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RÉSUMÉ 

Est-ce que la promesse de réduction des émissiqns de S02 de 50%. p~r les 

gouvernements not:d-américains peutsuffire à protéger ad€quatement les éco~ystèmes 

aquatiques et forestiers boréaux d~ràntla fonte des' neiges? En supposant qu'une réduction 

de 50% se traduit par une réduction correspondante de 'la déposition sous le couvert 

forestier et sur le couvert de glace du lac, est-ce suffisant pou~ réduire le choc acide . 

printanier' et maintenir le pH des eaux' d'un lac à des valeurs supérieur à 6 (seuil d'impacts 
, . , ~ 

biologiques; Jeffries et al, 1990) durantla fonte. Étant donné qu'une bonne partie des eaux 

de fontes arrivant dans ,les cours d'eau proviennent de la neige se trouvant sur le sol 

forestier, nous d~v6ns donc connaître les interactions entre l'écosystème forestier et les 

eaux de fonte, avant de pouvoir répondrè à cette ques,tion . 

Lorsque les interactions sont conmies,. elles peuvent être incorporées dans un 
~ , 

modèle basé sur .des processus physiques, qui peut être ensuite utilisé pour prédire les 
/' 

• effets des différents scénarios de réduction des émissions de S02' sur la qualité de l'eau., 

UI} tel modèle serait un atout car il présenterait l'avantage d'être facilement transférable 

d'un bassin à l'autre. Ce document, présente les résultats d'une analyse des simulatio,ns 
, 1 

d'un tel rilodèle(VSASQ1) basée sur les données de fonteprintani~re de 1988. Les données 
, . 

~nt été recueillies au bassin du Lac Lafla.mrt1e,~ 80 km au nord de la ville de Québec.' 

Le modèle VSASQl est constitué de quatre modules: SNOQUAL, VSAS2, 
, c..,. 

SOILEQ et SHORMIX. Suite à l'analyse'dl). premier exercice de simulation, nous pouvons 

condure que les résultats sont très prometteurs. Pour améliorer les prédi~tions, certains 

processus jusqu'alors jugés non' importants devront être ajoutés aux modules Pour 

SNOQUAL, une fois qùe la si~ulation a débuté, on devrait pouvoir tenir compte du 

phénomène de ségrégation des 'ions qui se produit lors d'une période de dégel et regel. 

Pour assurer la transportabilité de VSAS2; l'effet du gel sUr les propriété~ hydrologiques 

/ 
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) , du sol et de son effet subséquent sur les voies d'écoulement des eaux de fonte SOnt à 

ajouter. Un module complet décrivant les processus physiques et chimiques du lac devra 

aussi être ajouté à VSAS2 pour simuler adéquatement l'effet des processus de gel et de' 

fonte du'coùvert de glace ainsi q~e l'effet de l'écoulem~nt sous la glace sur la qu~i;é 'des 
'/ 

eaux du lac. Pour SOILEQ, il faudra te'nir compte de l'écoulëment ascendant vertical et 
, . . 

latéral à travers les cbuches de sol, . En vue d'amél~orer la prédictiOn de S042-et du pH, 
. " 

l'algorithme d'absorption de S042~ devra' être modifié et le besoin, d'inclure l'effet de 
., , 

, . '. . 

. l'altération destoches devra être examinée. Une évaluation adéquaterdes pèrforrnances de 
. . 

SHORMIXnécessitera une simulation de l'ensemble'du bassin versant du lac . 

\ , 

1 
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ABSTRACT 

.'- . 

Is the No~h-American governments pledg~ of reducing there S02 emissions by. 

50% sufficient to protect adequately the boreal forested ang aquatic ecosystenfs rturing 
. ,~ . .. . .' . ,. , ;.. ~ . .' 

snowmelt? Assuming that a 50% reduction in SOi emission is translated in a 
• ' ;./ , j " 

corresponding reduction in deposition under the forest canopy and on ,the lake ice coyer, is ' . 

( it enough to reduce the· Spring acid shock and main tain the pH lake waters above.6 

. (biological threshold; Jeffries et al, 1990) during snowmelt. Since part of the snowpack is 

situated under. the forest canopy, we need to know the interactipns between the forest 

· eéosystem and the snowmelt waters, before we cananswer the questionahove. 

Once thèse interactions are known, they can be incorporated in a physically-based 
'. 

model which can be further used to predict the effect of different scenarios of S02 emission . '. \. , . 

reduction on water quality. 'Such a model would be a valuable asset because it would be 

easily transportable from one watershed to the other."This paper presents the resùlts of the 

, simulation analysis of such a model (VSASQ1) based on the data collected during the 

· spring of 1988 atthè Lac Laflamme watershed, 80 km north of Quebec City. 

, 1 

The mOdel VSASQ1 is made up of four modules: SNOQUAL, VSAS2, SOILEQ 
. -

and SHORMIX. Following the analysis of the first simulation fun, we can conc1ude that 

the results are promising. Toimprovè the predictions, certain processes previously judged ! 

· not important will have to be ~ddedtothe modules. For SNOQU~L, once the simulation 

ha~ started it should ~akeinto account the segregation of ions occurringduring athawing 
. ~ . . . 

, and freezing period. To ensure the transportabilityof VSAS2, the effect of freezing on the . '. '. 

soil hydrologi~al properties and its subsequent effects on flowpaths need to be added. A' 

complete module simulating the physical andchemical processes occurring to the lake will 

need to be added ro VSAS2. This module would simulate adequately the effect of the 

freezing and ,melting processes Of the lake ice c~ver'al0rg with the flow oè~urring under the 
. ') . ' 

. ( . 
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ice on the-lake water qualit.r .. For SOILEQ, the vertical upward)movement of water 1 

, through the soillayers aiongwith its laterai movement "will need tobe added. To improve 
, " " , \ ' ,', 

the prediction of S042- an~' pH, the adsorptioh model ()f S042- needs to be modified. The 

necessity of-including the effect of mineraI; weathering .proce:ss shouid be examined. An 
adequate evaluation of SHORMIX deèd will necessitate the simulation of the ,whole lake 

watershed. 

, >, 
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INTRODUCTION 

The recent acidification ofpr~cipitation (Likenli and Butler, 1981) in North 

America' has given rise to concern on the subsequent aciditication of poorly buffered 
. .' . . 

surface ,waters and on theeffects of acid f'<;>llutants on forest ecosystems (Morrison,1984). 

The greater part of the eastern bor~al forest ,lies on the Canadian Shield where the low 
" '~ 

mi~eral, content of the surface Waters renders inhem -susceptible to acidification. In 

addition, the forest soils of this region are generally ihin and, undei the influence of acidic 

pollutants,'may suffer from accelerated leaching of base cations (Cronan et al., 1978) or the 

inhibition of 9iOlogical activity (Stroo' and Alexander, 1986). 

(' ~l!:ch of the precipitation on this region is in ,the ,forrn o~ sn~w whiSh cover~ the 

ground for 5-8 months of thé year. The rapid release during spring time of strong acids 

"accum,ulatedduring the mid-winter period by the snowpac~ can le~dt~ high acidity v~lue~ 

in surface waters an~ concomitant stress conditions for the aquatic biota (Driscoll et al:, 

1980). 

The spring acid stress can compromise the survival of fish populations when it 

interf~rès with individuals at differen:t stage of their life cycle and particularly the fries and 
. . . \ -

the young classes of population. Several faCtors can affect tl1e response of populations to 
- " (, 

the acid su-e;s. ' Besides the biotic and abiotic natural variables which affect the initial state 

of the populati,ons, bther factors like tl?e presence of organic matter, acidity, concentration 

in-a:luminium" calcium,sodium are considered important in the response of populati0Il~to "" 

the acid stress. 

During their life cycle; fish populations live in two different types of media; the 

interstitial waters (sediments) and the ambient (lakes, sireams, rivers) waters. The cri tic al 

44 1 
" , 
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concÙtions in these media shouid detetmine the response of entire fish populations to the 
1 

sprihg acid stress. 

This paper presents the results of the simulation analysis of a physically-based , 

model (VSASQ 1) based on the data collected during the spring of 1988 at the Lac 

Laflamme watershed, 80 km north of Quebec City .. 

The value of this prediCtive model wiÜ depends Ot:l its ca~acity to ~orrectly predict 

the water quality evolution of surface :vaters during springmelt at the sites having a 

strategic role tothe fish ,Population survival. 

STUDY SITE., 

The researchsite is located on the lac Laflamme basin which is an upland first 

order watershed (470 N, 710 W) situated 80 km northof Quebec City (Figure 1). It covers, 
, 

68 ha of which 6 ha are occupied by the lake,and 1 ha by a wetzone at the east end of the 

lake. The watershed altitudes range from 777 to 864 m(above sea level) ~nd the slope's 

vary from 0 to 30%. The lac Laflamme watershed whic~ is part of the Forêt MontmoreI;lcy 
, " 

, Experimental Station of Université Laval is characterizedby a climate with an average . . 
annual,mean temperature ofO.20 C The (!verage annual precipitation is 1424 mm ofwhich 

one thirdfalls as Snow. accumulating to a depthof 150 cm. The average monthly mean 
, 

temperature varies from -1520 C in January to i4.80 Cin July. 

- " ~ 
The basin is covered by the bals~m fir-white biI:ch forest type (Rowe, 197~) 

, , 

'gio'wing'on an orthic. humo-ferric podzol' (Jurdant and Bernier, 1965). The forest stand 

consists of 80% balsam fir (Abies balsamea (L) Mill.), 10% white birch Œetula papyrifera 

Marsh.) and 10% white spruce (Picea glauca (Moench) Voss) 50~70 years old, averaging 
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5000 stel'D:s per hectare (Plamondon et al., 1984). The mineralsoil is èovered by an 

organic l~yer of~bout ,10 ,cm (Martel, '1983) mainly composed of mosses (Hylocomium 
. ." ~ . . . ~ . . . " 

, sp., Sha&num sp.). The 0Idest:.stands'(50-70years old) cO\i~r ,pO% of the terrestrÜt1 lYan of ' 
'j 

the basin and are mainly located within a 200 m band around the lake. The young stands 
. , .' .' . 

'(10-30 years) established çmch~blis'are situated at a,ltitudes above 800, m(abovesea level) 

, and represem 40% of. the stands area. Thepercemage of defoliation reached 20 to 70% of ' 
, > 

',the total foliage depending on the stands (Plamondon etaL, 1984) during the peak of the 
.,. ':' ." . - c .., • 

. , 

spruce budwonn (Choristoneura ,fumiferana Clem.) epidemic between 1975 'and 1984. 
. ,. ,. , . . ~ ,~ , 

, Since then, the trees, h'ave :kçpt .their foliage. Th~ impervious charriockitic gneiss bedrock is 

'overlain by a ~andy,till rich in cobbles and boulders with a depth varying from 0.5 m on the 

ridge to oyet 15 m under the lake (Jurdarit and Bernier, 1965; RobitaiUe and Wilhemy, 

·1981). The spi! hydrolo~ic properties (saturated hydraulic conductivity, porosity', ,bulk 

density) ofdifferent soillayèrs are given in Prêvost et aL, 1990). The, average permeability ( 
. , . ~ . 

of the d~ep deposits has been estimated to be J:)et~eeh 5 eth lir 1 à3arry et aL, 1988) and 

15cm hr l ' (Ber~ier ~t al,,198'3) and the'mean I,'esidence time f~r 'the lake wât~d.sar?~nd 
. ' ' 

twonlonths. The instant~eous discharge from the lake varied from 0.003to 0.794 m3 s\ 
, '. , f' '. • 

, .forthe 1985 to 1987 period (Prévost et aL, 1990». 

MATERIALS AND METHODS' 

, , 

Measurements '!-

Thewatershe4 was subdivided imo 9 sub-bâsins (Figure 2), in each ofwhich two ' 

,r or threesnow sanipÎi~g stàtions'were placed ~t differ~nt altitude$. The dafa (snow,~ater 

equivalent and depth) were' collected with 'a "Western Snow Conferencé snowëore' 

" ' " , 



10 .. 0 __ ~ . ... 0 __ 1 .... 0_0 __ 2~OI0(470N. 71CW). 
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Meter 
(aU .Ievallons 1" matera above sea level) 

Meteorologlcal site 
V-notch welr 

•. Sample sites 
• Parshall Ilume / 

A Arrilient lake sbe 
B Bottom lake sbe 

L Lake entrance 
E Lake exit 

9 

1 Inter110w stream 
1 Sur1âcè stream' , 

.' , ~Y6lmeterè 

• P18zOmetel'8 . 

/' 
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samplèr: In each station, the yolumetric soilliquid-water content was also measuredat 10; 
. '. '. 

20,40 and 80 cm depth with the time domain reflectometry (tdr) technique (Stein and' 
. '. ~ .'. . 

, ',' ",' ",', ',' 1" 

Kane, 1983, Prévost etal.,.198~). 'Two 33 ~m length stai~less steel rods, 5 cm 'flp an , 

\vere .inserted horizont~lly in the soil andconnec,t~d tp a coaxial cable. In rockysituations, 
. '."'! '. , .. 

to minimize site pèrturbation, the soil remo~ed to ln sert the rods was put back in such a 
.' ( . - .' , ',' '.' . , / \ . ',', " > .' 

way tb reconstitute the original profile~ The dielectric constant of the soil was obiained : 
. .' ,'. 

with a reflectometer (Tektronic, modeU502) and r~lated 'to its moi sture content. Snow and 
, , 'JI' , .' . ' 

soil moisture data were collect~d evd~y \wo to sevendays in March, April and May 1988. 
" . ' , .' . ' 

, 

Nitrogen bubble systeIIls were used to measure water yield at a Parshall flume located at the 

lake discharge, and to ~onitor lak~ water levelcha*ges .. ' Precipitaùondata were obtained 
, , , 

withatipping bucket raingage at station 24, situated hta ~learing of 150 min qiameter. 
, , . ' , " ,'1 

At about 50' meters fromthe lake shor~ in station Cl, asmall interrni.ttent stream 

was gaugedcontinuouslywith a V -n~tch weir arid water quallty samplës were t~en. Two 
. ' 

tribu taries located in s~b-basin E were. also added tQ ,gather waterquality' data:, The 

interstitiat' ~ater and the water 20 cm above the lake bottom were alsocolleci:ed at two 
, . '( 

spawning grounds. 

Sub-basin C wàs chosenas the intensive site. The ins~mentation was,lnstalled 
, 1 

along a transec[ from station Cl 10 a spawning site about 10 m from the lakeshore (Figure. 
, . ' 

1 , , 

3). PreCipitat~on chemistry~as collected with aSangamo near thesmall snowlysimeters., 

Air temperàture was monitored with'~hermistors connected 'to a data acquisitionsystèm 
, . ( 

(Campbell Scientific, CR-2l) at stàtion Cl, 16cated under'the forest canopy. The snow 

water equivalent wasestimated from 9, sampling points. ' The water quality data Qf the 
r 

snowpack were also taken from three sites near station Cl. Water outflow at the bottom of 

. , 
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Fig.3: Transect fram the snow Iysimeter to the spawning site in segment C 
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,-
the snow coverwas collectedat station Cl with a 20 m2 lysimeter. Four'squared shape , 

small lysimeters (lm2) were installed to collect water qual~ty data. Two of these small 

lysimeters were installed in the open, while the third one wa~:in 'a semi-open aréa and,the 

fourth in a. closed area., Meltwatersamples representirig the integrated samplè of all 

meltwater· discharges over 24' hours wereitaken at midday every day~ Gro~nd water levels 
; 

were measured along a vansectperpendicular to the lake shore, in sub-,basin C. ,Near the 
. ; 

shore, about 5 m inland, four piezometers were installed during the fall of 1987 to gather 
, - , 

water quality data and water levels. tney were !Înstalled at the same depths as the tdr 
": 1 

probes, i.e at 10, 20, 40 and 80 cm depths. Four piezometers were alsoinstalled about 15 

m inland at the bottom of sub-basin D and at the same depths. 

FOr all the watéi samples, the following chemical'and physical parameters' were 

measured: pH: corid~ctivity; total monomericAI, Al complexes,Ca2+,Cl-, EC,F-, H+~ 

K+, Mg2+~,Na+, NI4+; N03< S042-. An sample~ were kept at O°C during transp6rt'to - . 
1 

'the laboratory, pH andconductivity measurements were taken on arrivaI and the sample~ 

filtered and Conserved for further chemicalanalysis (Jones, 1987) 

METHODOLOGY 

Description of the differentmodules 

Pre'sently, there arefour modules which form the integrated mode! (Figur~ 4). 
, . 

SNOQUAL isthe snow quality and quantity module which simulates the meltingof the 

s~ow arid the leathing orthe different ch~mical constituents from the snow. VSAS2, a 

watershed modei, constit~tè~s thecore~of the model. It routes the waterfrom the soil 
-' 

surface intb the different soil horizons. and down to the water tableto finally end up in the 

lake. SOILEQ the soil chemistry module calculates the water chemistfy changes during its 

\ 

<. ' 

) 
~' 1 
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MODEL 

, PT , 

SNOQUAL 

1 0 cm I--------:;;;;;;;.;;...;;...;....--...;.-"!""""--............ 

15 cm 

40cm 

SOc 
>80 

/ 

·'A 

B upper 

B lower 

LAKE 
LEGEND 

P = Precipitation 

T = Temperature 

. LFH, A, B,C = Soil 
horizons' 

C = Concentration of 
water. 

Q = Disçharge 

SOILEQ """"""III'"-i VSAS2 

, ) 

, .. 

SHORMIX 

1· INPUT 7 
1 MODULE 1 

\ OUTPUT \ 

Fig.4: . FIOwchart of the intE:~grated model along with the modeled system 
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'. , .' . .' . . .... . (. . 
travel from the,bottom of the snowpack down to the làke or streams. The output of these 

( . . L .' . . • f . • ' . 

. two modules serve as the input for SHORMlX. SHORMIX calculates the water quality 

changes occtirring in the lake or streams a~ .a result of water coming from differem seurces 
, \ l,: 

and mixing with the water atready present. ~ecausetb~; two verification site~ for SOILEQ 
~ . . , 

and SHORMIX were eitherin ()f ,near segmentC, the simulation of the integrated model 

wasrun for segment C only. 

SNOQUAL 

SNOQU# is a conceptual module that relates ~thequanç.ty of meltwater released 

fro'm the snowpack to the chemical c~mposition' pf .the meltwater diseh,àrge. Th'estructure' 
". . - '. . ~ . 

of the module consists' of two eomponents. The first, SNOW-17 (Anderson, 1973), 

simulatesthe ratè ofmeltwater diseharge from the estimation of energy exchange across the 
. - _." ,".. " 

snpw-airinterface.· It has been validated quite intensively with lysimeier data (Roberge et. 
l, . . . . ..' . '. 

al., 1988). The values attribute'd to the major and minor parameters of the module are 
. . 

) based on the work'of Roberge ~t ~., i 988, and P.œvost et aL 1990. Since sn~wmelt ~a'ter 

release at the bottom'of the snowpack varies âccording to aspect and elevation'on the Lac 

Laflamme basÏn (Prevost et al. 1989), SNOW -17, gives snowinelt rates for the four 
. . . 

different topographie zones (Prevost et al. 1990). The basin is divided in two aspects, 
" . . 

North and South, which are further divided in upper and lower parts of the slopes. For the 
.~. \'. 

lake portion, the melt rate factors for thé lower parts àre utilized.. The secondcomponent 

takés the output from SNOW-17 andcalculatestheconcentiation o~ ions in eaeh discrete 

discharge by a routine which is derived from a, or two, frrst order leaching expression (s) 

for the soluble species from the snowpack It is based on the physical concept of the 
, , . . 1 . • 

leaching'of solubles from the pack matrix by a diminishing reserve of ice ·meltw,aters. The 
" j • " 

parameter for the rate of leaching is a leaching coefficient "kil (poster, 1978). A flowchart 

; 

j 

Il 
f 
1 
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of themodel 'is, presented ilJ. figure 5. For, more de!ails the reader is referred to Jones, , 

'1987, Jo~es et' aL, 1986, Stein et al. 1986 and Jones et aL, 1990. 

.' .' 

A variant of the èhemical module (SNOQUALR) h~s ,been used in the idtegrated 
( " , 

'modèl. The~alue of the leaching,coefficient represents the net leaching effect of solubles 

from the pack; the snow and orgaÎlic matter being lumped together. , However, in this 

, , particular modüle the material to be removed' from the sno~ack is segregated into two 
, ' 

components. The first component consists of èoncentrated solutions of ionlc species on the 

, surfaces of snowgrains. The segregation and concentration of ionic solutions on the 
, " 

surfaces of the grains is known tooccur during the metamorphism of snow crystals to 

. grains prior to the melt season (Tranter et hl., 1986). This process, however, leavessome 

of the ions as a residual éomponent of the original composition of the 'snow crystals within 

the ice lattice structure of the snow grains. 

Presently, the qualitative algorithm of the SNOQUAL module cannot tak~ into 
, ' , 

account the effect of new precipitation. (rain or snow) once the simulation has started 
'. . . 

because it dO,es not allow the stratification to occur. Therefore we have joined a ' 

component that can add to the snowpack, 'the cheinistry of the new precipitation. 

SNOQUALR, in its present state can be regarded as a devèlopment tool to' simulate 
. . . . . 

, , 

satisfactorily t~e accumulation of precipitation between snowmelt 'periods. 

i , 

\ ' 
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INPUT, 
" 

Daily air ter:nperature 
and . 
precipitation ~".' " 
(quality and quantity) 

Variables initialization: 
. Snow water equlvàlent, .'"' 
Concentration (AL, Ca, CI,." 
EC, F, H, K, Mg, Na, NH4," 
N03, S04) 

Param~ters: . 
Leaching 
coefficients. 

CALCULATIONS"(QUANTITATIVE ASPECTS) 

SNOWPACK WATER EQUIVALENT IF SNOWFALL 

SNQWPACK ENERGY STATUS . 

SNOWPACK OUTFLOW' 

. CALCULATIONS (QUALITY ASPECTS) " ' 

, ( 

Create a stratum on top of snowpack 

YES 
Ions contribution of each stnltum to runoff quality , 

OUTPUT 

Concentratiori in meltwater (AL; Ca, EC, F, H, K, Mg, 
Na, NH4, N03,804) . 1 

. Fig. 5:" Flowchart of SNOQUAL: snowmelt quality-quantity model 

') 

1 
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, 1 
, ;. . 

, The values of kahd R for the following ions: Cl-, P-, Mg2+, K+, Ca2+, Na+ 

andA13+ hav~ been serto the average of the kand R for the ions H+, N03-, S042- and 
, ( 

, NH4+ because the snow does not have chromatogra~hic prewerties(Hewitt et ar, 1:'989). 

The electric conductivity was detennined following an einpirical relationship using the 1988 

data: 

(1) 

where []' concentration in Ilmoll-l 
EC electrical conductivity in gmho·cm- I 

The r2 i~ equal to 0.994 and'the data points are plotted in Figure 6. , 

, The simulatedcumulativedischargesare calculated f~om the daily melt obtained 
. . 

froril station Cl. Thesnow water equivalent of the snowpack at the start of the simulation 

is the average ,of station Al, BI, Cl and Dl (Figure 2). The initial poUutant concentrations 
. ", 

present in the snowpackare calculated from the measurements taK:en at three sites I!ear Cl. 
'" , 

The observed cumulative discharges are èalculated from the average of the daily melts from 

4 lysimeters installed under different forest .openings and normalized 'using the total, 
. . 

cumulative simulated melt. The average observed daily concentration is calculated by 

dividing the totai load of pollutants by the total volume of daily melt from the four' 

lysimeters. 

/, 
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. VSAS2 

\ 
~he hydrologieal simuiatorVSAS2 is based on the physical processes governing 

.. '. 
water movementin a basin."The input' data 'necessary tb use VSAS2 are surficial , .' " . '. . . 

wpography, geometry of deposit; soil hydrodynami~ properties (saturated hydraulic 

conductivity, water retentioi:l curve, urisaturatedconductivity curve', total porosity) and 

water input to the soil'surface. There are no adjustment parameters included in VSAS2 

since ît is totally based on basin and soil physical properties. The model predicts water 
. . 

outflow and soil water content, layer by layer for aH sub-basins and a hydrograph for the 

.entire basin: 

The basin must be subdivided, into sub-basins (segments) according to the 
. .. . 

topography and soil types (Figure 2); these segments are submitted independently tothe 
" ,"" , , " .l,',' 

simulator: it is assumed that there is no water flow between segments. ' VSAS2 represents 
J '. • • • ~ , " '« ' , 

each segment tridimensionally and subdividesit into characteristic soil layers aild 

increQ'lents paralleling the stream to form volumetrie units called elements,' for which 

horizontal andverticalèomponents of water floware computed. Eilch soil element 
. . 

occupiesthe total width of a segment' The key components of VSAS2are the geometric 

representation of the basiIJ, the variable slope incrementation and the. maintenance of 

mathematical accuracy in hydrologically sensitive source areas (Bernier, 1985). There is J . 

. no provi~ion in the model- to calculate the effect of soil freezi~g, on soil hydrologie 

propenies. 

The maximum soil freezing depth for three winter years(1985,86,87)does not 

exceed about 40-60 cm in th!! Lac Laflamme basin (Prevost et 'al., '1989) and the lowest 

ground temperature recorded is -1.3°C., Knowing that the saturated hydraulic conductivity 
.\ 

of the soillayer 0;..'60 cm deep at room temperature being greater than 267 mm h- 1; it was 

felt that the snowmelt arriving on, the soil at a' maximum rate of 5 mm hr- 1 (melt .;. rain) 

. 1 

1 

. ~ 
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observed during the 1982 to 1986 Springs should not have any probl~m to infiltrate in the 

ground .. ,We also knew fromwa~er levelsmeasurements (Robergeand Plamondon, 1987) , 

that the snowmelt did not seem to have any.problem to infiltrate. It was believed that even . . .. 
though concrete fros~ existed in the waters~ed it was not ,a widespread phen~m~non 

(Roberge and Plamondon, 1987, Prevost et aL~ 1990). Prévost et al., 1990 showed after a 

frrst simulation effort with VSAS2, that peak flows :were underestimàted. IBecause VSAS2 , 

does rlO(fak~ into accourit soil freezing effects on soil hydrologic properties, they 

hypothesizedthat as the snowme.lt proceeds, concrete frost develops locally at the soil . , ,; 

surface due to subfreezing:night temperatures~ lower(the soiLhydraulic conductivity and 
, , ' , , 

induces surfaceflow. The fraction of bare ground was ust;d as an index' (snow coverareal 
. . ," . 

extent factor)· to the decrease, of infiltration ,capacity on the basin. The proportion of bare 

areas generated by SNOW .. 17 were treated as impervious areas. Wherithe proportion 

reached 85% it was assumed that the soil had thawed. The inclusion of this index strongly , 

~mproved the simulation of peak flows (Prevostetal. 1990), The same index w,as used in 

VSASQL 
. ). . 

, Mo~e details àbout lthe model àre given in Bernier (1985) and Prévost et al.' 
, ,( 

. (1990). A simplified flowchart along with the input, parameters and output ispresent~ in 

Figure 7. 

/ 
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'INPUT. 

./' 
: '1,' ~ .. r~·~~--------~---------,-.-, 

Hourly precip.itation (rain + snow 
+ melt) , . 

. Daily qreal e.xtent of 
snowpack 

, ____ ' · ___ ~';,.;...··_-:.--_I 

, /" t 
l , 

Variables 
initialization: . 
Soil water content 
Channellevel 

. ,', ,. 

Paramèters: 
Segmènt area· 
Number and thickness 

of layers 
Top layer andbedrock 

'profiles' 
Stone content 
,Impervious area 

. iWatercharacteristic 'curve 
Hydraulic cOl1ductivity . 

,------------------~--_/ ,----~~------~,~.~------~/ 

CALCULA)lONS 

OUTPUT 

J 

Flows on impervious a~eas 
.. Pipeflows over frozen areas 
. Matrix potential, unsaturated hydraulic 

conductivity, potential gradient 
Intercell 'slopewiseand vertical flows 

,r 

Soi/ water content vs time 
Water Balance .' 
Contribution of each layer to the. channel 
Inteflayer flows 
Pipeflow 
Channel outflow 

Fig. 7:. Flowchartof VSAS2: watershed module 

\ ' 

j 1" 

, , 

h 

1 

l, 



22 

: . 
·SOILEQ 

. . 

. W,htm waterenters the soil horizon under cons,ideration there is a mixing of old 

pore water, already in equilibrium with the soil, and the new" water. Thlsnew mixture is 

nonnally out,of equilibrium in teims of ~13~ activity with 'respectto t~e soil solution pH 

and in tenns of base cation and A13+ activities with respect tothe exchange complex. Th~ 

model allows Al (OH)3 to precipitate, releasing H+ and decrea~lng A13+ in solution. The 

model then allows an adjustment inCEC to c0I!espond to the new soil solutiori pH which 
\ 

'. alsa eithei consumes or releases H+ to the soi! solution. As pH changes, the speciation of . -

Al changes; the rea~tions of Al with OH~ will also have a direct effect on H+ activity; 

Finally the equilibria between the' activities of base' Cations and Al3t in solution 

and abs.orbed on the exchangecomplex are calculated. Since each of these stepsaffects 
• 1 • 

1 

each of the others, the' mathematical solution is determined by recalculating the steps 

iteratively ~ntil the equilibrium condition has been found. 

. . . . \ 

. The soil profile wasdivided int04 layers based on chemical and hydrological 

châractenstics (hydraulic cbnductivity a~d porosity): the organic surface layer 5 ~0'10cm 

thick, and three min~rallayers, 30, 40, and greater than 40 cm thick corresponding to Ae, 

Bhf and Bfh, Bf and BC and C horizons, respectively (Soil Survey Staff, 1975). Water 

entering the surface layer was assumed to reach equilibrium within one time step (24 h) and 
, . , . ' : " " " . . ~). 

this calculated water chemistry became the input chemistry for the next lower layer atthe 

start·of the next time step. The surface ronoff generated bythe snow coyer areal exterit 

. factor was given the.chemistry of waters flowing through the organic sùrface layer. A 

'. simplified flowchart of this moduleispresented in Figure 8. 
o • J . 



INPUT 

/ ..... ' / ...... / ~ 

SOIL EXCHANGE SOIL SOLUTION 
MEL TWATERS-

PROPERTIES pH,EC,~,Ca,Mg,K,~~ -' F, S04, temperature 

..1 " " ~ "-

" : 

INITIAL EQUILIBRIUM CAlCUlATIONS ' l~ 
) , 

, 
l 

" 
, ' - temperature corrections , , . 

- ion activities " 

- \ - total aluminum 
- total hydrogen , 

" 

) 
, , . , 

MIX SOLUTIONS (meltwater & Soil) " \ .. 

RECALCULATE EOUILIBRIUM 
" , 

, '-,CdNDITIONS ... 
. -'; 

1 ' " t'" .. 

ACCOUNT FOR ION EXCHANGE WITH 
, ' 

'SOIL MINERALS , " 

.PRECIPITATION OR DISSOLUTION OF )-.. VERIFY 
MINERALS EQUILIBRIUM ' 

~ , 

OUTPUT 

NEW SOLÜTION CHEMISTRY , 
( .' . ! 

," pH, EC, AI, Ca, Mg, K, Na, F, S04 

+ .!. 

SOLUTION FlOWTO 
NEXT SOll HORIZON 

, Fig. 8: Flowchart of SOILEO: soilsolution mixing andeJ;<change module . , 
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SHORMIX 

. . 

The model (Figure 9) is a ·relatively simplè chemical equilibrium model for Al . 
, , . 

aqueous comple~es of,.OH~F, and SOi~. Aluminum spedaJ;ion with these compléxes is 

calculàted using the' stabilityconstants given by Nordstrom et al. (1984) (Table 1). 

Thermodynamic calcul~tions are corrected for the effects of temperature using the van't 

. Hoff equation and activity coefficients using the Debye-Huckel approximation (Lindsay 

'1979) with ion strength estimated from èlectrical coriductivity (millimhos cm-2) using a 
. . \ . . \ 

multiplier factor of 0.018 (Lindsay 1979). Input parameters are water temperature, pH, 

partial pressureof C02in ~ater, inorganic monèmeric aluminum, total fluoride, sulphate, 

electrical conductivity, and volumes of the water to be mixed. The model equilibrates each 
'~ . . . , . ( \. , 
water source separately, in terms of H activity, by using gibbsite thenriodynamic valù~s to 

calculate total àmount of dissolved Al present in t,h.e water. The water sources and the total 

ion concentrations of the various Al speCies are then mixed according to t~e relative 
1 • . , ~ • . ' 

, volumes, the aluminuin species andH recalculated iterativelyuntil minimal change occurs. 
. .' { . . 

'. As the pH changes the speciation of Al chang~s andihe resulting reactions of Al with'OH, 
, . 

. F~ andS04
2-1igands'cnange, which in turn have a direct eff~t upon the H+ activity. The 

mathemàtical·solutionis then determined by an heranve process. 

,.:. ' 

. SHqRMIx utilizes 6 inputs provided by the integration of SOILEQ and VSAS2. 

The first one is the water released from thé snowpack on the ice itself, the chemistry is the 

, same as the chemistry of snowm~lt. The second one is .the snowmeIt water ,which runs at ." . '-' . 
, . 

the soil surface having the chemistry of soillayer oneand,is calculated using 'the snow 
. . " 

coyer arealextent factor.· T~e third, fourth, fifth and sixth one are waters that are flowing , 
• , . ' , , . J 

in"soillayer 1,2,:3 and4 as calculatedby VSAS2 ahdhave the chemistry as calculatedby 

SOILEQ. We consider the sediments of the lake do not to aIter me chemistry of layer 4: 
. " 

1 

1 

l' , 1 
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r , ""1 r' " r " ""'\ 
, . 

Solution A: INPUT is 2 or Solution C: La~e initial values: 
; 

. " more'different ," ."~ J. 

pH,.EC, AI, F, ( . -solutions. . pl;i, EC, AI, F, pH, EC, AI, F, S04, -
S04, 

, 

temp, volume. ' . , S04,. témp, volume. 
" temp, volume . 

'- ./'- ./'- ./ " CI) 
, , 

C , , -, 
... 

ct1 

l' 1 r li E 
INITIAL EQUILIBRIUM CALCULATIONS 

Q.) 
"-
"-
Q.) 
+-' 

" ct1 

~ temperature corrections 
. ,-'" . 3: 

~ f 

Q.) - ion activities .:::t::. 

. 
Q.. 
Q.) 
+-' 
CI) 
Q.) , i 

E 
- total aluminum ct1 :;::; 

r -- .total hydrogen 
, 

'. "f-
I 0 

+-' 
X 
Q.) 

, • t·~ 
'. +-' 

" C c 
:::J ..c 

" 0 . ,r i 1 r , r E 
+-' 

3: 
, ct1 C) 

~ 

" 
Q.) 

MIX SOLUTIONS n 
c 
X 

ct1. ,( , RECALCULATE EQUILIBRIUM - "-

CONDITIONS - ct1 
'- " > 

E 
"-
0 
"f-

, ~ t , 

PRECIPITATION OF MINERALS 
VERIFY 
EQUILIBRIUM 

( 

" ' -

( 

OUTPUT \ 1 r 

NEW SOLUTION CHEMISTRY . 
.-

pH,EC, AI, 'F, S04 
'j 

, 1 

Fig. 9: Flowchart of SHORMIX: lake shore waters mixing module 
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Table 1. Thennodynamic data llsed in the SHORMIX model eqllilibrillmcalculations . 

. ". 

- Reaction log K**. 

1. A13+ + H20. = AI(OH)2+ + H+ -4.987 

2. A13+ + 2H20 AI(OH)2+ + 2H+ -10.13 

3. A13+ + 3H20 AI(OH)30 + 3H+ -16.76 

4. A13+ + 4H20 - AI(OH)4- + 4H+ -22.16 

5. AI3++ F·. AIF2+ 6.98 

6. A13+ ~ 2F- = A1F2+ 12.60 

7. 'A13+ + 3F- A1F30 . 16.55 " = 

8. A13+ + 4F- A1F4- 19.03 

9. AI3++ soi- = AIS04+ 3.01 

10, . AI3++ 2S042- AI(S04)2- 4.98 

AI(OH)3 (S) natural gibbsite . 

dissociation constaFlt for gibbsite = 8.5 

1 

1. 
1:· 

. **K= Stability constant 

./ 
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The program uses the free i.Dn activities .of the AI-cDmplexes ;tD calculate the saturatiDn state 

.of the sDiution ~ith respeçt tD gibbsite. If the sDlution is super saturated the ri Al is ailowed 
r _ __ 

to,preeipitate thus.releasing H+ and decreasiflg A13+ in solution. It is assumed that nD s'Dlid , 

phase Al is available for dissolving if the solutiDn is' unfie;.rsaturated. The mDdel uses the . . . . 

, fDllDwing assumptiDns: . 

1 .. thestability CDnstant~ and selectivity cbefficients rema:in cDnsta~t Dver time 
and the selectivity coefficients are ~ndèpendent .of pH; and 

. i ' . 
2. the system attains equilibriUITI during each time step.· 

RESULTS 'AND DISCUSSION 

.FDr the first simulatiDn exercise, the fDur mDdules were put tDgether and the Dnly 

eXDgenDus variables necessary tDrun the mDdelwere th~.precipitatiDn and air temperature. 
. ( . 

Naturally the initial cDnq.itiDnsDf the state variables, e.g .. ~Dtal ~DncentratiDn Dfdifferent 

iDns in the s~Dwpack' and the rate variables, (e.g. sDil hydraulic .cDnduètivity) were 

prDv"ided when necessary. Finally the g~Dmetric features .of the simulated system like 

segment are a, number .of sDillayers, etc., were ~lSD giveh. , 

The .output .of each mDdule is then cDmpared with field measurements. It.shDUld 

.be e~phasized here that the integrated mDdelwas'run .once Dnly and the results presented 
'. , . 1 

arefrDm that first run . 
, 
! ; 

î 

\ 
\ 
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SNOQUAL 

The sirriulated snowm~lt, alongwith the cumulative dischar~e of the lysimeter for 
' .. 

season 1988 is presentedin :Pigure 10. The 1988 melting seàson can be . divided in twd 
',; 

periods. The first one startson th~ 22nd of M~ch andends on April the 15threleasing 145 

mm of cumul~tive snowmelt + rain. It is'fQl1owed ~y a cold p~riod ihat lasts untilApril 
. . . . 

42nd. During this period 50 mm of snow water equivale~t falls on the sno:wpack. The 

. second melt period starts slowly on April 23rd ~nd is followedby amark~d increase in 

snowmelt on May 2nd• It ends the 24th of May releasing)20 mm of cumulatitve snowmelt­

and rain. The variation in concentration of the different ions (Al, Ca2+, Cl-, P-; H+, K+, 

Mg2+, Na1:, NH4+, N03-,S042-) and conductivity of the meltwaters duringthe 

springmelt are presented from Pigure 11 to 22 respectively. 

In general the simulations are quite good èxcept for,EC and p.:. 

The differences between the'observed andsimulated values of the cumuHl.tive discharge are . 
! . . 

sometimes diverg'ent withtime (Ca2+, P-, K':, Na+', S042~) or constant (Al, CI~"H+, 

Mg2+"Nl4+, N03'")' The overestimation of the observed values (Na+; CI-, P-, Mg2+, 

NH4+) are split e~enly withthe underestimation of the, observedones(Ca2+, K+, 5042:, 

. H+, NOf): Except for Al; CI- and Na+ aU the simulated ions concentration are ' 
. . 

und(,!restimated drastically when the observed cumulative ,discharge increased from 163 to ,\. 

213 mm (April 23rd to May 3rd). Thetheoretical modelused to model the leaching of 
;. .. " " . ' . . . . .:'.' "-

pollutà:nts from the snowpack does.not take into consideration the seggregation ef'f~ts 
. . .'. . 

occurpng. in thesnowpack at the surrace of snow crystals during col~ perio~ once the . 

melting period has started. The~efore, it can not simulatethese events properly;. The small . 
j ) . . .' .'. \. . . . . 

increase in concentration is probably related to the melting of a new layer of snow (80 mm 
," .. - .... :, >... f' " 

of SWE) that fell between April 15th and April 30th• " 

, . 
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.1 

.. 



50 

40 

..--.. 

m 30 
.0: .-

1 
0 20 z 

. CI:! 

10 r-

0 

23/03 30/03 

Fig.10: 

450 
.-

1988 il' -----
il' 

il' -1 
1 

'tI" 

------ OBSERVED SNOWMELT 1 
i 

... -. SIMULATEO SNOwMaT 1 . 
i 

1 
' , ·1 

v 
1 " 
" 1 " , /-., , 

f 
.~ 

" ...:> 

1 ,. ~ .... -- ' 
1 'tI" 

,---:--
( . 1 . 

f ,. .... 
1 . f , 

I 
1 , . ,-

t' ~ .. 

06/04 13/04 20/04·· 27/04 04/05. 11/05 '18/05 

Daily and cumulative snowmelt observed and simulated for the 20 m2 

Iysimeter for the 1988 season . 
~. 

400 

- 350 

300 

250 

200 

150 

100 

50 

0 

25/05 . 

..--.. 

l 
E-o 

1 
Z 
CI:! 

~ 
i 



0.5 

0.0 

o 50 

---- OBSERVED (AVERAGEO) 

X OBSERVED- (INDIVIDUAL) 

- - - - - - - _. SIMULATED 
, r 

x 

"-
x . 1988 

Ci> 
" Il 

" 
• 1 • • • • • • • • • • -, .' • • 

~ : 
1 

x 

• 1 
1 
1 

'rb 

. 100 150 .200 250 300 - 350- 400 

MEL1WATER CUMULATIVE· pISCHARGB(mm) 

0.25 ...;.... 
.. ~.-

1 
0.20 ~ . 

l 
. 0.15 Ê 

~,~ 
. 0.10 i 

0.05 < 

0.00 

450 

~. Fig;11: Daily aluminium(AI) concentration and cumulative discharge observed 
and simulated by VSASQ1' in segment C 

V-l 
o 

" -



30 -

25 

20 

10 

5 

o 

___ --'- ,OBSERVED (AVERAGED) 

X 08SERVED (INDIVIDUAL) 
~.;. ___ ..: __ • SIMUlATED 

. ...e----
' .. , ...... 

, X 

Il 

, .. 
.,fiI 

" , 
Il . , 

Il 

Il 

-...-- .... - - -' .. -.QIEIé 
............ -"iII 'Iir 

1988 

,4) 

· -
" . ," 
" . - 1 1 

1 1 

• 1 
• 1 
• 1 
• 1 
• 1 1 1 

: 1 
• ......., ........ 'Y' 

• • x x : 
• 1 • 

3.0. 

-:L5 ~ 
G), -
~, '......., 

LO~· 

~ 
~ 

L50 

x ,~ 

\.0 i 
+ 

0.5 a 
, 

0.0 

300 350 400 4~0 

MEL1WATER CUMULATIVE DIS CHARGE (mm) 

. Fig.12: ,Daily calcium (Ca2+) concentration and cumulative disêharge observèd 
and simulate,d by VSASQ1 in segment C 

" ' 

LN ..... 



30 

25 

20 

, 10 

5 

o 50 

OBSERVED (AVERAGED) 

x OBSERVED (INDIVIDUAL), 

--'------- SIMULATED 
". ... 
, , , , , , 

, , ~-~,--.,---""-'" 
~.---.,., .",., 

~' ",--.' " ....... 
G (il, " 
• '" fi ,-

'1 '" ,fil 
1 è' ' •.• fil :" , : . , , 

x 

1988 

x 

100 ,150 200 250 300' 350 

MEL1WATER CUMULA TiVB' DISCHARGE (mm) 

~' 

" " , 1 
, 1 
1 1 , ,', 

: t. \ 
, 1 

1 • , 1 

" l' , ' , . 
: ~ , 

x 

400 

Fig.13: Daily chlorine (CI-')concentration and cumulative discharge observed 
" and simulated byVSASQ1 in segment C 

3.5 

3.0 

,~ 
2.5] 

....... 
l.ll o 

1.0~ 
en -Q 

.1.5 '~ 

l.°i· 
• o 

0.5 

à.o 

450 

'. 



80 

70 X 

,60 
• 

"...... 
, . X 0 tI 

~ 50 0~ - , ' 

~ .. ~ 
, , 

X 
, 

X 
, , , 

" 
, 
~ , 

~ 
. ' , , , 
30 

, , 

" 
20 

----' OBSERVED (AVERAGED), 

X OBSERVEe (INDIVIDUAL) 

- - - - - - - _. SIMULATED 

X ~ 

X 

X 

xx 

' ' 

1988 

1 , 
- . , , 

X 

e-"e--'7"e-~ 

o ~--~-T----------~-----r------r---------~~--~~----__ ----~ __ ------~ " 

o 50, 100. ,150 -200 250 "300' . ,,350 " 400 450 

'MEL'lW ATER CUMULATIVE DI~CHARGE (mm) 

- ' " ' 

, Fi'g; 14: Daily electrical conductivity (EC )values observed and simulated as 
simulated by VSASQ1 in segment C 

( 



1.5 

1.2 

0.9 

0.3 
• • '. • • • , , 

0.0 

0' 

---.------ OBSERVED (AVERAO'EO) 

X OBSERVED (INDIVIDUAL) 

,.. - - - - ... - ,... SIMULATEO 

1988 

0.08' 
, ........ 

0.07 ~ 
l '0 

006 1 
• Ul 

o 

. O.05~ 
~ 

-,Q 

O.G4 ~ 
< M31 

0.02 ' ' 
~, 

,. 0.01 

50 ' mOt ISO 200 250 300 350 450 

MEL1WATER CUMlJI.4TIVE DIS CHARGE (mm), 

Fig.l5:. Daily fJuoride (F~ )çc;mcentràtion and cumulative discharge observed and 
simulated by VSASQ1 in segmèDt C ' 



?, 

x 
x 

100 

x 

OBSERVED (AVERAGED) , 

. OBSERVED, (INDIVIDU Al) 

SIMULATED 

x 
" 

, , , 

,150, 

, ,~-fIIlilI 
~---..,.., ~ 

l, ,e-"--- ' 
. .---.,. .. 

, e" 
," ," 

,," 

,,~ 

_1988 

200 250 300 350 
, , , 

MELTwATER CUMULATIVE DISCHARGE (nun) 

",.. , , , 

,.; 
• 

x 

400 

Fig.16:> Daily hydrogen (H+) concentration and cumulative discharge obserVed 
/ ,andsimulated by VSASQ1 in segment C ' 

13· 

·16 
\. 

" ~., 
14~ 

'0 

~" 
,12~·'· 
.0 

·IO~ 
en -Q.: 

8~ 

61 
4+ ::c 

2 

-----
0 

450 -
~ 

" 

VJ . 
U\ 



....... 
'5 " 
Ô 

! 
'+ 
~ -

20~ x 

15 
.. 
, .. ' x ~ 

,x 

10 

x 

5 

x 

------- OBSERVED (AVERAGEDI 

X OBSERVED,.(INDIVIDUALI 

- - - - - - - _. SIMULATED 

"JII-/,-
1 Il 

l " 
l " 

l ' " 

l '" " , , 
, .... .:. ............. :', ..,..--- .. 

.--~- . -. __ tIII'- • -, ", , , ' , . x -

1988 

, ' , . 
, . 
: ' 

" ' • • , . 
'é . ' .. . .. 
: ' 
" , . 
• .- . • • • • , . • • x: 

• m x 

o ~---~~----------T--------~~----~------~-------__ ------~--~---~--~~ 
o 100 ISO 200 250 300 :,350 400 450 

MEL1!"ATER .CUMULATIVE DISCHAR(JE (mm) 

( 

Fig.17: Daily potassium (K+ ) concentration and cumulative discharge observed ' 
and simulated by VSASQ1 ,in segment C ' 

'~' 

1.5,1 
. -

0.0 



12 ,-------------------------:----...:....----, 

10, 

8 

<4 

2 

o 

, , , 
~ 
• 

x 
---'-- OBSERVED «AVERAGED) 

x OBSERVED (lNDIVIDUAl) 

SIMUlATED < 

1988 

50< , 100 150 200 250 300 < 350 < 400 

< MBL1WATERCUMULATIVE DISCHARGB (mm) 

Fig.18:< Dailymagnesium OVlg2+) concentration and cumulative di~charge 
obServed and simulate9 by VSASQ1in segment C 

450 

0.0 



25 

'20 

15 -~ 
1 
+' 
~ 10 

5 

, 
.' . 

" 

~" 
t 

, . 
• • 

x. 
x· 

'fi 
C!l x" 

x'x 'X 
'~. 

o 50 

---- OBSERVED (AVERAGED) 

x OBSERVED (INDIVIDUAL) 

---- ---,-- SIMULATED 

.. " ,," 
~ .. ----. 

, 
" , ,,' 

,III 

III' 

.. ' Jr ..;. ... .a.. 
, .. ' x ' .. .... ~ 

.. .. 
...... .. 

, , , 
-..... ---.---- ' 

c .­.-; , , , 

Il 
fi ... , . 
•• ; . , . , . 
• • • • • • • • • • '. . ': ~ 

, . , 
" 

x • • .:x ' 
• 

100 150 200 250 300 350 ' 400 

MEL1W ATER CUMULATIVE DISOIARGB (mm) 

. Fig.19: Daily sodium (Na+ ) concentration and cumulative discharge o~served 
and simulated by VSASQ1 in segment.e . 

2..5 

-
2.0 ~ 

"0 

6 
'"" Ul 

r C> 

15 ~ 

. 450 

.' 

U'J .-t:l 

0.5 .-;t 
·z 

0.0 

w 
00 



35 

30 

25 

10 

5 

o 

• x , 

o 

, , . . 
'! ~ . ci l " ," , ŒI '. , , 

. "'" X , , , , 
, ,'. 
~, , 

50' 

OBSERVED, (AVERAGED) 
, . . 

OBSERVED (INDiviDU Al) 

SIMUlATED 

..... ..... .... 
.Qt" •• ~ ...... - . .... 

.. ,," 
x 

, , , , 

," 

, '-

. -- . .. . 

x ~_: __ Q 
X .... 

Î 

1988 

100 150 200 .' 250 300 ' 350 

MEL1W ATER CUMULATIVE DISCHARGE (~)' 

\. 

il 

" .11 , . .- . ., 
il , , 

'Ci) . 

, I-
l , 

~. 
l' 1 • 

" 1 • ::ciS x : 
1 • • , 
1 • , • , " .. : :: X: 
"1 •. ., . 
: 0 : 
: " 

. Fig.20: Daily ammonium(NH4+ ) concentration and cumulative discharge 
observed andsimulated by VSASQ1 in segment C " 

5.0 

4.5 

,~ 
4.0 3î, 

" 0 . 9 
3.5 ~ 

. o. 

lJl ~ 
U,lî 
1-4 

2S~ 

~O~ 
I.S i 

. '1.0 i 
,,' 0.5 

0.0 

450 



100 

- 80 

" 

20 

r-~~~----------~------~--------~----~------~~~~~12 
, " , , ' , 

'" • 
--ES ? 

, , , 
, , , , .. , , , , 

• , , 
et 

50 

x 

, .. 

--~-' OBSERVE{) (AVERAGED), 

X, OBSERVED (INDIVIOUAl) 

',- - - - -,- - - -, SIMUlATED 

x 

1988' 

100 150 200 250 300 350 400 

, MEL1WATER CUMULATIVE DISCHARGB (mm) 

, Fig.21: ,Daily nitrate (N03-) concentration and cumulajive discharge observe9 
and,simulated by VSASQ1 in segment C 

-10 CS 
, 1f 

~ 1 
'-" "sPl 

.... ~ 
en 

68 
'~ 

.4j 
. ' 
~ 
0 

2Z 
.~,: 

0 

450 

~ , 

/ 



70 

60 

50 

'é2 40 

1 

20 

10 

x 

' . . . 
• " . 

x 

'1 x' 
~ 

el" X e 
, ~,,-~ 

~ , 
C9- .. "'m 

x, X "" x \ x 

x 

OBSERVED (AVERAGEO) 

x OBSERVEO (INOIVIOUAL) 

- - - - - - - - -, SIMULATEO 

; 
, , .. ---.---... :...-...... --- --,x' .-' ,~ .... , ' 

x·"'· ,',. 

,1988 

, ' x'.r.:J(: 

x,. 
,', . 
,1". 
, , , 

~ 

7' ....... 

~ 
-(. 

6~; 
'-'" 

.P.:I 
0 

S~ 
.~ 
4° 

~ 
3i 

,/ 

2~ 
en 

.. ~ .. l 

.... -e~---e-- ..... œ x o ~ ____ ~ ________________ ~ __________________ ~ __ ~~~ ________ ~ ______ ------~ 0 

o 50 100 150 , 250 300 350· 400 450 

, MEL1WATER CUMUlATIVE DIS CHARGE (mm) , . 

Fig.22: Daily sulphate"l SOi- ) concentration and cumulative discharge 
. observed and simulated by VSASQ1 in segment C' ' 

.,. .... 



/ 42 

Anotherdiscrepancy is observed for Al, Ca2+,CI-, EC, H+, K+, Mg2+ when the 

cumulativè dischargè reaches 382 mm. The simulated snowcower concentrations are much 
. " . . 

higher than the observed values: However from the response of meltwater qucing t,his 

period, it seems that, the peak should have occurred wh~n the cumulative discharge reached 
\ 

406. mminstead. Had we used thè dates for the abcissa instead of the cumulative 

discharge, 'the peakswould not have such an apparent lag: We 'helieve that the lag is 
.1. 

caused by cumulative errors between simulàted and observed values of daily discharges. If 

. we hadused the dates, the whole simulated curve would shift to th~ right and, the results 

would look betteras a whole. 

Considering the differences in concentration between the 4 lysimeters (due to 

spatial ~~ablity) and the probable effect of s,egregat~on dUring cold periods, th en the 

results of SNOQUALR are excellentiIowever, fundamental research is needed so that the 
, 

'leaching coef~cients can,he predicted instead.of measured. Theoretical work is aiso needed 

to include into the model the segregation effects of ions !esulting from refreezing once the 

melting p~nod hàs started. For the quantitative aspects, melt'factors will need to be found 
" . 

for the lake surface snowcover . 

. '. 

'J 

. \ 
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VSAS2 

Sensitivity ana,lysis" 

A sensitivity analysis was performed on the hydraulic éonductivity and the depth 

of deposits. The analysis was done on segment C. The simulated snowmelt is presented . . 

. for this segment and the' expected discharge is obtai~ed by multiplying the observed 

discharge at the lake exit by the percentage of the whole basin occupied by segment C. 

During thissensitivity analysis the snow coyer areal extent factor was turned off. The 

hydraulic conductivity of layer 2 (Figure 23) was varied and as canbe seen there is no 
\ 

change in the simulated discharge until the .hydraulic conductivity was lowered to 0.08 
. . . . 

cm·hr- l . As to the depth of deposits (Figure 24), as soon as you increase the deposit 

thickness by 50%, a reduction in peak flow is observed .. 

Water Balance 

The waterbalancefor the entire snowmelt season as calculatedby the model is 

given by the following formula: 

P = E'+ L\S + L\L + R 
. .' . 

where P = Precipi~tion (inclu~ng rarn, snow and snowmelt) .' 

E = Evaporation 

L\S, = Change of water volume in the soil 

L\L = .. Change of water volume in thelake· , 

, R = Runoff at the lake outlet 

The values found in m3 were 

. . .' - .. ' 

281864 = 0 + (688152 - 547655) + (21984 - 19806)./+140258 

1 

(2) 
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Theevaporation wasneglected and the error for the whole balance is 0.4%. The 

daily discharge of the whole watershedis presented in Figure 25 .. As cari be seen, the 

simulated values are overestimated in' the first part of the melt }.e. the first 170 mm of melt' 

while it is undet'estimated the last 30 mm of the410 mm input.to the soiL With the 

inclusion of the snow.cover areal extent factor (Prévost et al.,' ~ 990) to the model, the 

surface runoff, (Le.'snowmelt not èntering the' mineraI matrix) was equal to 56% ~f total 
. . "', . 

streamflow for the whole watershed .. Maulé and Stein (1990) found for an interflow 
. . .' . , 

strea~ using two tracers methods, a surface runoff value of 47% for the same basin and 
'. . '. . 

snowmelt event. If the model is to be transportable, a module calc~lating the effect of soil 

freezing on soil hydrologie properties need to be added. 

SOILEQ' 

The restilts for·the following different ions (Al, Ca2+, Ct, F-, K+, Mg2+, Na+; 

NI4+, N03;:, pH,S042-) are presentedin Figure 26 through 36 respectively. 'HoHzons 1, 
. .' .. 

2,3 and 4 stand for the layers .between 0-10; 10-40,40-80 and> 80 cm respectively. The 

observed results presented ru:ç originating from two nests of piezometers near the shore; 
( . . , 

one in segment C and the other in segment D (Figùre 2). From figure 26, the simulation of 

Al for the four layers are greatly underesti~ated,it is even zero for layer 1. Fot: Cà2+, K+, 

CI~, Mg2+, Na+, S042- ions; generally it simulates a desrease of values for horizon 1,2 
. 1 . . 

. / . , 

and 3 from the beginnirfg of melt to the end as the observedvalues. For horizon 4, it . 

sim~lates an !ncrease from the beginning to the 'end while the observed values stay m~)fe or 

less constant. In general,the simulations values are not fai from the .observed on~s. In the 
. , . 

. - '. . . " ~ . '.. \ . , 

.case of F- the results aregood at the beginning of the season but at the end of the season an 
. . 

. . 

inc~ease is observed white the predictedvaluesshow a decrease. For N03- and pH, the / 
. ! 

resuÙs are good for horizon 3 and 4. For NH4 +, the simulations are notbetter than Al and 
l ' 

the link between the observed andsimulated value is hard to find. 

1 



~ 

10 25 

1988 
1:. 
l' 

OBSERVFD DISCHARGB '. ' ~ •• 
8 .' 1 2(f • 1. 

, 1 

SIMULA TED DISCHARGE . ' , . , ., 

""" SIMULATED SNOWME.LT 
• 1 

~ 
, 1 : , . 

1 • -
§ 

1 1 

~ · ' 
· . 

" , 
6 • 'i 15§ - • " - · . · , -; • • • 

~ 
_. 

'.' · .. -• 
• 1 

1 

-g • • , .. f-t • • , . •• 

101 
' '--.. 

• .. • Il • 1 • • " • 1 
, , 1 1 · , 1 , • 1 ' • • • 

ri:) • . 1 • , , • • 1 ..... 4 1 • • .' l, 1 • 

Q , 1 • .' • • • • 1 • • • 1 Z 

~ 
1 , , 

1 1 1 • ' . • • 1 1 ~ 
1 • • • • 1 • • , 

1 1 .. .. • • , • , 
J. 

• 1 .- 1 1 1 • 1 1 1 , • 1 , l' 1 1 1 .:. , , • • 1 .. , . 1 1 • • • 1 

2 • • l, l' 1 . l' 1 .1 • 5 1 1 1 
" , 1 1 • 1 

, 
•• .. 1 • • 1 1 1 
1 • ' .. 1 1 • • 1 1 • 
: 1 

.. • , . , 1 1 

" 1 1 • • 1 ,-
1 : 

1 
1 1 1 • • 1. -- 1 
l, .~ 1 

" , . , 
1 , • ,. 
• 1 .. ,.. 1 • 

0 ..... -- ... __ ..... . " '" 
, 

0 --- • ... ' 

23/03 30/03 06/04 .13/04 20/04 . 27/04 04/05 11/05 18/05 25105 

Fig.25: Snowmelt rates and discharges for the whole watershed 

-----'------===~==~~====~~==~~ .. -----,--



lS 

i 
1 
:1. 

.... 
\ ~ !I 

23103 

J!I 

Î 

10 

i 
1 
:1. ,--
~ 5 a 

ft. 

11m 

AI..UMINJI.JM IN SOL IfORflDl'I 1 AI..lJM n.'lUM 'IN SOL HOlUlDII '1 

/ 

a 

1 
.. • llIISEIIVI!D 

1988 1 
.. OBSaVEl) 

1988 _ IIDIIJ..ATIlD 
- SlMU.A'ŒD 

• 
10 an a 20 an 

aO 

JO 
.Ii • D 

~ • a 

1 D D 
a 

a· :1. 
• aD 

• ..... D , • 
• ~ !I a a 

a a 

• • • .. 
• a • ----D • --Da 

• D 

D a -........ • .'-
(). 

30m . 0IW4 13,G4 ~ Z7AM 04,V5 . 11,05 Il.œ 23103 30103 0IW4 . 13A'M '. :,2OAM Z7AM 04,V5 ll.AlS IMIS 

ALUMIIIUM IN SOLIIlRIZOM , AWMINIUM IN SOL lDU:lXJN 4 . 

'J!I .' 
.. - 1988 . .. • 0IJSI!lM1D 

1988 _ IIDIIJ..ATIlD _ IIDIIJ..ATIlD 

40 an D BOan' a 
• a a 10 .. ,.0 

D • 
~ 

• .\ 
~ . • D 

~ a Da !I a • aa .- a / 

• .0 
• 

a a a a 
a 

0 
\J 

3QI03 M4 13,G4 ~ Z7AM 04I)S. 1t,05 II.œ 2Jm 30103 0IW4 13A'M 2004 

Fig.26: Concentration of AI- in the soil horizons (1 = 0-10 cm, '2 = 10-40,3 = 40-
80, ~ = > 80 c,m deep) as simulated by YSASQ1 along with the 
observed values ln segments C (0) and D ( • ). -

• 
' . DD 

a D' • 

aa -D D 

a a 
a 

a 
• • • • • 

Z7AM CNm Il,05 ItI,4lS 

/ 

/ 

.t>-
00 



-- -. 

1. 

, ,,- ." 

CALaJlI If IOIL HœIZIlN 1 

tOem ; 

• 

1/ '., • 

• • 0BIBIlVI!D " 
_, _ -.u.1III) , 

40 an ., 

1988 ' 

1988 

... 

1 
.c. OBSEIYm 

,,'_' , sn.nu.~' 

, lOan 

•• OBSllllVED l' 
_'SIIoIll1A'IllD . 

,1988 

1988 

'. ~. 

!I,.-_-:--____ -.........._~ •. 
• 
D. 

Fig.27: 

..... . 

• ••• 

.. _.. ... ,D a a iIib_ -Daa_ 

~ 1". ~ .-

Concentration of Ca2+ in the soil horizons (1=0-10 cm, 2 = 10-40,3 = 
40-80, 4 = > 80 cm deep) as simulated by VSASQ1 along with the 
observed vàlues in segments C (0) and D ( • )~ 

t 



- ~ ~ ~ 

--------------------====~~~---------------------------.. -- --==--------====--==========----

r • 

\ 

. { 
d 

aœ, 

t 
.... 
d' 

DIB 

.. _ r ~ o • 

1988 
'-

L a •. è:IJs:EavED 

1988 • _. ,- 1Iw1u.'ŒD, 

• /

' ;., OIISEllVEll' " _ _. S\MII.A11lD , 

lOan 20 an 

• 
• 

" . .. • 
• 

r • 

• • • 
• •• •• D 

• DD'ball 

30tGS .. 13004 .. 'ZI/04 04m ' IIm IBm 

aI.œIIIlf 101. JDtJmH , . aI.œIIIlf IOL 1IIlIZDI. : ' 

" -.. -
1 1988 D -'-- 1 

CIl il œsEIlVBD , 
1988' - S\MII.A'IIlD r'. 40 an 80 an 

" ,-
::a. 
.... 
~ .. 

' . 
• • ,. . -•. a: ...•.. . "iO&.aD. 

. ' • 
-0 - D • 

-g a '. Ua .. .. 00· ... .,'..;,;;,; 
( • 

0. 
, .., OUM 13004 .. 'ZI/04 04m 1l.e5 

1_ ·aœ, MS 06.G4 llGt .. 'ZI/04 04m 1l.e5 IlIOS 
, . , 

Fig.28: Concentration of CI- in the soilhorizons (1 = 0-10 cm, 2 = 10..;40, 3 = 40-
80, 4 = >,80 cm deep) as ,simulated by VSASQ1 alon9 with the 
obsetved'valuesin segmentsC (0) and D ( • ). 

, r'· t 

/ 

VI 
0 



s 

.. 

{ 
...... 

.~ 
2 

,1UJOItIlB DI SOL IfIJIIJZOJf ,1 

'I·,·~·~~I 
10 an 

• 

1988 

o oa 0 

• - a o· 

s,r-------------------~--------~------~ 

" OBSElM!D 
_ ID4tL\TIlD 1988 

20 an 

- . li "'-00 
, 00 

o· 

,.~----------------------~----------~~ 

'{ , 
D ....... 

l ", 

a 

1988 " 0BS\!IMll) , 
_' _ .D4tL\TIlD .. 

40 an SOan 

a 

--
o· 

i: 2 
. '0 

• 
a 

Fig.29: , ,Concentration of F- in the soil horizons (1 = 0-10 cm, 2 = 10-40, 3 = 40-
80, 4 = > 80 cm deep)as simulated by VSASQ1 along with the 
observed values in segments C (0) and 0 ( • ). 

1988 

a 

( 



l'OTASSIJM Il SOL HORrlJ)N 1 

• 

-1988 

-• 
• 

• 

l'OTASSIJM If SOL lDU2DN , cl l'OTASSIlM III SOL JIlRI2DN .. 

'~ 

1 ' 

D 1 ..:.= =='1 
40 an 

1988 
ft. OBSEI:VED 

_, _ IIWIJLA'IED 

80 an 

_:a. b-------------__ ...... 

Fig.30: 

J 

'. 
• -6 U G nA . a 

Concentration of K+ in the sail horizons (1 = 0-10 cm,.2 = 10-40, 3 = 40-
,80. 4 = > 80 cm' deep) as simulated by VSASQ1 along' With the 
observed values in segments C (0) and D ( • ). ' 

1988 

• ,- . • 
.,. e .•••••••• 

& GY ..... dU.aoaU 
, . 

'v\ 
N, 



l 
" .• _YI!D '1 

: '_ mruLA'IllD • ,1988 1988 
iOan 20 an 

• 

• . . .' • 

D 
, . 

•• D ... ....... ....;;.. _____ " •• a .... 

•• •• 

JWHllIUM If ... HrIIDDf • 

• .. -
1 1988 

• • OIISI!IM!D 
j988 _ 1DIIII..\'IllD 

- 1OOU11lD 

40 cm 130 cm 
,1 -:-. 

',1 i '0 

:a. :a. .... .... ', 

1 • l~ • • .. '. . , .. -'a.: ". • ,. . ...... • ••• ••• 
D_ a a • a.~""'" 

Ul 
t.;J 

am 3IMD ... 1* ' .. 'll1M QW' nm 1- %MD ., WM UlM .. 'll1M '. ,IIM 1-
Fig.31 : Concentration of Mg2+ in the soil horizons (1 = 0-10 cm, 2 = 10-~0, 3 =' 

40-80,.4 = > 80 cm dèep) as. simulated by VSASQ1 along wlth the 
observed values in segments C (0) and D ( • ). 
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The [lIst version of SOILEQ that VSASQ 1 is using, assumed that the water flow 
, " ' l 
, is only verticaL If the watet flow is tipward, it uses the snowmelt chemistry as the input to 

thelowèst ho~izon instead of the chemistry of deep groundwatfr as it should have nsett If 

the_ water flow as simulated by VSAS2 is, lateralthen SOILEQ can nottake it into account in 

the simulation. During the initial days of the melt periods, the obsetved values of pH are 

quite low (4.2) atthe 10 cm level, but the simulated values is ml;lch higher (5.3). It is 
, "-

partly caused by the prediction of S04 concentration. Sorne improvements are needed 

wherein adsorbed S04 is considered as a form of adsorbed acidity. If S04 desorbs as a 
. . ' . 

result of decreasing concentration in the input waters, then this will result in an acidification' 

of the soil solution., In general, the model does not look responsive to abrupt changes in 

water quality., Sorne of thisdoes npt originate solely from SOILEQ, but also from 
,\ . 

S:r:rOQUALR. For example, when'the second melt period stans on April 23rd, there isa 

major flux of ions out of the snowpack into the soil as observed for every n::easured ions. 
\ ". '. • f • , 

,1 . . . . . 

SOILEQ does not siinulate ihis increasebecause SNOQUALR does not provide him with 

the right input. This is especially'truefor èa2+, H+, K:+, Mg2+,NH4+ N03- and SOi-·. 

Another problein when compàring the ,'simulations with the obse~ed vaiues is the 
, ~ 

representativeness of the field sampling point. For example, if your sarnpling station is 

placedwhere thereis no upward vertical flow 'andyou use it to\compare simulation results 
. . . 

with upwardvertical flow, tlte results will not agree. This is clearly shown in part B of 

Tom~ IV (Hen"dershot, 1990). Thesesimulations also show that up to a certain point it will 

be ~ard to improve' the. soil chemistry predictions if we can not model the hydrology 

adequiuely and if we,do not q,ave s,ufficient field datato compare the simulations . . . 
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. SHORMIX 

The simulation results Jor the following variables: 'AI-, Ca2+, Cl-, EC, F-, K+, 

Na+, Mg2+, NH4+, NOf, pH, S042- are presented in Figure'; 37 through 48 tespectively .. ' 

. Observations of wàter quality of site C and D show thatthe two sites agree quite closely for 
. '. 

sorne variables like CI-, ÈC, NH4+, F-; pH~ S042- or they do n6t like for AI~, K+ N03~;' 

For the other ions Ca2+,Na+, Mg2+ they agree closely \:mtil the 13th ~of April then, 

although they follow the same patterns the differences arelarget. The model can simulate' 

.. adequately the tendencies for the following variables:. Ca2+, CI-, EC, K+, N a+, Mg2+, 

NH4+, N03-. From May 2nd to may llthwhich is the periodwhereamassive pulse of 

'melt occur, the simulation of S042- (Figure 48) and AI- (Figure 37) reaches a minimum 
. " 

while the pH (Figure 47) reaches a maximum .. Except for S042-, the. observed values· 

show the opposite trend for the same period. 

/ 

The snowmelt ~ates of the fIfst melt period decrease drasticall y from the 6th to the 
". . . 

13 ili of April (Figure 24). During this period, the snowmelt waters released arequite pure 

as'shown by the observed values of aIl ions besicles pH and AI-. The simulations do not 
" 

• • 1 . • .' • 

reproducesuch minimum because of two unknowns. First, wedo not know the volume of 
. ' . ' ! 

. lake w~ters, input waters a~~ mixing with. Secondly, we do not know the rate of 
. . . . . . . , 

replacement of initial lake waters and its quality near the sampling sites. Forthis fIfSt 

. simulation, w~ used a volume of 826 m3 ami the rate of replacement of this' volume was 
. . 

lowered to 100 m3(Appendixl) and 20 m3 (Appendix 2) in the case of CI-, and it improved 
. , . . 

the simulations tremendously .. A sensitivity analysis of SHORMIX model (Maulé, 

Hendershot and Stein, 1990) showed that the input variables which have the largest effect 
- . 

on the output pH are pH, p'C02, Al and volume of water, with pH and pC02 having the 

largest effects. The problem with pC02 is that it was not measured and a constant value 
, 

was utilized. A decrease in pC02 by an order' of magnitude duri~g lake ice-off in 
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J . 

. springmelt the pCQ2 (Norton and Henriksen, 1983) or the alkalinity (Lac Laflamme -
. '. 

Papineau, 1987) can drop by about an order of magnitude within one week, dùe to 

degassing of supersaturated waters.. Thus the. use of a constant pCQ2 value in the 

SHORMlX modellikely poorly simulated the probable fluctuations that occurred with large' 

amounts of snowmelt. 
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Appendix 1: Concentration of Cl- in the ambiant waters above the spawning sites.in segment 
C as simulated by VSASQl àndùsing a lake volume of 100 m3 
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Appendix 2: Concentratlonof CI- in' the ambiant waters élhove the spawning sites in 
segment C as simulated by VSASQI and using a Jake voJume of 20m3 
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