‘ <
e

T mpocn of

\rpoax of Proposedl Wydtochec)
C Poser Devalopment ot
Nogh Keenteyshde Dom on Phe -
L9 Brrow hakeS)B3-C0

~PF Hamdlin

| Nurl Contriborion Mol a7- 125 |




Impact of Proposed Hydroelectric Power Development at Hugh
Keenleyside Dam on the Arrow Lakes, B.C

by

P.F.Hamblin |
Aquatic Ecosystem Restoration Branch
National Water Research Institute
867 Lakeshore Road
Burlington, Ontario
L7R 4A6 Canada

| .N\NQ\\ Conk . ¥ Ot —\2L.5



f
i

1

MANAGEMENT PERSPECTIVE

Title: Impact of Proposed Hydro-electric Power Development at Hugh Keenleyside Dam on the Arrow
Lakes, B.C. ,

Author(s): P.Hamblin AERB .

NWRI Publication #: o O\\q ,‘lg

Citation: Unpublished.

EC Priority/Issue: " At the request of DFO and DOE, Pacific and Yukon Region this mathematical

modelling study of the sensitivity of the thermal regime of the Arrow Lakes was
undertaken lo assist in the assessment of the environmental impact of proposed
hydroelectric power generation of the thermal regime of the Arrow Lakes

Current Status: This document reports on the temperature, total dissolved solids distributions and
- exchange flows which justify the mode! assumptions as well as the model _
results. These results could form the basis for future work should the ecosystem i
of the Columbia River Basin prove critical to the predicted changes. :

Next Steps: These results will be disseminated to the appropriate persons making the
environmental assessment and have been discussed in detail at the Arrow
Lakes thermal workshop which was convened by the environmental assessment
review committee for the project. ‘
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Lakes Reservoir for hydro-electric power generation purposes, a field investigation of the baseline
phyﬂmlﬁmlogmmdmmmeﬁapmwﬁsmnymmﬂyﬂsofmwmpmm

wnducﬁvnyisamedaesnbnshhgﬂlemﬁonﬂfmmﬂhemaﬁcalmdeuhgofmemmofme

) mmondmmwmmmk'mnmmmmmmMmema
impoﬂmﬂvmiaﬁmhmaﬁeshhﬁevaﬁmlmmﬁeebyjmﬁﬁhgﬁamﬂmofvaﬁw
one-dimensionality in the model. Second, despite the rise of 20m in water level to form the reservoir the -
gxchangeﬁomtheLowa'toﬂxe-tpretAnowLakeis:argnedtobesnﬂiciunlyllmitedmmetwowater
bodi_sqnbemodelledindepmdeﬂtly.Intbﬂseoondpartofﬂlesmdymemodelanditsapplicaﬂontoﬂne
two Arrow Lakes are described and sensitivity to operational changes provided. If the relatively minor
mmdmemmwmmmm@mdmmammnmupmmbe
aiﬁulwmcwosymofmeColmthhaMﬁeammmeorammﬁndﬁdd
observation and modelling programme are made.



Introduction

The Arrow Lakes are ultra-oligotrophic fjordic lakes situated in the Columbia River system
between Revelstoke and Castlegar, British Columbia. As a result of the construction of the Hugh
Keenleyside Dam at their outflow in 1968 the water level was raised about 20m to form the present pair
of interconnected lakes. Despite much attention to the fishery and contaminant loading of the Columbia
River downstream of the dam, to the author’s knowledge there has been no study of the linmology of the
post-development Arrow Lakes. The only limnological investigation is that of Davidson and Thuesen

(1963) who observed the saramer distiibutions of témperature, conductivity and dissolved oxygen in the

preimpoundment lakes,
Present interest in the mnology of the Arrow Lakes stems from a proposal by the Columbia

Power Corporation to change the operation of the Keenleyside dam from storage and flood control to

include the generation of hydroelectric power. The alteration of the outflow and effective withdrawal
depths of the outflow at the dam could have potential impacts on the limnology of the lakes especially
the thermal regime. Seécondly, on a longer term there is concern that the upstream impoundments on the
Columbia River may trap incoming nutrients needed to sustain a productive ecosystem as is the case with
Kootenay Lake (Ashley, 1994). Understanding of the limnology of the Amrow Lakes would be required in
order to assess the effectiveness of such remediation strategies as lake fertilization.
Hamblin and McAdam (1997), henceforth known as H&M (1997), have reported on a reservoir-
wide survey of the wind field and temperature and total dissolved solids distributions in the Arrow Lakes

Reservoir during a one week period in September, 1996. In this report a farther analysis and presentation

of those observations taken of their baseline survey of the limnology of the Arrow Lakes that bear on the
question of the impact of the proposed hydroelectric project is provided. As well as the analysis of the

supporting field observations a water quality model is applied to the two water bodies and the sensitivity
of the temperature distribution and outflow water temperatures to the proposed alteration of the lake
outflow is examined.

Analysis of Field Observations

N

Contoured Transects of Temperature and Conductivity
A simplifying assumption for the application of a water quality mode! which will be employed to assess
the impact of proposed changes to the outflow is that the main variation in water properties is in the
vertical direction. H&M (1997) displayed their temperature and conductivity data as vertical profiles.
Therefore, to evaluate the suitability of a one-dimensional approach in modelling a long narrow water
body such as the Arrow Lakes, the data collected by H&M (1997) are plotted as horizontal transects both
along and across the lake axis. In addition, characteristics of lake circulation can often be inferred from
three-dimensional distributions of conductivity and temperature.

Lower Amrow Lake, September 13 and 14, 1996

The longitudinal transect of Figure 1 based on the data collected at the mid-lake stations in the Lower
Lake on September 13 and 14 shows that the main variation in properties is in the vertical direction.
However, a warming of the epilimnion is observable in the downstream direction. The thermocline at a
depthofaboutZOmisnotvetydistinctdspxtethempid cooling that should take place in September. As
is typical in lakes conductivity is less in the epiliminion likely due to photosynthetic activities there.
Noticeable is a slight drawing up of the colder water from the deeper layers as the outflow is approached
as evidenced by the 9° C and 160 uS/cm contours. This is due to the relatively strong current associated
with the outflow and is in accordance with selective withdrawal theory, Fischer et al. (1979). Figures 2 to
8 demonstrate very weak crosslake gradients in properties. Transects 4, 5 and 7 have higher hypolimnetic
conductivities on the south westem shore suggesting either transverse seiches or a weak hypolimnectic
circulation. Further observation is needed to establish whether these features.are transient or not.
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Upper Arrow Lake, September 14 and 15, 1996 -
Sjmﬂaﬂy,dmaﬁomSeptemberl4and15intheUppel'LaksalsnshowninFigmelm:hibitnmnyo‘fthfe
same features as the Lower Lake. In Figure 1, depths in excess of 247m are estimated from the
hydrographic charts and properties are extrapolated from shallower depths. However, in contrast to the
Lower Lake, surface water temperatures are colder and hypolimnetic conductivities are higher. Beaton
Arm conductivities are considerably higher as seen in the profiles of Appendix IIl of H&M (1997) but are
unlikely to be the source of the higher hypolimnetic conductivities due to a sill at a depth of 15m
separating the two bodies. Columbia River water enters the Upper Lake at about 11.5°C which would
interflow at a depth of around 20m. This is from 2 to 3°C colder than the surface water. Both the
temperature and conductivity support a pronounced tilting of the lower hypolimnion with a depression of .
the isotherms and conductivity iosopleths in the northern end. Again, further investigation is needed to
establish if this is a permanent chararacteristic of the Upper Lake.

‘ nkhnuuﬁggmat'manmducﬂvﬂypm”wdlmmepmﬁlespmmtedmmeappmdmof
H&M (1997) that there is no evidence of a halocline as found in the hypolimnion of Kootenay Lake and
whichhasbealmewm‘ﬁlﬂymodeﬂedbymaal,(lm)mlesh.ispresunbéldw2@7m,the
mmwwmm«wnwwuwm«wmme
UweLakewﬁdeemamV&ychnmmemammeofmmmdmaymm
mmmimpﬁaﬁmﬁrvmhdngmdmemmplydmmimmmmﬁcmkmﬂmme
a_lﬁtewateroohmmeompletelymsova'a'tlea_stomepa‘yw.Onaocountoftheenmnedepthofﬁle
lakes they may otherwise have been expected to be oligomictic.

_ The topic of exchange between the two lakes has implications for the modelling strategy taken.
IftheﬁowﬁomﬂleLowa'LaketoﬂwUppa'Lakeislinﬁtedthentheﬂl;ﬂmﬂlmodelmbeappliedto
each water body separately, greatly simplifying the undertaking. Furthermore, in the event that nutrients
mmﬁﬁdaﬂyaﬁdmmmwhkﬁﬁkwwmmmepm&ﬂwwmchwwm
transport and disperse fertilizer from the source locatians to the body of the lakes.

; Davidson and Thuesen (1963) reported that the “river current” through the preimpoundment
mnmmmmmmmmmamfmmmmh
River water now interflows, it is likely that the “river curent” is more uniformly distributed over the
transverse cross-section. To estimate the approximate magnitude of this current, assumi¢ for the moment
mnswmymmwaaMAwmmmmmmmmm
Transect S13tré (see Figare 5) has an area of approximately 4.56x10°m”. Based on a typical through flow
during the experimental period of 1600m’/s the cross-sectionally averaged cument would be only

3.5mmvs. In the Upper Lake Transect S15tr5 (see Figure 11) has an area of 6.58x10°m’ and an average

flow of 2.4mm/s. This contrasts, howevez, with the flow in the Narows region (Figure 15) for example
transect S14trS (see Figure 16), which has an area of 1.6x10‘m’ and which yields a detectsble flow of
9.4cmys, For;hismﬂ;efoﬂowingnalysisofmmﬁnbefodnedonmeumm. In the
following application a method of infeing the distribution of current from water density is described
which is based on the dynamical imethod of classical oceanography (Fomin, 1964). -

In the absence of wind forcing and frictional drag the steady flow is govemed by a balance of
gmﬁcmﬂmm@)mmdmyuwhaﬁgmmmmﬁnaesymﬁm
the x-axis positive from east to west and v, the curent to the south in the downstream direction.

_dp | : -
__dp
PE="%; | @

where £ is the Coriolis parameter taken as 10°", p the density, g the acceleration of gravity and z the
vﬁdm‘m(l)ma)vmhmmmmmmwnﬁmaﬁmm
find the current distribution, v(x.z), over the cross-section.
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mmnmﬁmmmma)sdewmedbymereqmemmformeﬂowwamemss-
section to match the steady through flow. The through flow at S14ir5 was estimated to be the discharge at
the Dam of 1590m%s at the time of the transect less the draw down of the Lower Lake of 0.04m/d
amounting to approximately 20m’/s. Figure 16 implies that the deusity stracture is tilted with the lighter
water on the right hand side which supports the assumption of the geostrophic balance assumed in
Equation (1). The observed temperature and conductivity were used to calculate the density from the
expression of Chen and Millero (1977 and 1986) for lake water in general The application of their
relation assumes that the ionic composition of the Amrow Lakes does not differ appreciably from standard
lake water but this assumption remains to be tested by further investigation. Vertical profiles in 0.5 depth
increments of lateral density gradients were estimated midway between the three station locations across
memmbmmesﬁmdmmdmddqﬂsﬁommmpohﬂonﬁommmdhgdepm
Discharge across each 0.5m depth interval was integrated by Linear extrapolation and interpolation of the
v component of current between the two midway locations. By summation of the contributions from each
0.5m segment it was found that 3cm/s had to be added to the currents to balance the measured discharge.
- Contours of current based on the above calculations suggest in Figure 17 that rather than a uniform
distribution of flow over the section that the effect of the stratification is to concentrate the flow into a
mid depth jet which is skewed to the western portion of the cross section. The magnitudes of the current
are sufficieitly large that they ought to exceed the threshold of an acoustic doppler profiler. An
explanation is in order why S14tr5 was chosen to demonstrate the application of the geostrophic method
among the other possible transects in the Narrows region. From the location chart of the Narrows region
in Figure 15 it is evident that there are three sharp 90° bends along the channel. At a bend to the left in
the downstream direction there is a tendency to augment the cross channel tilt of the isopycnals due to the
addition of centrifugal forces to Corlolis forces while a right turn opposes the tilt due to conservation of
vorticity. It is supposed that the flow has adjusted to the left hand tumn at S14tr6 by the time it reaches
S14us. : :
Once the flow in the Narrows region has been estimated for the September 1996 survey, the
question arises of whether the downstream flow caii be reversed at other times leading to exchange of.
properties from the Lower Lake to the Upper Lake. A strong wind blowing up the Lower Lake from
southeast to northwest resulting in a wind stress of 10 Pa should cause the water level in the narrows to
rise by about 2cm according to a simple balance of pressure and wind friction forces. As the head loss
through the narrows region would be less than a centimetre as deduced from an application of the
Manning equation (Henderson, 1966), a strong southerly wind ought to reverse the flow in the narrows.
However, the exchange depends on the éxcursion of the reversed flow. Since the Narrows region is
relatively long the excursion length may only rarely exceed the connecting channel length consequently,
leading to small exchanges in general.

Large vertical displacements of the thermal structure by internal waves known as internal bores
or surges have been observed in British Columbian lakes by Wiegand and Carmack (1986) and Farmer
(1978). Another aspect of the exchange is the propagation of intemal surges from the Lower Lake to the
Upper Lake. Since Figure 16 demonstrates a fairly uniform rate of temperature stratification the
appropriate propagation speed of the internal surge is given by the product of the stability frequency of
the water column times the average depth, giving a speed of 14cm/s during the experimental period. Thiis
is somewhat greater than the average downstream speed of 9.4cm/s so that it should be possible for some
intemnal disturbances in the Lower Lake to enter the Upper Lake but likely with greatly reduced energy.

Since as will be shown below the discharge peaks anmuaily at about the time of the survey, it
may be supposed that the current through the Narrows is weaker at other times of the year. Compensating
for the fourfold variation in the annual discharge is a corresponding change in the watér level which
results in a reduced cross-sectional area. This effect is illustrated for the cross-section of minimum area at
the cable ferry crossing in Figure 18. Monithly averaged water levels were used to estimate the cross-
sectional area and which was then divided into the monthly inflow values. It is evident that the highest

= e e e B ==
' | — [ | ; I i -l :

- - ! i N . [P



currents are early in the year and they vary only by about a factor of two over the year. The background
current is evidently relatively high over the stratified period during the summer months.

_ The transverse distributions of temperature in the Upper and Lower Lakes do not exhibit in
Fxgmesztol4mgpmmmcedﬁlm;gsemhmemmmgloLApdﬁm1mofwmmdngma
waterinthenﬂddleﬁbmuansectsbsisustoSlSuSsuggststhatthuemaYbeadod&wisegyminthe
northemn half of the Upper Lake. In the southern portion of the Upper Lake this feature gives way to
lighter water along the eastern shoreline at the surface from stations S15tr6 to S15tr8. Whether this is a
peﬂmﬂfmorammﬁfemﬁmofawmadﬁvaimmlselch’ewillhavetnbemolvedbyfurthet
past inflow from the high conductivity of the hypolinmnion of Beaton Arm. This feature appears to diffuse
awaybyﬂletime-ﬂlesquthemln;lfofﬂxelakeisreadwd.InﬂléLowa'Lakethe‘evidenpe‘forwarma'and
nginenearMWmnmidehkeisweakabmsomemmmgg&ﬂﬁsnﬂ;maybem
mmdwwamwm:mmmmmmmmm
clearly demonstrates a tendency for higher values along the westem and southwestern portion of the
hypolimnion. What the interpretation is of this feature in terms of the hypolimnetic circulation is not
known. '

" In summary, it appears that the dynamic method of classical oceanography is limited to the
mpwsmnewhaewnﬁnanand‘meﬂowtemmhq)eedsassnmgswmdgmemedﬂowsm
Mmommmmmme'dmdmmekmtmmmmhmd@itethe
relatively large through flow other neglected effects such as friction, wind forcing, and transicnts limit
the quantitative application of this method. The analyses in this section are supportive of the subsequent
modelling strategy, that it is valid to model the Upper Lake independently of the Lower Lake and to
specify the outflow to the Lower Lake based on the oitput from the Upper Lake model.

mmvwass&meimp;aqumpwdanmﬁonmmeomﬂowmglmeonmmmal
structure a dynamic water quality simalation model was applied to each of the Upper and Lower Arrow
Laka.Onammdmewidemﬂm&emddDYRBSMhﬂmhMﬁrml%Koomy
Lake (Pattérson et al. 1984), the first lake to which it was applied, DYRESM was selected. The
undertying principle on which the model is based is to represent the dominant physical processes
mq:onﬁblefor&eq:ﬂhlmdtanpmalmsunmionofmmnymmaashmemodel A
schemﬁcﬁm(ﬁgneﬁ)khkmﬁnmﬁsheﬁat(l”ﬂwhmﬂeagmddmﬂmcfm
model and its physics as well as Fischer (1981). Figure 19 shows the processes of inflow, outflow, and
vertical mixing by wind stirring, convective cooling and internal seiches which are incinded in the model.
It may be noted that the model was criginally developed for application to reservoirs which usually have
a vertical wall at the outflow. While Patterson et al. (1984) adapted the model to lake applications they
did not modify the outflow routine to allow for shoaling topography near the outflow as this effect would
be beyond the scope of a one-dimensional model. Apart from a few changes to the vertical mixing
schemph&ghypoﬁmﬁmamﬂblemdﬁaﬁmbﬂnmmmddfum&q)hkeﬁsm
the influenice of compressibility of water is taken into account when the densities of two water parcels are
compared in the vertical direction in order to determine the stability of the water column. Due to the
m«mmam-mmmmmgmmmmas@mm
1996 are plotted in Figure 20. This longitudinal section demonstrates the effect of the concentration of
flow on the isothérms. Similarly to Figure 1 cooler water is upwelled near the cutflow. The approach
mkmkmemodeﬂmgmkmmaﬁvemammsﬁbhmwmmeMgm
the outlet restricts withdrawal from the deeper layers, ignoring this effect would lead to a conservative
to surface outflow is augmented. "

The model requires various inputs, namely the basin geometry in the form of hypsographic
m&mehkehyﬁobgyﬁmefmofmwsmdmmdﬁsmmwsmmﬁeemlwd




' mmaﬂymwm-mwmmmmmmwmwm
direction, air temperature and relative humidity. Unfortunately the volume and area curves versus depth
are not known for the Amrow Lakes but will be computed once digital topography is available. Instead,
estimates of the surface area were obtained from BC Hydro and maximom depths from the CHS
bathymetric charts for each basin and were used to scale the non dimensional hypsographic carve of
Kootenay Lake. The non dimensional area-depth curve for Kootenay Lake is compared to three other
British Columbian and Yukon fjord-like Likes in Figure 21. Kootenay Lake and Kamloops Lake illustrate
a U-shaped distribution which is typical of glaciated lake basins. It is assumed that the Arrow Lakes are
more similar to this type of lake than the inverted U-shaped cmrves for Babine and Laberge Lakes.
Pmmwmeammmmmemmmofmm@owm
Lakes. Once the area curve is scaled it can be integrated vestically to yield the volumetric distribution.
Based on the estimatéd volunes for each basin it is of interest to calculate the residence times.
Since precipation and evaporation are in close balance the retention and residence times are nearly
identical. Table 1 provides maximum and minimum residence time based on the inflow extrema over a
‘ ﬁveywmge(mﬁmﬂ)kddmﬁmﬁr&em&esyﬁmmbembyadﬁngm

Upper Amow | Lower Arrow Lake
Depth (m) 290 194
Area (k') - 13063 | 1711
Volnme () 118.7 4.3
Residence Time (yr) | 6.94/1.78 2.59/0.66
max/min _ _
Table 1. Estimated Physical Characteristics of the Two Arrow Lake Basins

The daily inflow of the Columbia River based on a five year average from 1990 to 1995 was
prepared as model input along with the associated water level at the Fanquier gauge. Both series are
depicted in Figure 22 and show a bimodal distribution of inflow more typical of reservoirs than natural
systems. As well as the water quantity, information on inflow temperature and conductivity. is required.
Wmmmpaamwassﬂmwdbyﬁmngawdnememwmmmmﬁngmkenbdmme
Reveistoke Dam over a number of years. Accordingly, inflow temperatures varied from 11°C on August 1
to 2°C at the end of January. The unknown conductivity was assumed to be constant and was specified
from the observed value of H&M (1997) of 130 uS/cm. The inflow to the Lower Lake and its
temiperature and conductivity were specified from the simulated outflow of the Upper Lake which is
basedonthewaterbalmoeoftheUppuLakeandﬂnesdeaivewnhdmwalmmineinthemodel(ﬁsdxa'
etal., 1979).

H&M (1997) have established that the land-based winds at the Castlegar Airport are not
representative of the overlake wind field. Thus, for the purposes of testing the sensitivity of the thermal
regime of the Lower Amow Lake Reservoir to alteration of the outflow it is assumed that the
meteorological data obsérved at buoys on Kootenay Lake is sufficiently representative. Patterson et
al.(1984) have displayed most of the daily meteorology employed in their model of the water quality of
Kootenay Lake and in this simulation. Finally, initial vertical profiles of temperaturé and conductivity
waespeciﬁedfortwobasmstappm:dmatelyonthelake-mdemeyofH&M(l997)andthe
coefficient of extinction appropriate for ultra-oligotrophic lakes of 0.5 m* was assumed.

The output of the model has been presented in the form of contours of temperdture and
conductivity as a function of depth and time over a one year simulation period in Figure 23. Since the
values of contours do not repeat at the end of the calculation, the assumed initial conditions are not in
equilibrium with the specified meteorology and hydrology. However, this is a common situation in any
system with an interannual variation so it does not indicate that the results are invalid. Attention is drawn
to the 3.7C isotherm which is considered to acciifately répresenit the winter period. It persistence beyond
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the overtum petiod in April indicates correct treatment of vertical mixing in the presencé of a density
extremum and is supported by the temperdture profiles of HZM (1997). ,

At present the Lower Arrow Lake withidraws at an elevation of 10m below CHS chart datum
which ranges from 1 to 14m below the surface depending on the time of ‘year. At times, water is spilled
wuﬁedmbm&mﬁaeewl&&awﬂsmi@medmmemmﬁmmaﬁohmasmwme
most extreme case. The similations of the current thermal regime of the Lower Lake based on the
appropriate hypsographic data and identical metearology to the Upper Lake, seen in Figure 24, have
somewhat higher surface temperatures in summer than the Upper Lake in keeping with the obscrvations
of H&M (1997). As well, the temperature profiles at the end of the simulation are closer to initial profiles
which likely indicates that the influence of the unknown Columbia River inflow properties is less .
apparent in the Lower Lake. _ '

The proposed change in the ontflow effectively withdraws water from a higher level. Again,
adopting a worst case approach, it is assumed that outflow in the altered case is taken from the crest level

of the Lower Arrow Lake Reservoir. Since the two simulations were so similar, the sensitivity of the

changes of outflow is shown in Figure 25 as the differences between the two cases. At most, surface
mtgmpgmmmmdembymrcmrabﬁd‘paiddmhgmmaﬁﬁmpedm
in June dite to the export of warmer near surface water over the crest of the dam. Figure 26 plots the
predicted outflow temperature from the Lower Lake and compares it to the altered regime, again by
means of temperature differences. The proposed outflow temperature evidently peaks at 2.2°C warmer
than existing conditions temporarily in June but most of the time is less than 0.5°C from the present state.
The variability of the outflow temperature is noteworthy. Vertical displacements of the isotherms caused
by internal seiches are not taken into account in the model. Therefore, the variability of the outflow
temperature miust reflect the fluctuations in the rates of heating and cooling as storms pass through the
aml]nns,apaﬂonéfﬂlevaﬂabﬂnyoftheomﬂowtempmobsavedbyu.&L.(l997)dm1ng
the summer of 1996 could be attributed to heating and cooling of the epilimnion.

Conclusions and Recommendations

The development of new electronic instramentation has greatly facilitated the field measurement
of physical characteristics in lakes and permitted rapid three-dimensional coverage of two large
interconnected lake basins. The results of this survey have been analysed to justify the approach taken the
modelling of the impact of proposed outflow changes on the thermal regime of the Lower Arrow Lake -
Reservoir, The main variation of physical properties is vertical with a secondary trend to warmer water
tempaanneclcsa’totheom!et.Lateralvaﬂaﬁonsdomtappwtobepexﬁstentexceptmmewas
region where they indicate a concentration of the flow from one basin to another. Calculations made
mmmwmmmomemamemmeummmsmnﬁsmem«nmgas
it is assumed the Lower Lake has only one outflow, through the Hugh Keenleyside Dam.

The assessment of the impact of proposed changes to the outflow of Lower Lake has been
Mmpaedbymehckofnddmmmmplabmhymaﬁcmfmmﬁmwmhkqmmuymtmﬂable ,
in digital form as is the case for many other major BC lakes. Due to the lack of data and the assumption
one one-dimensionality in the model, it is recommended that the results of the sensitivity tests performed
‘Amisrepmbemﬁdaedmbemdmmymnmemmmifmeﬁndingswesmdmwnﬁdabdm
be critical to the Columbia River ecosystem that more refined modeiling be undestaken in conjunction
with farther observations of the causative factors and validating data.

Steve McAdam of BC Environment is thanked for his background support to this project and helpful
reference material. C. He is thanked for his assistance in the preparation of many of the figures and R.
Pieters for helpful suggestion in the editing of the text.
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List of Figure captions

l)LongimﬁmlmmpaWemm(uppaleﬁmnd)mdmmwﬁvnyofLowaAmwhkgSeptemba
13 to 14, 1996 based on mid lake profiles. Note temperature contours at 16, 14, 12, 9, 7, 5 and 4°C.and
conductivity (lower left panel) at 140, 150, 160, and 170 pS/cm. Positions of the transverse transects are
indicated. The right hand panels are for the Upper Arrow Lake, September 14 to 15, 1996. Note
temperature contours at 13, 12, 10, 8 ,6,4 and 3.6°C and conductivity contours at 140, 150 160, l70and
174 pS/cm. The x-axis is the distance from the Hugh Keenleyside Dam. :

* 2) Temperature (upper) and conductivity (lower) w:ﬂxsameumtsas?xglnelformsversetmnsectl-,

September 13, 1996.

3) Same as Figure 2 but for transverse transect 2.

4) Same as Figure 2 but for transverse transect 3.

S) Saine as Figure 2 but for transverse transect 4.

6) Same as Figure 2 but for transverse transect 5.

7) Same as Figure 2 but for transverse transect 6.

8) Same as Figure 2 but for transverse transect 7.

9) Same as Figure 2 but for transverse transect 3, September 15, 1996.

10) Same as Figure 9 but for transverse transect 4.

11) Same as Figure 9 but for transverse transect 5.

12) Same as Figure 9 but for transverse transect 6.

13) Same as Figure 9 but for transverse transect 7.

14) Same as Figure 9 but for transverse transect 8.

15) Location of stations in the Narrows region.

16) Same as Figure 9 but for the Narrows region, September 14, 1995, transect S15trS. Temperature
contours 13.5 to 9.7 °C and conductivity contours 138.9 to 145.3 pS/cm.

17) Same as Figure 16 but isopleths of flow component into page and towards the outflow in the lower

panel.

lS)EsﬂmatedmomhlymemﬁomtheUppertoLowa'AmwLakabasedonﬁve—yearavuage

inflows and water levels.

19) Schematic of many of the physical processes taken into account in the vertically one-dimensional
water quality model, DYRESM, after Fischer et al. (1979).

20) LongimdinaltempaaunetmnseuonSqnemberm 1996. The x-axis is the distance from the Hugh
Keenleyside Dam.

21) Nondimmomlmvasusdq)thcmvesforfourlong,deepandnanowmtemomanelakesmthe
temperate zone.

22) Daily averaged inflow to the Upper Arrow Lake (solid curve) and water level at Fauquier (dashed
anve).

23) Modeﬂeddq:ﬁmdﬁmemmibmmoftanpm(uppu)mdwnduaivﬁyam)formewpa
Armrow Lake Reservoir

24) Same as Figure 23 but for the Lower Arrow Lake Reservoir.

25) Differences in properties with depth and time for the Lower Arrow Lake Reservoir between the
pmanandpmposedonﬂowammpwxmmawdmunmpmcﬁeewhﬂememmwm
the proposed case.

26) Predictedomﬂowwatetempm(uppe)mdconduwvnyﬂowerpmd) from the Lower Arrow
Lake Reservoir (solid line) and dashed line, the difference (proposed minus present operation).
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