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Seasonal and Long-Term Variations in Water Quality ol the Columbia
River at Revelstoke, B.C.

Abstract
Thc plLrpose ofihis studt $as ro.rnulyzc \ii tears of\\'alef qualitr- data collectcd c!cry liur lveeks from lhe Columbia Ri\er aI
Rc!clstoke to detefmine the processcs conlrolling $'atef qu.rlity and the prcsencc or abscncc of trends. Plots lersus time \rere
uscd lo as\ess seasonalit). u hile h] slercsis diagrams \\'ere u\ed to describe processcs aiiccijng the $ ater quality \'.Lrirbles through
the rehlionshjp of water chenisn] to dischargc. Thc naior ions exhibited se.r\(nr lit)_ shoNinghigh conccntrations jn the rlinter
rnd k^{ concenlrrdons ir lhe sulnmef. $hi1e other vanablc\ did nol e\hibii se.r,ionality. The hystercsi! dirgrxms indicatc that the
season l p.rtrem of mrior iorrs i\ difttrent frcm naturirl s)stcms. Thc lack of floq felationships ibr met.rls and othcr scdincnl
relared \'.rfi bles dso diflcr! lionr naiural \) stems. These diller.ncc\ rcsult fr(rm imfact of reser\oirs on the ri\er proc.sscs. Bo\
Jenkins tine series rcchniqucs were used to Dnrdel ard lorccasr li(urc values fof ihe vafiables. ReveLsloke D.rm has a \igllillca.!
imprcr on the \a xlcr qualiry pr(rces\es. No rfends over limc wcrc lound for lhe xalef qLralit) !ariables.

lntroduction

Wher attempting to assess ifany tuends are present
i r r  Ih r '  u . r l c t  q t ra l i t5  n1  1  \ \  i r le r .heJ .  i t  i .  i r rpor
tant to consider the impact of the surounding
en!ironment. both natural and man-made.This is
l )ece \ \ i l r )  1 , ,  i rn \$ur  the  tuo  do tn in ln l  ques t i t tn .
in the study of water quality: ( 1) Why is the qual
ity of the river as observed? and (2) Is the water
quality changing ovcr tine? The presence of
Revelstokc and Mica Dams significantly altels
thc flou, legierne of the Colurnbia River. These
impacts must be considered in irny study ()1 wa-
ter quality variables downstreal,l-I from these de-
\,elopmcnts. Whitf ield and Woods (1984) stud
icd the impact of the construction of the Libby
Dam on the Kootenai River below the dam and
lbund that the dam regulated llow rnd reduccd
the scasonality of hydrologic and water quallty
variables.

Hystercsis diagrans arc uselul in evaluating
how water quality variablcs behave in relation to
discharge (Whitfield and Whitley. 1986: Whitfield
and Clark, 1992). Plotting the concentration ofa
walcr quality variable versus discharge feveals
patterns which can bc compared to knovn clas-
sit ications. Will iams (1989) provides one classi
fication which has five typical relationships which
can be used to identi ly hydrological chamcterls-
tics of a variable. In natural systems. these dia-
grams have bccn shown to be useful in determin-
ing processes rvhich control wtrler quahty

(WhitfieldandWhitley. 1986; WhitfieldandClaft,
1992: Bhangu and Whittield, in press.l.

To determine whcthcr a short or long telm treld
is present, time-series analysis is utilized. Time se
ries analysis permits the statistical evaluation of data
which are not independent and uncorrelated over
time. For a time-series of dcpcndent data. model
rcsults can be used to lbrecast futLrre values. which
can then bc sludied for evidence ofa change in the
mei:ur of a series (Chatfield, 1984). Bhangu and
Whitheld (in press) used both hlsteresis diagran.N
and time-series analysisto study trcnds at the Skeena
Rivel at Usk: much the samc process has been fol
lowed here.

This stud), uses six yeaIS of water quality data
gathered trom Columbia Rivcrtrt Revelstoke (En\i
ronment Canada Station Number -BC08ND00021.

downstream from the Revelstoke Dam. The data,
collected every 28 days tiom January' 1986 k)
Deccmber 199l. *ere used to construct Box-
Jenkins time-selies models. Data l iom January
1992 to April 1993 wcre used independently to
check the accuracy irfthe nrodcl and validate the
rcsults.

Study Area

The features of thc upper Columbia rvatershed
trrc identif ied in Figure l. The Columbia River
arises in Columbia Lake in southeastern Brit ish
Columbia and tlows northwcst before bending
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s()uth again to continue through the United States
where it drains into the Pacific Occan at Astoria,
Oregon (Columbia Rivcr Trerty Permanent En-
gineering Board, 1992). The area of interest is
the porlion ofthe river upstrcrm fiom Revelstoke,
B.C., which has a drainage alea of approxinrately
26,700 kmr.

The Revclstoke Dam is located 5 km north
of the city of Revelstokc. The dam began opera-
tion in 1984 and cr-eates a reserroir which ex-
tends north to the Mica Dam (B.C. Hydro. l993).
This reservoir. called Lake Revelstoke. provides
increased energy capabil ity. Lecated about 130
knl nofth of Revelstoke Dam is Mica Darn. Drain
age area trbove the Mica is 21.000 kmr, conrpris-
ing the najority of the flow of the study arca.
Thc Dam became operational in 1973 as part of
the Colunbia Rivcr Treaty. This treaty, signcd
and ratified in 196.1. is an agreemcnt between the
govemments of thc United States and Canadtr to
jointlv supervise and maintain the development
of thc Columbia River basin. This included the
consh'uction ofthe Mica, Duncan and Kecnlcyside
Dams in B.C. and the Libby Dtrn in ldaho (En
vlronment Canada, 1975).

Methods

Data Sources

The water quality nonitoring station is located
on the Trtrns-Canada Highway bridge 5 km dovn-
sheam fron Revelstoke Dam. This site is oper-
ated ullder the Canada-British Columbia Water
quality MonitoriDg Agreemcnt. The collection of
dala under this program is described by Clark
and Whitfield ( 1993). The water quality variables
*'ere analyzed using standard methods (Environ-
mcnt Canada. 1979).

Six ycars of drta were used in this analysis.
Vrriables u'ere eliminatcd tiom the study ifthere
were largc amounts of missing data or if there
u'as l itt le or no vrriation. Of the 55 init ial vari-
ables l isted,2l had enough data and splead for
examination. These were: discharge. 1ab pH. spe
cil ic conductivity. turbidity. total alkalinity, cal-
cium. magnesium, hardness, potassium. sodium.
chloride. sil icate, sulphate, copper. iron, lead.
manganese. and zinc. The dissolvcci firrm of the
malor lons were mcasured. i,is were the total forn)
ofthe trace metals. Nitrate+nitrite. total phospho-
rus. and total dissolr,ed nitrogcn each had three

repetitions. Each ofthe three replicatcs were teated
as a completely separate va able. bringing the
total to 27 time series analyzed.

For each vadable. a lime-series plot was prc-
pared $'ith the $'ater quality variable on the y-axis
md time plotted on the x-axis. This gavc a good
reprcsentation of how watel quality behaled dur
ing thc tinre period and displayed any unusual data,
or outliers, u'hich could damage the accuracy of a
forecast. These plots also displayed the degrcc of
scasonrlity existing in cach variable, *hich assists
in titting a time sedes model to the data.

Process Analys s

Hysteresis plots $,ere then created 1() evaluate if
there is a relationship with discharge. These log
log plots of water quality versus clischarye lbr a
typical ycar are usefirl in determining processes
affecting water quality aDd thc timing of peaks.
A positive slope indicates a positive relatiolship
u i th  d ischargc .  c  ncp . r r i \e  s lop< ind ic r rL . r . rn  in .
ve$e relationship to discharge. and no slope in
dlcates no relationship to discharge.

ii i . Trend Assessment

To utilize Box-Jenkins limc-series models. the data
must be stationar). ln f itt ing a Box Jenkins model
all significant trends and seasonality are removed
and in the resulting series therc must be stationarity
li.e., no systenatic changc in the rnearl (Chatfield
lqS l ) .  Thr  p ln t .  o f  $  l t c r  q r r r l i r l  re rsu .  l imu r re
used with the autocorrelation and partial
autocorrelation function of a series to detcnnine
il there is a ffend present. Trends tnd patterns
lbund in thc series can be renderccl station;Lrv b1'
applying a linear differencc operittor. For all the
series considered, a scasonal model was adcquate
(as there was 13 observations per ycar the
difterencing rvas lag 13).

Afterrvards. the autocorrelation and partial
autocorrelation lutctions of the difterenced sc-
ries are checked to assure that all seasonality has
now been removed. and are then usccl t{) identitv
a tentative model fbrthe data. Thesc rnodels typi
cally contain moving average (MA) and
autoregrcssive (AR) terms. FiLtllrc values are then
lbrecasted based on the model. These values are
plotted versus the observed results to visually
confirm that the modcl is adequate. Residuals are
then checked to cnsure results are rcasonable.

Columbia River at Revelstokc Water Quality 57



Results and Discussion

i .  Process Ana ysis

N{ininrum and mrximul values lbr each of the
water quality variables observed during the study
period and the Canadian Standards lbr Drinking
Water and Aquatic Lite are provided in Table L
The variable with the largestrange rvas iron which
had r maximum value of 8.33 mg/L and a mini-
mun value of 0.036 rng/L - a 231 fold range.
Most of the othcr variables lllso show significant
varlation with the maxinrum values being from
two to ten tincs greater than the minimum. Of
the vrriables whcre a standard exists. all the vari-
ables except ilon and lead wcre less than both
the Drirking Water and Aquaric Lif'e Standrrd
(Tablc 1). Iron and lead exceeded thc standard
only during periods of high discharge associated
uith high levels of sedimenl.

Some of the observed variables, such as ap
parent colour, did noL have enough vanatlon to
be used in trend assessmcnt. while others showcd
considcrable spread. This showed up more clearly
in the timc series plots. Strong seasonality was
obser'\cd in only six of the variables: alkalinity.
calciun. hardness. specific conductance. magne-
sium. and sulphatc.

Thcse vadablcs u'ere sintilar. Peaks were ob-
serr,ed with the higlt concenffations typically oc
curring in thc Febluarv-April range and lows in
July orAugust. Thc exception was sulphate which
had inconsistcnt high concentrations between years.
but consistently had an alnual low in Julv orAu
! l r \ l  i , l  e tch  \c i r r .  The rc \ t i , t  lhe  \ r t i rh le* .houcJ
Iittle scasonality and no othcr trends. The tact thal
these six variables are major anions and cations
scems to iDdicatethat seasonality might occurmore
often in this group thaD other water qualitv vari-
ables in rivers controlled bv rescn'orrs.

Another characteristic ofthese variables was
the prescnce of onc year of data u'hich stood out
from the rcst. Betwecn July 1989 and July 1990,
each of the plots displayed a periocl $,ith short-
eled peaks and lcss variation. This period did not
seem typical and was not used 1br hysteresis plots
and was onlitted from the forecasting pntcess when
possible. Figures 2 4 demonstrate the nature of
the seasonal pattcrns these variable dcmonstrate
over the sludy pedod.

Hystcresis plots were prepared lbr each vari
able and each of the six years of the study. In

5ii Nlacl-eod and Whitfield

TABI-E L Rangcs.ri \iatefqualirv v.rriablcs obser.ed in rhe
Columbia Ri\,er at Revelsrokc durine rlrc sludv
penocl.

Nlininum \,la\irnurrl SunJrr'l

PHYSICAL

Discharge ln'/s) 2.15
Turb n)  (FTU) 0.1
Specilic CondNlarre 95

(Us/cm)

pH 6.1

Apprrent Col0ur 5.0
(re lNd\e uni ts)

,{if Temperalure ('C) 0.0
(at trme oi sampling)

$'alcrTernl)emlrrc('C) 0.0

IIA,IOR loNs (mg/L)

Tdal Alkalinrr,"- 38.0
Calc ium 12.9
Potassium 0. ,+
Sodiurn 0.5

Chloddc 0.2

t lardness :13. t

Sulphare 1.1

Vagnesiurn 1.6

NL'I-RIENTS (mg/L)

Nitftte+),Jilril,i 0.003
l i ra l  Dissohed 0.1 l8

\irogen

Tot.rlPho\ph0rus 0.001

TIL\CE NIE TALS (mg[,)

1600

t 5 l

8.r 6.5-8.5/6.5 9.0
r 5 . 0

t0.0

l l . t)

6:1. l
1 . 1
t.). /
L.1 200t
0.6 2501

75 .1
13.9 500/
5 .5

0.73
0.85

15.0/

T al lrcn

Totul Lead

TdalZinc

0.036
0.0002
0.00'1

i1.33 0.3/0.3
0.0078 0.01/0.007

0.1I 5.0/0.03

* Canadirn Drinkinc wrttef Srandurd/Ff eshwrter Aquaric Lite

addition. plots ofthe variables with discharge ver-
sus tlme were used to dentonstrate any relalion-
ship to discharge. Figures 5 and 6 show these plots
tol calcium and alkalinity. The group of major
i , ,n \  rnent iL rned rbo \  e  r l l  e \h ih i red  c  ne ! i r l  i ve  rL . -
lation with discharge. This same result was tbund
by Bhangu and Whitfield (in press) in the Skeena
River at Usk and by Whitfield andWhitley (1986)
in the Yukon River Basin. Howevet the pattern
ne observed was quite distinctive. Thc hyster-
esis diagrams show a linear portictn at low flow
with an opeo loop at high discharges

Hysteresis plots lbr the other water quality
variables did notrevcal ;uty measurable rclationship
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to discharge. Figures 7 and 8 sho* the negative
rclation bclwccn conccntration trnd dischargc fi)r
total alkalinity and calcium. These results are typi
cal of all the major iols we examined. The hys
teresis tirr these 6 major ions hrd a slightly nega-
tive slope. on a logarithmic scale, with a
counter-clocku,ise loop at the encl. The slope $,as
less steep than expected. The postulated necha
nisrn behind this. suggested bv Whitl ield and
whitley ( 1986). is as follows: srrowmelt and sur-
face runoft dilute groundwater dudng lieshets;
during post-fieshet conditions concentrations ln-
crcasc with thc incrcasing domintrncc ol ground-
uater The shape lalls into\\'illians (l989) "single

1i[e plus a loop ciltegorl". and signil ics that dur-
ing the period of the year rvhere discharge is low
and conccnlration is high thc curvcs arc in phase.
Horver,er, during the high discharge period a loop
occtus because concentration leaches a low be
lirre discharge reaches the peak. This can be u'it
nessed by the first yeiu in Figules 5 and 6; both
calcium and alkalinity hit a lov peak just befirre
discharge hits a high peak. creating the loop ob
scrvccl in thc h)slcresis plots. H_vstcrcsis plots fi)r
alkalinity and calcium are shown in Figures 7 and
8. Il natural streams, these variables typically
exhibit rn open clockwise loop with no l inear

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994

Figure'1. Tnne sefies plol ol roral llkaliniti (ng,{-) lionl the Columbir Rnef at Re\ehtoke.

l'eature (eg. Whitficld and Whitley. I986:Whittield
andClark. 1992: Bhangu andWhitfield, in press).
ln 'natural' systcnrs throughout Brit ish Colum-
bia and the Yukon the hysteresis plots lbr anions
and cations arc open Ioops (Whitlield andWhitley,
1986; Whitt leld and Cla*, 1992; Bhangu and
Whitfield. in press). In the Columbia River at
Revelsbke these plots shou' l inear portions (Fig
urcs 7 and 13) rvhich are the result of the mixing
, r l  u r le r  uh i , .h  tuke  p luce  u i th in  the  rese l to i r
unLi cuuser the dircharg< rnd concentration cuner
to be in phase during the winter.

Silicatc and pH were independent ofdischarge.
appcaring as a l ine nhich was horizontal across
a range of discharges. Both thcsc variables had a
counter clockwise loop at thc high discharge end.
Nitnte+nitdte. total phosphorus. k)tal nitrogen,
chloride, copper. iron, lead, zinc and manganese
all had no clear shape and were independent of
discharge (i.e., no slope).

In the study ofdischarge and watcr quality in
the Yukon River basin, Whitfield and Whitlcy
(1986) observed that the variables of lake-l 'ed
systerns hrd "low-slope" relationships to discharge
more noticeably than iver fed systerns. As this
\ )5 lcm is  ied  b)  lhe  Rc\c ls lokc  rc :c r \ r ) i r .  i l  i \
"lake-fed" and erhibits similal behaviour. The

60 MacLeod and Whitfield
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suggested reasons tbr this are the buffering and
trapping pr-ocesses in lakes. which result in the
simple dilution of a unifbln concentration (i.e.,
thc lakc $ater) as the pr-omineot mechanisln.

i i .  Trend Assessment

As thc firsl stcp in trend assessment we exam
inccl t inre series plots of water quality vadables
to see if ther.e was any obvious trend which might
continue into the luture. None of the valiables
analyzcd clisplayed an ob!ious trend. and the se
ries appearcd to have r stational ) mean. The time
series plols also showed that the ditt it between
July 1989 and July 1990 rvas ditlerent trom other
1ears. During this period. discharges in the Co-
lumbia uere reduced through storage of runoff
behind Mica Dam. altering the nonnal ycar to
year-tlo$ patterns (eg. Figure 5). The result of
this. f i)r the u ater quality vadables, is that the
lo\\ ' concentrations normally observed during the
peaks of discharge arc abselt liom the record in
this period.

Following the time selies plots, Bor-Jenkils
t r r r rc -s . r ie .  Ine lh , 'L l .  \ \e re  u . tJ  on  the . l i l l i onar )
series Lo find a model which l it the existing se-
ries and thcn could bc used to ti)recast future val-
ues of a time-series and thus future trencls. There
were various problcms which sk)pped modelsbeing
f i l tuJ  r , ,  rcnJ in  \ r r i Jh le . .  Tu tJ l  i r lu rn inurn ,  mer
cur_"'. selenium. barium, arsenic, ritrate+nitdte.
totrl dissolved nitrogen, total phosphoms, turbidity.
soclium. chloride. and fluolide all had so l itt le
variation that reliable time-series models could
not bc l lttcd. These varirbles could be simply ex
pectcd to continuc as observed. Sil icate and total
copper had missing data which disrupted the
modell ing process. The series ofpH contained a
period where the data obtained was known to bc
questionable, so a moclel was nol f ittcd.

Models were llttcd 1br thc same six malor ions
studied previously as rvell as dischargc. The re-
sulting lnodels are listed in Tablc 2. Nonc of the
models needcd a lrcncl component, indicating that
wc arc currcntly observing no trend in the \\"ater
qu:rl it). Tle.e n r, 'Llel.,,,ntuin h, 't l t ur autore$t.. ir c
component and r seasonal noving ave|age com
ponent. indicating that over time sanples which
rrc !l. ' .c ttrScthr'r in l in re rre \imil i 'r f.rutnfe!:re\\i\ e
component) ilnd sanlplcs which are olre year ap,u1
are similu (seasolal noving ar,erage).

Alkalilit,v. hardness. specific conductance,
magnesium. calcium and discharge u,ere all

TABLE 2. Sunlnr.Lr] ofBox-Jenkjns Nlodcls iillcd to \\ater
qur l i t t  \ ,ar iables l io l ] rc  C] | tunbir  Ri \er  t
Re\elstoke.

\\hler Qualit\ Viriablc Mdelr

Sulphate \ R I N I \ r l . ( 1 . 0 ) r 0 L l )

Alk.rliril,r-

Hrrdness

Speci i ie Conduct iv i ty

\{agncsiuln

alrlciunr

Dischxfge

r \ l rMA  (  r . 0 .0 ) (  1 .1 .0 )  .

r \ t t l l \ ' tA ( 1.0.0)(1.1.0)

r \ t t 1N4A  (  1 .0 .0 ) (1 .1 .0 )  .

ARIN1A ( 1,0.0)( l .  r .0) .

ARTNL{ (1 0.0)(1,1.0) ,

ARTNL{ (1 0.0)i  1,1.0) ,

Nlodel  not  t ion r \  c le\cr ibed b!  Bor and Jcnkin\  (1916).

diflerenced for stationadty. ancl then fitted rvith a
multiplicative autoregressive model with lags at I
and I 3. indicating that each lalue is dcpendant on
thc prcvious value and the value l3 observations
(one year) ago. This is thc scasonal eff'ect. The tbrc
r'nrt. frotn the fitteJ ntoJel. f, 'r r l lr l initr. rnrr!ne-
sium and hardness are in Figules 9. 10. and I L For
sulphate. an autoregressivc integrated moving av
cm-qc, oTARIMA. model with anAR term at lllg I
and an MA teml al lag 13 was identified.

The plots of the forecasted rcrsus observed
values illustrate the expected inadequate fit in the
1989-90 ycar After this period. horvever the fore-
casts l lt the obsen'ed values, indicating that this
pcriod of time was indeed abnornal. A11 forccast
series showed no trends or other changes in the
immediatc f'uture.

Conclusions

The Columbia Rivcr at Revelstoke exhibits dis
tinct pattems of water quality. Thcsc patterns ar-e
thc rcsult of the rnoditlcation of the natural sys-
tem by the reselvoifs upstream of thc study site.
These el'lects wcre prevalent durng the winter low
l1ow period when the natural pattern of concen
tration and discharge being out of phase was
changed to a patteln of being in phase. Maj or ions
e\h ib i ted  d i . t inc l  . ( r * 'n r l i l \  rnJ  the .e  ionr  r r r
icd inversely u'ith discharge. The seasonalit l,
normally observed for variables typically asso
ciatcd with sediment has been dampened out in
the resen'oir behind the darn. ThcARIMA models
litted to the series of water quali ly did not in-
cludc a trencl componeDt indicating that no trcnds
il water quality arc occurring in the Colun.rbia
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