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Abstract

Tiend analysis of water quality indicators is important in assessing the impact

of changes in the landscape and land usage as well as the impact of precipitation

within watersheds. I perform a statistical evaluation of trends in dissolved ion con-

centrations namely: calciurn, soclium, potassium, magnesium, chioride as well as

trends in total dissolved solids and specific conductance for the Red River within

\4anitoba over a 45-year period ranging from 1960 until 2007. The analysis is done

using two different methods, a nonparametric method namely the lVlann-Kendall

test for trend, and a parametric flow-weighted method (developed by Aldo Vec-

chia, USGS). Both methods were used to analyze the water quaiity constituents

and yielded failly similar conclusions. While the parametric method adjusts for

streamflow, there are still significant increasing trends in both methods, it can be

concluded that some part of the increasing trends may be due to factors other than

flow.
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Chapter 1

Introduction

The Red River of the North is formed by the confluence of the Bois de Sioux

and Otter Tail Rivers in the United States. It flows northward through the Red

Rivel Valley and forms the boldel between the states of N4innesota and North

Dakota before continuing into Ntianitoba, Canada, and finally discharging into Lake

\Minnipeg (Figure 1.1). Along its path, the Red River flows through Greater Grand

Forks and Fargo, in the United States, and through Winnipeg in Canada. The

Canadian portion of the Red River is about 249 km long, while the US portion is

apploximately 636 kilometers in length. The river falls 70 meters on its trip to Lake

\,Vinnipeg where it spreads into the vast deltaic wetland known as Netley -Libau

Nlarsh. The entile Red River Basin encompasses 287,500 sqr-rare kilometers of rich

agr-icultural lancls, forests, wetlands, and plairies and contains numerous lakes.

Statistical evaluation of trends in water quality data over the 45-year period of

record, from 1960 through until 2007, is useful for assessing effects of the variation

in precipitation in the Red River and the inpact that landscape runoff has on

water quality. Changes in the Red River water qr-rality have a direct bearing on

Lake Winnipeg into which it discharges; the eutrophication of Lake Winnipeg is a

research priority for Environment Canada and the N4anitoba Watel Stewardship.

This placticum focuses on thlee u'ater quality monitoring stations along the

Red Rivel and presents results of trend analysis using non-parametric methods
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Figure 1.1: The Red River Basin



such as those used by Nancy Glozier (Environment Canada)(Glozier et. al. 2004)

and parametlic methods developed by Aldo Vecchia (United States Geological Sur-

vey)(Vecchia 2000, 2003, 2005). Comparisons between methods ale made and rec-

ommendations are presented. The results presented are based on streamflow data

fronr January 1960 thror,rgh to December 2007 and on concentration data from Jan-

naly 1960 to December 2007. The constituents for the report include six dissolved

majol ions (calcium, sodium, potassium, magnesium, sulphate, and chloride), to-

tal dissolved solids and specific conductance. The constituents were evaiuated for

three monitoring stations along the Red River': the Red River at Emerson station;

the south gate of the floodway neal St. Norbert; and the Selkirk water quality

monitoring station. Constituents were evaluated on the basis of availability. The

streamflow data were obtained from the Water Survey of Canada-Archived Hydro-

metric Data website (htip://www.wsc.ec.gc.ca/hydatlH2O), federal concentration

data wele obtained thi'ough Envir-onment Canada ancl provincial concentration data

were obtained from Manitoba Water Stewardship, Pr-ovince of Nlanitoba. Nitrogen

and phosphorus are the basis for eutrophication of Lake Winnipeg; an assumption

can be made that if ion concentrations show temporal tlends reflecting climatic

cycles and/ol landscape change, so too will nitr-ogen and phosphorus.

1.1 Description of the Red River

From about 12,500 years ago to 7,500 years ago, pro-glacial Lake Agassiz covered

much of what is known today as western Minnesota, easteln Nor-th Dakota, south-

ern N{anitoba, and southwestern Ontario. As a result of deglaciation Lake Agassiz

virtually disappeared, Ieaving few lemnants, one of which is Lake Winnipeg. Lake

Agassiz left behind a fertile, flat plain that ultimately drains to the Hr-rdson Bay.

The Red River meanders north along this plain to Lake Winnipeg. A difference in

elevation occurs along route, at its starting point the elevation is 287 meters above

mean sea level while the elevation at Lake Winnipeg is 218 meters above mean sea

Ievel. The Red River, being located in a flat plain, also has a shailow river channel



meandeling northward 636 km to the Canadian borcler. Due to the northerly flow

of the river', the flatness of the basin, the shallow liver channel and the timing of

the spring thaw and snowmelt, severe flooding can occlu. Four major floods have

occurled since Europeans settled in the area, in 1826, 1950,1997, and 2009 but it is
believed there have been many other floods of equal or larger size plior to Eulopean

settiement. The climate of the Red River of the North basin is continental and

ranges from dly sub-humid in the western part of the basin to sub-humid in the

eastern part (Stoner, et a1., 1993). Mean annual precipitation for the Red River-

basin langes from about 43 centimeters in the extreme western palt of the basin

to about 66 cm in the extreme eastern part of the basin. Precipitation across the

basin generally increases from southwest to northeast (Stoner, et al., 1993). Ac-

tr,ral evapotranspilation from the basin also generally increases from southwest to

northeast but at a lesser late than precipitation. Thus, mean annual runoff from

the basin also increases in that clirection. The Recl River of the North receives

75 percent of its annual flow from easteln tributaries. Concentrations of dissolvecl

chemicai constituents in surface waters are normally low during spring runoff and

after thunderstorms. The Red River of the North generally has a dissolved solids

concentration less than 600 milligrams per litre with mean values near 406 mil-

iigrams per litre at the Canadian border near Emelson, \4anitoba. Calcium and

magnesium ale the principal cations and bicarbonate is the principal anion along

most of the reach of the Red Rivel of the Nolth. Cations are atoms that have lost

an electron to become positively charged while anions are atoms ol' gloups of atoms

that have gainecl electrons resulting in a negative charge. Ion concentrations are im-

portant to water quality to protect aquatic life and human health. Dissolved solids

concentrations genelally are lower in the eastern tributaries than in the tlibutaries

clraining the western part of the basin. As the river flows further clownstream, dis-

solved solids concentration increases, and magnesium and sulphate are predominant

ions. Nitlogen and phosphorous in sulface runoff fi'om cropland fertilizels) mannre

and domestic sewage can contribute nutrients to lakes, reservoirs, and streams.



Chapter 2

Streamflow l)ata and

Concentration Data L]sed for
Water-Quality Trend Analysis

The three water quality monitoring stations seiected for this analysis are depicted

in Figure 2.1. Selected station chalacteristics are given in Table 2.t. Contlibuting

dlainage areas for the stations range from 287,000 square kilometer-s at the Selkirk

monitoring station, to 102,000 square kilometers at the Emerson monitoring station.

For the Recl River at Emelson, N4anitoba, monitoling station, the data that were

nsed for analysis was collected by the Govelnment of Canada. At the remaining two

stations, South entr-ance of the floodway near St. Norbert and Selkirk, data were

collected by the provincial government. Not only are sample and collection meth-

ods different between provincial and federal governments, but the sampÌe analysis

methods differ too. The constituents used for analysis are given in Table 2.2 and

anaiysis of constituents are based on availability and sample size which are outlined

in Table 2.,1.



Figule 2.1: \4ap of the Red Rivel and the central portion of the Red River Valley,

N4anitoba, depicting the monitoring station locations: (heading upstleam) Emerson

Station, Sorith Floodway at St. Norbert Stations and Selkirk Station

b



Table 2.1: Selected characteristics of water quality monitoring stations for trencl

analysis.

Station

# Name (Station ID)

Drainage Area Latitude

(sq. km)

Longitr-rde

1. Red River of the Nor-th

at Emerson, Manitoba

(05oco01)

Red River of the North

Floodway near

St. Norbert (05OC017)

102,ooo 49" ot 18' N 97" 12'54" W

119,450 49" 45t 24" N 97" 7'36" W

3. Red River of the North

at Selkirk (05OJ005)

297,000 50'8'30' N 96'52'5" W

Soulce: lvww.wsc.ec .gc.ca lhydat I H2O

Table 2.2: iVlajor- & dissolved solicls used for watel qr-rality tlencl analysis.

2.

IONS

Constituent Chemical Symbol Units

Calcium, dissolved

Sodium, dissolved

Potassium, clissolved

\4agnesium, dissolved

Sulphate, dissolvecl

Chioride, dissolved

Total clissolved solids

Specific Conductance

Ca2+

Na+

K+

NIgz+

so?-

cl-
nla
nla

\4illigrams pel litre (*e/l)
N4illigrams per litre (rng/l)

Milliglams per litre (-e/l)
Nliiligrams per litre (-e/l)
N4illigrams per litre (r"g/l)

N4illigrams per litre (-g/l)
Nlilligrams per litre (-S/1)

Microsiemens/centimeter (¡;S/cm)



2.L Methodologies

Characteristics that complicate the statistical analysis of water quality time series

are non-normal distributions, seasonality, flow effects, missing values, values falling

below detection levels, and serial correlation (Hirsch, et al., 1982). Three techniques

have been used in order to deal with the above complications. The first technique

is a non-parametric test for trend known as the Seasonal Mann-Kendall test, the

second procedure introduces an estimator of trend magnitude known as the Sen

slope estimator and the third procedure tests for changes over time with constituent

concentrations being corrected for' flow. This avoids the problem of identifying the

trends in water quality that are due to droughts or floods for example, however, nei-

ther of these are considered an exact test in the presence of serial correlation. Much

lesearch has been conducted in order to str-rdy the trends in watel qr-rality. Ntlost

of these studies employed various parametric and non-par-ametric analytical tech-

niques. The Strymon River in Greece was the sr-rbject of such a study (Antonopoulus

et al., 2001); the objective of this str-rdy was to provide a system-wide synopsis of

water quality, monitor long-range trends in selected palameters, detect actual or

potential rvater quality problems and to enforce standards. Plevious studies proved

that watel quality clata do not usually follow convenient probability distributions

and that streamflow data exhibit hydrological persistence and seasonal variation.

There are suggestions that, for water quality variables that are highly dependent on

streamflow, the confounding effects of discharge variations be lemovecl by analyzing

the residuals from the discharge-concentration relationship for trend rather than the

raw data. In a technical report about the Red River a lattice model rn'as consttucted

(Fritz and Zhang, 2006) and correlation was analyzed to determine the strength of

interactions between the nearest neighbour nodes. A scaling hypothesis that acts as

amodifier to the Nlann-Kendali test was introduced by Hamed (2008). The basic

hypothesis of scaling is that the data exhibit invariance at any scale greater than

annual, so if the results of the Mann-Kendall test show an observed tlend is signifi-

cant, we proceed to check the effect of scaling. Nonparametric methods (Glozier et

al., 2004), consist of testing for seasonality. If it yields a signifi.cant result, the Sea-



sonal l\dann-Kendall test is applied, otherwise the N¡Iann-Kendall test is conducted.

Parametric methods can model both flow and concentration clata jointly (Vecchia,

2000) and ale good not only for exploratory analysis but explanatory analyses as

well.

2.2 Analysis Techniques

The Government of Canada and the Province of Manitoba used different sampling

protocols. For samples collected at the Emerson stations a 2 litre low density

polyethvlene bottle is mounted onto a stainless steel sampling iron. This method

is used to prevent contamination of the water samples with metals. The bottle is

then lowered into the liver, partially fillecl and linsed two times in older to remove

possible contaminants from inside the bottle. On the third drop the sampling ilon

and bottle are lowered to the bottom of the river and retrieved. This collects an

integratecl sample of water from the watel column. The reason this is done is because

watel chemistry cân vâr'y widely within different levels of the river. Upon retlieval

a subsample is removed and sent to the National Laboratoly for Environmental

Testing (NLET) in Burlington, Ontario fol cation and anion analysis. A portion

of this sample is then filterecl to remove such particulates as algae, bacteria and

sediments. Analysis is conducted on the dissolved constituents because extractable

ions are difficult to analyze. Filtering methods differ between the provincial ancl

the federal governments. The Government of Canada filters shortly after collection,

while the province filters on return to the lab. This can be approximately 8-10 hours

ol more aftel the sample is collected. Filtering of the water sample is impoltant

because it removes all of the bacteria and algae fi'om the samples. If the samples

a,r-e not filtered, then cells can glo\Ã¡, take nutrients out of the water and excrete

r,vaste ploducts. This may affect analytical results especially for dissolved nutlients.

In order to minimize the growth of cells samples are kept just above freezing.

The plovincial water samples collected at the St. Norbert and Selkirk stations

a.re collected using either a 2.0 litre Nalgene bottle with 30 m of rope ol a 1.0 litre



opaque laboratory bottle on the end of a 3 m reaching pole. Both the Nalgene and

laboratory bottles are r-insed three times prior to filling, and are used to transfer

water to the sample bottles. Sample bottles are filled and then submitted to Cantest

Laboratories for analysis of nutrients, metals, conductivity, total dissolved solids,

pesticides, dissolved oxygen, major ions and pH. Prior to April 2001, all water

samples wele sublnitted to EnviroTest Laboratories for analysis of these palametels

(Hughes C., 2009). Al1 data analyses were done as pel' standard methods for the

examination of water (Eaton et al., 2005). Currently the provincial water quality

section does not assess dissolved calcium, dissolved sodium, dissolrrecl potassium or

dissolved magnesium.

10



Table 2.3: Sample size of stations and constituents used for water quality trend

analysis

Station 1960- 1960 1966- L97I- 1976- 1981- 1986- 1991- 1996- 2001-

# 2007 i965 1970 t975 1980 1985 1990 1995 2000 2007

Calcium, dissolved (t"e/l)
1

2

.)

912

4

a

232

0

0

r46

0

0

51

0

0

70

0

0

61

0

0

72

4

I

r42

0

0

70

0

0

68

0

0

Sodiurn, dissolved (-e/l)
1.

2.

J.

900

4

o

232

0

0

143

0

0

68

0

0

71

0

0

4l
0

0

70

0

0

61

0

0

72

4

a

t42

0

0

Potassiurn, dissolved (-g/l)
1.

2.

,-).

I4T

0

0

68

0

0

71

0

0

5i
0

0

70

0

0

61

0

0

72

4

I

142

0

0

224

0

0

900

4

.I

Magnesium, dissolved (mg/l)

L.

2.

J.

727

4

o

222

0

0

T2

0

0

7\

0

0

50

0

0

70

0

0

61

0

0

72

4

I

t42

0

0

27

0

0

Sulphate, dissolved (-g/l)
T.

2.

J.

899

42

140

224

0

0

135

0

0

r42

27

85

t)/

0

0

71

0

0

58

0

0

70

0

0

72

15

55

60

0

0

Chloride, dissolvcd (me/l)

1.

2.

J.

ar0

42

140

239

0

0

746

0

0

67

0

0

rn

0

0

70

0

0

tlu

1

7

72

14

48

r42

27

85

66

0

0

Total dissolved solids (rng/l)

1.

2.

,1.

0

0

0

0

0

D

376

159

0

0

54

T2

0

24

,).)

2

2

7T

60

60

62

I2
13

64

0

0

134

0

0

Specific Conductance (¡rS/cm)

1.

2.

J.

7T

56

56

80

57

79

r44

.i

92

62

63

68 70 54

03336
03336

959

247

270

234

0

0

t46

0

0

11



Chapter 3

INon-Parametric Methods used for
Water Quality Trend Analysis

A modified form of Kenclall's r (Kendall, 1938, 1975) is used as a test for trend

(Hirsch, et al., 1982). This modification is callecl the seasonal Mann-Kendall test

for tlend. It is robust in comparison to the parametric alternatives, since non-

parametric methods do not lely on known plobability distributions. It may also

be less powerful when the assumptions of the parametric methods ale met. An

estimate of trencl magnitude that is closely reiatecl to the seasonal Kenclall test

procedure is lçnown as the seasonal Kendall slope estimator or Sen's slope estima-

tor (Sen, 1968). In cases where concentrations of 'less than detection limit'were

reported by the laboratories, values equal to half the detection limit are used for

statistical calculation and glaphical representation (Gilbelt, 1987). Key questions

in water- quality monitoring are: Does the water chernistly change over time?; Can

the observed changes be attributed to natural patterns?; And, could the obselved

changes in water chemistry impact the biological integrity of the aquatic ecosystem?

Seasonal pattelns, which occur yearly legardless of longer telm trends, are normally

examined as an aid to understanding the natural patterns of chemical concentra-

tions. Seasons ale definecl by reviewing monthly frequency graphs for chemical

patterns (Figr,rre 3.1). The time periods of the seasons may be uneqrial in length

t2
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Figure 3.1: N4ean monthly streamflow (1960-2007) at each monitoring station in

order to define hydrologic seasons

but they replesent distinct hydrological periods. Hydrologic seasons define similar'

periods in some characteristics, but do not correspond to equally length seasons)

like "summer-" or' "winter'" do for climate, but rather directional tendencies (Glozier,

et al., 2004). The yearly streamflowpatterns were similar within the three stations

with all sites exhibiting peak discharge between Nlalch and June. Based on these

patterns, Table ìì.1 represents the seasons defined fol the analysis of seasonality.

Clearly these time periods ale dissimilal in length but represent periods which are

distinct hydrologically.

In or-der to get a glaphical representation of the clata fol each constituent we

can exanrine boxplots of the concentrations. Concentrations of clissolved calcium

(Figure 3.2) ale quite similal betrveen the three stations however data were spal'se
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Table 3.1: Defined Seasons.

Season Nionths Description

Spling

Summer'

Fall

Winter

rising limb of hydrograph

peak streamflow

falling limb of hydrograph

low flow, ice-cover period

at the south floodway nea.r' St. Norbert and the Selkirk monitoring stations. At

the Emelson monitoring station the boxplot is symmetric and takes the appear-

ance of an approximately normal distribution. Concentrations of dissolvecl sodium

(see appendix Figure Ä'.2) appear to be extremely skewed to the right with a few

outlying observations with a maximum value at 305.0 mg/l and high values of clis-

solved sodium occulr-ing fi'om November 1988 through Janr-rary 1989. The meclian

values of the concentlations of dissolved potassium and magnesir-rm (see appendix

Figures A..J and A.-t) are similar between stations and follow an apploximately

normal distribution at the Emerson station. There wa,s more data for the analysis

of the concentrations of dissolved sulphate at the sonth floodway near St. Norbert

and Selkirk monitoring stations (see appendix Figure 4.5) than the previons con-

stituents. Fol both stations the distributions seem approximately normal. The

Emerson station exhibits the greatest degree of variability amongst the three sta-

tions, possessing values from 4.0 mg/l to 1050.0 mg.lI of dissolved sulphate and has

a stlong skew to the right. Dissolved chloride is right skewed for all three stations

possessing a high deglee of valiability at the Emerson station. Total dissolvecl solids

and specific conductance also exhibit an approximately normal distribution at all

thlee stations.

Concentrations of dissolved calcium have median concentrations between 56.3

mg/l and 73.0 mg/l and lange from 4.60 mg/l to 130.0 mg/l with few evident out-

Ìiers. The median and mean concentration of dissolved sodium are similar amongst

the stations, horn'ever the Emerson station exhibit values ranging from 1.70 mg/l to
305.0 mg/Ì, this can be indicative of seasonal change and change in flow rate. The

February - iVlarch

April - \4ay

June - August

September - January

14
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4 obs.'

Figure 3.2: Boxplot of dissolved calcium (rng/L) depicting the five number summaly

of the constituent
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Table 3.2: Five Number Summaries for Selected Constituents

Station
JJ
TT NIin.

First

Quartile

Third

Median Quartile NIax. Ndean Std. Dev

Calciurn, dissolved (rng/l)

1.

2.

J.

4.60

46.90

44.30

56.30

48.53

57.35

63.90

59.25

67.70

72.98

67.13

70.00

130.00

67.80

77.70

64.48

58.30

64.09

13.53

9.84

9.85

Sodium, dissolved (-e/l)
1.

2.

.-t.

1.70

20.40

20.10

25.00

23.78

21.75

34.00

34.10

45.40

47.00

34.75

53.25

305.00

34.90

57.20

42.43

30.88

39.72

32.64

7.00

15.04

Potassium, rlissolved (mg/l)

i.
2.

0.38

4.70

6.80

5.48

4.85

7.r5

6.40

5.55

7.60

7.54

6.48

8.75

18.40

6.70

8.90

6.59

5.63

7.90

1.82

0.85

0.84

Nlagnesium, dissoived (tr-tg/l)

I.
2.

.1.

3.30

19.40

18.60

27.00

21.08

27.95

3i.25

27.50

31.50

36.68

32.65

35.85

61.00

33.90

40.40

31.90

27.08

31.30

8.56

6.05

6.44

Sulphate, dissolved (rrrg/1)

1.

2.

4.00

40.00

32.00

69.60

76.t3

100.00

92.20

94.50

128.50

119.00

118.50

160.00

1050.00

220.00

240.00

99.04

98.86

127.81

55.78

óí.tJt

44.71

Chlolide, dissolved (*g/l)
1.

2.

t

0.10

8.40

6.10

2r.70

16.75

20.00

31.00

25.r0

32.20

50.00

36.30

42.40

473.00

160.00

120.00

46.33

32.99

35.39

51.09

28.98

22.08

Total Dissolved Solids (mg/l)

1.

2.

0.00

210.00

240.00

375.00

425.00

450.00

447.50

550.00

510.00

527.40

670.00

600.00

1289.00

1140.00

1500.00

459.46

564.66

535.44

140.10

200.74

152.03

Specific Condr-rctance (pS/cm)

1.

2.

.).

278.00

7.70

157.00

585.00

592.00

621.80

676.00

700.00

756.50

716.79

74t.06

757.30

230.49

26i.86

223.68

806.00 2253.00

821.00 1875.00

867.00 1497.00
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medians and means for the concentrations of dissolved sulphate are much highel at

the Selkirk monitoring station compared with the Emerson and south floodway near

St. Nolbelt stations. Total dissolved solids, which are calcnlatecl by summing the

concentrations of major anions and cations, have similar means; however, the south

fl.oodway at St. Norbert station exhibits a high degree of variability. A comparison

of specific conductance shows virtualiy identical spatial patterns. Specific conduc-

tance increases slightly from the Emerson to Selkirk water monitoring stations ancl

has a very high degree of variability. Specific conductance measures the amount of

dissolved ions in the water, when there is an increase of base flow relative to run

off, the specific conductance increases. Specifi.c conductivity is lowest in the spring

season when the snow melts and measurements were taken on the samples done

in the field samples as opposed to labolatory samples. The summary statistics for

constituents are shown in Table 3.2.

When testing for seasonality, the existence of seasonal patterns in water chem-

istry were analyzed using the non-parametric Kruskal-Wallis test (cf. Conover,

1999). The null hypothesis for this test was that the populations for each sea.son

have the same median; versus the aiternative hypothesis that not all meclians ale

the same. In older to test for trends in water quality parameters, the iVlann-Kendall

test for trend and Sen's slope (Hirsch, et aI.,1982) was implemented to help eval.u-

ate the correlation of selected constituent concentr-ations with time. This test does

not depend on the assumption of a particular parametric form for the underlying

distlibution and hence is a "non-parametric" method. WQSTAT PLUS v.1.56,

(NIC Environmental Division developed with assistance from Colorado State Uni-

versity faculty)@1998-2007 by Sanitas Technologies, is the program usecl for the

non-parametric methocls and there are certain data requirements for this pl'ogram:

The application of the Kluskal-Wallis test for seasonality requires a minimum

sample size of four data points in each "hydrologic season"

For the trend analysis statistics, (Sen's Slope and the Nlann-Kendall Test)if

there a,re fewer than 41 data points an eract test procedure is performed

1.

2.

77



3. If 41 or mole data points ale available, the normal approximation test is usecl

by this ploglam (eqr,rivalentl), a X2 test)

4. If the Seasonal N4ann-Kendall test is requiled, that test requiles a minimum

sample size of. four data points in each "hydrologic season"

The Kruskal-Wallis test statistic, H is;

H:l ,n 
n o21

Lrvt¡v*ùÐËl 
-3(¡/+1)'

where tlie k seasons are first olderecl and assigned ranks (A¿) and

A¿ is the snm of the ranks of the eth station;

,A/¿ is the numbel of observations in the zth station;

l/ is the total number of observations; and

k is the number of seasons;

This test statistic has an appr-oximate ¡2 distribution on k - 1 clegrees of freedom.

Using the seasons defined in Table iJ.1, the following table indicates the con-

stituents exhibiting seasonality at the 5% Ievel of significance. A significant result

indicates at least one season has a significantly different median concentration than

one oï more other seasons. The p-value is approximately the probability of a ¡2
landom variable with k - 1 degrees of fi-eedom exceeding the observed value of H.

At certain stations, there was insufficient data for some constituents and that is

denotecl by "nf a" .

Seasonality is eviclent in all water quality parameters tested (shown in Table .Ì.1Ì)

and most palameters demonstrate similar seasonal patterns across all sites. Two

basic seasonality patterns emerged; dissolved calcium, sodium, magnesiurn, total

dissolvecl solids ancl specific condnctance exhibit peak concentrations in the win-

ter months. This follows an invelse pattern to the hydrograph, so that maximum

18



Table 3.3: Kruskal-Wallis test for seasonality results.

Station Seasonality p-value Seasonality p-value

Calcir-rm, Dissolved (-g/l) Suiphate, Dissolved (*e/l)
1.

2.

a

yes

nla
nla

yes

nla
yes

< 0.005 < 0.005

< 0.005

Sodium, Dissolved (-S/1) Chlolide, Dissolved (-e/l)
1.

2.

J.

yes

:nla

nla

yes

nla
yes

< 0.005 < 0.005

< 0.005

Potassium, Dissoh'ed (-S/l) Total Dissolved Solids (rng/l)

1.

2.

J.

yes

nla
nla

< 0.08ö yes

yes

yes

< 0.005

< 0.00ã

< 0.005

N4agnesium, Dissolved (-g/l) Specific Conductance (¡rS/cm)

1.

2.

.).

yes

nla

úa

< 0.005 yes

yes

yes

< 0.005

< 0.005

< 0.005
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411-s131
I 79 obs.

Figure 3.3: Boxplots of Dissolved Potassium (-g/1) depicting the seasonal pattern

of the constituent amongst all three monitoring stations

concentlations occur duling the low flow winter months. N4ajor ions derived from

geological weatheling and ground rvater become mole concentlated as flows dect'ease

in wintel and ground water comprises a higher proportion of flow (Glozier, et al.,

2004). Palameters exhibiting this winter pattern tend to be correlated positively

with each other and inversely with dischalge. The second typical seasonal pattern

obsen ed had maximum concentrations occurring in conjunction with high sum-

mer'/fall discharge levels. The palameter demonstrating this pattern is dissolved

sulphate. Significant seasonality was detected for dissolvecl potassium, it is low in

Feb/Ndar br-rt slightly higher in other seasons (Figule.J.:3). The seasonality patterns

of the lemaining constituents can be seen in appendix Figures Ä.9 to ,\.16.

In order to test for tlend the seasonal \4ann-Kendall test and Sen's slope was

used for the stations that exhibited seasonality. The null hypothesis for this test

is that no temporal trend exists versus the alternate hypothesis that a significant

T2

0
6t1-8t3t 911-1131
242 obs. 352 obs.
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upv/ard (or do,,vnwald) temporal trend exists. The direction of the alternative hy-

pothesis (upward/downward) is specified and hence this is a one-sided test. Sen's

siope estimator procedure is a simple nonparametric procedure cleveloped by Sen

(1968) and presented in Gilbert (1987) to estimate true slope.

The ly'' : (!) individual slope estimates, Q¿,¿,, àre, computed for each time

period:

e¡,i,:=,
1, -?,

where

r'n and r¿ aÌe the data values at time i,' and i (in days), respectively,'i' ) z and;

N' is the number data pairs for which ¿' > i,

Sen's slope estimator is then calculated by choosing the middle-ranked slope as

follows;

I
I Q¡*':,,1n-r¡¡r1 if N' is odd

1: (n 
"+ 

e,,=,,,*,,) ir ry'' is even;
\¿ \ , z ./

where n is the nurrber of time peliods;this value is multiplied by 365 to give the

yearly slope value.

The seasonal l\4ann-Kendall test is an extension of the Nlann-Kendall test for

trend that lemoves seasonal cycles. To compute the seasonal N4ann-Kendall statis-

tic, ,S¿, fol each season there must be a minimum sample size of four data points in

eachseason' 
s,:T f ,grr1"o t-r¿x)

È:1 l:k+i

2T



where fi is the statistic for the ith season and

(-t. if z<o:
sg'(z) :lo. itr:o;

I

|.1, ifr>0.

With use of the normal approximation (i.e.: greater than 41 observations) the

N4ann-Kendall test statistic, ^9 is calculated. When there are no tied vaiues, the

variance of S is computed;

Var(S) : n(n-7)(2n+5)

and the test statistic, Z, is as follows;

18

v-

When there are tied values,

.r o I
Var(S) : * ln(n_ 1)(2n+5) - Dto|r_ 1)(2te+5)l ,18 L 

\ /' 
o=, " ')'

where g is the number of tied gror-rps and úo is the numbel of observations in the

pth group

Once Var(S,) is computed, we pool acloss the K seasons,

È

S': tS,
i:L

and our test statistic Z is computed. If the result of the test statistic for a one

sidecl test is gleater than 1.645 we reject our null hypothesis that no tlend exists at

Lhe 5% level of significance.

s-1
[Va(Ð]'/2'
0,

^9+1
[Va''(S)]v''

if,9>0;

if,s:0;
ifs<0.
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The seasonal \4ann-Kendall slope estimator procedure is as follows;

First we compute individuaÌ Ä[ slope estimates for the iúh season:

Qo: !!-!:1.
l-k )

whele r¿¿ the data for the z'th season of the I'th year and z¿¡ the data fol the i'th
season of the k'th year (l > k).

This process is computed for each of the K seasons. Then rank the ¡/'1+ Nt2+

. . . + N'I{ : N/ individual slope estimates and find their median. This median is

the seasonal iVlann-Kendall slope estimator.

As most parameters consistently exhibited significant seasonality, the Seasonal

l\4ann-Kendall test was usecl for trend analysis. For- certain constituents the re-

quilement that there be a minimum per- season sample size of four was not met.

The analysis is summarized in Table ;1.4, "nf a" implies the size lequirements wele

not met, a positive slope is indicative of an increasing trend. If the p-value of the

statistic is less than oul 5% significance level we reject the null hypothesis of there

being no trend. In order to calculate Sen's slope the data was read in as the median

of each season because the program is not equipped to calculate Sen's slope for

copious amounts of data.

23



t-t ¡i?t.t-

Apr 1960 Dec tr983 Sep 2û07

Figure 3.4: Long term tempolal tlend of Dissolved Calcium (-S/l) at the Emer-son

monitoring station

Concentrations in dissolved calcium presented an increasing significant trend at

the Emerson monitoring station (Figule lì.4). There was insuffi.cient data at the

south floodway neal St. Norbert monitoring station as well as the Selkilk station

(remaining constituents can be seen in the appendix). Dissolved sodium has a

significant increasing trend at the Emelson water quality monitoring station with

insufficient data again at the other two rvater quality monitoring station. The

clissolved potassium constituent has a significant slightly increasing slope at the

Emerson rnonitoring station with the minimum sample size not being met at the

south floodway near St. Norbert station and Selkilk monitoling station. Dissolved

sulphate have increasing significant slopes at both the Emerson and Selkirk water'

quality monitoling stations, and minimum sample size was not met at the south

floodway station. The slope of dissolved chloride at the Emerson station has an

insignificant slopes at the 5% Ievel of significance, while there u'as insufficient data

at the south floodway station. Tota.l dissolved solids produced signifi.cant increas-
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Table 3.4: Seasonal l\4ann-Kendall Test for Trend Results.

Slope

Station (units/year) p-value

Slope

(units/year) p-value

Caicium, dissolved (-g/l) Sulphate, dissolved (-e/l)
1.

2.

.).

0.1665

nla
nla

< 0.001 1.190

nla
4.860

< 0.001

nla
< 0.001

nla

nla

Sodium, clissolved (-g/l) Chloride, dissolved (-S/l)

1.

2.

.).

0.1957

nla
nla

< 0.00_l

nla

nla

0.1 13

nla

r.246

0.330

nla
< 0.001

1.

2.

ò.

Potassium, dissolved (-S/l)

0.0428

nla
nla

Total Dissolved Solids (*e/l)
4.356

29.55

3.479

< 0.001

0.005

0.003

< 0.001

nla

nla
lVlagnesium, clissolved (rng/l) Specific Conductance (¡;S/cm)

1.

2.

ò.

0.2372

nla
nla

< 0.001

nla

nla

2.973

0.702

0.587

< 0_.081

0.337

0.424
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ing slopes at all three monitoring stations and an extremely large slope at the

south floodway monitoring station and specific conductivity producecl an increas-

ing significant slope at the Emerson station and insignifica¡rt slopes at the south

floodway and Selkirk monitoring stations. Celtain constituents were also weightecl

for flow and trends re-examined using this non-parametric method. FIow adjust-

ing data allows one to relate streamflow to various constituents and to remove

flow effects prior to statistical analysis. For water quality constituents, which ale

closely related to flow, an apparent trend in quality could be caused by the change

in flow. WQSTAT uses linear regression to estimate the slope and intercept of

Iog(concentrati,on): a*bIog(flow). Then from each log concentration, the corre-

sponding prediction based on flow, ø+blog(/lo'u), is subtracted, producing a series

of residuals u'ith a mean of zero. To each residual, the mean of the original 1og con-

centration is adcled, prociucing a flow-adjusted series of log concentrations, which

has the sàme mean as the original. Finally, the antilogs of the log concentrations

are found, and a final correction is macle so that the resulting series, in original

concentlation units, will have the same mean as the original series of observations.

Slopes from the four constituents selected increased slightly and remained signif-

icant after the lemoval of fl.ow, this can imply part of the increasing trends may

be due to factors other than streamflow. The question is how one would handle

such increases; if the slope is only increasing slightly relative to others with large

increases the latter should be looked at and evaluated first. Although the slopes are

significant, the p-values given in Table iJ.4 and Table lJ.5 ar-e that of Kendall's r.
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Table 3.5: Flow Adjusted Seasonal Mann-Kendall Test for Trend Results.

Station SIope (r-rnits/year) p-vaiue

Calcirim, dissolved (-g/l)
1.

2.
.]
J.

0.1710

nla
nla

< 0.001

nla
nla

Sodium, clissolvecl (-e/i)
1.

2.

2

0.2580

nla
nla

< 0.001

nla
nla

Potassium, dissolved (-g/l)
1.

2.

o,).

0.0460

nla
nla

< 8.001

nla
nla

Ndagnesium, dissolved (-S/1)

1.

2.

où.

0.3567

nla
nla

< 0.001

nla
nla
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Chapter 4

Parametric Methods used for
\Mater Quality Trend Analysis

In the previous section, a non-par-ametric method of water quality trend analysis was

examined, namely the seasonal \4ann-Kendall test. The advantages to such methods

are that they are easy to compute, require few assumptions, are robust to outliers

and can handle numerous data from many stations. A weakness of the seasonal

\4ann-Kendall test is that it assnmes monotonic trend and seasons must be defined.

Some advantages of parametlic methods are: they can be used to model complex

trends; and are good for explanatory and not just explor-atory analysis. Introducing

ancillary data such as livestock or- falming data can help better explain certain

trends. These methods use the ftrll power and flexibility of maximum likelihood

theoly, and flow and concentlation are modelecl jointly (Vecchia, 2004). However,

clisadvantages of parametlic rrethods are: they require specification of a parametlic

model; usually ale computationally intensive; require care in fitting the model and

verifying assumptions and may requile rnole data than non-parametric methods

do. Q\,VTRtrND, developed by Aldo Vecchia (USGS), was used to analyze trends

in water quality. There ale specific data requirements for this program:

1. Record length at least 15 years (not necessarily consecutive)
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2. Average of at least 4 samples per year (sampling frequency may vary fi'om

year-to-year)

At least 10 samples during each 3-month "season" (Jan-\4ar, Feb-Apr, lVlal-

1\4ay,..., Dec-Feb)

Less than 10 percent of values can fall below detection limit (may be more,

but extra care required to interpret results)

5. Full record of daily streamflow from S years before the first water quality

sample through the end of the record

Streamflow variation exists on many time scales (annuai, seasonal, daily, etc.),

ancl the variation can affect concentlations in complex and diverse ways (Vecchia,

2004). Seasonal and annual variability in streamflow in the Red River Basin is

high. Generally, high flows occllr during spring ancl early sllmmer (plimarily from

snowmelt or- rainfall runoff from spling storms) and low flows occul during late fall

and winter (primarily from ground-rvatel or reservoir dischalges). Streamflow data

were complete fol the Emerson station from 1955 to 2007. Flow clata for the Red

River at St. Norbert was insufficient f'ol the trend analysis program) therefore, flows

fol the analysis of that station were calculated by summing the flow data from the

Red River at Ste. Agathe hydrometric station with those from the Rat River at

Otterburne hydrometric station (Jones and Armstrong, 2001). Selkirk station data

ranged fi'om 1950 to 1969, so flow data for the trend analysis at the Selkirk station

wa^s obtained from the hyclrometric station located approximately g km upstream

at Lochpolt.

The general time selies structule defined by Vecchia (2000) expresses the stream-

flow clata as:

los(Q) : Me + ANNa + SEASa -t HFVq,

.)
J.

4.

whele
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Iog denotes the base-10 iogarithm;

Q is the stleamflorv, in cubic feet pel second;

Mq ís the long-ter-m mean of the log-transformed streamflow;

AN Na is the annual streamflorv anomaly (dirnensionless);

SEASa is the season stleamflow anomaly (dimensionless); and

H FVa is the high-frequency variability of the streamflow.

The concentrations data is expressed as:

log(C) : Mc + ANNI + SEASI + TREND: t HFV:,

where

C is the concentration, in milligrams ol microglams pel litre;

I\,[ç is the long-telm mean of the log-transformed concentration;

ANNc is the annual concentlation anornaly (dimensionless);

SEASc is the seasonal concentration anomaly (dimensionless);

TRENDc is the concentration trencl; and

HFVc is th.e high-freqr-rency variability of the concentlation (climensionless).

All of the terms in the above rnodel except the trend, are assumed to repre-

sent "natural" valiability. The high frequency variability is the variability that

remains after the removal of seasonal and annual anomalies. Day-to-day changes in

meteorological conditions may câuse high-frequency variabiliiy in both streamflow

and concentration. It may also be caused by the inability to exactly determine a

concentration at any given time.
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The diffelent scales of variation of streamflow are expressed as:

Iog(Q) - X,Iq: ANNq + SEASa + HFVa,

where AN Nq, SEASa, H FVa are defined above.

For a particular time (ú, in decimal years);

ANNa: AîYR+ AIYR "annual stleamflow anomaly";

ASYR is the avelage of log Q - NIq for five years up to and including time ú ("5

year streamflow anomaly");

A1YR is the average of log Q - ilIq - A\Y R for one yeal up to and inclr-rding tirne

ú ("1 year streamflow anomaly");

SEASa:A3IVI+APER;

ASM is the â,velage of log Q - NIq - AN Na for 3 months up to ancl including time

ú ("3 month streamflow anomaly");

APER: Periodic function of ú with period 1-year.

The top graph in Figure 4.1 depicts the daily streamflow at the Emerson moni-

toring station while the bottom one clepicts the streamflow by month. The values at

the bottom of the graphs indicate the values included, for streamflow all 36 values

per year' (3 pel month) are included. The two piots of dissolved calcium (Figure .1.2)

show that sampling started in 1960 ancl ended in 2007, there are 47 years rnith at

least 1 sample and an average of 16 samples per year, thereby indicating there is

enough data fol time series analysis. Further plots fol the remaining constituents

are in the appendix.

QWTREND employs a peliodic auto-reglessive moving avelage model (PAR1\44

model) (cf. Box and Jenkins, 1976) to lemove the "non-random" structure in the

high-frequency variability of the streamflow:
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IBù H (t)l : b¿o I b¿1 cos(2trt) + bo, sin(2rt) f b¿3 cos (4 nt) + b¿a sin(4trt)

where;

Bo : lbno,b¿r,b¿z,b¿z,b¿¿,|are the parameters to be estimated,

H (t) : 17, cos(2trt), sin(krt), cos(4trt), sin(4rú)] and

Therefore, the PAR\44 moclel for streamflow is:

HFVa(t) : PAR(t)HFVq(t - d) + PMA(t)e1(t - d) + e1(i)

where;

PAR(t) : lBr, H(t)) is a periodic autoregressive coefficient

PMA(t) : lBz, f{(t)] is a periodic moving average coefficient

e1(ú) is the PARN4A model noise with the assumption that E[e1(t)]:0, Var[e 1(ú)]:"?(t)
and Corr' [e1 (ú),€i (t-kd)] :0

o{t) : l&,H(t)l is the peliodic standard deviation of the noise.

There is also a periodic auto-regressive moving average model (PAR\,{A model)

to remove the "non-random" structure in the high-frequency variability of concen-

tration, notation is as follows:

H Frr c (t) : pA R o (t) H FV a (t) + pA R, (t) H FV c (t - d) + p M A s (t) e1(t) + e2(t)

whele;

PAR¡(I) : lBn,l1(t)] is a periodic autoregressive coefficient,



PAR1 (¿) : [Br, H(¿)] is a periodic autoregressive coefficient,

PMA¡(I) : lBu, f1(ú)] is a periodic moving avelage coefficient, and

e1(ú) is the PARN{A modei noise fol stleamflow and e2(t) is the PAR\44 modeÌ

noise for concentration.

Thele are two complementary approaches for fi.tting trends (Vecchia, 2004), ex-

ploratoly trend analysis wiil provide the best statistical fit to the data using gener'-

alized likelihood ratio tests or an explanatory trend analysis which will use ancillaly

time-series data such as livestock data, to explain the trends in concentration.

Figures ,1..i-,,[.8 depict the recorded data of dissolved calcium at the Emelson

monitoring station, seasonally adjusted and de-trended data, the seasonally adjusted

ancl flow-acljusted clata and the PARN4A model residuals and a line showing the

Iowess smooth. Lowess, locally weightecl scatterplot smoothing is an outlier resistant

method based on local polynomial flts (Cleveland, 1979). These smoothers make no

assumptions about the form of the relationship, ancl allows the form to be discoverecl

using the data itself. The plots of the remaining constituents and stations can be

seen in the appendix.

4.L Generalized Likelihood Ratio

To cornpute the overall significance of the fitted trend model we ale testing the null

hypothesis that there is no trend versus the alternate hypothesis that at least one

trend coefficient is non-zero ¿(0) is the value of -2ln L , L is the likelihood function,

fol the model with no trend and I(k) is the value of. -2 ln L fol the model \Mith k

tlencl functions. If all the trencl coefficients equal zero, implying no trend exists,

f (k):¿(0) - L(k) h* X' distribution on k degrees of freedom, thus the p-value is

1-P(xir*r,o).

The no trend model was initially fitted for the Emerson station constituents, a

single linear trend was then fitted for all constituents and upon closer examination
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of the lesiduals it can be seen that not all constituents are best modeled with a single

Iinear trend. Also given is the percent change in the median of the flow-adjusted

concentration tlend line ovel the period of reporting.

Table 4.1 shows the results of fitting a single linear trend model to the data from

the Emerson monitoring station. For each of the eight constituents consideled, the

percent change is calculated as (10'- 1) * 100, where ¿ is the estimated coefficient.

For the Emerson station, the value of the log likelihood of dissolved calciull and

sulphate is slightly greater than that of the no-trend model so the significance of this

trend can not be computed. Dissolved sodium and dissolved potassium constituents

yielded an estimated 47.9% with concentrations from 28.44 mg/l to a1.98 mg/l

and an estimated 32.7% respective significant increase of 5.36 mg/l and 7.I2 mgll
from 1960-2007. Dissolved magnesium did not meet the all the requirements of

QWTRtrND, there is a periocl of time where no data was collected as seen in

the top graph of Figr-rre A.lllj thus the tlend was fitted on the clata from 1975

No 2007 which yielded an estimated significant 27.I% increase ftorrr 26.49 mg/l to

32.06 mg/Ì. Total dissolved solicls significantly increased 43.2% with concentrations

ranging from 349.74 mgll to 501.19 rng/l fr-om 1985-2007. Dissolved chloride ancl

specific conductance both had significant increasing trends from 1960-2007 rvith

estimates of 39.0% ancl 28.8% respectively with concentrations ranging from 28.64

mg/l to 39.81 mg/l for clissolved chlolicle and from 588.84 ¡L,Slcm to 756.83 pßlcm.

Dissolved sulphate also had an estimated 52.4% increase in median concentration

ranging from 66.68 mg/l to 101.62 mg/l between 1960 and 2007, however, a single

linear trend is not an appi'opriate measure for this constituent. The rernaining

comparisons for all constituents and stations is summarized in Table 5.2.

One method to further explole other possible monotonic trends is to analyze

the residual plots of the no trend models. Dissolved calcium seems to exhibit three

monotonic trends; an increase from 1960-1970 a slight deciine until 1983 and then

increase again to 2007. Dissolved potassium and specific conductance ale other

constituents exhibiting two different monotonic trends a slight decrease from 1960

to 1974 and inci'ease until to 2007. The trend for magnesium rn'as examined from
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Table 4.1: Fitted Single Lineal Trends at the Emerson Station

Constituent

est. est.

% change coef.

std.

el'roI p-value

time

periocl

Dissolved Calcium

Dissolved Sodium

Dissolved Potassium

Dissolved lVlagnesium

Dissolved Sulphate

Dissolved Chloride

Total Dissolved Solids

Specific Conductance

0.020 r.632

0.170 6.401

0.123 7.279

0.083 4.790

0.183 6.363

0.143 3.439

0.183 6.363

0.110 6.974

can't determine

< Q.08_l

< 0.001

< 8.081

can't determine

0.001

< 0.00_L

0.001

4.7

47.9

o4n¿2. I

27.r

52.5

39.0

43.2

28.8

1960-2007

1960-2007

1960-2007

t975-2007

1960-2007

1960-2007

1985-2007

1960-2007

Table 4.2: Three \4onotonic Trends found from exploling no-trend model residuals

Constituent % change % change % change p-value

Dissolved Calcium

Total Dissolved Solids

24.5

r0.7

-15.9

-19.1

26.2

r1.4

< 0.081

< 0.001

1975 and shows a decrease until 1983 and then proceeds to increase through to

2007. Total dissolved solids also show three different monotonic trends, an increase

from 1982-1992 then a slight decrease until 1999 and then increase again until 2007.

Dissolved sulphate appears to have two monotonic trends, a decrease from 1960 until

1977 and then increase until 2007, while dissolved chlolide seems best modelecl with

asingle linear trend. This is outlined in Table 4.2 and Table.l..i.

Initially dissolved sodium was fitted with two monotonic trends: a suspected

declease from 1960 until 1970 and an incr-ease until 2007. The estimated coefficients

of the model were all positive making it diffi.cuit to fit a proper model by just

looking at the residual piots. Since this method does not give us accurate "cut-offs"

the following section offers an alternate method of fitting trend functions for the

constituents at the Emerson monitoling station.
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Table 4.3: Two \4onotonic Trends found frorn exploring no-trend model lesiduals

Constituent % change % change p-value

Dissolved Potassiurn

Dissolved N{agnesium

Dissolvecl Sulphate

Specific Conductance

-J.J

-5.6

-24.8

-9.2

38.4

43.5

84.1

36.8

< 0.001

< 0_.00_l

< 0.001

< 0.001

For the constituents at the South Floodway monitoling station, a no trend model

was fitted for three constituents, dissolved sulphate, dissolved chloride and specific

conductance. However, since QWTREND has quite specific requirements as stated

earlier', fol the South Floodway at St. Norbert and Selkirk monitoring stations the

only constituent with enough data for trend analysis is specific conductance. There

was fonnd to be a 33.7% signifi,cant increase in specific conductance from 7976-2007

with a p-value < 0.001 as seen in Figure .,\.86-A..S9 and fol the Selkirk monitoring

station there was a 28.8% significant increase in the median specific conductance

flom 1978-2001 with a p-value of < 0.001 as seen in Figure A.92-4.95. Both of these

results contradicted the insignificant results obtained by using the non-parametlic

methocls.

4.t.L Generalized Likelihood Ratio Tests for Comparing Mod-

els

To compare models: I(k) is the value of -2 ln L for the model with k equally spaced

trencl functions and l(k+j) is the value of -2 ln L for a model with 7 additional

trend functions. If all the additional coeffi.cients equal zero, implying no trend

exists, lU):¿(k) - ¿(k+j) h* x' distribution with 7 degrees of freedom, thus the

p-value is 1-P(Xfl,r;,3). Tn. modei which yields the lowest p-value computecl by the

generalized likelihood ratio test is the best modei to use.

In the previous section, all constituents were modeled with a single linear trend
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ancl fi'om exploring the residual plots of the no trend model, several different mono-

tonic trends may emerge) that method is a form of "data-peeking." We are lunning

variations on regression moclels priol to running the frnal model and this is highly

susceptible to generating spurious results.

To facilitate comparisons between the fitted trends for the diffelent constituents,

the same initial model was fitted in each case and then simplified to obtain the

fi.tted trend for each individual constituent. The initial model consisted of ten

trencl fnnctions with midpoints 1960, 1965, 1970, 1975, 1980, 1985, 1990, 1995,

2000, 2005 and a half-width of 2.5 for all midpoints. The model was then simplified

by using the algebraic signs of the coefficients to combine adjacent trends. For

example if the fitted coefficients fol the trend functions with midpoints of 1965 and

1970 were both positive, the two functions were combined into a single function

with a midpoint of 1967.5 and a half-width of 5. Table 4..[ shows the number of

monotonic trend functions for each constituent using the above described method.

The significance of dissolved calcium could not be detelminecl by a single linear

trend and after combining acljacent coefficients the four trenci model yielded the

lowest p-value and showed a 17% decrease from 1960 to 1962.5, a 23% increase

from 1962.5 to 1967.5, another' 15% decrease from 1967.5 to L977.5 and finally a

21% increase through to 2007. Dissolved sodium exhibited a 57.2% decrease from

1960 to 1962.5, a37.4% inclease from 1962.5 to 1967.5, another 7.370 decrease from

1967.5 to 1982.5 and an increase of 63.7% through to 2007. Dissolved potassium

was best fitted with sixmonotonic trends a43.1% decrease from 1960 to 1962.5, a

15.L% increase from 1962.5 to 1967.5, a decrease of I0.5% from 1967.5 to 1977.5

anotlrer' 35.5% inclease until 1997.5 a small decrease of 5.8% until 2002.5 and finally

an increase of 163% through to 2007. Dissolved magnesium having been analyzed

with data from 1975 showed a declease of 73.9% until 1978 and an increase of

48.3% nntil 2007. Dissolved sulphate yielded a 28.4% decrease until 1979 and a

78.2% increase through until 2007 using this method which can coìnpale to the

results in the previous section. Dissolved chloride was fitted with four monotonic

trends and showed a 74.6% decrease in concentration from 1960 to 1962.5 then an

increase of 47.6% until 1967.5 another 23.1% decrease till 1985 and finaliv a large
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Table 4.4: Best Fitted \4odei for each Constituent

Constituent nu.mber of trends p-value

Dissolved Calcium

Dissolved Sodium

Dissolved Potassium

Dissolved l\dagnesium

Dissolved Sulphate

Dissolved Chloride

Total Dissolved Solids

Specific Conductance

4

4

o

2

2

4

1

4

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

increase of 702.3% to 2007. Using this method a single linear- trend was the most

applopriate model for total dissolved solids and showed a 43.5% increase until 2007

which corresponds to the earlier method of fitting the trend. Speciflc conductance

is modelecl with four monotonic trends; decrease of 44.5% from 1960 to 1962.5, a

5.4Y0 increase until 7967.5 another 3.270 decrease and finallv a 36.4% increase until

2007.

Now since these methods only explore fitted trencls one may still wish to know

reasonable causes for such trends. Without a detailed chemical source and tra,nsport

model, definitive causes for trends are difficult to determine however, ancillary time

series variables can be used to determine if changes in the valiables are consistent

with the approximate timing and direction of the trends.
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Chapter 5

Comparison of Non-Parametric
and Parametric Results and

Fbture Recommendations

5.1 Comparisons

The non-parametric methocl is simpler to employ and can be used with less data

than the parametric methods ernployed in QWTREND. Small sample size and short

period of record, coupled with the high variability in data make the detection of sta-

tistically significant tlends using the par-ametric approach quite difficult. However',

QWTREND allows one to flt trends using an exploratory approacir that indicate the

apploximate times ancl directions of changes in concentrations. In order to explain

the change, this also allows the introduction of ancillary data to see if the changes

are a result of human causes (i.e., changes in land use, agricultural practices, sewage

treatment, etc.) (Vecchia, 2004).

Both methods exhibitecl similarities with significant trend results amongst dis-

solved sodium, dissolvecl potassium and dissolved magnesium. The significance of

the trend for dissolved calcium could not be computed using the par-ametric method.



Table 5.1: Comparison Results with respective p-values

Station # Constituent Non-Parametric Parametric

Dissolved Calcium

Dissolved Sodium

Dissolved Potassium

Dissolved 1\4agnesium

Dissolved Sulphate

Dissolved Sulphate

Dissolved Chioride

Dissolved Ch.loride

Total Dissolvecl Solids

Total Dissolvecl Solids

Total Dissolved Solids

Specific Conductance

Specific Conductance

Specific Concluctance

< 0.001

<@
< 0.001

< 0.081

< 0.001

< 0.001

0.330

< 0.001

< 0.001

0.005

0.003

< 0.001

0.337

0.424

nla

< 0.001

< 0_.00_l

< 0.001

nla
nla

0.001

nla
< 8.00_l

nla
nla

0.001

< 0.001

< 0.001

Total dissolvecl solids exhibited a significant trencl at the Emerson station using both

methods and at the remaining two stations using the non-parametric methocls, how-

ever data from the South Floodway and Selkirk stations were too sparse to employ

the parametlic method. There are also some obvious differences. For example,

using non-parametlic techniques, dissolved chlolicle concentlations at the Emelson

monitoring station did not exhibit a significant trend but they did with the para-

metric methods. However, using parametric techniques, specific conductance at

both stations showed significant increases while the non-parametric method yielded

insignificant results. Table 5.1 summarizes the comparisons of each method with

their respective p-values.

The estimated percent change fol dissolved calcium was lelatively similal be-

tween the non-parametric and flow adjusted non-parametric methods as can be

seen in Table 5.2 however, there is a notable difference between these results and
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Station f

È
Or

Dissolved Calciurn

Dissolved Sodium

Dissolved Potassiurn

Dissolved Magnesiurn

Dissolved Sulphate

Dissolved Chiolide

Total Dissoived Solicls

Specific Conductance

Total Dissoived Solids

Specific Conductance

Dissolvcd Sulphate

Dissolved Chloride

Total Dissolved SoÌids

Specific Conductance

Constituent

Table 5.2: Changes in Concentrations ivith each N4ethod

Dates

1960-2007

1960-2007

1960-2007

1975 2007

1960-2007

1960-2007

1985-2007

1960-2007

1985-1991

1976-2007

t997-2007

1997-2007

1970-1991

1978 2001

Non Palametlic

Flom To % Change

* significance could not be cietennined, see Section 4.1

60.53 68.43 r3.0%

37.78 47.08 24.6%

5.57 7.61 36.5%

26.27 37.53 42.9%

70.78 127.30 79.8%

not significant

403.19 515.73 27.9%

646.18 787.40 2t.9%

461.35 638.65 38.4%

not significant

100.94 156.06 54.6Vo

25.14 39.26 56.2%

470.86 549.t4 t6.6%

not significant

Non-Parametric (Flow Adj.)

From To % Change

60.30 68.42 r3.4%

33.58 45.84 36.5%

5.46 7.64 40.2%

23.24 40.18 72.9%

Palametric

Frorn To % Change

60.95 63.83 4.7o/o*

28.44 41.98 47.9%

5.36 7.r2 32.7%

26.49 32.06 zL.r%

66.68 101.62 52.5ya*

28.64 39.81 39.0%

349.14 501.19 43.2%

588.84 756.83 28.8%

insufÊcient data

578.10 772.68 33.7%

insufficient data

insufficiellt data

iusufÊcient data

645.65 831.76 28.8%



the parametric method. The estimated percent change in dissolved sodium is in-

creasing amongst ali three methods, while dissolved suÌphate yielded an estimated

79.8% change with the non-palametric method, but only an estimated 52.5% change

using pararnetric methods (although the significance of this trencl could not be com-

puted). It is difficult to compare these two methods because they both use entirely

different moclels. The parametric model includes numer-ous streamflow anomalies

and allows fitting more than a single iineal trend, while the non-parametric model

does not. Using the parametric flow adjusted models show that increases in ion

concentration may not be entirely related to flow. Variation in precipitation as

well as landscape changes can be other contributing factors. Even though there

are statistically significant increasing trends occurring in most of the constituents,

there is still a need to test different moclels and correlations between stations. The

sparse data from the South floodway at St. Norbert and Selkirk stations, different

lab methods and the different time periods of recorcl make it difficult to compare

between stations.

5.1.1 Advantages and Disadvantages

Non-palametric and parametric time selies come with their own sets of advantages

and disadvantages and these are only two of those methods that have been employed,

there are fulther non-parametric methods that can be used and serial correlation

needs to be addressed and with the non-parametric and parametric time series mod-

els there should be considerations in coming up with an automatic moclel selection

process that can best describe the trends.

Advantages of Non-Parametric Methods using WQSTAT:

r Easy to compute

o Requires few assumptions

r R,obust to outliers
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Disadvantages of Non-Parametric Methods r-rsing WQSTAT:

o i\4ay not be as powerful (when parametric assumptions are met)

o "Hyclrologic" seasons must be cleally defined

o Assumes monotonic trend

o No fl.exibility for defining trend lengths

Advantages of Parametric Methods using QWTREND:

o Can modei complex trends

o Good for explanatory and exploratory analysis

o Uses full power of the maximum likelihood theor-y

o Flow and concentration ale modeled jointly

o Fitted trencls indicate apploximate times ancl clirection of the changes in con-

centrations

Disadvantages of Parametric Methods using QWTREND:

o R.equires specification of a parametric model

o Celtain data lequirements must be met

o Requires care in fitting the model and verifying assumptions

o Computationally intensive
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5.2 F\rture Recommendations and Conclusions

Filst and foremost thele should be a sampling design employed for monitoring

concentration trends in order to make a complete data set for future water qual-

ity monitoring projects. If all stations are continually monitored then this design

should be unifolm throughout. QWTREND computes effective sampling designs

for monitoring trends in order for parametric trencl results to be as accurate as

possible. Designs can be valiable or fixed to be the same year after year. Valiable

sampling frequencies should be considerecl only if one can specify the starting time

and duration of the trend. Since this is quite difficult a fixed sampling design is a

more efficient method. Fixed sampling designs can be conpared by two character-

istics, their sensitivity and efficiency. An efficient design is one that maximizes the

likelihood of detecting a trend for a fixed cost. After fitting the time series model

for analyzing historical trends, the model can be used to compute the charactelistic

trend for any specified design using QWTREND. The characteristic trencl is the

inclease (or decrease) in concentration, in percent, that has an80c/o chance of being

detected after 5 yeals of sampling. Tlends larger than this characteristic trend will

have more than an 80% chance of being detected, while trends smaller will have less

than an 80% chance of being detected, if they exist. Fol future studies this would

be useful to establish.

If a comparison is to be made between concentration data and concentlation

data rveighted for flow, then that should be done using the non-parametlic method

as well. Vecchia's method deals with flow-adjusted models and, as such, are dealing

with the log of streamflows and concentrations, when comparing the non-parametric

methods the clata is not transformed in the same rrìanner'. QWTREND merges the

streamflow and concentlation data sets quite easily whereas WQSTAT allows fol a
flow-adjusting procedure to be applied to the raw data. The strearnflow data is

given on a daily basis ¡¡,hile concentration of the constituents are not and WQSTAT

makes it difficult to merge the streamflow and concentration.

Ancillary data could also be used in order to better explain the trends in

concentrations and whether or not they are ecologically significant. Cropland and
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livestock data for the Red River are r.eported by the National Agricultulal Statistics

Selvice, this available data can be incorporated into QWTREND and allows one to

have more of an explanation as to why certain fitted trends make sense. For exampie,

if there has been an increase in the amount of cattle in an area surlounding the Red

River', does that explain a certain percent increase in ion concentration? Or, with

more roads near the Red River will thele be an increase in sodium and chloride ions

due to road salt usage?

Without more l'esealch, it is hard to say which of these two methods should

be used in any given situation. In addition, more complex models should also be

considered - especially ones that can incorporate not only the serial correlation, but

also spatial components and the corlelation between ion concentlations. These may

be parametric, non-parametlic or semi-parametric in nature. A Bayesian approach

may prove advantageous in handling these more complicated moclels.
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Appendix A

Figures

,A".1 Boxplots of Constituents

The following figures are the boxplots of the selected constituents at all three mon-

itoring stations: Emerson, South Floodway anci Selkirk. These boxplots show the

five-nnmbel summaries of the data. The tails extend to the maximum and minimnm

value of our data, while the box encompasses the middie 50% of oul data.
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Figure 4.1: Boxplot of dissolved Caicium (-S/l) depicting the five number summary

of the constituent
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900 obs.
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Figure 4.2: Boxplot of Dissolved Sodium (-g/l) depicting the five numbel sumrnaly

of the constituent
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Emerson
900 obs.
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Sthfldrw
4 obs.'

Potassium

t"1-,'jl:-i

Sclkirk
9 obs.

(-g/l) depictingFigure 4.3: Boxplot of Dissolved

mal'y of the constituent

bhe five number sum-
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Figure 4.4: Boxplot of Dissolved

summary of the constituent

Sthfldrw Selkirk
4 obs.' 9 obs.

N4agnesir-rm (-g/l) depicting the
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Figur:e 4.5: Boxplot of Dissolved Sulphate (*g/1) clepicting the five number sum-

mary of the constituent

Figure 4.6: Boxplot of Dissolved Chlolide (-g/l) depicting the five number sum-

maly of the constituent
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Figure 4.7: Boxplot of Total Dissolved Solids (-e/l) depicting the five number

srunmar:y of the constituent

(pS/crn) depicting the five numberFigule 4.8:

summary of

Boxplot of Specific Conductance

the constituent
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^.2 
Seasonal Boxplots

The following figures are the seasonal boxplots of the selected constituents at all

three monitoring stations: Emerson, South Flooclway and Selkirk. These boxplots

show the seasonal patterns of the constituents defined by their "hydrologic seasons."
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Figure 4.9: Seasonality pattern of Dissolved Calcium (rng/l) depicting the seasonal

pattern of the constituent amongst all thlee monitoring stations

Figule 4.10: Seasonality patteln of Dissolved Sodium (rng/l) depicting the seasonal

patteln of the constituent amongst all three monitoring stations

%lo-3JúJ itìr'låJ fábYriJ 34¡YriJ
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Figr-rle 4.11: Boxplots of Dissolvecl Potassium (-g/l) depicting the seasonal pattern

of the constituent amongst all three monitoring stations

2lt-3/3t 4/t-5t31 6il-8t3t 9/1-v3l
I 12 obs. 150 obs. 197 obs. 281 obs.

Figule 4.72: Seasonality pattern of Dissolved N4agnesium (mg/l) depicting the

seasonal pattern of the constituent amongst all three monitoring stations
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Figure A..13: Seasonality pattern of Dissolved Sulphate (-g/l) depicting the sea-

sonal pattern of the constituent amongst all three monitoring stations

Figure 4.14: Seasonality pattern of Dissolved Chloride (-g/l) depicting the seasonal

patteln of the constituent amongst ali three monitoring stations

{/l-5/3Í ó/l-$r3l 9/l-l;31
233 obr. 29I ob:- 4?0ob¡.
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Figr-rre 4.15: Seasonality patteÌn

seasonal pattern of the constituent

of Total Dissolved

amongst all three

Solids (-S/l) depicting

monitoring stations

the

Figure 4.16: Seasonality patteln of Specific Conductance (¡L,Slcm) depicting the

seasonal pattern of the constitr-rent amongst all three monitoring stations
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A'.3 Non-Parametric Trend Results

The foliowing figures depict the long term temporal trend of each constituent at

each monitoring station. These were calculated using the 1\4ann-Kendall Test and

Sen's slope.
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Figtrre A.77: Long term ternporal tlencl of dissolved calcium (rrrg/1) at the Emerson

rnonitoring station

Apr 196û Dec 1983 Sep 2007

Figule 4.18: Long telm temporal trend of dissolved sodium (-S/l) at Emerson
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4.3.1 South Floodway at St. I.{orbert Monitoring Station
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A.3.2 Selkirk Monitoring Station
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Figtrle A.27: Long term tempolal tlend of dissolved chloride (-g/l) at Sell<irk
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Figure 4.28: Long term temporal trend of total dissolved soiicls (-g/1) at Selkirk
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4.4 Parametric Trend Results

The following figules depict the raw data of the constituents being used with

QWTREND. The figures below pertain only to the Emerson N4onitoring Station.

The uppel plots are the data points while the lower plots depict the number of data
points by month.
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Figule 4.35: Dissolved Chloride at Emerson (lo916 mg/l)
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4.5 Flow Adjustment Plots

The following sequence of plots (Figures Ä.38-4.83) show the streamflow related

anomaly (plus trend); the seasonally acljusted and de-trencled data and annual

streamflow anomalies; the seasonally adjusted and flow adjusted data (with flat

tlend line); and the residual plots for the following constituents: dissolved calcium,

dissolved sodium, dissolved potassium, dissolved magnesium, dissolved sulphate,

dissolved chloride, total clissolved solids and specific concluctance. These provide a

baseline for further examinations of trends as discussed in the text.

4.5.1 Emerson Monitoring Station
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Figure 4.40: Dissolvecl Calcium Flow Adjustments - Seasonally adjusted ancl flow

adjusted data (points) and no-trend (line).
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Figure 4.41: Dissolved Calcium Flow Adjustments - Parametric no-trend model

lesicluals (points) ancl lorvess smooth line with F : 0.5.
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Figure 4.42: Dissolved Calcium Flow Adjustments - Seasonally acljr-rsted and flow

adjusted clata (points) and single trend (line).
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Figr-rle 4.43: Dissolved Calcium Florv Adjustments - Parametric single trend model

residuals (points) and lowess smooth line with F : 0.5.
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Figrrle A.44: Dissolved Sodium concentrations (points) and streamflow related

anomaly f trend (line)
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Figure 4.45: Dissolved Sodium FIou'Acljustments - Seasonally adjusted and de-

trenclecl data (points) and annual streamflow-related anomaly (line).
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Figure 4.46: Dissolved Sodium Flow Adjustments - Seasonally acljusted and flow

adjusted data (points) and no-trend (line).
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Fignle 4.47: Dissoived Sodium Florn'Adjustments - Parametric no-trend model

resicluals (points) and lowess smooth line with F:0.5.
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Figule 4.48: Dissolved Sodium Flow Adjustments - Seasonally adjusted and flow

acljusted data (points) and single tlend (line).
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Figure 4.49: Dissolved Sodium Flow Adjustments - Parametric single trend model

residuals (points) and lowess smooth line with F : 0.5.
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Figure 4.50: Dissolved Potassium concentrations (points) and streamflow related

anomal5, * t¡end (line)
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Figure 4.51: Dissolved Potassium Flow Adjustments - Seasonally adjtisted and

de-trended data (points) and annual streamflow-related anomaly (line).
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Fignre A.52: Dissolved Potassium Flow Adjustments - Seasonally acljusted and

flow adjusted clata (points) ancl no-trend (line).
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Figure 4.53: Dissolved Potassium Flow Adjustments - Parametric no-trend model

residuals (points) and lowess smooth line with F : 0.5.
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Figure 4.54: Dissolved Potassium Flow Adjustments - Seasonally adjusted and

flow acljusted clata (points) ancl single trencl (line).
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Figure 4.55: Dissolved Potassium FIow Adjustments - Parametric single trend

model residuals (points) and iowess smooth line with F : 0.5.
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Figure 4.56: Dissolved \4agnesium concentrations (points) and streamflow related

anomaly f trend (line)
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Figure 4.57: Dissolr¡ed \4agnesium FIow Adjustments - Seasonally adjusted and

de-trended data (points) and ânnual streanrflow-related anomaly (line).

ï
F
rI
(t
o
Jn
O

I

lll
U)

ffl
U)

¿
a
k
E
z
uJoz
o
C)

o
ci

tttt

H.

WoI

B

tttt

¡ÂS"
#Êä å ¡l

ffiF&
)O

I

€

&a&i
rywir"ç

o
o
3t&

n Hili4
&ffi

X{d'o-ffi

rydT
$bd
o

o

o

o
o
o

þ",,
$¿:¡ ìtr-

f ffit".ffidä;rs/#w
hH-

o
e

o

eß
oo&

" ç 8dÈ.
ß è,såtr

ffiff
o
¡ oo
oo'o

o

$".. "W
'q$ww

I oo

o
o

so
än6

û
-o&
'^oÐ ffiÀ-ffiåu
WÊovo

OO
o

oo
)
o

o

o

ffi
bww@
lo oo
oo

e

øw

e8

o

o

o

93



Hfu
W

bó oe

o

&
.o^ o

o

!å,
a3 o^o

^gm

o 8^
Ploo^& i. å;

bs-&
oo

ffi
B
)O

I

+ a-v-Y

Fca
uf
)
o

o

,iry
doo

o

"

íde8ed
þooY
p-o o oo

o

boodqt

oo
þîj ð;"d ì

oo-
o

ooo
)

g

o

rgð
8cP

oo
o

o

1955 1960 1965 1970 1975 1980 1985 1990 199s 2000 2005 2010

Figure 4.58: Dissolved Magnesium Flow Adjustments - Seasonally adjusted and

flow adjusted data (points) and no-trend (line).
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Figure 4.59: Dissolved Magnesium Flow Adjustments - Palametric no-trend

model residuals (points) and lowess smooth line with F : 0.5.
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Figure 4.60: Dissolved N4agnesium Flow Adjustments - Seasonally adjusted ancl

flow adjusted data (points) and single trend (line).
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Figure 4.61: Dissolved N4agnesium Flow Adjustments - Parametric single trend

moclel residuals (points) and lowess snooth line with F : 0.5.
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Figure 4.64: Dissolved Sulphate FIow Adjustments - Seasonally acljusted and flow

adjustecl data (points) ancl no-trend (line).
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Figure ,{.65: Dissolved Sulphate Flow Adjustments - Paratnetric no-trencl model

residuals (points) and lowess smooth line with F:0.5.
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Figure 4.66: Dissolved Sulphate Flow Adjustments - Seasonally adjusted ancl flow

adjusted clata (points) ancl single trend (line).

o

o
o
o

o
o

o
o

o(
-- 

o oJ

o%
o o
rOO

o
o
.ô- o po

Csoo
o

o

a oo-
o 6O

þ",

ffi,
ffi

þffi
ffi

O9

i"^st^,
foê
f3F 3o co(

^ o-@
qå r.*"tJ þ-u o&

go-
Eq LE

¡,ffi
lçäo

:å{
o ovooo

.C
Ð :;Þ1 ,äb\

tf,o

F
- -E.tl
bø og

oóÐ /

^oo i
,"*d¿

n_

o oBo
o

o I

oo
P3"

o
iö. u o

o oé

o-
)o o

*o oo O6

o
o

Þ- o

o o

o o

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Fignre 4.67: Dissolved Sulphate Flow Adjustments - Parametric single trencl

model residuals (points) and lowess smooth line with F : 0.5.
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Figure 4.70: Dissolvecl Chloride Flow Adjr-rstments - Seasonally adjusted ancl flow

adjusted data (points) and no-trend (line).
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Fignre A.77: DissolvecÌ Chloride Flou' Adjustments - Parametric no-trend moclel

lesiduals (points) anci lowess smooth line with .F : 0.5.
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Fignle A.72: Dissolved Chiolide Flow Adjustments - Seasonally adjusted ancl flow

adjusted data (points) and single trencl (line).
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Figure 4.73: Dissolved Chloricle Flow Ad.justments - Parametric single trend

model lesicluals (points) and lowess smooth line with F: 0.5.
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Figure 4.74: Total Dissolved Solids concentrations (points) ancl streamflow related

anomaiy * trencl (line)
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Figule 4.75: Total Dissolved Solids Flow Adjustments - Seasonally adjusted and

de-trended ctata (points) and annual streamflow-related anomaly (line).
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Figure 4.76: Total Dissolved Solicls Flow Adjustments - Seasonally adjusted ancl

flow adjusted clata (points) ancl no-trend (line).
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Figr-rre A,.77: Total Dissolvecl Solids FIow Adjustments - Parametric no-trend

model residuals (points) and lowess smooth line with F : 0.5.
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Figr-rre 4.78: Total Dissolved Solicls Florv Acljustments - Seasonaliy adjusted ancl

flow adjusted data (points) and single trend (line).
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Fignre 4.79: Total Dissolved Solids Flow Adjustments - Parametric single trend

model residuals (points) and lowess smooth line with F : 0.5.
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Figr-rre 4.80: Specific Conductance concentrations (points) and stt'eamflow related

anomaly * trend (line)
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Figure 4.81: Specific Conductance Flow Adjustments - Seasonally adjustecl and

de-trencled data (points) and annual streamflow-relatecl anomaly (line).
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Figr-rre 4.82: Specific Conductance Flow Adjustments - Seasonallv adjusted ancl

flow adjusted clata (points) and no-trencl (line).
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Figure 4.83: Specific Condtictance FIou' Adjustments - Parametric no-trend model

residuals (points) and lowess smooth line with F : 0.5.
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Figur-e 4.84: Specific Concluctance Flow Adjustments - Seasonallv adjusted and

flow adjusted data (points) and single trend (line).
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Figr-rre 4.85: Specifi.c Conductance Flou' Adjustments - Parametric single trend

model residuals (points) and lowess smooth line with ,F: 0.5.
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^.5.2 
South Floodway at St. Norbert Monitoring Station
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Figule 4.88: Specific Conductance Flow Adjustments - Seasonally adjusted and

flow acljusted data (points) and tlend (line).
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Figure 4.89: Specific Conductance FIow Adjustments - Parametric no-trend moclel

lesiduals (points) and lowess smooth line with F : 0.5.
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Figure 4.90: Specific Conductance Flow Adjustments - Seasonally adjusted and

flow acljusted data (points) and single trend (line).
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Figure 4.91: Specific Conductance Flow Adjustments - Pat'ametric single trend

model lesiduals (points) and lowess smooth line with fl:0.5'
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4.5.3 Selkirk Monitoring Station
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Figure 4.92: Specific Conductance concentrations (points) and streamflow related

anomaly * trend (line)
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Figure 4.93: Specific Condrictance Flow Adjustments - Seasonally adjusted and

de-trendecl data (points) and annnai streamflow-related anomaly (line).
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Figure 4.94: Specific Conductance Flow Adjustments - Seasonally adjusted and

flow adjusted clata (points) and trend (line).
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Figure 4.95: Specific Conductance Florn' Adjustments - Parametric no-trencl model

residuals (points) and lou¡ess smooth line with -F : 0.5.
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Fig're 4.96: Specific conductance FIow Adjustments - Seasonally adjr-rstecl ancl

flow acljusted data (points) and single trend (line)'
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Fig¡re 4.97: Speciflc Conductance Flow Adjustments - Parametric single trend

model residuals (points) and lowess smooth line with F : 0.5.
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