patterns over the yéar for
BAOO1l, BEOO13, and BHOOl7 is the absence of a summer flux
minimum due to increased flow during this period. Increases
in flux corresponding to spring or summer maxima are also seen
at locations BNOOOl and AKOOOl. Similarly for Na, spring or
summer flow maxima produce higher summer flux values where
concentrations were not high. Relationships between concen-
tration and flow are suggested for sodium in the summer and
fall and only for locations BNOOOl, AK00Ol, and BEOO13,
AK000l1, respectively (Figures 6 and 7).

STATISTICAL METHODS

A major factor determining the statistical methods
available for anlaysié of these data is the agreement in
frequency and day of sampling at the different stations. To
avoid confounding concentration differences, due to locations
being at different stages of the hydrological regime, with

differences due to location, comparisons need to be made



between measurements when each location is at the same stage
of the hydrological regime. Sampling at locations BAOOll,
BEOO13, and BHOO17 was done monthly with the times of sampling
in a given month not more than two days apart except for one
three-day and two seven—day lags. The flow events also
occurred at about the same time. Thus methods based on match-

ing sampling dates can be used for comparing these three

stations. There was poorer agreement between sampling dates.._. .

at locations BNOOOl and AKOOOl, and more frequent but irregu=
lar sampling at location AKOOOl: Hence comparisons between
the latter two locations and among all five locations, require

some method of estimating concentrations on a common date.

Regression Met@odg

A general method of analysis which permits conclu-
sions to be drawn separately for the three periods correspond—-
ing to different flow events is a regression analysis based on

the following model. For sampling done within one of the

periods,
Yiks = u + agx + Bgk tikst eiks 1)
where Yiks = concentration on day s in year i at loca-
tion k
] = general mean

ajxk = shift in mean due to location k and year {1
Bik = change per unit time at location k in year
i

€f{ks = error temm



and the model is fitted to the data from location k only. The
second and third terms on the right—hand side account for non-
constancy of concentration within the period, and linearity in
time is an approximation which can be considered only because

the year has been divided into periods.

If the average difference between locations over all
three years is sdught and the same slope is assumed, then the

model is
Yiks = u + ax + By tikst €iks- (2)

If the By are not significantly different from zero, differ-
ences between stations are estimated as differences between
means via the ay. If constancy of concentration within a
period is an untenable assumption for at least one station,
then either a regression line and a mean, or a pair of re-
gression lines must be compared. This can be done by esti-
mating the difference between concentrations at specific
times, or in the case of non-intersecting lines, of testing

whether one regression is uniformly greater than the other.

The latter test (Tsutakawa and Hewett, 1978) con-
gists of calculating differences between locations k and k' at
the two extremes of days within the period, say t; and
tpe Let §k£ denote the estimated concentration at location k
at time ty, which is given by

~

Ty = 0+ 8+ Bi ty (3)

where fI, 8y, and §k are least squares estimates. The differ-

ences are then
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Wp = Yyg = Yoy

(4)
o= Yep - Yoy
and the variances are
var(W) = va'r(?kz) + var(fk,-l)
(5)
var(W,) = var(?kh) + va'r(?k-h).
Then Ty = 'WrI/{var(Wr)}% " for r = g,h (6)
and T = min (T, Ty) (7)

has a t distribution with degrees of freedom nmytny1-4, where
ng and ng+ are the number of observations for locations k and
k' used to fit model (2). A large value of T supports the
hypothesis that the concentration at location k 1is greater

than the concentration at location k' over the entire period.

A general test for nonconstancy of location mean
level and change per unit time within a period can be
accomplished for all five locations with an analysis similar
to that of the previous chapter. The model in (1), which can
be rewritten to emphasize testing for different means and

slopes by station and year,

Yiks = ¥ * agg + Bg tyggt Bik tiks + ciks &)

is fitted to the data from all five locations together. For



the present data, the wvariability of the three 1locations
BAOOll, BEOO13, and BHOOl17 is much less than that of location
BNOOOl and AKOOOl, and thus a weighted analysis is required to
satisfy the assumption of constant error variance. Let ci,

k=1,2,..:,5, be constants such that
var(ck €qks) = 0°. 3 (9
Then, 1f both sides of (8) are multiplied by ¢y, regression

analysis can be performed on the resulting terms (Draper and
Smith, 1981). 5 '

Methods Based on Matching Dates

An alternative and simpler analysis is available for
locations BAOOl1l, BEOOl13, and BHOOl7. Let Yi4x be the concen-
tration at location k in month J of year i. Then comparisons
between locations k and k' are based on d14=Y34k~Y14k', where
i and j take all possible values for the period of interest.
The hypothesis that locations k and k' do not differ, Hy:pg=0,
can be tested using the one-sample (or paired-comparison) t-
test or the Wilcoxon signed-rank test (Snedecor and Cochran,
1980). 1In the former,

/n d/sq (10)

follows a t-distribution with (n-1) degrees of freedom, where

d and sq are the mean and standard deviation calculated from
the n differences dyy.



The test statistic for the Wilcoxon signed rank test
is V, the smaller in absolute value of Vi=sum of the positive
ranks and V_=sum of the negative ranks, where the signed ranks
are obtained by first ranking the absolute values of the dif-
ferences, and then assigning the sign of dij to the corre-
sponding rank. Small values of V provide evidence against the
hypothesis of no difference between locations. P(V<C) can be
obtained from tables for n<20 (Lehmann and D'Abrera, 1975) or
from the normal approximation for n»20, which is

Y var(V)

(11)

where E(V)=n(n+l)/4 and var (V)=n(n+l)(2n+l)/24. If there are
ties in the absolute differences, midranks are used, and 1if

there are ties or zero differences, E(V) and var(V) become
E(V) = {n(n+1) -d, (do + 1)} /4 (12)
and

var(V) = i {n(n+ 1)(2n+ 1) - dg (4o + 1)(2dg + 1)}

13
1 (13)
48 |

. dy (dy -1)(d4 + 1)

it~ 0

where do = number of zero differences and di = number of pairs
tied at a single value (Lelmann and D'Abrera, 1975). The sign
test could also be used, but, since it is less powerful than
the Wilcoxon signed-rank test (Lehman and D'Abrera, 1975), it

is recommended only when the ranks are not available. An



example of this is given by El-Shaarawi et al. (1985), where
the results for some samples were reported as either a trace
concentration or a concentration below the limits of detec~

tion.

RESULTS

Regression Analysis of Sodium and
Nitrate Plus Nitrite Concentrations

The results of fitting model (8) separately for each
year and then for all three years together are shown in
Table 3. The constants used for weighting (footnotes,
Table 3) are the ratios of the standard deviation for BAOOll
to the standard deviation of the other locations, where data
over the years 1984 to 1986 were used to calculate the stand-
ard deviations. With the exception of the summer period for
NO; + NO, in 1986, all models indicate significant differences
beween locations. However, in most cases the ﬁodels show that
the méan level does not remain constant within the périod (the
presence of ty or t under the column labelled Model in
Table 3), and thus to estimate location differences, the month
must be specified and the Yjxg calculated. Allowing for dif-
ferent mean levels and rates of change over time in each year
accounted for significantly more variation only in the early
and late periods for NO3; + NO, concentrations and the 1late
period for the Na concentrations (Table 4). The models assum-
ing different means and time slopes for stations but only a
mean shift between years are plotted together for the three

periods in Figure 8.

An estimate of the difference between the concentra-
tion over the years 1984 to 1986 at stations k and k' can be
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obtained from the difference §1ks - ?ik's’ vhere ﬁiks is the
estimate of the concentration on day s within the year. In

the weighted analysis, the model

Ziks = Yikg Ck = wck + dyg cx + Bk tiks Ck

_ (14)
+ Bik tiks Ck + €iks Ck

or a reduced form, is fitted. The residual mean square, s2,

2

estimates 0“=var(eqyg ck). Thus

ziks = Zikfs
Ck ck!

Yiks = Yik's = (15)

and

3 a Hzik - 2 *
var(Yijks ~ Yik's) = Var("éks i:'s

)

| (16)
vgr(iiks) + var(Ziyrg) _ 2 cov(Zikg, Zik's)
ck cts ck Ck'

The variance and covariances of 2, or quantities required to
calculate them, should be available from the computer program

used to do the analysis.

Only some differences are of interest since, from
Figures 1 and 2, it 18 clear that AKOOOl and BNOOOl have
greater Na concentrations all year and greater NO3 + NO, con-
centrations early and late in the year than the three loca-
tions BAOOl1l, BEOOl13, and BHOOl17. Comparisons within a group
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of locations can then be based on the unweighted regressions
fitted to data from the individual locations. The results of
testing for ome location being uniformly greater than the
other within a period, for the three perfods and both
NO3 + NO, and Na are shown in Table 5. The fitted models are
shown 1in Figure 9. Sodiuim concentrations were uniformly
higher at location AK0001 than at BNOOOl during the early and
late periods of the year between 1984 and 1986, while
NO; + NO, concentrations were not different over the entire
period in the early part of the year and the summer. There is
evidence of AKOOOl concentrations exceeding those of BNOOOL
late in the year, but the evidence is weaker than observed for
Na.

These two locations can also be compared by fitting
the yearly mean and seasonal models as done in the previous
chapter_ (Figure 10) and again differences between estimated
values ?11(5-‘"-?11('8 can be obtained.

Matched Sampling Dates, Na and NO; + N0, Concentrations

The differences between pairs of locations for the
three upper stations BAOOll, BEOOl3, and BHOOl7 are plotted
against time of sampling for both Na and NO; + NO, in
Figure 10. Concentrations between all pairs of locations were
found to differ significantly over the years 1984 to 1986 with
consistent conclusions from the t, Wilcoxon, and sign tests
(Table 6). The cOnfidehce 1limits for the mean difference in
concentration between a pair of locations (Table 6) show
that for NO; + NO,, BOOl7H < BAOOll < BEOO13, and for Na,
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BAOO1l < BEO0O13 < BHOO17. The plots suggest that the differ-
ence 1s not constanf over the year. Division of the years
into the periods described earlier resulted in significant
differences for some periods but not others (Table 7), a

result observed in the comparison of the two lower locations.

Na and NO3 + NO; Flux

The seasonality observed in the concentrations is no
longer evident in the flux (Figures 4 and 5), and attempts to
fit a yearly mean and seasonal cycle to the flux data were not
successful. Linear models within a period (equation (2)) were
fitted to the flux data of locations BNOOOl and AKO0OL, but
the sldpe'in time was significantly different from zero at the
level of 0.07 or less only for NO3 + NO, in the early period
and for NO3 + NO; and Na at location AKOOOl in the summer.
Thus comparisons between locations are based on the difference
between location means (Figure 11 and Table 8), except for
these two cases where two regression lines and a mean and a
regression line are compared. The conclusions, similar to
those based on concentrations, are that Na flux at AK0O0Ol
exceeds that at BNOOOl during the early and late periods, but
not in the summer, and NO3 + NO, flux do not differ at the two

locations.

The locations BAOO1l, BEOO13, and BHOOl7 were ana-
lyzed for differences in the flux at pairs of locations by the
same methods as used for concentrations (Figure 12 and
Table 8). The ranking of locations changes from BHOO1l7 &
BAOO11 < BEOO13 on the bases of NO3 + NO, concentrations to
BAOO11 £ BE0OO13 and BHOOl7 for NO3 + NO, flux, but doesn't
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change for Na. Only the differences between Na fluxes at
BAOO1l and BEOO13 during the summer period (Figure 14) were
analyzed, since this provides an example of a linear time
trend in the difference. The Na flux at BAOOLl exceeds that
at BEOO13 over the summer period but the difference decreases
over the period. The regression of the differences djj on
moth j is

dij = =120 + 7j

where dyj is the difference between BAOOLl and BEOO13 in
month j of year 1 and the largest difference was excluded from
the analysis. The reason for taking differences between loca-
tions at matched dates 1s to remove the effect of season. If
the seasonal effect is not the same at the two locations,
differences will still retain some seasonality and the analy-
sis will need to account for this. A marked linear trend in
NO; + NO; differences in the early period, when location
BHOO17 is involved, is also evident (Figure 15).

DISCUSSION

The nonconstancy of the concentration of water
quality variables within the year due to the hydrological
regime means that to compare the concentrations at two loca-
tions, the locations must be at the same point on the hydro-
logical regime. When matched sampling dates provide this
correspondence, the data at the matched dates can be used
directly and this has been done by taking differences between
concentrations or between fluxes at matched dates for loca-
tions BAOOll, BEOO13 and BHOO17. However, matched dates may
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not always be available and then estimates of the concentra-
tion or flux at matched dates can be used instead of observed
concentrations or fluxes, as was done for BNOOOl and AKOOOl.
Simple linear regression or a mean level were used to estimate
the concentration or flux within a period of the year and fits
of the seasonal cycle and yearly mean were also shown to be
suitable for concentrations. Various smoothing procedures are

another alternative.

Of the two water quality parameters analyzed here,
Na reflects the urban and agtricultural inputs to the rivers.
Both Na concentrations and fluxes at BNOOOl and AKOOOl were
greater than those at the three upper stations (with one
exception, Figure 4). There was a consistent difference
between BNOOOl and AKOOOl for Na concentration and flux, with
AK0001 exceeding BNOOOl early and late in the year, but no
difference over the summer period, the period which was
defined by the flow peak ascribed to the melting of snow in
the mountains. On the basis of Na flux over an entire year,
this data (1984 to 1986) indicated an increase in Na flux for

locations furtheéer from the headwater location.
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FIGURE CAPTIONS

Na concentrations, 1984 to 1986, for (a) all five
locations, and (b) the three upper locations.

NO3 + NO; concentrations, 1984 to 1986, for (a) all
five locations, and (b) the three upper locations.

Discharge on the dates of water quality sampling,
1984 to 1986, for (a) all five locations, and
(b) the three upper locations.

Na flux, 1984 to 1986, for (a) all five locations,
and (b) the thtee upper locations.

NO3 + NO; flux, 1984 to 1986, for (a) all five
locations, and (b) the three upper locations..--

Na concentrations versus flow by period, 1984 to
1986.

NO3 + NO, concentrations versus flow by period,
1984 to 1986.

Models fitted to Na and NO; + NOZ concentrations by
period over 1984 to 1986 shown together, with lines
from different periods joined and lines for differ-
ent locations distinguished. Data points for all
locations are plotted with one symbol.
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Models used to test for concentrations at one
location being greater than concentrations at the
other over a period, for the three periods and
1984 to 1986 data. Observations and fitted lines
are plotted against time as a fraction of the

year.

Yearly means and seasonal components fitted to Na
and NO; + NO,concentrations, 1984 to 1986.

Difference in Na and NO3 + NO, concentrations at
matched dates for the locations BAOOll, BEOOL3,
and BHOO17.

Models used to test for fluxes at one location
being greater than those at the other location
over a period, 1984 to 1986 data. Observations
and fitted lines are plotted against time as a

fraction of the year.

Differences in Na and NO; + NO, fluxes at matched
dates for locations BAOOll, BEOO13, and BHOO17.

Dif ferences in Na flux at matched dates plotted
égainst time as a fraction of the year, by period
within the year, for 1984 to 1986 data at loca-
tions BAOOll, BEOO13, and BHOO17.

Differences in NO; + NO, flux at matched dates
plotted against time as a fraction of the year, by
period within the year, for 1984 to 1986 data at
locations BAOOl1l, BEOO13, and BHOOl7.
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TABLE 7: Wilcoxon signed-rank test for the difference between
locations by period, 1984 to 1986

Significance Probability (Number of Pairs)

~ Sodiwm  Nitrate + Nitrite

BAOO11l BE0O13  BAOOll BAOO1l BEOO13 'BAOOll
Period -BEOO13 -BHOO1l7 =-BHOO17 -BEOO13 -BHOOl7 -BHOO17

Early 0.002  0.064  0.003 . 0.18 0.009 0.08
(13) (13) (12) a3 = Q3) - (12)

Summer  0.002  0.002  0.65 0.16 0.10 0.25
(12) (12) (12) (12) (12) (12)

Late 0.009  0.01 0.009 0.007  0.001 0.23

(9) (8) (9) (10) (9) (9)
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