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. ABSTRACT

The average residence time of five of'the_principal '

QOkahagan lakes was Calculated based on the thermal structures in
~-conjunction with the outflows of each lake by ‘using Piontel;i and

“Tonollis' hypothesis (1964).

The average residence time was

Kalamalka : | 85.3 years
Okanagan - 74.7 "
Wood _ 72.9 "
Skaha 4
Osoyoos (Northern Basin)* 2.2 "

. Theoretical flushing time was determined by dividing

»the'IaEe volume by the annual mean outflow, assuming vertically

“homogeneous condition during the thermally stratified period.

The results showed shorter theoretical flushing time for Lakes

“Okanagan,’ Osoyoos and Skaha, and longer theoretical flushing

-time for Lakeés Wood and Kalamalka as compared with the results

.calculated by Piontelli and Tonollis' hypothesis.

* Hereafter Lake Osoyoos means the northern basin oenly.



INTRODUCTION

This work describee the numeficai‘calcdietion‘cf aﬁerage
residence time from experimental data of the Okanagan mainstem
lakes. Its result may serve as a background for some other

limnological inVestigations in these lakes.

The experimental data used for this calculation were
seasonal thermal structures (tracer) and the outflows of the lake.
The calculation is_governed by thevthree basic physicel hypotheses‘>
(see Boyce 1973) which are (1) the horizontal mixing in the upper
strata (epllimnlon or 1sothermal stratum) of the lake takes place

at time scales which are short compared with the lake's seasonal

' cycle, (2) the isothermal stratum is well mixed vertlcally so that

<

water flowing out of the lake, drawn from over the entire isothermal

. stratum, is‘representative as far as conservative properties are

concerned, and (3) the whole volume of the lake “participates" in

the outflow when the lake becomes vertically homogeneous (overturn).

In order to'simplify'the;genereiizationwef'theu-

calculation, volume of the lake is assumed constant (inflow = outflow)

as well as any other concentration of tracer material present in

the lake is assumed unity in time.



Other. models and hypotheses -by Waldichuck (1957),
kajosaari (1966), Rainey (1967), Sweers (1969), Vollenweider (1969)
and Lerman (1972) have been proposed concerning renewal time or a

new mean steady state of substances in a lake or estuary. For the

" present investigation, no attempt is made to use the aforementioned

models for‘any éomparative purposes with the exception of the

theoretical flushing time (conventional residence time) which is

vdiscﬁssed at the end of this text.

DATA SYNTHESIS

1. Limnological data

Dﬁiing 1971, a field program of the Federallénd
Provincial Joint Studies was carried out, and a series of éix
limnological monitor cruises was made by C.C.I.W. at regular
mdnthlx intérvals between Apxil and October on five of the
principal Okanagan 1akes; ' On each-of these cruises the same
stations were repeated (Fig. 1). The temperature data were

obtained by means of a bathythermogitaph (Williams 1972).

These data were used for the examination of the hori-

zontal temperature structures at various depths of the lake. The

" method of data reduction is described by Blanton and Ng (1972).

‘Past data were also drawn from Coulthard (1967, 1968-1969) and

A
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" British Columbia Research (B.C.R.) (1970) to fill the gap before

April and after October of 1971. Neither Coulthard's nbr )

BCR's data were available for Lakes Okanagaﬁ,_Kalamalka and Wood
from October to December. However, if seems reasonablé to assume
that Lake Skaha.temperature data froq 0ctober'to Décember is
represenﬁative fdr thesé three lakes, since the cooling of the
épilimnion of these lakes occurred ét m§r€ or less similar'ratéé,r
beginning at the end df'August fo early Octobér,.Blanton and Ng

(1972). .

The horizontally averaged temperatures at selected
depths of the five principal lakes were élbtteﬁ.on graﬁh (Fig. 2
(a), (b), (c), (d) and (e). From Figure 2 it is possibie to deter-
mine the "isothermal period". This isothermal pefiod defined here
is the period during.which the stratum has thé same temperature as

the surface waters.

2. Hydrological Data

Another important parameter to be considered in Pointelli

- "and Tonollié"(l964) model is the long term mean daily discharge

corresponding to the "isothérmal period" for a stratum of a lake.
This is calculated by using the predetermined "isothermal period"”

of a stratum in conjunction with the same period of the outflow



~hydrograph of a lake. The results of mean daily outflow COrrespcnding

to the specified "isothermal period" of the five Okanagan lakes are

summarized in Table 1 (column 4).

Five water years (1965 - 1970) of the daily discharge

-record (Water Survey of Canada) were used for the calculation of
mean daily_discharge for Lakes Kalamalka, Okanagan and Skaha. Theréﬂ
~were no outflow records for Lakes Wood and Oso§§os~except inﬁlow
~record of Vernon Creek inlet to Wood Lake (1969 - 1970) and the

'mdischargé_récord of Okanagan River near Oliver (1965 - 1970)

(Water Survey of Canada). Therefore, it was necessary to assume

(1) that the inflow of Vernon Creek Inlet to Wood was the same as
~£he outflow of Lake Wood, and (2) that the discharge of Okanagan
‘River near Oliver was equal to the outlet of Lake bsoyoos. Both

-Lakes Wood and Osoyoos are mainly fed by Vernon Creek Inlet to Wood

.and Okanagan River respectively. For a long term averaging consi-

deration, when the fluctuation of the lake levelsbecomes minimum,

 ¢he;above éssumption of inflow balancihg'ou;fldw may appear to be

-a reasonable first order approximatioﬁ.

3. Morphometric Data
' The hypsometric curves (Blanton and Ng 1972) for each
.lake were integrated to produce a curve of volume versus depth.

‘Results are summarized in Table 1, columns (6) and (7).
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FORMULATION OF COMPUTATIONAL PROCEDURES

A. ComputationAqf volume of water drawn from an isothermal stratum

by the_lake's outflows

Consider the basic physical hypotheses (2) as outlined

in the"introduction;bone mavvcélculate the volume of watef,'

drawn from an isothermal stratum of the lake. Therefore if we

-assume (ts) (in days) is the period of an isothermal stratum which

 has the same temperature as surface waters, and that the mean outflow

rate during this period is (q) (m3/day), the volume (VS)’(mB) drawn

from an isothermal stratum of a lake may be expfessed
_vs =axt, a _ o (1)

The volume (Vs) drawn from each isothermal stratum was

| calculated by using the above expression. The results of Vs'for

the five lakes are shown in Table 1, column (5).
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B. Computation of "coefficients of retention (C) for each

‘iso;hgrmal”stratgm

By further considering the carry-off from the outflow of

the lake, we are now able to calculate the percentage of original
waters present (coefficient of retention) in each selected stratum
of the lake. Sincé tﬂe total volume (Vs) drawn from each selectea
stratum is calculated by using the specified isothermal periods,
Vs ﬁay be assumed as the volume of waters in transit through the

stratui during'that specified isothermal period.

Because.the isothermal period‘of”éach étratUmFi§¥rEIéE€é;

o

to the surface waters (Table 1, column (1)), the - = * - _
calculation of the "coefficient of retention (C)" of each selected

stratum may be expressed in the form:

where C is the coefficient of retention in percent

L

‘layer being considered

Vsbis defined in équation (1.

Proceeding in the same manner for the consecutive strata,

- coefficients of retention for each of the five lakes were evaluated

and are tabulated in Table, column (8). >

V., is the volume of the stratum integrated from surface to the

(2)



. C. Determination of residue volume after one seasonal cycle

Since each of the strata below the first stratum partici-

pates in the carry-off and the factors of dilution of the original

. waters in the upper strata have to be intervened, a further computation

is needed in order to find out the volﬁme Qf original water still

present in the lake after a seasonal cycle. The calculation is:

‘le = le * Gl ;
)
L )
Vpa = (pp # V) € g
: o 3
. D, '
. )
. )
) -
| » )
VRn = (VLn + VRn—l) * Cn. ;
where VR denotes . the residue volume of originél water remaining

at the end of carry-off from stratum.
VL denotes the volumes of each selected stratum.
c dénotgs the coefficients of retention of each stratum.

Subscripts 1, 2, . . . n denote the number representing the

stratum.

By employing the above expressiom, results were computed

\



for the five Okanagan major lakes which are shown in Table 1, .
column (9). Using these results (Tablé 1, columns (1) and (9)),

we were able to plot a curve to represent the residue volume of

_ original waters remaining in the lake basin after a seasonal

temperature cycle (Fig. 4 (a), (b), (c), (d) and (e)). According
to equation‘(3) thaﬁ each conseécutive residie voluhe being calcu-

lated which constitutes the residue volumes from the upper stratum.

" After a year, therefore; during which the winter and spring circulation

_have gone over to the bottom of the lake, we still find a residue

volume constituting the volume of the stratum from surface to bottom

- (Table 1, column (9)). In this manner, ailoss.in the original water

of a lake may be determined by subtracting the residue volume (0 -
bottom) from the initial volume of the lake. The remainder of the
subtraction can be eﬁpreésed as a percentage (P) of total loss of the
original waters by dividing the remaindér by the iﬁitial volume of the
lake. Tﬁe volume of loss of original waters and its equivaleﬁt
percentage (P) of loss of the lakds initial volﬁme for the Okanagan

five_lakes were calculated and listed as followsf

Lake - Total loss of Total loss of //iéke's initial
original waters original waters volume
nx10°% ' o - (@) Z
Skaha 108.3 ' } 19.7
Osoyoos 70.3 345
Wood 2.4 . Y
Okanagan _ 300.6 | ' 1.2

Kalamalka | 12.8 - ‘ 0.84
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D. Computation of average residence time

By postulating that the seasonal variation of temperature

structure for these lakes remains thé same for successive years, one

may apply the above determined equivalent percentage (P) of loss of
the lakes' initial volume to calculate the retention of original

waters for the conseCutive years. The computation is

Ve = Y,
V(tl? = v('to) (1=-P)
V(tz) =_V(tl) (1-P)

V(e ) = V(tn_l) (1-P)

VVVVVV:VVV\IVVV

which wi‘ll enable us to plot out a curve (Fig. 5) to represent thé
retention of orlg].nal waters of each lake at the beginning of the
first year.. The rate of change of original volume with time may be
expressed as

- = —aV
The negative sign in (4a) indicates there 1is a decrease in original

volume of waters. Integrating (4a) gives the expression

where V denotes the volume of original waters remaining in the lake

basin after time t. The coefficient 'a' is related to P, thus

<§_00—P -
~ln 100)— a

(4)

(4a)

(4b)
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.Vo denotes the initial original volume at t = O.

a  denotes the slope of the curve (fo‘be determined).
f» denotes time (years). -

e = 2.7128 ....... base of natural logarithms.

Subscript 0, 1, 2 .... n denotes time unit.

The slope of 'a' in equation.(db) may now be defined as
the coefficient of reduction of original waters for a stratified lake
(baséd on two circulation periods perAyear). If we were to further
consider, the_cage,gf a monomictic.lake (see.Hutchinson, 1957) which=Has
fullﬁcifCuLafion throughout'the;year,-we may assume that' every stratum

will have an equal length of isothermal periods as the surface watefs and

-also havé-an_equal mean .daily rate of outflow for the same "isothermal

periods™ in a year. In using the same computational procedures -

"asAapP}ieq.fqt,a-stratifiqg.lake, a .curve of. the retegtién T

of original watérs can be derived to represent the full circulatory
con&ition; In this investigation, the "isothermal periods" of the
Okanagan principal lakes were determined by dividing 365 days (one
calendar year) by the total selected stratums of each lake (Table 1,
column 1). The mean daily rate of outfldw was determined by the
vsuﬁmationAof the<12 calendar monthly f10ws and divided by 365 days

(Fig. 3). Results of the computation were plotted as shown in Fig. 5.
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For each of the five lakes slope 'af in equation (4b)

for the'ﬁﬁé conditions of stratified and non-stratified lake

circulitions have been determined and listed below,

Lake Slope ‘'a’ (year—l)‘
Stratified . Non-stratified
- Circulation Circulation
-Osoyoos 0.422 2.710
Skaha ‘ 0 0.22 . 0.643
-Wood 0.012 0.0129
-Okanagan " 0.0115 | 0.019

Ralamalka © 0.0084 0.0094

It is possible to calculate the average residence time
of a stratified lake and non-stratified lake by calculating the
-moment arm of the half-period of the profile about the origin

{Fig. 5), which is:



. e

I -

t,~t tz-tl

S 1l "o »
Ra_we xV(t) = [( 7+t )Vt ) - V() + 5=+ )

t -t2

Wit - V) + 2+ t2‘)(v(t2). - V)

st
+ =+ ))(e) - V(tw)A)]

2

since t°=0, V(to);Vo, the time interval is one year, and pdtting

V(tw)=0 the above expression may be reduced to

1 o . A N
Rave vo [0-5AV1+1.5AV2+2.5AV3+. . .+(tn+0.5)Y;]

where Rav denotes the average residence time of 'a lake

e
Vo denotes the initial volume of original waters of a lake
at t=0
t denotes the time (yéar)
AV denotes the change of volume of original waters

Subscripts 0, 1, 2, 3, « + « ny « « o = denote the time unit.

It may be shown that Rave is related to the time over
which 50% of the lake volume is replenished. This time may be
‘defined as the half-life with

v(t)/Vo = %, thus

\

e ¥h ey

()

(5a)
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Ihe'ave:age time required for a mass of water éﬁ 50% -
replenished is given
t, =1 : 1n2 : - - (6)

Rmean: h

whefeAR.e 0 denotes average time required for the volume of a lake

at time of 50% replenished.

t. denotes the half-life as defined here.

h

x denotes the rate of export of water.

For each of the Okanagan lakes, Rmean has been'c&lculated

and 1isted'below. Rave results are included for conparison.

Lake R (calculated) R (Half-11ife)
ave . . mean :
.years . years
Skaha 4.5 L 4.5
Osoyoos 2,2 - 2.3
Wood 72,9 . . 83.5
Okanagan 79.2 - 86.4
Kalamalka - 85.2 . ' ©o118.1
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The .théoretical flushing time.(éonventional residence
time) i§ tﬁe.quotient of volume (V) of the lake ;nd the mean annual
rate of its outflow (q),vby assuming the lake is mixed completely
all the time. Thus the rate of change of volume of the original

waters with time in a lake is
V= Vo - qt

where Vo'is the initial volume of original waters and

t 1is the time..

A curve was derived for each of the five mainstem

lakes by using equation (7). These curves show that thedec:easéﬂ

- of the volume of original waters are a straight line (Fig. 5).

Results of calculation are listed under the Results and Discussion

table summéry.

¢))
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RESULTS AND DISCUSSION

The results of calculations of the average residence
time of waters of the Okanagan lakes system for stratified lake
and non-stratified lake are summarized as below. Results of

theoretical flushing time are included for comparison.

Stratified lake Non-stratified Theoretical
: lake flushing
time
(Years) , (Years) (Years)
Lake Calculated Half-life
' R R
ave mean
Skaha 4.5 4.5 1.4 14
Wood ‘ 72.9 . 83.5 69.8 77
Okanagan  74.7 86.4 51.5 56
Kalamalka 85.3 118.1 82.1 105

There are no real discrepancies between the values of R.ave
and Rmean for Lakes Skaha, Osoyoos, Wood and Okanagan except Kalamalka
Lake which demonstrates about 28% of difference between R and R__ .

_ ) mean ave

The cause of the inconsistent values between R and R for Lake
mean ave

Kalamalka is believed due to be due unreliable thérmal data. Im fact,



Lake Skaha temperature was used for Lakes Kalamalka, Wood and Okanagan
in October to December. Thefefore,vtﬁe discrepancy in Kalamalka Lake

may mean that the original assumption that - it behaved similar to Skaha~ ‘

Lake in late fall may be a poor‘oné.

Results obtained by theoretical flushing time calculation

are similar to the values of average residence time of non-stratified

lake. It suggested that the average residence time of a monomictic

-lake which has full circulation throughout the year may be calculated

'by using equation 4(b) under the terms and assumptions as discussed

previously. It could be argued that the:theoretical flushing time

' might not be realistic enough to apply to practicai prbblems, but it

gives a good indication of the order of magnitude of residence time

for a given lake.

However, the average residence time of each of the Okanagan
principal lakes under this investigation is considered as a thermally
stratified lake. It has beén shown from this investigation that a

stratified lake generally has a longer avefage'fesidence time

..than a non-stratified lake.
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CONCLUSION

The average calculated residence time varied from the

(2.2 years) Osoyoos Lake to 85.3 years for Kalamalka Lake,

Lakes Skaha and Osoyoos showed.that the time of
average residence and the time at 507 of its original volume

replenished have the same significance of average time as the

' half-1ife. It appeared that a suitable amount of limnological

thermal and hydrological data throughout the seasonal temperature

cycle of a lake were necessary for the application of the hypothesis

" of Piontelli and Tonolli (1964).

~In order to obtain a better estimation of the average
residence time for Lakes Wood, Kalamalka and Okanagan, complete

seasonal lake temperature data are necessary.
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- Figure 4. Residue volume of original waters associated with the
‘ initial volume versus depths for the first seasonal

temperature cycle.
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Figure 5. The retention of the original waters at the beginning of the
first year of the Okanagan Mainstem Lakes. :
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Figure 3. Monthly mean discharges of the Okanagan principle lakes.
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