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fhis study examihes the evaporation from a llchen;dodinated upland
ridge, a swamp and a shaflow lake”in.the ﬁudsoﬁlBay-lc&lands evaluated
by the energy-budget and equillbrium model approaches. Energy-budget
calculations reveal that on average 54, 66 and 55 percent of the aaily
. net radiation is utilized in the evaporative process over the ridge;

~ . ' : :

swamp and lake surfaces respectively. For the ridge half-hourly and
dazly valuee of evaporation were approximated closely by equillbrium
_estlmates, while for the other surfaces close approximation was achieved
 by the Priestley and Taylor (1972) model where the ratio of actual to
-Lequllibrium evaporation equals 1. 26. |

A simple model, expressed in terms of 1ncom1ng s0lar radlation and
the screen height air temperature, is developed for each surface “from
the comparrson of actual to equilibrlum evaporation. Tests of the
models at different locations indlcate that the actual evaporaticn can
be estimated on a daily basis within 6 percent for:dry upland and , satu-
‘rated 1ow1and swamp surfaces, while for shallow lakes, the evaporation

can be determined within 10 percent over periods of two weeks.
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" INTRODUCTION AND PURPOSE -

’

High latitude-uﬁlana‘surfaceé in Northern Canada prg;ent an unusual
_environment with respect.t; evapqration. Fo:‘exampls, in the Hudson
éay iowlgrdisouse and Kgrshaﬁ (197i) found £hat for uﬁland\areas,
dominated by‘sprﬁcé-lichen wqo@land ;egetagiéﬁ}'y_strodg bioclogical
cbntrbi existed ovér_the evaporative pégczss. 'Althougﬁ suréace soil

moisture coﬁtent was at or near field capaéity, ﬁhe non-tranébiring
lichen vegetation strongly inﬁibited the flux of Wat;} vapour froﬁ
the surface. A similar‘fipdiﬂg was nﬁted by.Stgwart (1972) for a lichén-
dominated :aised beaéh riége at East Pen Islang.‘ The latter's results
sugéested that evaporation-fr;m upland lichen surfaces could be esti-
mated as a fppction of teméeraturé anq availab}e:;adiaﬂf enefgy.
Shcceésful testing of.his‘modelwover\diverée licﬁén and b;rned surfaces
subsequently showed that the resistance tO'evaporatiqn'by a vafiety of
upland surfaces was‘similaé; This_imélied that an evaporgtiOn model,
based on the concept of'équilibrium evapor&i?pn (Slayter and McIlroy,
1961), coﬁld'be of general use in calculatiéé the evapor?tionlfroﬁ
upland surfaces which exhibi; a uniform resi;tance to evaporation.

‘The afé;ementidned studies have been restricted to examiﬁiné the
evaporafion from dry upl;nd subéécfic and tuqﬁ;a surfadeg. To the - :

author's knowledge, th‘ér‘eJ have been no attgﬁipts to develop-lmbdels of the



o

evaporatlve reglmes of either lowland wét areas or shallow open water
~surfaces. Conaiderlng that in the Hudson Bay lowlands alone, an area
of 3.0 x 105km . 92 percenp of the‘surface.area is dominated by wet -
sqrface tyées (Rouse, -1973) and thgf many otger high-latit;de areas are
very wety the importaﬂce of being able to accurateiy predict the evapo-
ratiaﬁ from thesé_su&faﬁes is apparent. -

Due to the inaccessibility ofrmﬁﬂuof the subarcéip and tundra région,
and beéause of the 1arge_area involved, models for‘estimating thé evapo-
raﬁion from boﬁh dry and saturated surfaces are desirablex  One such

, 2

model that lends itSelf to calculating the evaporatién from both of these

éurface types was presented @ecently by Priestly and Taylor {1972). 1t
expresses potential evaporatlon as a functicn of equilibrium evaporation
eét%pat s for diverse saturated surfaces. Recent develdpﬁents, hoﬁever;
have also-revealed that the same model.fo:uu~can be applied to estimating
evaporation from g;n—satdrated surfaces (Rouse and Stewart, 1972;
McNaughton and Black, 1973). In either case, providing the ratio of
actual to eguilibrium evaporation remains constant, the evaporation can

be estimated as a function of tehperature and available radiant energy. o

In the Hudscn Bay lowlands‘the presence of an abundant soil moisture '

\

supply, even for dry upland areas, suggests that various forms of the
equilibrium model might be applicable to eétimgting the evaporation from
severél differen£ surfaces; Furthermore, there is a lack of evaporation
data involving different subarctic and tundra suxfaces and, thgrefore,

further research is warranted.



TV ) 33

B B
AT

The purpose of this study is to evaluate simultanecusly the evapo-

-

ration krom_three different tundra surfaces. A lichen-dominated raised
! : ’ -
beach ridge, a swamp and a shallow lake in the Hudsen Bay lowlands weré

: i : _ , .
investigated during July, 1972. Results of actual evaporation determined
. : ot
from the energy balance approach for each surface are presented. Egui-

.

librium model estimates of evaporation are ¢ompared to energy balance

Y
measurements in order to test the hypothesis that surface control over

the evaporative process isrconstant for a wide rangé of temperature.

Extending from this, the hypothesis that evaporation from each surface

can be accurately estimated as a function of temperature and incoming
- I'e = : n‘

solar radiation is examined. . !



CHAPTER II

THEORY

1. The Energy Balance
From the principle of thg'conservation_of energy the one-dimensional

energy balance, in the absence of advective sensible and latent heat

and neglecting photosynthesis and short term storage in the biomass,

can be expressed as
Q* - G = H + LE, _ o3

where Q* is the net radiation, G is the heat flux across the earth-

atmospheric interface, and H and LE are the sensible and latent heat

fluxes respectively. L represents the latent heat of vapourization and

E is the quantity of water evaporated. A complete list of symbols is
given'in Appendix A. Photosfnthesis is neglected as an energy store;.l
since, for slow growing lichens, mosses and sedges, it is several orders
of magﬁitude less.than the net radiation. In addition, the storage of
heat energy in tﬁe plant biomass can be considered negligible siﬁce

it has been shown to be sm&il for hourly periods (Wilson, 1971) and

tends to approach zero on a daily basis (King, 1961).

o



LE can be.determined from equatlon (1) if the remaining components
are known. However, since Q* and ‘G can be calculated or measured
directly ae ‘indirect estimation of LE is usually obtained by partition-
ing the remaining enerqgy between H and LE. This is accoﬁplished using
the Bowen Ratio, B = H/LE (Bowen, 1926), suchlthat'equaﬁion (1) reduces

to i - '1 .

LE:Q*'..'G . _' T "(2)

_The Bowen Ratiq\fan be splved using one-dimensional mass transfer

equatiens for H and IE
H= - Y AT ’ .
pCPKH AT/bz, _ (3)
and
;.E = - (pcp/y.) K, Ae/Az, _ : . (4) .

where y is the psychrometric constant, p is the air density, CP is the
specific heat of air at constant pressuré,,KH'and KW are, the eddy diffu-

sivities of heat and water vapour, AT and Ae are the dry bulb tempera-

I

: ; . '
ture and vapour pressure gradients over a height increament Az with the

bar denoting a time average. Assuming KW KH' which has been shown to

-
AR

be wvalid by Swinbenk and Dye£-£1967) and Dyer (1967), over a wide range

of atmospheric stability:
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' “
B = H/LE = YAT/2e, . . o (5)
‘and hence,
IE = _9* -G _ - I (6)

1l + YAT/Ae ~

‘ Further simplification of equatidn (6) can be accomplished by
\“’ reformulating de in terms of T and Tw' where Tw is the wet bulb tempera-

ture. The vapour pressure,{e)l,can be calculated utilizing the psychro-

metric egquation:
e =e_ -v(T - Tw), : f}

where e is the saturation vapour pressure at the mean temperature

(TM = (T +'Tw)/2).' Over a finite height differencer(Az), the vapour

pressure can be computed as

de = (s +Y) BT - YAT, o ( (8)

- -

where § is the slope of the saturation'vapour,pressufe-température curve

-

at the mean temperature between two lévels of measurement. Frof equations

r
-

{6) and (8)

" LE= (@ - G) 1-(*)‘-2_5—'5—_—..-;, | (9 -



-
c _7'
Dilley (1868) has shown that values of S}~calcglate from'-
S-— 25029 17.269 Th . (10)
@, + 23737 L 273

are accurate to within 0.1 of 1 percent of the values obtained from the
Goff and Gratch (1946) formulae over the temperature range 0 50 Cf
The determinatlon of LE usxng equation (9) requlre the measuremeﬂt:?

of 0* and G at the surface, and T and T for’ at least two levels. No

knowledge of surface charactefistlcs such as wetnesig roughness or

other parameters is required. It is'eseential, however, éhat the height?
X . N . * -. J . .
fetch ratio is ﬁdequate in order to aveid advectional effects. This

insures that prolee measurements of temperature and humidity are coe—
tained w1thin the boundary layer, thereby, yielding representat;ve

values of the surface fluxes.

2. Equilibrium Evaporation

The equilibrium model is a special case of the combination approach
to estimating the evaporatiﬁe heat flux. Although the first general .

expreéssion defining the combination method was presented by Penman- (1948),

similar formulations have been put forth by Slayter and McIlroy (1961}

and Monteith (1965): The formet's‘aerivation is presented in the follow-

o

"ing discussion. - : . _ - T k4

' Slayter and McIlroy express the combination model for actual evapo-
- : ‘ . : [ .

ration as . -



IE =

R (Qf/:/G}’+ h(Dz - Do),;- : - _ );11)

- where D = T ~ Tw ig the wet bulb depression, © and z are\éugfcripts

referring to'the-surface and-some height above'the surface, and h 1554.

)

transfer ocoefficient that applies between o and z and: varies with
- surface roughness and atmospheric stability. The method combines the
energy balance approach with mass transfer theory. In this instance -

the sensible and latent heat fluxes were formulated as:

H ="hAT, | SR a2
Aand . .- .
’ t - g
_ 1E = (hfY) Be; - : (13)
w . ‘ :

-
¢

where h = [: (dz/K ) 1 pC /r ' and r, is the aerodynamic resistance,
=3
Equations (12) and (13) can be redefined in terms of T and D WLth

H . .
the use of equation (7), such that

L

e - B B - v - JE O, - D, | . am
and ’ r.
, H = n(EE-; + 'AS), T A ' (15-)
. BN
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| where T = Tw; - Too and D= D - Do'. Substitufggg equatio?s (14) an§
. (15) into equation (1), gives: - T e
. | ¥
nAT_ = (@* -G (L +SA), . (16)

-

QE’ tllizing equations {14} and (16), the 1atent heat flux reduces to

- \"/ .
the expression B o . '
. . : ks ) - o o 7
- . 1IE S (g* - 6) +‘E’A5'“r R T (17)
’ S + Y 1 ! : T
] -‘ " [ ) .
. whicheis the combination model for actual evaporation.

. . The term, hAD, is the main factor which contributes to differences
in LE between surfaces of different wetness having similar available
radian£ energy. For gxample,.in the case where the .air in proximity to

a molst surface remains unsaturated, Do = 0 and equation (17) reduces to
= by - ©

the potential xate defined as

PLE = Q% - G) + nh_, (18)

5
S +Y
_'1
where PLE is potential evaporation. Slayter and McIlroy (196I) introduced

the concept of equilibrium evapotranspiration by "taking the 11mited case

3

D, =D, = 0. In this instance equation {17} reduced to

o | 'LEa,LEEQé.S+Y'(Q*_G) B L (193,




where, I.EEche equilibrimn evaporation xrate, is calculated simply as a

i-

' function of temperature and- availa.ble radiant energy.

The concept of LEEQ is unique as it has been_shown - to apply in two

opposing sets of environme_ntal conditions. The first, occurs in a moist

efwironment whenAbotl'i ‘the surface and overlyiné air are saturated, such

that, b_ = D_ = 0 (Slayter. and Mellroy, 1961) ; Monteith, 1965; Fuchs and

Tanner, 1968) . Under these conditions LE:EQ has been interpreted as the

‘lcwerﬂ 11m.1t of potential evaporation since equation (19) represents the

a.
<

mnimum poss:.ble evaporation from a. saturated surface. The second, has

been found to eccur in a modera.te_ly dry environment when neither the- sur-

‘face nor overlying air is eaturatea, such that, Do 3 Dz # 0 (Denmead

»

and McIlroy, 1970; pavies, 1972; Wilson and Rouse, 1972). In either

case -the evaporative flux is independent of windspeed, ﬂepenchng solely

.
on temperature and available radiant energy.

: + More recently, the’ e‘pqration from various surfaces has been

'expres'sed as a function of the equilibrium rate. For‘exanple, Priestley

and Taylor (1972) . showed that potential evaporation on a’ da.ily bas:l.s was

o

proportional to LE 20 in the form ' : %
- IE = a — (Q* - G)-" | : (20)
i ey W@ -

" where a = LE/LE . Using several sets of micrometeorological da.ta from

EQ
various surfaces with unlimited water supplies, they found an-overell

mean of @ = 1. 26 similar values have been shcwn to apply hy Davies and

Allen (1972} and Ferguson and Den Hertog (1_975) for a moist rye-grass

-
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surface and shallow lake,'re . étivaly. Other resaarchers.have found

that the form of equation (20) is a‘vplid indicatof'of actual evaporation

. . . . L. . N ’ .
. for surfaces whére the evaporation differs from the potential rate.

Rouse and Stewart (1972) found that a  wap relatively constant at 0.955°

for diverse 1ichen and burned ‘surfaces in the subarctlc. ?cNaughton

and Black (1973) found that a = 1.05 for a relatzvely dry Douglas fir
forest. In any case, provxded a remains cogstant; the evaporation can
be calc;lated mere simply‘ffom'a'form of equation (20) than from equa-
tion (17) as there-is no néed‘tb meASQre'Do, i? the case of an- unsatura-
ted surface, or to specify a turbulent transfer mechanism. <

»*

gt



CHAPTER IIT
’ SITE AND EXPERIMENTAL METHOD

1. Site

V ' .
The study was conducted during July 1972, near 'the Hudson Bay coast-
line adjacent to Eﬁst.Pen Island in Northern Ontario (lat. 57°45'N., long.

. 88°45'W.). -The location is shown in Figure 1. Cbservations were made

k]
Pl

ovetr a pxedominantly flat raised beéch ridge, a lowland swamp and a

-

. . R
shallow lake, 15-20 km north of the treeline and approximately 2 km
inland from the coast.

Vegetation in the vicinity of the site was tyﬁical of tundra vege-

‘tation, comprising lichens, mosses and lower corder vascular plants oh

the beach ridges, with intermittent lakes and swamp betwean the ridges.'
The ridge surface, (Plate la), was covered by a lichen aﬂd’fower.pfder“ .

v

ok DTN

~vascular plant vegetation varying from 30-70 mm in mat thickness.

Cetraria iglandica, C. nivalié, C." cuculata, and Alectoria ochroleuca

. )
were the main species of lichen, while the main lower order vascular

plants were nyas integrifolia and Rhododeron Zapponicﬁm.“ The vegetal

cover was .underlain by a sandy soil varying from fine to coarse sand.
The swamp, (Plate lﬁ), was dominated by grass and sedge vegetation
with a few‘intermittent moss-covered humpocké~ In addition to the vegetal

cover, a'surface layer of water varying from 10-~30 mm was evident. The

water and vegetal cover were ip'turn'underlain by a thick frozen organic

12
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layex approximately 0.48 m in thickness which in turn covered a fine
mixture of frozen sand and silt. -

_The lake surface, (Plate 1lc), was roughly c1rcu1ar in’ shape with a

diameter of about 400 m, a surface area of 105m2 and an average depth of
0.59 m. A thick frozen mud layer formed the crust of the lake hottom.

- No surface drainage into or out of the lake was evident during the

e

study.

2. Enerqgy Balance Measurements

In order to evaluate the eneréy balance using‘equations (1) and

{9) tne.measurements of net radiation, subsurface heat flow and the
vertical dry and wet bulb temperature gradients above the surface are

-reguired.

- . a. Net Radiation . ' :

Net radiation was measured over each surface using Swissteco {(Type
A o )
S-1) net radiometers. These lnstruments, purged with the flow of dessi-

cated air in order to equalize the convective loss from. each of the

thermopile surfaces and to prevent internal condensation, were mounted

'l m above the surface. Signals were continuously recorded by an

Esterllne-Angus 24 point recordexr (Model E1124E) and integrated half-
. '
hourly totals determined by planimetering the pen tracesy Q* values

\\'\\‘,/'\ rere then calculated using calibratlons determined by the National Radia-'

\\lon Laboratory of the Atmospher;c Environment Service. These are
listed in Appendix B. Subsequent recalibration of each instrument after

' the experimental peridéd showed no change in the calibration constants.

~

PR &
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' b. Subsurface Heat Flux

The subsurface heat flux, G, at the surface was calculated from the

"

expreséion
G =G, + C(EE;/At) Az, . ' : (21)

where Gz.is the heat flux measured at some depth below the surface, C

1

is the heat capacity between the surface and depth z, E@; is the change

in temperature betwéen the surface and depth z over the time interval
_ \

At, and Az is the thicknéss of the soil layer from the surface to depth

z. The soil heat flux at a depth-of 50 mm was measured for the swamp

and ridge surfaces with 3 soil heat flux plates (Middleton and Pty, Ltd.)

connected in series. Changes in the mean temperature 3@; in the layerxr

0-50 mm were monitored bi-hourly with ice-referenced thermocouples spaced

at constant depth interval between the surface and soil hea# flux plates.

The heat capacity of the soil was estimated from the eguation given
by De Vries (1963} in which
f

.

C = 0.46 xm_+.0.60 xo + 8, (22)

- where xm' xo and G:aré the volumetric fractions of mineral mattexr, organic

- matter and water respectively. xm'and xo were found to be 0.98 and 0.02

for the ridge and 0.15 and 0.85 for the swamp from "loss to ignition"

treatments of surface samples. Using these values, equation (22)

%
reduces to
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[h]

0.463 + O, : : (23

= A
]

0.579 + © : T (24)

N
]

. for the ridge and swamp respectively.

The average soil moisture content for the ridge was es-timated'twice
a week with the use of a surface neutron probe (¥uclear Chicago 5901)
while 8 in the saturated swémp was constant at 0.26.

The heat flux into the lake was calculated as:

-

G = Gy * C, (BT/8t) a - | (25a)

where GB is the heat flux through the bottom of the lake, Cw is the _heat
capacity of.wate;', 3“1.‘; ig the average temperature of the lake from the.
surface to the lake bottotﬁ and 4 is the average depth of ‘the 1ake.

The heat flux through the bottom of the lake. was est:.mated fron; the
rate of melting of the frozen mud that toock place during the experimental
period. At the l?egiqning of the study the frost line was 50 mm below .
the suxfacé of the lake bottam whi}emag the end it wés‘.36 m below the
:!.n;!.tially obsarved level. Assuming the melt layer was at 0 ¢, with a
508 volumetric water content and only the heat of fusion involed, G

was estimated at approximately‘o.OBQ MJ m-2 hrﬂl.

DR . )
With the heat capacity of water equivalent to 0. 04184 MI m -2 C-l,

B.

g

and an average depth of 0.59 m, obtained from the average of 75 depth
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soundings, the heat flux into the laKe was computed for half-hourly

intervals as: ‘ ) .

G, = 0.09146 + 2.46856 E%; T o (25b)

L4

where GL is in MJ m—z._ Changes in the avera 'lake.temperathres were

opiles in series spaced
at constant depth intervals between the surface and the lake bottom.

The temperature was recorded continuously on an Esterline-Angus 24-point

. € . . '
recorder (Model Ell24E). Values extracted from the strip chart record

&

every half hour were utilized in determining AT .

c. Temperature and Humidltx

Wet and dry bulb air temperatures over each of the surfaces wefe -
measured with S4jﬁnctioh thermopiles similar ‘to those described by
Rouse and Kershaw'(1971)’gnd ﬁilson {1971).- Junctiops,-enclosed in an
aluminum sleeve filled with polyester resin, ware constructed from
sﬁandard 36 gauge‘copper constantan wire. Exposed junctions at the ends
of the steel shafts_were_inserted in polyvinyl chloride (PVC) tubing and
the juncture sealed with epoxy resiﬁz

The temperature sensors were calibrated against a platinum resis-—

. tance thermometer (Rosemount Eng. Co.) over the temperature range 0 to

30 C. Reversal of the hot and cold thermopile junctions during the
calibration shcwea that the sensor” sepsitivify remained symmetrical.

The_ca%}bration equation, constant for all sensors,is

-

% L e

L
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AT = «0,018 + 5,268 V + 0.047 Vz, : o . (26)

-
-~

-

whiere AT is the temperature Qifferencé between the hot and cold jgﬂctions
of the thermopile and.v is the eiectrical output'of the thermopile
in millivolts. ' Recalibration 6f the sensors ;ftér'thg experimental
period Shqwed no chiange in the calibration eéxpressed in equation (26).

Wet and dry bulb air temperatures were meaéu;éd over each surface
using 3-level masts illustrated iniplate 2. The sensors were placed at
heights of .25, .50 and .75 m abqu‘the sﬁrface and wereicontained .
within doublefwalled, aspiragéd radiation shiglds in oxder to minimize
_radia;ion and other local heating err;rs. ﬁach.sensor was‘refe;encea
to an ice gath. Weﬁ.bulb SEensors Qere en;losed in a tight-fitting’
muslin wick which exteﬁded from the ba;e qf tbg.s:nsor Ehroﬁéh plastic
tubing to a water reservoir. Water feed rates to the thermopile were
readily adjﬁsted by varying the heighﬁ’of the reservoir relative to the
sensor head. _ l

Height—fetch 1imitations differed for each of the sites. The riﬁge
surface had an unlimited height-fetch ratio in the north and south
directions, while in the east and wes't directions the ratio was apprbx-
imately 1:200. The, swamp had an unlimited fetch in the north and ‘south
&;}ections. However, in the-east-west di;ectiop the swamp was approxi-
mately.ZSO m:wide. 'éince fhe weather conditions obsérved with easterly
winds had previously been associated with‘sto;m conditions (Stewart;
1972) the temperatgre and humidiﬁy mastAwaa located approximately 175 m
from the westéfq bounda?y. This maximized the height-fetch ratio for

wind directions varying from the south through west to north sectors.
{ ' .

T
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The 1nste11ation in the 1ake was 1ocated as near its center as possible

. giving 2 height-fetch ratio in all directio 8 of approximately 1: :200.

The fetch from the east direction, however, was unusable: due to the

- obstructions created hy the poles used to keep the various signalhand'

, power cables to the instrument towers above water. _Thus, for the‘swamp'
and lake, all temperature and humidity data with easterly wind conditions'
were discarded.h For all other wind directions ‘the temperatures, mori-

' tored at heights of .25, .50 and .75 m above the surface, were well
within the atmospheric boundary layer.
Temperature signals from the ridge and swamp were stepped through
”a double 6—channel stepping switch and recorded on 2 2-pen RickidenkiC’-
(Model B-14 ) recorder. Temperature signals from the lake were stepped
through a double 3-channel stepping switch and recorded on a 2-pen
Honeywell (Model 194) recorder. The stepping switches allowed theWwet
and dry bulb temperaturegtat a given level, over each suxface, to be |
recorded simultaneously. The speed of the stepping switches was adjusted
to give 14 signals per half hour for each sensox. The millivolt signals
were\converted;%o temperatures and half hourly average values computed.
" values of the evaporative end sensible heat fluxes wexe computed
fron data for the height pairs .25 - .50 m, -50 - .75 m and 25 - .75 m
over each surface. Three level evaluation ensured that values .could
still be determined in the event of gensor- failure at one level.
Anierror anaiysis, which is preeented in nppendix C, was.performed
on the temperature and‘humidity data to assess ‘the accuracy of calculated
vapour pressures. ?hese were then. combined with assigned maximum poten-

tial errors for Q¥ and G in evaluating the error in 1E estimates. The

- .
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results show that when temperature and humidity differences are large
the evaporative eetimates are accurate to within- + 7-12 percent for all

three surfaces. Thisvisvprobably an inadvertent underestimate, however,
\)
due to asaatlonal 3ou{si:?of exxor, including radietional heating of the

sensors and errors involved in the extraction of . data frcm the chart

e

recordings which could not be assesaed and are not included in the
error calculations. . R ' N

’

3. Measurements and Calculations for the Equilibrium Model
5 -

| The same measuremeénts made - for the energy balance were utilized in

-

evaluating'the eqnilibrium evaporation for each surface as developed in

o

equatlon (19). . o ’ -

In addition tc ‘measurements required for evaluation of the energy—

" budget and equilibtium evaporation, wind speed and_directfon, precipi-

tation, and screen height air temperatures were recorded.. The general

metecrologicai data was monitored for 55 days between’Jﬁne_25 and August

T
———

~
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CHAPTER IV 7

4.'

. ENERGY BALANCE AND EQUILIBRIUM EVAPORATION

1. Enerqgy Balance

Daily variations of the energy balance componentg are shown in

Figure 2. '-COmponent values are expressed as a percentage of-net radia—Q;:

tion. hlthough the distributlon of Q* into the component ‘fluxes H, pE
and G differs for eacﬁ surface, ;he patterne are similar s;nce eva;o-
ration is the domlnant copponent over—eech. For the lake, however,
exceptions are evident  with heat etorage'dominatipg on three days, -
July 4, 7 and 21. yon average the .ratio of LE/Q;, H/Q* and G/Q*'was
54:37:9 for the ridge, whereas for rhe swamp, it was 66: i26: 8. LE-
for the 1ake wae the largqu component utilizing approximately 55 per-
cent of Q*. The heat storage component was large accounting for 25
;ercent of Q* while H comprised 20 percent. Q* for the ridge and swamp
averaged 82 and 72 pexcent of the 1ake value respectively.

" Average values of the Bowen Ratio and ‘air temperature for daylight

ods are‘shown'in Figure 3. Bowen. ratlos or -the swamp and 1eke

surface over the same time intervals. show little difference, having mean

values of 380 and .365 respectively. values ranged between .194 and
\

»

.568 for-the swamp and between .083 and .634 for the jake. B values

for the ridge differed from those for the lake and swamp with an average

of .698 and a range from .992 on July 3 to .317 on July 10. Comparison .

< . .
24 . Ao
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of Figures 2 and 3 show the Varlation of B with temperature and resultant
changes in the energy balance components. ;n-general, B shows a_marked
I1nverse relationehip with air temperature&over each_surface (Figure 4).

The equationsifer the lines plotted in Fi;ure~5 we;efdeterminedffrom ~
equations (1) and (20). A-value ef 1.00 uae‘utiiized for & in the case

-

of the ridge whlle for the swamp and 1ake, the Priestley and Taylor -
-
value of 1.26 was used. For each surface the temperature was welghted

to the evaporation for comparatlve purposes with f, such that:

4 |
T = § = T @D

where TWT is the weighted average daily temperature, Lgi is the evapora-—

tion for half hour i, LETOT is the total evaporation for the day, n is -

o

the total number of half hours in the daily period and T is the tempera-
ture at time i. The relatively good agfeenent between computed ‘and
experimentally determined B values for each surface is evident. The

importance of this fact is discussed in a later section.

ey

= .

~Variatiens in B are accentuated in the energy balance cenponents of
the lake where tne influence of the air temperatuore onatne actual lake
temperatures és*apparent.‘wh comparison of mean‘air teuperatures with .
mean lake water-temperatures (Fiqure 5, after Rouse (1973)i shows that .
lake temperature changes cccur as rapidly as the day-to-daf c¢changes in
- atmospheric tenperature.. The effects of these changes are emphasized
in the highly fluctuating changes in heat storagecontentof the lake
during daylight hours.' Much of the energy utillzed in warming the lake t

is later released as evaporation during the night when the lake is

© : . -
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FIGURE 4: Comparison of Average Daily Bowen Ratiosg with Daily Weighted

Average Air Temperatures for the Swamp, Lake and Ridge Surfaces
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cooling. This is seen in Figure 6 which-comﬁares thebhourly variaticn

in 8 and temperature during daylight periods with variations at niéht.

‘The line through the latter, in Figure 6, represents the average daylight

kel

relationship of B to T for the lake, while, the point plots represent

the .night-time hourly values for July 3-4, 5-6 and 27-28. Theﬁcompari-

son. shows that the percentage distribution of nocturnal and daylight

™
[4

available radiant energy into H and LE-is constant.

« - Comparison of the variations in daily B for the tﬁree surfaces
shows that, although there is a difference in the magnitude of 8, the
curves tend to parallel one another. The latter feature is attributed

. . ) .
to temperature which operates similarfy over each surface, while the

‘former is the fegult'of differences in surface type and any surface

moisture restriétions. The small magnitude and similarity of the Bowen

ratio values for the lake and swamp iﬁdicate the absence of dny surface
control over evaporalioﬁ. On the othe; hand, high values forrthe ;idge
indicate a stroﬁg surface control. Precipitation and surface soil
méisture measurements (Tagle 1) shpws that solil moisture varied little
over the fidge. During £he main exégrimental perio%, July 3~10, no
rainfall was recorded thle only 4 mm was received in the precéeding two
weeks. At the same tiée, surface.soil moisture content remained constant
during the eﬁtirg month of July at about 12 percent by volqme, which, as
shown by Rouse andAKerah;w (1973}, represents fig}g capacity at the 10

kpa. matrix suction level. The prgcipitation ta, Table (1, further
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case of no evaporation while the upper limit is the value that Priestley

33,

available eoil moisture. iheee £indings, in conjunction with those of
Fershaw and Rouse (1971) and ﬁouse and Kershaw,}1973), who notedrthe
seemingly large and unvarying soil moisture conditions under various
lichen and burned surracea, suggest that the soil moisture is virtually
non-limiting to evaporation even for the supposedly drier ‘surfaces in
the Hudson Bay lowlands.

The similar'temporal trends in the Bowen ;;}ios for the ridge,
swamp and lake indicate that the evaporation for each may be dicta:Ld
by a constant surface contrdl. This may create the differences in the
average magnitude of B between the various surfaces, while temperature
could be the main control underlying the day-to~day variation. To tesgt
this hypothesis, the evaporation estimates. obtairied by the energy

balance ‘approach were compared with equilibrium model estimates of evap~

oration, the latter being a method that computes 1E solely as a function

of temperature and available radiant energy.

2. ¥ comparison of. Actual to Equilibripm Evaporation
' A

As previously shown in equation (20),'the.evaporation for a surfmce
over any time period can be expressed as a function of equilibrium evap-
cration. .The a parameter expressee the ratio of actual LE to equilibrium
euaporation, LE/LEEQ, where in most instances 0 < a<1.26, although
values greater than 1.26 are passible. The lower limit Eepresents the
N
and- Taylor (1972) consider to repreeent potential evaporetion.

In examining the supposition that the'evaporation for each surface

i; predominantly a response to the overlying air temperature and available



.

-radiant energy, a number of.things can b? locked for in comp;riné 1E to
LEEQ; First, the magnitude of a is inversely relgﬁed to thg‘éu;face
resistance. Second, the day-to-day variations in the magnitude of a
will indicate tﬁerstabiliﬁy'of the surface controi over fhelévaporative
process.' For example, combining equation (20) with Monteith's expreaaion

_for actual evaporation in which |
, o .
- -
S(Q G) + pque/ra

LE = , ' : . 125)'
+ . .
S+ v .Yrs/ra

yields the relationship

lfy +r /Sr
. A (29)
) Y s+ Y)

where r, represents the stomatal resistance for a transpiring vegetation.
.surface or surfacé ?esistance in the case of a non-transpiring surface

<  and, X, is the.climatological resistance (fhom, 1972) or lsthermal
resistance {(Monteith,~1965). Ty i; & property of‘the ;tmosphere with
the diménaiong of a diffusive.FesiSﬁance.equated to pCpGe/(Qt - G),

. - - g
where,fe is the saturation vapour pressure deficit. It is apparent from

-‘ -~

equhtioh (29) that c, and hence the evapcoration rate, depends on the

relative Qalpea of rs, ra and rI; Thus, if uAramaina relatively constant

the values of the various resistances should be, for the most part,

[ -

cqnstanf. This is interpreted to exemplify stability in surface control
over the evaporative process. Conversely, if a f}ﬁctuates erfatically,

one or more of the resistances must change substantiallx.' Thias shows

~
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instability in the surface’s ability to control the evaporative process.
It is hypothesized that if there are no soil moisture restrictions,
a should remain virtually constant. From this it follows that,‘if a is
known, variations in the evaporative flux can be calculateo solely from
temperature and sveilaBle energy. This hypothesis'was tested for the
ridge, swamp and.lake snrfaces by cbmparing both half-hourly aﬁe dailji

totals of equilibrium estimates of evaporation with those determined from

N

the energy budget.

For the ridge and swamp surfaces; the half-hourly and daily totals
refer to daylight totals which during the study averaged about 18 hours
in length. For the lake the h@lf-hourly and daily totals refer to the
full diurnal period.- cOmperison of half-hourly values of actual LE with

for each surface is shown in Figure 7. Results of a.linear regres-

-

EQ
sion analysis is shown in Table 2. The good agreement in the relation-

ships between half—hourly values of LE ‘and LEEQ is evident. <Comparisons

of daily totals of LE to the LE__ are shown in Figure 8. Support for .

EQ
the relationships is emphasized by the high correlation‘coefficients and
.low stsndard errors. .For the ridge a line with @ = 1.00 fits the data
quite well, while for.the swamp and lake, a line repifsenti a = 1.26
fits the data. Since the lake and swamn‘surfaces represent potential
evaporation conditions, further support is given to the Priestley and

Taylor o value of 1.26. ¥

From the comparison of LE with LBEQ,fand the.resnltant knowledge of
a, the various resistences for each surface can be calculated. From this,

\Ysriations in the resistances and resultant changes in a can be ascer-

tained. With eubstitntion of a -ﬁl.oo,'the surface regsistance can be
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comiputed from eqnntiong (29) as

S +v° : : : I
Ty T T8 I : - (30)

- where the evaporation rate is independent of £; (Monteith, 1965). By’

inserting a = 1,26 into equation (29) and-assuming-rB = 0, which is an
appropriate assumption in view of the saturated conditions of pSth the

-

e
lake and swamp,

Y ) N * e - _
~ TS r /0.26. o . (31)

. ' . . - : .
. - . o _ o

The variations of X and r, with rI'and temperature is shown in Figqure S.
Also shown is the average r. computed . for each surface from the average

age . ; .
daily data. For all sdrfaces it is evident that -the relationship between -
the resistances and a is temperature dependent. Furthermore, it is -~
apparent from Figura S that the various resistances must have been rela-

. tively constant over each surface in order to conserve “the consistency

n

in o shcwn in Figures % and 8. o — .

Since surface control over evaporation is relatively constant for
each eurface, simple models based on the concept of the equilibrium model
can be utilized to estimate the actual evaporation for each as a function

of remper&ture‘and available radiant energy.

- as shown in Figure 8, evaporation from the ridge can be closely approX-

imated by ‘ .
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. IB = S

E.=g.y ® -6, g S - (32)

while from the swamp and lake

_ S ..-‘ . :
IE_, = LE, = 1.26 rae (Q*s-VG),' o (33)

s! 1 5

where the sﬁbscr@pts_r', s' and 1 refer to the ridge, swamp and lake

surfaces respectively. Hence from equations (32j ana (33), estimation
oflthe actual evaéoration frc& a variety of surfaceé in thexHudqpn Bay
lowlands, requires only air teﬁperature, which is closely relafed to
s/(S + v}, and Q* and G. “If these #re known the evapo?ation estimates
shouid be accurate to within 10 percent. Therdifficulty in applying
these eéuéti&ns in this region stems from the lack of Q* ;nd'G data
which are not g;nerally available. Féw stations in ndfthern Canada
ﬁonitor‘Q*, and thoge that do, measure the flux only over the drier
uplané areas. Similarly, there have been few measuyxements of G recordedl
for subarctic aﬁd tundrq‘surfaées. InJview-of'the dearth of data
involving b* and G, application of evaporatiqn.modela of the form
expressed in equations (32) and (33} are limited to those areas where

a

measureéments are available. Hence, the need for a iodel that incorpo-
N . P
rates a few variables that are readily obtainable and which are rela- .
tively constant over a variety of surfaces is apparen%.
1- .

3

-
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T CHAPTER V

DERIVATION AND TEST OF SOME SIMPLE EVAPORATION MODELS'

1. Derivation of a New Model . -

. 'fhe evapérative estimates could be simplified if Q* and G could be
replacgd with other meteorological parameters; Equation (20) can be
modified by replauing Q* - G with a iinear function or incoming solar
radlatiou (K+). A number of researchers have shown that Q* = &' + bK+,

where a' and b _are obtalned by regression aéslysis (Shaw, 1956: Monteith

and Szeicz, 1961; Davies, 1967; ‘Fritschen, 1967; Idso, Baker and Blad,

1969; Gay, 1971) To extend this linear form to include G requires an

asEumptlon about its: magnltude and variability. For example, if G is

———

small enough to be neglected or if G/Q* is ralatively constant over

time, Q* - G_can be expressed in the linear form:
Q* = G = a' + bK+. . h o ‘ (34)

Theu, equilibrium evaporation can be rewritten as:

S v v . '
By Ty &R | (35)

¢

where a' is a regresuiun constant and b is the regressiou coefficient.
o

EQ is now a function of temperature and incoming solar radiution; hence,

Y

© 43 A
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equation (20) becomes:

~

(A + BK#), T (36)

'ﬂ
LE S+

where A = ga' and B = ab. -

Provided G and a can be considered constant the  evaporation from a
particular surface can be expressed as a function 6§‘temperature_and
incoming solar radiation. Thé advantages of LE' are twofold. First, it

fequires only a knowledge of the two variables of témperature'and K+,

both of which are more readily available than ei Q* or G. Second,

N

both variables are fairly constant over a large variety of surface types
within a radius of a few km, thus, facilitating the estimation of eva-

poration for severai;éifferent surfaces in proximity to one measurement

location, - ' >

=

- 2. Development of an Evaporation-Model for the Ridge, Swamp and”

Lake Surfaces

s

As shown in Figure 2, G for the ridge an§ swamp is a small portion
of Q%*,and G/Q* is quite constan§ ffom day-to-day. for the.lake, however;
G often constitutes a laréé portion of Q* with.t£e ratio G/Q* fluctuating
considerably frcmlday—to-day. In view of this, the form of equation (36)
ié unsuitable for computiﬂg ﬁE for any Take on a @aily basis. The possi-
bility of estimating LE, using this approach, over peériods greater than
a day is explored'fﬁrther}in a later section. For the ridge and swamp
su;faces, however, the above'resultﬁsugqgét that the evaéorqtion can be

approximated by'a form of equation (36).
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a. The Ridge and Swamp

v

Figures 10a and 10b show the linear relationships between half-hourly

-

values of Q* - G and K+. By regression analysis

* - GjR'= -0.108_+ 0.6364 X¥, * | (37)
N ‘,, . "
_ y _
and o
(Q* - G)¢ = 20.058 + 0.7365 K+ ' g (38)

for the ridge and swamp resPect;ver. The agreement of each is sﬁpportedf
by a-high correiatipn coefficieﬁt'and low standard error. Similar rela-
tionships for daily totals are shown in Figure 11. )

Replacihg Q* -~ G with the 1inear functions of X+ and.uSing equations

’

(32) and (33) \,

s

. < ‘3 s ) . ) ' .
o4 LEpe= oy 7 (-0.108 + 0.7374 K+) o (39)

-

for the ridge, and _ , .

s ™3 (<0.073 + 0.928 K) : (40)

for the swaﬁp; Daily totals are cbtained by summing the half-hourly

values over the daylight period. All half-houély and daily total rela- '
AW Y B '
tionships.are in units of MT m 2.

v
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Swamp Surfaces - :
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The dally evaporation for thq'ridge'ana swamp can also be computed =
using the daylight'total relationships shown in Pigures 8 and 11. Hence,
using the aaylight total regreésion of Q* - G on K+, the daily evapora-

tion can be expressed as:

. s . e S
I-'ERD' = 54y (-0.1185+ 0.57I5 R¥) ‘- (.41) | .
for the ridge, and
S o
LES - e Y (-0.6564 + 0.9058 X+) _ oo {42)
D : {
. \ 5

for the svwampg. Equations  (39) and (40) are preferred to equations (41)
and (42), since the larger sample size used in the esta&blishment of the
half—hou;ly'relationghips gives them a greater hasis upon which to base

the evaporation estimates. .

b. Derivation of an Evaporatiqn Model for the Lake

In attampﬁing.to develop an evaporation model for the shallow lakﬁ
the proSlem.of handling tﬁa large and variable heat storage term within
“the model framework ﬁ;;ﬁ be solved. This can be done by.eliminhting the
heat. storage texm (Gs)lfrom‘thélevéporation cglculation by extending the"

" tima pericd over which the modal_ia applied. For shallow tundra lakes

G, + 0, over periods of a’ few days, due to rapid erature fluctuations
from datho?day. If an appropriate time interv4l for which Ga + 0. can

be determined, a model similar to- that expressed in equation (36} can be

formulated. . : ‘fx-iy
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‘ An estimate of the fluctuation in the daily heat content of the lake,

~used in this etudy, in relation to the mean geascnal heat storage was

obtained using the maximum and minimum temperature data shown in Pigure

3

5, and the expresaion: .

GB-'pC d('r _—'rB)'. ' L | (43)

Cy is the heat capacity of water, d is the average depth of the lake,"l‘Mw

o

is the mean daily lake ‘temperature calculated as (T * T ")/2,'and ;
T is the mean temperature for the lake (12.8 C) obtained over the 55
days of measurement. Figure 12 shows that G >0 approximately 13 times
between'June 25 and August 14 for an average time interval of about 4.5
days. Thie euggeets that an evaporation model, in .the form of IE', should

ba applicable over perioda as short as 4.5 days for a shallow lake. How-

- ever, due to the 1arqe range of time intervals forx which G > 0, varying

!

from 1-9 days, the use of periode of 1-2 veeks for the calculation of

LE! would be more appropriate. A time interval of this length is
necessary since G must be approximately zero in order to obtain accurate
evaporation estimates. Hencae, extending the calculation periocd forces
the ratio G/Q* to zero .

" A8 ehown in Figure 8c, the daily evaporation from the 1ake can bs,

closely approximated by equation (33). . Simplification was undertaken by

-expressing Q* -G as a linear function of K¢, anembering that G for

the lake was determined as the sum of the heat etorage term (G ) and the
flux of heat through the 1ake_bottom (GB), G . was set to zero. Hence,

by regression

wt
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(@* - Gy), = 0.9225 + 0.7353 K¢. ' S ooz (44)

Although the felatioeehip, Figure 13a, is based on 12 days of data, com-
parisdn of eqmation.(44) with the regressioh'obtained using data collected
_ by Weaver (1970}, for the months of July, August and September over a
shallow "lake at Barrow, Alaska, shows similar results.

From equations (33) and (44)
7

S
L S+4+Y

'(1.624 + 0.9265 X+¥), . : T (45)

where LE , is the evapoxation for the lake for a single day assuming..
G; = 0. Summing IEL over time intervals for which Gs-+ 0, the evapora-
tion from the lake can be computed as:

&

(46}

is the evaporation for day i.

whare n > 7 days, and LEL

i

c. Model Requirements

Estimates of evaporation from equetiene (39), (40) and {45) requires
a knowledge of the air temperature and incoming solar radiation. K¢
represents. the sum total of incomingsolarrudiation for the pericd of
" calculation. The temperature required in LE’ should be the mean of the
wet and dry 5uib temperature%, since theee are the taiperatures used in

. i ..
the evaluation of S. Wilson and Rouse (1972) have shown that provided
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the wet bulb depressions are not too great, the ratio s/(s + Y) can be
closely approximated by a linear ekpression of the screen height air
temperature. Rousa and Stewart (1972), in a similar fashion, found S

¢
that over the temperature range 6.6 - 27. 7 c '

5+ = 07434 + 0.012 T, . BN 47

" where TA ig the screen-height‘air temperature. Over this temferature

At ]

raﬁge a change of 1 C alters the ratio-by only 0.012, Therefore,
’ ' ot

although the proportionality factor is temperature-dependent and air

temperature changes with heicht, the actual height'offthe temperature

- measurement is not critical (Wilson and Rouse, 1972). As a result,'the_'

average screen*height'air teuperature over the period of calculation is
sufficient for the caléalation of.s in evaluating LE'. T;us, with a

simple knowledge of‘?;'and,k} it may be possible to estimate daily 7 _
evaporation for subarctic and tundra eurfaces, which exhibit siﬁilar\ !
characteristics to Bhose of the ridge and swamp, to within 10 pexcent. )

A similar accuracy should also be possible for the shallow lake. How-

ver, to attain'this reliability the period of calculation should ba

extended to weekly or two-weekly time intervalsggifzio the variability.

o,

of the heat storage term.

3. Tsst of the Evaporation Models

To- test the validity of equations {39) and {40) as general models:: ée

 fox estimating evaporation for various subarctic and tundra surfaces,

values of measured LE were obtained from other sites of eimilar latitude

N
L]



evaporation investigation at perch Lake, ‘a shallow lake in Ontario

~

A “test of LE in a similar altitude was not possible due to lack of data.

Instead, the model was tested in a more southerly location employing

extensive data acquired by the Atmospheric Environment Service in an

_ (fit. 46°03'N, long. 77°23'W). s

<

-

a. Test of the Ridge Model

Data to test LE ware obtained frcm-Rouseland Kershaw -(1971} and
Rouse and . Stewart {1972) . The same ridge, used in this experiment only
‘at a different location, was utilized by Rouse and Stewart for their
energy budget calculations during July and August, 197). Rouse and
Xershaw obtained LE estimated at Hawley Lake, a site approximately 300
km ESE of Pen Island (lat. 54“20 N, long. 84°20'W}.

The two surfaces investigated by Rouse and Kershaw differed gignif-

icantly ' from that at.Pen Island. One consisted of a dense naturdl\\

- LY

lichen surface composed almost entirely of Cladzna alpestrts, averaging T

.11 m in thickness. The other was an 18 year old lichen burn that was

just beginning to be revegetated.

Figure 14 shows the relationship between calculated. daily values,

LER, and actual LE measured for all surfaces at Hawley Lakefand Pen Island.’
The model performs well as shown by the correlation coefficient of 0.971 - '
and standard error, of + 0 483 MJ m -2 day_l for the 27 days of comparison.

These yesults -support the use of the generalized evaporation model
expressed in equation (39) 'in estimating the daily evaporation from

lichen—covered and burned subarctic surfaces.‘ ‘ ' . =
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b. Test of the Sﬁambaﬂpdel'

@ . [

' Data to test LE were cbtained during July, 1974 over a sw ur-

S
face in the vicinity of Thor Lake, N.W.T. (lat 60°N, lg{g,“107‘
approximately 135 km'NE of Uranium City, askatchewan. The amp sur-

\{aee was similaxr in all respects to that at Pen Island with the surface -

' vegetetion dominated b ges and grasses. The main difference between
Y e

the two surfaces was in the depth ‘of water which was 100-150 mm at Thor
Lake as{gompared tQ\10-30 mm at Pen Island. The greater depth of water
atiThdr Lake presented no problems in using the daily energy budget data

T 5\
to.:egt\fnh as ysis of the-heatnstorage component revealed that it

was small i¥ comparisdHn to the magﬁit de of Q*. . ¢ .
The results of the coﬁ:parisorr’of LE with measured daily values Of

'IE are shown in FyGure 5. 'The excellent agreement shows that the swamp
model perfOrms w ll, supporting the generalized evaporation model,

. expressed in equatiqn (40) for estimating the daily LE from saturated
vegetated eurfaces where -the haat storage component is negligible.

" c. Test of the Lake Evaporation Model . o

To the writer 8 knewledge,

,1

to test the applicability of LE) in high

lake/evaporation data are available

tudes.: However, several
Yeers_of'data were available fr lake at Perch Lake, Ontario
-(Ferguson“and Den ﬁertog,- 975),.1oca ] pnroximately 2 km SW of the
"Chalk River Atomic Energy of Capada Laboratories. - '

Perch Lake is similai in eize and depth to the lake at Pen Ieland,

being almost circular with a surface area of 4.5 x 105m2 and a mean

)
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depth of 2m. A dense’ forest averaging 15 to 20 m in height e§?ircled

. - ot
LI

‘the lake at-a distance from shore of 30 to 40 m. o

. . ) _ : & i
_Evaporation, heat storage and radiation data were available for

T

_June through September for 1970, 1971 and 1972. . The data record was

not complete, however, as seve;ﬁl weeks of measurements were often
missing due to instrumental failure. ~Availab1e.mgasurements included
daily totals ofrAGB, Q*, LE by the-Pnergy budget method, and average

daily water surface temperature and air temperature. Daily totals of K+,

required for'use in LEL,.were not measured. This created a problem since
. ] .

the nearest station measuring K+ was located 200 km distance at Ottawa.
‘Differences batween daily values of Q* for a grass surface at-Chalk River

and one at Ottawa were as large 'as 60%. On avéEQge-the former were

—

\ smaller by 10% (G..Den~-Hertog - personal communication). In lieu of K+

4"
Wy

s;;; - measurements, an empirical expression defiqu by Robinson, et al. (1972l

-

was' used in the derivatig; of K+, where: >,

Q* = 0.368 + 0.823 K,
.. . , . . \ .
: ' (48),

. ) . ' -2 -1 R
r = (.986 ,Sy = 0.977 MJ m  day i

n

and X* is the net shorgwave_radiation. As seen in Figure 13b, Robinson's
3 expressioﬂ relating Q* to K* for Lake Ontario, compares quite favolrably

: ' with that obtained from data collected by Weaver (1970), .for a shallow
.lake at Barrow, Alaska. . )

-

Since K* = (1 - a) K¢, where a‘ié the lake aurfaéeﬁalbedo, equation.

(EB) can be solved for K+ as:

3
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| 0.447 + 1.215 Q%
(1~ a)"

Kt = . ' ¢ (49)

Albedd values over Lake Ontarioc remain fairiy-ébnstant at approxi-
mately 0.08 from June throu&h September (Numez, et al., 1971; Davies
and Schertzer, 1974) similar values have been recorded at Lake Mead

{Barbeck, et al., 1959L and Lake Hefner (Anderson, 1954) in th& south-

[y —

western United States, as well as, in Alaska (Weaver, 1970). ~Subgtitu-

ting'a = 0.08 intq equation (49), zif/?éily egtimates of K+ for Perch
‘ . . i & ’ .
- Lake were computed from

-

[H

K+ = 0.486 + 1.321 Q*.. . . E (50)
Figure 16a shows the relationship between two-weekly totals of LE

L
and mea%ured values of LE for Pexch Lake. It is apparent. that the model
perforﬁgysatisfectorily. Furthermore, when the ‘éalculation period is
lengthened to a month Figure 16b, the model/performance is improved.
These rdéulte indicate the generalized eveporation model expressed in
equatioei}45)iia reliable in estimating the two-weekly and monthly totals
of evapo_ratig:ri:x‘ from shallow lakes.

'

4. Significance of the Results T

The good agreement between meaeured LE and LE for the lichen
coverad and burned surfaces, LEs for the swamp, and LEL for the shallow-
lake, is important. Previocus discussion has shown that air temperaturae

_"\l 'n . ‘
and available radiant energy are the prime controls over evaporation from

LA
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‘the successful testing of the three models, LE

the different surfaces investigated in thig study. It is apparent from

R’ LE. gnd LEL that'ervla-

poration for the three surfaces can be estimated’ accurately as a furic-

tion of temperature and incoming solar radiation.

Values of a are similar for the various swamp and lake surfaces.

Figure 17 shows the comparison of daily LE with e_quilil;rium evaporation

g — . - <
.estimates for the swamp at Pen Island and Thor Lake, and the shallow

~ lakes at Pen Island and Chalk River. For Perch Lake the’ two-weekly

tétal;i of LE and IEEQ‘_'w.are divided by 14 ‘rto ;:u.'oduce daily estimates
for comparison \with the othler surfaces. The results of this study add
further verification to Nlue of a = 1.26 for conditicns of poten-
tial evaporation. The results of Figure 17 suggest that a hy equal

1.26 for a variety of saturated surfaces in high latitudes.

oy
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CHAPTER VI

SUMMARY AND coﬁ_cwsxous .
| | | | \\"
The energy balance method was used to estimate the half-hourly and
deily totals of evaporation for three different surfaces. Tﬁe three
surfaces, locetad adjacent to East Pen Island in Northern Ontario,
.eomprieed a-lichen- dominated reieed heach ridge, a lwemp and a ehellow
lake. Caﬁbutations showed that for the ridge surface 548 of the daily
net rediation was utilized in the evaporative process. Eveporetion
from the swemp comprised 66\ of Q* while 55\(wes used over the lake.

¢ was used in werming

For the lake approximately 250 of the daily
the lake water. Much of this is later releaped in tha form of
The seneible heat ccmponent comprised a eigni on of Q*
over eech suxface, evereging 38, 25 and 18 percent for the ridge, swamp
and lake surfaces. Corresponding Bowen;retibe averaged 0.698, 0.380
and 0.365 respectively.

Half-hourly and daily avaporation eetimatee from the equilibrium
model were compaxed to corresponding energy belance values in order to
test the hypothesis that the eurtnce control ovex eveporetion wes con-
stant in time and that temperature and radiant energy were the main
variable controls affecting the dey-to—dey changes iqyyﬁxx_?he equili-
briumrﬁddel was found to coneietently overeastimate the'egtual evapora-

tion for the ridge by 1-48, further substantiating the use of LEEQ in

62
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gstimating the evaporation"fo; hoderatelytd;y strftceé. Conversely,
the haif-hourlf and daily totals-consinttntly underestimated LE by 20
and 24% for tha nwamp, and 21 and 19% for the lake. For both the lake
and BWATp an G multiplier of 1.26 brought equilibrium evaporation into
close agreemant with the actual evaporation.‘ This valpe agrees with the
value of a }ound to apply to a variaety of wet surface; in mid-latitude
areas. | |

A sot of modelt has been de;elop;d, wheréby, the two commenly measu-
‘_red vafiahles‘o: temﬁeratur;-and inceming solarx radiation have been
subétituted‘into the equilibtlﬁm formﬁt. Ta-tt of‘the models for

‘natural lichen anj burnad surfaces at Hawlay Lake anleen Island, LER,
gpd a swatt at Thor Lakt, N.W.T., LESZ gave axcellént agreament‘wheh
compared to actual evaporation. Both computed the daily totals to
within 6 percent. The test of the lake modal, ZEL, for the shallow
waters- of Perch Lake gavt a gotd coﬁpaxinon toiﬁaauured evaporation,
estigating,the two-weékleatd monthly totals within 9 and 5\'tespectivply;
In conclﬁsidn, the results of this study tbow that the daily eva-
poration can be estimated aara'functlon of equilibriumrevapqration within
5% for the ridge, aﬁamp and lake surfaces. .For the .ridge, where a strong
resistance to evapor;tidn was found, in conjunttion with.the similar
f£indings of Rouse-and Stewart (1972) for diverse lichen and burned nur;
faces, the results of this study substantiate the use of the equilibrium
. model for datarmining the evaporation from upland dry surfaces in the

-subarctic_and-tundrn region. ‘For saturated surface conditions, exhibited

by the swamp and lake at Pen ;:iﬂfq; the ratio of actual to equilibrium



evaporation is equivalent to 1.26. In cdnjunctioﬁ with the near iden-

tical ratios cbtained at Thor Lake and Cpaik River, this study shows

that the Priestley and Taylor (1972) value of a = 1.26 applies to wet

- .gurfaces, containing free standing wgter; in ngh—latitude areas. féf

theae'aurfacaltypan the Priestley and ?aglof model can be used to
estimate the daily evapofation ;itﬁin 5 peréeng.

The results of this study further show that the evaporation :or a
ridge, swamp and shallow lake can ba'accurately_eutimatad as a function
of temperature dqd incoming solar radiation. ‘Testﬁ'of models based on

this concept show tha following. For upland surfaces exhibiting“a strong

-résistance to avapornﬁion, in the presence of abundant surface soil

moisture, the daily evaporation can be entimaﬁed‘within_et. For swamp

surfaces, consisting of sedge and grass vegetation, and maintaining froh‘

10-150 mm of free standing water, the evaporation can be determined to

within 5% on a daily basis. For shallow lakes, with depths between 0.5
and 2 m, and providing the heat storage term approacpgs‘zero, the eva=-

poration cans/be estimated within 10% fdr periods of two weeks to-n-month.'
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LIST OF SYMBOLS

Roman Capital latters

Ragression constant (J n~2)

Ragression coefficient (dimensionless)

tt §

Heat capacity (J g-l c )

Specific heat of air at constant pressure (J m

Heat capacity of the ridge soil (J g -1

Heat capacity of. the swamp soil (3.9
-1

Heat capacity of water (J g

Wet bulb depression (C)

l_c

Quantity of évuporatad water (mm)

Heat flux across the earth-atmosphere interface (J m_

Heat flux into the lake (J m

2y

)

~ Subscript reférrihg to §h11y totals

Heat flux into the lake bottom {J m

2

1

1

)

Heat storage content of the lake (J m

Sensible heat flux (J m—z)

Incoming solar radiation (I m

_Net solar radiation (J_m—z)

Bddy diffusivity of heat (m> sec 1)
Eddy diffusivity‘of‘water (m2 séc-l)

Latent heat of vapourization (J mm)

Evaporation (J m-g)

2

)

€6

2

c

c

)

)

-1

)

2

»

c

=1

) -

2

)
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‘LEEQ Equilibrium evaporation (J m 2)

Evaporation model for the lake (J m 2)f

Eygporation model forlthe ridge (J m 2)

'vagpofatioh‘model for the swamp (J mfz)

-‘Evaporation model (J m 2)

2

: Potential evaporation {J m )

-2

: Net radiaticn (J m )}

¢

Slope of the saturation vapour pressure-temperature curve
Standard error of the estimate (J m-z)
Dry bulb temperature (C)

Screen height aii temperature (C)

Mean seasonal water temperature for the lake (c)

Temper&ture_of the lake (C)
Mean temperature (C)

Surface temperature (C)

.wét-bulh temperature (C)

Weighted average temperature (C)
Cutput (mv)
Volumetric fraction of mineral matter {dimensicnlens)

Volumetric fraction of organic matter (dimensioniess)

-

Albedo (dimensionless) n - : Lo
N . o
Regression constant {J mdz)

Rogressioh coefficient (dimensionless)
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3 Average depth’of_éhg'iaﬁé m o ¥
- ; Vapp@r pressure (pa) . . ™ .
Se Saturation vapour pressure deficit (ga)
e, Sgtu:atioq vaéour éressuxer(pa) -
h | Winéspead transfqr coefficient
i Subscript referring to time
1 Subscript referring t§ the lake S s
rl Correlaﬁion coefficient (dimensionless) | -
r, Aerodynamic reéistan;e (m-2 sec 1) ' -
;I , Climatolqgical-resistance (m._2 sec-l)
L2 -1
ry Surface resistance (m ~ sec ) .
x' Subscript referring to the ridge E
s' Subsgcript referring £o the swamﬁ
t  Time (hr)
z ‘ Height (m) ' )

3. Greek Letters and Other Syﬁbols:

8 Bowen ratié (dimensionless)

Y Psychrometric constant {pa C-l)

a Ratio_of actual evaporation to eQuilibrium (dimensionless)}

a density {g o ) i

© Volumetric fraction of water (dimensionlesé)

& - Gradient (various‘unita) | .

\
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_ r.ERROR ANALYSIS OF THE mmmm AND HUMIDITY

AND RESULTANT ERRORS IN LE

1. Tegggrature
- The dry and wot—bulb_temperature data were reduced by:

T = Cc_v' (C"l)

where C is the calibration constant ano V is the electrical output of
the'recording instrument. The main: exrrors involvod in the temperature
-measurements.are incorporated in the calibration constant and the

recorder output. AOther sources of=error, such as, those due t© radi;—

ticnal heating of the temperature 8ensors, inadequate sampling and the

human error involved in the data extraction_tron't chart recordings, for

g [ -

tﬁe-purposesuof this study could not be assesked,
The maximym absolute error in T, 8T, can be evaluated by ptrtia;lj

differentiating equation (C-1) with respect to C. and.V, such that:

. .
ST | . 27T o ‘ ' o
. 8T ='3_C— 6C BV iv, . (\C—Z)
- c
1 'b - '
W .
where 6C and &V are the abgolute errora in the calibration constant and

‘\.

recorder output, and aTIBC and 3T/3V are the partial derivativos of
temperature with respect to the calibration constant ,and recorder output

respectively. Following Qge‘proceduro of Coék and Rnﬁ%rowicz (1963), .

72"

i . ~
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" dividing equation }C-Z) by T and taking the root mean squaréAsclutibn;

T . Fa

the ;elatiﬁe-error in T was evaluated as:

Crse? /e - .
8T c v
(T ) R.M.8. = :[(E——S + (‘?—) ] . L - {C=3)
¢ _ _ .
Temperature gradients betwéén various levels of measurement were
- calculated as

T =T =T (c-4)
z

z-1’
- where AT is the difference in temperature between the heights -z and
z-1. Differentiating equation {C-4) with respect to T and T__, ¢ the

absolute error in AT, GA:, is

a
L= ‘ -
. AT AT o
. GAT = T GT + 30 éTz_l, (F 5
z ,.- “z-1l
- “ ! ‘ .
pividing by AT, and computing the root mean square solution, the rela- °é§

tive error is given by

" . ’ 1/2 . B

. 2 2°
SAT Tz-1 . _
| (ﬁﬁ_) R.M.S. {( AT  ) ] . (c-6)

For the calculation of equntion (c- 3) and (C—G), ubsolute erroxs of

0.017 C and 0.01 mV were ‘assigned to ﬁc and &V respecitvely. T;\kformer

value represents the atnndard errox of~the estimate obtained from the
el
regression of T on v, whila the 1attar, reprasentu the recorder accuracy

n
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for the 10mV full scale range. Absolute and relative erroxs in T were
vcalculated over the temparature range 0-30 C. These were theén utili-
zed in oomputing the absolute and relative errors in AT "for temperature

gradients xanging from 0. 1 to 2.0 C, and absolute temperatures in the

vicinity of 5, 15 and 25 C respectively. The results are shown on’.

Table A. x
2, Humidity

The vapoui pressure gradient was calculated using equation (8).
Ignoring the small errors in S caused by the errors in T and T , and
' differentinting with respect to T and T , the absolute error in the

vapour pressure gradient is cbtained from

dde SAT + dle

Sbe = 38T aAT

GAT . | - .(C-7)

- Utilizing the root mean sqguare solution to equation -(C-7), the relative

error in Ae was computed from

2 1/2
. (s + v) SAT \ 2
Sa . w YOAT - 4 _
(‘E;-) R.M.S. -i [( 7o ) + (——Ae ) ] . _ (C-8)

Using an absolute dry bulb temperature of ;5 C, which was the average'

air temperature over all surfaces during the experiment, the absolute

and relative errors in Ae were computed over the WGt-bulb_deprension

range 1.0 to 10.0 C. For these calculations the absolute error varied
. p ,

from B to 12 pa.
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TABLE A

"ABSOLUTE. AND RELATIVE ERRCRS IN T AND AT

T (°C) ABSOLUTE ERROR (°C) o RELATIVE ERROR (%)
5.0 - - L0291 - 581
10.0 - , .0357 | 357 '
15.0 | " .0450 .300

20.0 ' : .0558 _ ' - .279

25.0 .0675 - .270

30.0 _ ' - .0792 : .264

' ABSOLUTE ERROR IN AT (°C)

T {°C)

AT (°C) s | 15 2
0.10 - 0411 ©.0637 - ©.0955
0.50 .0409 N .0629 ,0953
1.00 ~ .0408 : .0623 0939
2.00 . ' .0405 - .0609 .0922
- "’ . .
Rﬁhiﬁlvz ERROR IN AT (%)
T (°C) ' o
AT (°C) 5 | 15 25
0.10 . 41.08 63,70 95.46
0.50 : - 8.18 ©12.56 19.09
1.00 : _ 4.08 6.23° | . 9.39

/’“_5766‘\\\\' 2,03 3.04 ©4.61
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3. Errors in Q* and G- .

) : ~ ' - : o

In this expsriment an error of 5% was assigned .to Q* (Fuchs and

Tanner, 1970). An error of 10% wapiasiigned to Gitor th§ ridge and
swamp (Fuchq‘and Tanner used a similar valuc}; while for the lake, the .
relative exror in G was computed to be.apgigfimatcly'IOl. This was
attained by Qitfarentiqélng aquation (25a) with respect to: the average
lake depth (d), the aﬁarnge lake temperature change (ATL) and therhhat

flux tﬁrough the lake bottom, such that, the absolute error in GL‘

. GGL, Qan: P
G, - 3G - G - '
L L L ,- | _
66, = %3G, 86y +'aa'.\'rL 84T, + 57 44 - (-9

The relative error was then obtained by dividing equation (C-9) by GL'

and taking the root mean square solution, such that

. sa. 3G.\ 2 /6G.\2 /3G. \2 /5AT.\ 2
. (EEL') R.M.S. = 4 (S'EE) (E_B) * (u#) (GL)
: L T L _ L

W

For thi- experiment, since éB was e;tlmutgd from the ratg of frost

ratreat uné,r ;ha lake, it was élnumad that Ga‘was accurate onlg to within
254, ip additicﬁ} it was assumed ;hnt.ATL-was within 0.1 C and that the
avarage lake depth was kﬁown to within 0.05 m.



77

- 4, PErrors in LE

The . evaporation for each.sﬁrta’cg was evaluated using eqﬁation (6).
Pai:ti.ally differentiating LE with respect to Q*, &, AT, and Ao,'.the.
" absolute errors in the evaporation estimates were determined from . |
3LE , . . 3LE JLE ILE

sov 52" * 35 8% * I 8aT + 53- ste, o (c-11)

. -

SLE =

and the relative cfrors from

v () ()" ()

Ov

where:

e

Beax YAT/A.) | o (c-13)

BE o1 + var/te) Y, o ' (c-14)
‘ 0 . :

gi‘:‘ ‘.- Qr -~ G Z + Y/he, : (C~15)

{1 + YAT/Ae)

[T

3L - Q* -G . 2
. dde 2 . YAT/A.

. . A * ' (C"lﬁ) .
(1 + YAT/Ae) ' :
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" Evaluation of equation (C-11) showed that -in the presence of large tem-
poratﬁ:o gradients, an accuracy of 7-12% was attained in the LE

estiﬁatei for all surfaces.

5 . e e
et and b el T A i ATt e



APPENDIX D




DAILY ENERGY BALANCE AND EQUILIBRIUM

The following

ID =
. Qt ' -
G -
w. -
.LE - -
R
a -
B -
b N

EVAPORATION DATA FOR PEN ISLAND .
symbols are used:

Date (day-~month}

Net radiation

Soil heat flux
Evaporation

-Equilibrium 6vaporation

Ratlio of actual to equilibrium evaporation

‘(dimenuioniesl)'

= Bowen ratio (dimensionless)

Average screen height alr temperature (c) °

All fluxes are in MJ n~2 day™! and are considered positive if directed

away !rom-the surface.

AT

80
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f‘,
1 RIDGE:"
. T e . ‘ o \ '

D 0 G H 12 LB,y @ 8 T,
0307 . 16.43 1.22°  7.57° 7.64 8.25 ".926 - .992 | 9.9
0407  17.17 141 , 7.57 8.18 -8.94  ..916 . .926  12.1
0507 13.39 1.47 5.24 6.68 6.87 .973 .784 14.0
0707 12.50 . 1.50 3.66 7.34 6.5  1.120  .498  15.5
0807 6.37 0.66  1.82  3.88 .3.78  1.033  .468  21.4
0907 13.58  1.29 ° 4.69 7 7.60  7.60 1,000  .617  17.2
1007 7.3 0.98  1.53  4.82  4.27  1.129  .317  23.3

. ."r‘h" L : . .
1507 11.98 0.93 4,78 [6.27  6.43 976 .761  14.1
2107  15.63  0.87 . 7.19  7.57  '8.22 921  .950  11.9

2207 %, 12.96 © 1.00 . 3.87  7.99  7.26  1.101  .497  15.6 .
- - l\ ) o . y " - L
2707. © 12.18  0.80 5.35  5.93  6.41  .925  .903  12.5
2807 .58 1.17 2.04 ‘5.3 5.00  1.078  .378  21.3
. ) . .\ 7 . X '

Average €12.35  1.12  4.62 6.61  6.63 997 -.698  15.9

N ) 5

B



B2

SWAME
1D o* G B IE LE a K T,
0307  19.28  1.34  6.50 11.45 a;sq 1278 568 - 6.7
0407 16.84  1.10  4.99 10,76 8,37 ~1.286  .463 'b.eg;
0507  '13.77  1.38 '3.18 9.20 6.93  1.327 . .345  11.7
0707.  13.98  1.29 3.27 . 9.43 7.45 1.267' .346  13.7
0807 6.54, 0.38 .1.31 4.85 4.00° . 1.212 .2313 . @p.oA
0907 15.57  1.40 ‘3.22 11.05 8.5 1.277 292 'E}S.a
1007 8.7  0.78 1.30 6.68 5.33  1.254  .194 21.3
1507  13.73, 1.13 3.94 8.66 6.73 1.286  .455.; 10.4
2107 17.22  1.59  5.33 20.31  6.18 1260  .517 9.3
2207 18.34  1.87 - 4:.21 12,26 9.67  1.269 1545' 13.4
2707 13.80  1.18 3,50  9.12 6.88  1.326  .384 10.4
2807 10.46  1.03 '1.61 - 7.82 6.27  1.247  .205 207
Average 14.04  1.21 ©3.53 9.30 7.28  1.277  .380  13.5
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3, LAKE:
1D Q G B IE B a 8 T,
0307  21.50 -2.28 ~ 7.84  15.94 12.93 1.233 492 6.2
0407 - 22.54 9.5 3.98  9.01 7.2z 1.266 .42 8.5
0507  19.02 0,96 4.3¢  13.72 10.99 1.2d9 ° .316  10.9
0707  19.81  14.14 1.08  4.59  3.45 1.331  .235 ° '13.0
0807 - 8.68  1.55 1.22  5.91  4.64 1,273  .207  16.3
0907 19.22 - -7.35 '2.67 9.20 7.41 1.242  .290  15.0
1007  10.08 1.61]' 0.64  7.77 5.66 _1.373  .083  18.8
1607 17.02 -;??ﬁ 8.54  13.47 11.02 1.222 3634 5.9
' Lty N .
2107 15,00  13.28 0.39 1.33° /1.05 1.262 .294: 11.8
2207 21.64  0.93 4.2 15.89 12.56 « i.265  .303  13.3
2707 14.3 - 3.02 3.79 7.5 6.1¢ 1.227 .503 9.7
2807  11.02  3.65 ~ 1.67. .6.70  4.57 1.246  .294  16.0
Average .16.66  4.07  3.42  9.17  7.30. 1.257 ' .372  12.8
Y

1A
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DATA USED IN THB TEé%\QF THE RIDGE, SHRMP AND

LAKE EVAPORATION HODELS

The follow;hg symbols are used:

Y

1E_, = Evaporat;ion estimnﬁas by the ridr;;e model .
LE, = Evaporation eutimtes by . the swamp’ model .
IE, = Evaporation astimates by the lake model n
ID = Date (day-month-—year) o
1E =, Maasured evaporntion : ;1 ‘ ; -
T, .‘Averaga screen height air temperature (C)

K¢ o= Incoming solu radintion |

NH ., = Number of half-hours involvad in the da.:l.ly calculation
"ND = ﬂumbqr of days involvnd in the monthly totals

. . o v o

2 ,..=1

.. For the ridge and swamp models the fluxes are in MJ m = day .

-2 -1

For the lake ‘the fluxes are in mJ_m_?"wé'el{_l and MJ m © mon .. Except

'n

for K+, all fluxes are positive if 'direqted -awny from the surface.

-

8s
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1. DATA USEb IN THE TEST OF LER:
'a. Pen Island 1971: (from Rous_e_ahd‘.stawarti"t 19_72‘.)

oS NH LE { T, % e,
_ l -

060771 16 4.728 9.6 "' 18.06 4.311
07 22 1 7.351 18.3 23.40 8.174
11 . 24  6.424 '15.3 "20.40 , 6.411
21 12 . T 1.3%6 9.0 6.06 1.385
23 18 3.759 - 11.4 © 18.84 | 3.187.
24 20 4.585 129 16.56 4.928
26 . 14  3.103 12.0 13.23 - 3.989
290771 22" 7.353 13.0 23.68 7.484
030871 | 18 5.466 19.2 16.22 5.562
04 22 7.293 24.7 17.47 6.378
05 | 6 . 0.493 14.6 2.24 0.472
06 26 7.337 13.5 21.10 6.323
07 16 5.234 15.2 14.94 4.791
11 22 7.015 10.1 22.74 6.710
12 8 3.063 12.0 ~ 10.03 3.188
13 20 5.033 8.3 19.35 . 5.414
14 16  6.114  16.9 17.58 6.020
23 12 4.112 . 10.6 ©13.43 4.066
250871 22 4.824 4.1 16.96 - 5.072



1. DATA USED IN THE TEST OF IE_:

'\ﬁ'

b. Hawley Lake 1970: (from Rouse and Kershaw, 1971)

D . NE LE f T, o k¥ LE, .i>
100770 22 - 6.183 16.4 19.73 6.416 ;!E\
18 12 2.765 14.4 e Y s0is.

19 . 28 7.115 ' 12.8 23.73 7.090°

4 . - ' ‘

20 16 5.933 17.9 . 17.62 : 6.150
24 ' 16 6.159 23.7 15.76  5.959
27 16 4.475 15.0 . 17.06 5.601
28 1 6034 - 13.7 1932 . . 6.319
290970 6 1.508 . 12.0 6.03 1.842
S
i
i )
@



2. DATA USED.IN THE TEST OF LE,:
. 1 it

Thor Lake, N.W.T.,

(Hé&é}l_red by author)

'

‘88

. "
NH LE kN K+ LE,
300674, 18 8.006 17.8 14.13 7.638
010774 25 7.528 15.5 14.39 7.144
) 21 3.436 12.1 8.43 3.640."
03 25 5.703 14.0 12.84 6.071
\' . o4 25 8.630 15.5 18.16 9.313
05 25 8.453 16.2 16.44 8.437
06 25 T9.612 16.6 18.15 9.506
o7 25 8.158 16.0 16.10 8.207"
" 08 25 8.143 17.5 15.33 7.983
10 22 .7.170 | 16.1 14.40 7.371%
110774 20 8.758 18.6 15.85 8.704.



3. DATA USED IN THE TEST OF LE :

pant)

perch Lake: 1970, 1871, 1972 (from Ferguson and Den Hertog, 1975)

o a. 2-Weekly Totals:

'.

89

1D LE X ‘x+ ,LEL
\
1906-020770 130.43 15.8 231.60 143.97
0507-1507 63.98 20.3 7 102,52 75.40
1607-2907 124.07 19.6 202.55 136.48
3007-1208 172.54 21.0 267.27 181.04
1303-2708 144.18 17.6 1214.13 138.51
' 2808-1009 114.26 14.2 157.99 98331
1109-240970 72.82° 12.0 93.11 59.28
1606-290671 109.11 19.0 . '147.24 101.09
0808-2208 150.25 18.6 | 234.62 153.56
2208-0609 90.94 15.8 159.43 102.27
0609-2009 80.90 '15.7 102.53 69.26
2109-041071 82.88 11.7 117.%3\ 71.84
' ' 4|
1306-260672 112.71 15.1 188.76 117.60
1107-2407 *: ° 99.55 20.7 146.90 ’,1103.99 i
2507-0708 | 168.73 16.5 '257.06 160.81
0808-200872 92.05 14.0 .162.73 100.57

o

Rl T e




Perch Lake: 1970, 1871, 1972

‘). Monthly Totals:
bis ND 1£ T, K+ 15,
~-0670 12 123.98 15.5 | 215.96 132.71
o . .
07 24 216.37 20.0 338.92 230.46
08 31 344.04 17.6 498.28 321.13
: -0970 24 141.87 13.0 209.86 1176.47
-0671 21 185.78 17.2 324.51 208.19
07 14 124.69 16.8 210.93. 134.56
08 31 305.41 ° 17.3 458.96 296.51
-0971 30 149.88 14.6. 257.36 166.52
-0672 16 1144.81 15.9 273.63 170.03
07 . 29 263.01 '18.4 449.39 - 294.72
. -0872 20 173.21 14.6 285.66 175.41
™~

-

N
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