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Abslract

The mean nnnuaL changc in hcat  storage in lake Vhatcom s 's c letermined to be 2l '100 cal  cm'r

o 'cui  I .  t 'o t l 'c . -  de"elo imenr in one bis jn of  thc latc occLrrs in ' l tPcnr l tnr l \  " f  rhe othcr t$o bdsins;
' "  

, i , " ; r . * :  , i i i  *n" . , ;ne '  i r  f .u-  tL"  rcst  or  the la l ,e app.an t .  1, .  the ma1"r  i ,ota_t ing fa.or .  .Rivef
i " " .* . i  i ' " , i "a ' i i .  the iake at  the rate of  l  l I  x  lu:  m- dal  I  ha, l  nvgl ig ib l '  ' f fccs on tota l  hcat

storage in rhe lake.

lntroducl ion

Biochemical cycl ing in lakes is regulated by tempetature end deosity gradients'  Conse-

quently, kno*' ledge of heat strucrutc lrnd conrent in lakes is an imP')rrxnt xspe'!  of

l imoc,logy. Much of thc l i teratLtre <1ea1ing l i th leotic thelmal structure and beat f lux,

publ ished io North Americo, has been concerned rvith dimict ic lakes inf luenced by

a contioental cl imare (Birgc and Judav 1914. Hutchinson 1957, Sten'art 1973, Blantoo

1971). Less l i terature is avai lable concerning monomictic lakes' part iculat ly those in-

f luenced by a marit in' tc cl imate.

A temperature and heat content inventory is provided for I-ake li(hatcom, in the

Puget Souncl I-orvlanrl of rVashington State l)ata oo isothelm ancl thermal profile

development arc preseotcd fot the entire lake as lvel l  as for iodividual basios within

the lake. The h""t con,"nt of the lake \\ 'es calcui i te. l  as a Birgean beat budget ln 1962

a ponion of the Nooksack River sas diverrecl into Lake Whatcom: the effect of this

cool cl ivcrsion \\ 'ater on lake heat structute nas negligible

Location

Lake \Viratcoor is lrrated 29 l<m south of thc Ctnadian bordet jn s'estern N(ashington

State. Thc east-rvest axis of thc lakc l ies at '18"i3'  N. Iat i tude; t l le nott l l -south axis l ies

N 122'20'W. longitude. I-ake \\rhatccxn is 95 m above mean sea level

Melhods

The Iostitute for Watershecl Str.rclies at \Vestern \X'ashington Unjversity provided data

for the studv of J-ake V/hatcom. From 1962 unti l  1972 and {rom 1979 unti l  1981,

physical and chemical data \\ 'erc recorded at 5 m depth levels from f ive major sampling

stations on the lake. These data rvere recorded rveekll'. Temperature was recorded with

a thermistor cl l ibrated rvith a stanclard thermomcrer'  Temperature data used in annual
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Figure 1 l{orphometry of laLe Vharcom.

heat budget calculations represent mean rvater column tempemrules taken from three
sampling stations lcxated ar represenrati\,e locarions on the lake 1Fig. 1). Basio to basin
isotherm development, as well as meao epilimneric and hypolimnetic temp€raures, \!as
determined in the lake. For ease of calculat ion, one year (1970) u,as chosen Ior these
comparisons based on temperature profile clevelopment. Profile development during
this year was represenrarive of that during al l  other years of study.

The mosr t  iclely accepted means of expressing hear conreot in jakes is by means
of a Birgean heat budget (Hutchinson i95 7 ). The amount of heat that would be released

fron Lake rif lhatcom upon cooling to 0.C was cletermined Uy, ".-J" ,,u,rr,,

\\'here O,, - hear conrent of rhe lake nater in calories; z. surface of the lake; zn,
: maximum depth of the lake; t, - average remperature in degrees celsius of a uoit
layer of water of thickness h, (cm) *' i th mi<lpoinr at depth z and a, the area at depth
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z (cm2) (\Wetzel and Likens 1979). Sufficent temPerntule data wete available to cal-

culare eigl'rt years of chanlie in annual heat storage (Bir{eao heat budget) for Lake
'J(/hatcom.

The area of Lake Vhatcom at ench sLlccessive 5 m depth ioterval was determined

by planimetry frorr.r a 1 '24,000 scale cootour maP of rhe lakc pro<luced by Lighthart

et aL. (1972). Volumes of the lake rvere tleterminecl bet*'een each depth ioterval

In 1962 a portioo of the Middle Fork of the Nooksack River rvas diverted ioto Lake

!(hatcom, ar the rate of 2.31 x 10; mir day-r, for a sjx-month period to maintain water

Ievel and sr:pply. Figures on cliversion quaotity s'ere obtained from the city of Belling-

harn rvater treatment plan!, fot comparison rvith heat storage {luctuation in the lake.

Resulls and Discussion

Morphometry

Lake Vhatcom has a surface area of 20 kn.r2. The lake has a maximum depth of 100 m

and a mean depth of 4) m, *ith a total volume of 8.948 x 103 mr' The lake has three

major depressions (Fig. 1). Depression 1 is located at the oorth end of the iake aod

has a maximun't deprh o{ approximately 30 m Depressioo 2 is separated from depression

1 by a sil l  5 m io depth; depression 2 has a naximum depth of approximately 20 m'

Depression I dominates the ceotral and southern Portion of dre lake and cootains 9)

percent of the lake's volume; it is separated from <lepression 2 by a sil i  10 m in depth

and has a maximum depth slightly over 100 m.

Thermal Strat f ication

Lake rVhatcom reaches maxiltrum thermaL stratification by rnid-Ar-rgust. A distinct

metalimoion was coosislently Present by June 1 in each year' Io 1970, at rhc time of

maximLrm thermal discontinuity, the dePth 1cl the thermo<line *'as approximately 17 m'

The lakewide mean temperature \\ 'as fouod to be 10.9o C at the cime of maximum

rhermaL disconrinuity in August \ 1961, 1966'1972). The lakewide mean epil imnetic

remperature for this period was 15.9o C, and the mean hypnlimnetic temperature (below

l )  m )  \ \ ' i s  o . / -  L ,

Bas in  to  Bas in  Compar isons

Thermal pro{ile development occutred simultaoeously in the rhree major depressions

of Lake Whatcom ( 1970). Depression 3, the deepest, has the largest difference between

mean epil imnetic and hypolimnetic temPeratures at the l ime of maximum thelmal

srrarif icatioo ( Fig. 2 ).

lsotherm evo|.rtion in Depression I occurred independently of the other two de-

pressions. At the tirne of maximum thermal stratif ication in Depression 1, depth to the

therm(xline \1,4s gteatet aod mean hypolimnetic temPeratures I'ere higher than in the

orher t$,o depressioos (Fig.2). DePfessions 1 and 2 have very similar morPhometries

rvith volumes of 19.,1 m3 x 106 and 18.0 mn x 10t, tespectively (Lighthart et al ' 1972) '

The shailoq' sill between the t*'o depressions (5 m deep) detelnines the independent

narure of isorhern formation in depressions 1 and 2 (Fig. l). The sjl l  bet"een depres-

sions 2 and 3 is approximately 10 m deep A prevail ing southerly wi[d Promotes
mixinq bet*'een basins, but is l imited maioly to effects of basin J on basin 2' Mixing
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Flgure 2 Mcan. wa,ter column temperarures of thc cpilimnion anil hvpolimnion ro thc rrrree basinsof Lake \Vh!r(olrl. i 9t0

is compouncled by a 2.J x 105 mj dai lv * 'arer withdrarval from the hvpolimnion of De_
p fess inn  )  [ o r  supp l y  ro  rhe  c i r y  o t  B r l l i ngham

Birgean Annual Heat Budgels

Birgean annual heat budgets (chan.qe in annual heat storage) of Lxke Whatcom were
calcr: lated for eight separate years. The mean maxinrum heac srorrge for rhe eight years
of s*dy was 49,100 cal cm-j year-'. The mean rnioimum rvioter'hear srorage ror the
study years was 26,J00 cal cm: year 1_ The result ing rnean aooual change io heat
stomge lot the eight-year period was 2j,100 cal cm: year-r.  By comparison, we have
calculated a Birr:eon heat budget for lake \(ashiogtcn of Z1,OOO- cal cm-! year-1
( Loranger ancl Btakke 1981). Ar 21J.85 x 10s m:, Lake \X/ashingcon has a significantly
gre.Lter volume thao Lake \(/harcom, as a result there is gre:rrer total heat srorage in
l-ake rifashington. The deeper warer colunn of Lake *harcom, however, permits
greater total hear srorage per cm2 of lake surface and promotes a larger hecr huiger in
the lake. In remperate lakes rhat are sufficienrly deep to maintain hypilimneric rempera_
tures nei lr , l '  C year rouocl, Birgean heat budgers usually vary benveen 30,000 ro 40,000
cal cm-: year: (\(erzel 1975). Very fe*, lakes have hear l .rudgets in excess of 50,000
cal cm-: year I. ln temperete latirudes, Birgean annual heat budgets are strongly corelatecl
rvi th lake meao depth, area, and volume, r ising conrinuously s-irh lake cl imensioos
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F;gure l .  Isoth€rm evolut ion, 1970.

(Gorham 196.1). Dimict ic lakes tend to exhibit  higher changes in mean anoual heat

storaSe thao monomicl ic lakes of similar size-

Diversion Water Inf luence on Heat Storage

tseginning in 1962, rvater from the Nooksack l{iver *'as cliverted into T-:lke \Thatcom

ar the south end of Deptession 1b (Fig. 1), to couotelact water use by the city of

Bell ingham ancl industr ial uses, and to stabi l ize lake level The Nooksack River water

is diverrecl a! the rete of 2.31 x 10t m'r day l  The diversion gates are usually opened

io the spring, rvhen the lakc level begins dropping, and close<1 again in the fall Warrner,

clryer years often requirc more total clays of cliversion
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The river gater is coolet than the mean tvater temperarurc of Lake $rhatcom. In
January antl  February rhe r iver rvarer cmls ro 5. 'C ancl in Augr.rsr ir  is often near
11' C. This large volume of cool . l iversion s.ater inpr.rt  could be a factor in <lepressing
heat storage io J-ake Wharcom. The maxirnum amount of cl iversion t irne before mid_
August, io any yerr ro clate, has been f ive monrhs. This translates into 34.0 x 106 mr
of r iver rr ' i ter. Using 8' C as a conservetivc spring mean diversion *.arer ref l tperature
ancl 10.9' C as rhc lake*' ir le meao remperarure ar rhe r ime of maximum heat storage,
rhe menn rempcrarure of r lrc lake rvoukl bc lorvercd co 10.79. C. In terms of helr stor_
age, this amounts to e loss of 50J cal cm:. Srervart (197j) shorved that in three rnicl-
Restern lakes of motlerate size (nean depth of 15 m) aod rnoderate heat budgets
(25,000 cai cml yearl),  thcre could be a 2,000 to J,000 cal cm: f luct 'a'oo in heat
storage in tno days r ine cluring summer months. In l ighr of rhis, a heat loss of 50J
cal cm-! in a nater column *' i th 2i8,150 cai cm: in storage is ao iosignif icant amount.

Srervart (1971) sho*'cd thrt porver plant rhcrmal discharge inpuc to lake Mononra
( l i isconsin) that coulcl theorecical ly cycle rhe entire volume of rhe lake (105 x 106
m'r) io one yeer, had at most local ized effecrs on hear suucture and had negligible
effccts on total heac srotxge in rhe lake. He concluded that diurnal variarions in rempera_
ture eppcat ro have a much greater effect on cotal hear storage in the lake than any
rnrhropogenic rhermal inpurs. Simiiarly, co:l  *.ater iof lux from river <i iversion in
Lake \I/hatcom appear to havc liftle mote rhao localizeci effects on near scfuctule to
basin I of the lake.

Conclusion

Lake Vhatcom rvas found to have reached maximum rhermal discontinuity by micl-
August. Lakewicle lnean relrperxrure ar nraximum thermal r] isconcinuity *,as 10.!.  C.
Therrnal prof i le developnenr occurred simultaomusly in the three major clepressions
of Lake $fharcom. Isodrerm evolurion io Depression I occurrecl indepeoclently of
evolution in rhe other twrt rlepressions; rhe shallo*- sill sepataring Depression I from
rhe rcst of the lake appcared co be the major isolating factor_ The lake q,as found to
have a mean annual Birgcan heat buclget of 23,100 cal cmr year-r (eight-year mean).

Diversion of rhe Ntxrksack River into Lake rVharcom rr,as fouod ro have a negli_
gible effect on heac sroragc in rhe lake. The maximum amounr of q,ater diverted inro
Lake Whatcorn before I Augusr in any ycar was 1,1 x 106 mrr. This volume of water
caused a 0.11' '  C drop in lake* idc ref i .rperature ar fhe t ime oI maximum hear storaqe
in the lake.
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TARLE 1. Volume al depth, Lak. Whatcom'

Depth Inierval (m..)

0 - 5
5 - 1 0

1 0 - 1 ;
1 i - 2 0
2 0 - ? ;
2 5 - 3 0
| ] 0 - 3 5
3 5 - 1 0
4 0 - 1 5
,15 -  50
5 0 - 5 5
5 ; - 6 0
6 0 - 6 t
6 5 - ? 0
? 0 - i 5
? 5 - S 0
s 0 - 8 5
s i  9 0
! 0 - l 5
1 ] 5 - 1 0 0

9 . ; 1 i  x  1 0 7
B  6 i j !  x  1 0 7
? . ? 1 7  x  1 0 7
6 . 9 0 S  x  1 0 7
6  i 5 9  1  l o 7
6 . 1 6 3  x  1 0 7
5  1 1 2  x  1 0 7
5  i 2 2  x  I 0 7
5  2 3 i  x  1 0 ?
'1.92N x t0?
'1.520 x 107
3  1 i 6  x  1 0 7
l 3 S 7  x  1 0 ?
2 . E 1 l S  x  I 0 t
2-16'1 x 10?
1 , 1 1 5  8  x  I 0 ?
1 . 4 i l 1  x  1 0 7
1 . 0 1 : l  x  1 0 7

' 5 { 2  x  1 0 7
. : l E 0  x  1 0 7

T()ial \-olume-8 !.'1il1 x 107

10.{j9'.
! .7. , .
s .6-r
i .1 '%
1.3. . i ,
6.1 l ' ;
n.;.:,
ij.l t;,
5. Sr;
; . i L
5.04.

3 . 3 %
3.21"

1 . 6 %
1 . r %

.1-r
1009; l

TAET, I !  2 ,  l lax imuh and bnrmum lcmpera ture  pro f i les  $ha lcom 8- tear  mean '  (63  66- i2 )

Lake $'batcom

l lean tenper l tu re  a t  conbur  rn le rvar

0 . 5
t  1 0

1 0 , 1 5
1 ; - 2 0
2 0 - 2 ;
2 ; - 3 i
l0 - l::,
t i i - 4 0
.10 -  15
. 1 ; - t 0

i ;  -  i i0
6 0 - l i 5
0 ; - i 0
i 0 - ? ;
i 5 - 8 0
8 0 - 8 i

l i , - 1 0 0

2 0. : l
1 1 .  i
1 3 . 1
1 , 1 . 1
1 0 . I

i . i
i . 0
6.1{
6 . 6
1i. (i
6 . t
6. i l
6 . 5

6 . 1

6 . 3
6 . t

i i . l
ii. !
i , l
;. rl
; .1r
; . l l
t . l
i ) . l
; .  ! l

i . !
; . 9

a . 1 l
, ' i .9
; f
t . s
i . s

; . i
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TABLE i. Comparalive v.lume and isorlierhls at d.'Drh. r,akc \\'halcom.

Dep ih

2 0 . i
t . ;
1 . 4
1 . i
6 . 6

0 - 1 0
1 0 ,  l ;
r i - 2 0
9 0  2 i
2 ; - l n 0

r  3 .  c
L . 1 . i  q  C

l o . i i '  c
L l ) c  ( :

TABLE L learly rotils of Nooksack niv.r diversion ro T-ake \:i'traic!m.

Mi2
1 !  6 :
1 t  t j . t
L ! 6 ;
1 t 6 t i
M i i
r  t 6 i
1 ! 6 r
l . J i 0
I  t ? l
I  t i l l

1 8 0
2 i r l
231,
:l:l;
! : i
1 ! r ;
1 0 s

1 2 0
2 l  t

' 1 1 . ;  x  1 0 C
62. i ]  x  1 l ) r i
; i l . i l  Y  Io r i

; i ,1 .  i  x  1 i l6
+  t . 0  x  1 0 6
! , 1 . 1 )  x  1 0 6
t 1 , i  x  l i l t i
. 1 i . 1  x  1 0 6
: l i . i  x  1 0 6
; n . i  x  1 0 6
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