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~ ABSTRACT

In 1977, snowmelt was studied at a site near Resolute Bay,
- N.W.T., with additional data obtained in 1978. Using measured net
' radiétion and computed fluxes of sensible and Tatent heat, the surface
energy balance over ;now wa§ calculated. Field measurements of snow
ablation compared fabourably with.the computed values, indicating that

\ "~ the énefgy balance approachlis_adequate for the computation of snowmelt

\ at a High Arctic site. _ N

The surface gnefgy HAIance was also extended to a number of
slopes using data from the horizontal site. On {ndividuai'c1ear or
"partly cloudy gays,hthe difference in the surface energy balance between
'Topes was small and on'overcast-day§, such differences were further
- @jnimized. Over the ehtire study pgriod, computations show that there
as little difference in the amount o%'energy received'by variqus slopes

K4

up to 10°.
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‘CHAPTER ONE-

"INTRODUCTION -

-1.1 Literature Review | L o .- -

-

_ The 1mpor{ance of snowme]t 1nrthe runoff reg1me and wateg
: ba]ance of High Arct1c catchments has been emphas1zed in’ recent stud1es

(Cogley 1975 Marsh . 1978, McCann and Cogley 1972 Ryden 1977 Woo 1976)

—

'.'Most studies report that over 80 percent of the annual runoff occurs in

two to three weeks dur1ng the snowmelt perlod Howevef:’;:ET;'stud1es on

the snowme]t processes in the H1gh Arct1c remain gcarce.

‘_‘;__“

Stud%eghhf_snowmelt processes have béen carrled aat in a wide
var1ety of non- Arct1c 1ocat1ons, including gTac1ers (Fohn 1973 La Chape1]e
195?, Lougeay 1974T¥ snowfields {1a Casiniére 1974); a1p1ne_areas (U.S.
Army 1956), as well as areas with thinner and somét%mes patchy sﬁowcovers',
(Granger and Male 1977“ Gold and Williams 1960, MpKay and Thurtel? ]978)

From such process studies, deta11ed mode]s (Anderson 1976, Obled and Rosse

1977) have been developed to compute the snowmelt occurr1ng at these *

1oqations.,

-
LY

Snow and 1ce med t stud1es have also beea conducted on Arctic
g]ac1ers.and snowf1e1ds (0rv1g 1954, Mu]]er and Keeler 1969, Wendler and ¢
Ish1kawa 1973) and resu]ts from these studies are cbmparab]e to those
from_more southerly latitudes exeept for the magn1tude of ground heat

. - Ll ] . N . ..-. . 5
. . ) . T

v

-l



.
Y

{Garnier and Ohmura 1968 Kondratyev 1969). Good1son 1972 compa ed snow

1.2 Objective

flux. However, the results of the Arctic tundra energy balance stud1es

(Ohmura 1972, Ohmura and Mu11er 1976 Weller et al 1974) are d1fferent

. from those obtained on the prairies {Granger and Male 1977, 0'Neill 1973)

an env1ronment somewhat comparable to the Arctic tundra “fﬁ”"“\\\

. . . A .
The above mentioned studies are all site specific and do not

everal

incorporate variabi]ftyﬁdye to slope ang]e.and*aspect . However,

procedures a;e ava11ab1e to determine the net rad1at1on baTance of a slope

ablation measurements to 1ncident short-wave radiation estimated usipg

—

the proceddye outlined by Garnier and Ohmura (1968). In a much -simplified

apprdhch Price and Dunne (1976) used regression to estimate the net
Fy

rad1at1on on slopes which was then lsed to compute snowmelt, More com-

. p]ete s]ope radiation ba]ance computations have been used in the snowmelt

" runoff mode]s of A]]en j1974) and 0 Ne111 (1973)..

,)-.* : .

Resu]ts ﬁfom the stud1es ment1oned above may not be directly .
app11cab]e to the High Arct1c in view of d1fferences in environmental
factors 1nc1ud1ng snow distribution, snow properties and the duration’ of
daylight hours during the melt period: There ex1sts,-therefore, a need
to further our knowledge in the application of an energy balance technique

to determine snowmelt in such an environment.

»

The objective of this study is to examine snowme1t processes in
the High Arct1c using an energy ba]ance approach The surface energy

balance will be first obtained-for a horizontal s1te and_then extended to

’
. B S

e



ivarious slopes. Results from this study will contribute to a better

understanding ofisnowme]t processes in the High Arctic as well as a more

accurate prediction of snowmelt events.

3




CHAPTER TWO

\d\(_/

 SITE LOCATION AND INSTRUMENTATION

2.1 Study Site | S
2.1.1 ,Location ang Topography

This study was carried out in a sma]] catchment approximately
3 km northeast of Resolute Bay (74° 43 N, 94 54' W), Cornwallis Is1and
~ Northwest Te::1tor1es (figure 2.1). The re;earch stte was located on
gently undulating terrain. Nearby is é knol1l approximately 50 m higher
than the site. This knoll affects the fetch when a southerly wind blows.
Wind fetch in other directions was limited by two small conical hills,
the Targest of which was sufficiently far away to the northwest
(approximately 800 m) to produce significant éffécts The ofher 5111 was
100 m to the north of the site and was much 1ower than the previous hill.
At the centre of the study area was a small depreSSTOn wh1ch was occupied
by a streamg;nd a sma]],pond during the Snowfree per1od Hgﬁever, the
site was_flooded short]y after snowmelt started, and‘1§ wasnecessaiy to

shift the sensors to higher grounds. .

s

2.1.2 Climate : : : '

Resb1dte Bay rébeives continuous.day1igﬁt;from thé end of April
to the middle of August. However, the solar e]evat1ons remain 1ow, never
reaching 40°% above the horizon. Daily mean air temperature dbes not rise _
above freezing unt11 June (Dept of Transport 1967 As a result, the
melt period may occur from early June to mid- Ju]y During the same

period, the mean amount‘of cloud cover increases.
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Within the melt seE%on, mean wind speed is the highest i
reaching an average -of 20.3 km/h (Dept. of Trénsport, 1967). The fdominamt
wind direction is northwesterly with a frequency of 27 percent. South-

easterly winds are also. common at this fime of yea?.

o
2.1.3 Snow Conditions

. « .
The entire study site is underlain by permafrost at an average

depth of 0.5 m and the active layer remains frozen until the snow has
me}ted., In 1977, the depth of snowcover at this site averaged 0.6 ﬁ. /
However, shoW distribu:}Bn was uneven. In early Jﬁne, many ridges and
hi]1t0p§ were completely devoid ‘of Snow, while many of the smaller de-
pressions ‘and valleys were cbab]etely filled by snow. At the same time

in the previous year, no bafevground was present in the study area. A
difference in the snowcover conditions of the two years is due to the Tow
winter precipitation of 1976-77, with 31 mm total sno@fa11 water equi-
valent recorded by the Atmospheric Environment,Service at Resolute
Airport, compared with a fong term.mean of 72 mm {Dept. of Transport,

"1974).

e
2.2 Instrumentation and Methods

During the study period, the instruments were shifted from one
location to another. Such moves were necessitated by flooding, an
increasing presence of bare éround or the.unrepresentative nature of the.
SNOW syrfacé. Thus some of the instrument locations shown in fig. 2.1

-

Y . . . .
should be taken only as mean or representative locations. ™~



2.2.1 Radiation - | -
\./j . . .

Net radiation was measured at a height of approximately 1.0 m
above a horizontal snow surface using a Swisstecco SW-1 net radiometer.
The readings were reqorded on a Rustrak recorder. Measurements coﬁtinued
until late June.when the diameter of the largest snowpatch was reduced to
approximately 8 m. Under such conditions, the‘bare ground at the edge of

the snow would.also be sensed by the radiometé#, and thus yielding an

over estimate. To minimize this error, the measurement height was lowered

to 0.75 m.

Additional radiation readings were taken by the Atmospheric
Envirqnment Service (A.E.S.) at the weather station at Resolute Airport.

_ "The radiation

ields included incoming short-wave radiation (K+),and diffuse
short-wa jation (D} . Unfﬁrtunately,-the snow at this -location dis- f
appeared much earlier thanlat the stddy site. 's, only the.incoming

short wave and diffuse short wavé radiation cﬁaho nts were used 9ur1ng

the study period. Missing radiation data during this period were estimated

by regression relationship-obtained between various radiation components.

. Snow surfac € do at the site was measured with a Monteith

Manual readings were taken at irregular f;terva1s next to the net radio-
meter and at the ablation study sites: ‘However, instrument ma]fuhctions
_resu]teﬁ in a 1imited data base. Fortunately, the readings of K. and K+
obtained at the weather station could be used to calculate the albedo of

N—

the snow, and this supplemented the albedo data.

2
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Fourteen thermistor probes protected by rad1at1bn shields on four masts

2.2.2.. Air Temperature and Humidity

A continuous record of ajr temperature and humidity over snow

- wWas provided by a Lambrecht thermohygrograph housed in a Stevenson's

screen 1T m above the snow surface. This instrument was calibrated with

an A;sqan.psyehrometer. Missing. data were estimated using a regression

equation relationship between the Lambrecht and a'Neath Measure thermo-

hygrograph” at meteorological site 1, both of which were reéatto 0.2°C.

In 1977, air temperature and humidTty were measured 4t heights
of-1.0 and 2.0 m above the snow surface, using shielded and ventilated
psychrometerssimi]ar to those used‘by Lourence and Pruitt (1969). These

=
observatIons were made 1rregu]ar1y and;ﬂata from these sensors were not

used for any calculations.

. In 1978, a more‘extensive.netjprk of temperature sensors was

used to examine the deve]opment of the boundary layer over a snowpatch.

__were erected on a large snowpatgh approx1mate1y 300 m southea§t\g

meteorological s1te fig. 2.1). The radiation shields were conétructed .-
of two offset concentri rings of p]ex1glass which formed the walls, and' Lo
two c1rcu1ar styrofoam :Lpels fbrm1ng the top and the bottom (fig. 2. 2).

The external surfaces were then covered with highly reflectant my]ar.
This'arrangement a1Ioweq the air to circqlate past the thermistor while

minimizing rad}ation.heating qn the sensor. This latter effect was

‘noticeable only when there was no air movement to ventilate the sh1e1d

The temperatures measured by the thermlstors were accurate to 0 1%¢.

C oy

.‘—-‘ ) ' \.“ :
. - . v
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Fig. 2.2 Construction of the radiation shield used for the
temperature sensors in 1978.
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Wind speed was ésured at 1 m above the snow with a Munrb’cup

countingﬂanemometer. Madual reddings of the accumulated wind run were
taken at irregular time\intervals. To obtain hourly records, these.
readings were regressed againSt tHe 10 y wind speed measured hourly at

the A.E.S. weather station (fig. 2.3}.

L_,z) - ‘The A.E.S. meésurem;n s are 1 miputé avefaées cbtained at the
end of each hour. To make these values more comparab1e w1th those
measured at the research site, 2 running mean was used to obtain average
wind speed. As a resu]t of the different methods by which the wind §pgeds

“were obtained, and the effect of a large hill, the scatts is Tange. The‘

. relationship between the s.tudy site (um) and A.E.S. (U% speeds
L. ' . . ' . | i '

u = 0.572U'+ 0.96 - - (2.1)

was used to-estifate the mean hourly wind Speed at the stddy site,

The surface roughness ctoefficient (z ) was obtained by taking {é;;
s1mu1taneous wind speed measurements using two anemometers pos1t1oned at
0.25 and 2.5 m above the snow. Roughness was then calculated for 15 v
‘minufe periods, using equation (3.5). The mean syrfate roughness was
" 3.05 mm with a standaF%’dev1atton of 1.73 mm. This value compares
favourab]y w1th those obtained by Weller et al (1972) (2.5 mm), Lougeay

(1974){(4.1 mm) for similar surfaces. : e

2.2.4 Qther Meteorological Variables

Other meteorclogical information available from the A.E.S.
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Fig. 2.3 Relationship between the 1 m wind speed at the study site and
the 10 m wind speed at the Resolute Airport weather-station.
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weather office includes atmospheric air pressure, tloud cover information
and precipitation. Precipitation was also measured at the research site,

) ' \] - s + .. M - - ’
but only an insignificant amount of rain and snow was recorded in the

study period.

2.2.5 3now Measurements
2.2.5.1 ‘Snow Ablation _ .

‘To pravide an indepéndént check. on the calculated surface
energy balance, snow ab]ationfwa; measured at several sites. Each
measurement site.cbnsistéd of a thin beaded wire held taut by spriﬁgs and
stretched between twofs;akés driven into the snow. The distance from the
snowéover to the wire'was measd;ed.to‘the nearest millimeter at each bead,
and these distances were averaged. The.amount of surface ablation (in
water equivalent unif) was then obtained-by%

M= Thgg = hyd/eg (2.2)

where h and ht#at are the_mean distances from the wire to ‘the snow'surface

‘at time t and at time t+At, and P is the mean surface density of the snow

as

R

dur1ng the time interval At

The snow-ablation was pbtaiﬁéd on a nearly horizohta]_section“of‘

-4
snow Tocated to the south of the knoll shown in figure 2.1. In addition,

ablation was a]so measured‘ét sites on north (azimuth 100), gast
(a21muth 135%), south (az;\?th 190°%) and west (az1muth 270°) facing

s]opes which had sTope angles varying between g° to 15°, Measurement

Y

Je/* | . | |
B - i

PRRGNOY P



13
intervals. varied between two and four hours dur1ng observation per1ods
\_I ' .- '. ! . '
2.2.5.2 Snow Density and Thermal Quality

To determine the snow surface density»(ps) required by

equation\§.2, 0.5 % snow cores were taken from the;uppermost 0.08 m of

the snow €over at each ablation site. These cores were weighed by a -

spring_balance. Alternatively, snow density was obtained when the-
thermal quality is a measure of the moisture content of the snow. It is .

'defined as

. T = Aa/Af , _ o - (2:3)

-

"Qhere Af ig the Tatent heat of fusion and the apparent latent heat of-

fusion is - P ~ o | '/
‘ Aa = (cw (mw+mc) kei-ef) - c, ms(ef-273))/m5v . - (2.4)
o S . ‘ ‘ | )

where cw is the specific heat of water, m, and me are thL massés of warm
water and snow, m, is.the:yater,eq01va1ent of the calorimeter, ei and af
are the initial and final water temperatures, in the calorimeter in Ok,

T

The calorimeter used in this study cdnsistéﬁ of a‘thermos‘ffask-

w1th a femperature probe inserted through the 1id and was. s1mp]er

than those of Yos1da (1966) and.Leaf (1566) Thﬁfaccuracy of the calori-

" meters was approx1mate1y 5 perceng. Because o§ the time involved, this
-latter pro&edu}e could be performed only oncé every three hours on the

v <

-average.
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2.2.5.3 Snowpack Temperatures
¢ : '

+

"Snow temperatures were measured with thermdstors at 0.25, 0.50,

0.75, 1.00 and 1.25 m above the ground-snow interface. Two' thermistor -

. . " 4 _',I;.
arrays were installed, one at the north and - the other at the southern
.*site of the knoll. ,The,?esistance readings were,meaibred daily, using a

-

’E Lloyd resistance bridg ‘accurate to 0.5 percent, and were converted to
temperatures by an equation given by the manufacturer of the.thermistors. - A
e '
P - 3
< ?
. .
N ' n
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[+
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on June 2nd: "Atit

LY
CHAPTER THREE

SNOWMELT AT A SITE -

*
Pt}
“w?

3.1 Snowcover Conditions -

*

In.197?;4£he snowpack. began to ripen.on steep:southern s]opes
this

time, the snow temperature was @s low as -15%¢ at

the bottom of the pack (fig. 3.1): tatent heat was released to the

‘ surrounding'snow as'me]twater percolated from the snow surface and .

refroze in the pack, thus ra1s1ng the temperature wh1;j creating ice'.

Tenses w1th1n the snowpack (f1g 3. 2) These processfs were accompan1ed

by a decreaSe in the snowpack but an 1ncrease in the snow density caused

by 1ce 1ense.format1on, a coarsen1ng of the Snow crystals and a higher
’

water content. The surface thermal qual1ty was approximately ‘93 percent, -

' indicating that. the snow ‘had a7 percent mo1sture content At the base

of the snowpack the Tow dens1ty depth hoar crysta]s were rep]aced by an

ice layer-as energy was conducted‘to the under1y1ng ground

\

By June 10th, ripening was complete except for very deep packs.

',~For very sha11ow packs, cont1nuous melting led'to the exposure of

patches of baré ground (e. g , in the. vﬁc1n1ty of meteoro1og1ca1 site 1

and on the h111tops) These bare areas continued to grow-unt11 the “and

of June when only_a few remnant snowpatches remained (fig. 5:3).

¢

For the present study,‘only the energy exchange at the surface

. of the snowpack is considered. Heat exchange within the pack, although '

'). . v 15
C L

I
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important for such computations as meltwater release, is beyond the 4
present.scape.of this study. However, the tendency of the Arctic snow-
- pack to becomé patchy.during the final phase of the melt péfiod Wi11
affect the snow surface energy balance. In the section§ to follow, the
theory of snow surface energy exchange will be discussed and-the fje]d

. - b
results will then be presented.

B

3.2 Surface Energy Balance Equation

B
¥
- At the surface of the snowpack, the énergy balance is given by

N
Q = 0 +QQ+0+0Qp (3.1)
where QM is the energy available for melting, Q*,.QH and QE are the
fluxes of net radiation, sensible and iAtent heat. The eﬁérgy added by
= .
“precipitation is represented by Q,. Ground heat flux was not considered

in this study, but it is a term that should not be ignored if the energy

balance of an entire pack is to be considered.

The terms on the'right hand side of equation 3.1 must be cal-

- culated or measured in order to obtaiﬁ the melt energy, QML . The net.
radiation flux can be readily méasuted with a net radiometer. The
evaluation of the sensible and 1at§nt heat fluxes requires the measurement
of temperature, humidity and wind speed at two or more levels above the
surface. However, when-the snow is melting, thé surfa;e’témperature will
be O?C and the relative humidity, 100 percent. - This permits the use of

the bulk transfer zf?roach to calculate fluxes from

Q4 - Py Sp Cy ”(92 - es) - /\ ' (3.2)
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QE = A (e/Pj Ce u(ez - eS) h ' (3.3)

where 8 aqd ez are temperatures at ?he snow surface and at a. height

z metres above the sur‘fate,-eS and e, the vapour pressure§ at the snow
surface énd at a height z metre§ above the surface,_pa-the air denéity,_
'cp the heat capacity of air at a constant pressure, X the Iaten; heat
of vapourization, e fﬁe'ratio_of the molecular weights of water and air,

P the atmospheric pressure, u the wind speed at height z, and CH and CE

dimensionless drag coefficients. Assuming tﬁgt CH = CE = CD and
utiiizing the 1ogar1thmic'wind profile model,
¢y = Ko/(In(2/2.))° . | (3.9)
0 - _
where k is von Karman's constant.
Q .
The variab]é‘zb is a measure of the surface roughness and can
. be estimated from wind speed measurements at two Tevels, Z, and zy if a
logarithmic profile is assumed, .
c 1
z, = expl{uy In z) - vy In 2,)/{u, - up)} ‘ (3.5)

The bulk transfer equations indicated above are valid.only for
neutral atomospheric conditions. To correct for the frequent occurrence
of temperature inversions (stable ejuilibrium) over snow, the dﬁag
coefficient can be modified (Price et al 1976) usiné the Richardson

number,'Ri,



20 ' J

. fy Y-
Ri = gz (?Z 8)/8,(u, - u) (3.6) |
where g is the acceleration due to gravity. Fbr stable conditions
s .
(Ri > 0), the drag coefficient is
CDs = CD/(I +Y Ri) | "(3.7)
. »

.where vy 1s a coefficient with a value of 10 (Price et a} 1976).

Unstab]e conditions are less conmon but the drag coeff1C1ent can be
. modified by g (_ _ . N

Cou = Cp/(1 - ¥ Ri) - . (3.8)

lEquat1ons 3.2 to 3. 8 have been der1ved to describe the energy
exchange in the constant flux or boundary layer above a semi-infinite,
rough, uniform surface For these cond1t1on; to hold, it is assumed that
the wind speed, temperature and humjdity do not vary horizontally and
‘that they are constint within the time intervai considered. Under these
conditions, only a .vertical exchange of energy. occurs The above
conditions occur over areas with large homogeneous surfaces, such as an
extensive snowcover., Howeveh, dgr1ng_me]t period, the snéwcover breaks
up and Toses jts homegeneity. This situation results in the formation of
a poorly déveloped boundary 1ayer as the air.column moves from above the
- bare ground across the snow. Large horizontal temperature gradients may

ex1st 1n this area of trans1t1on

PPy T S
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Weisman (1977) has investigated - -the therma] and humidity
regimes of a boundary layer developed above & snowcover, \ His analys1s
indicates that when relatively warm and humid air moves over the snow,
turbu]ent enerqy f]uxes cause more rap1d melting in a zone stretch1ng
approx1mate]y 20 m from .the leading edge With 1arger fetches, the
turbulent epergy fluxes decrease slowly as do the horizontal grad%ents of

temperature.and humidity. Although not derived for these conditiqns, one
dimensional energy exchange equations 3.2 and 3.3‘shou]d-prov1ﬁe én
'adequate'estimate of the average energy exchange with the snowpack if the

kl

&
measurements are made near the center of the pack (Weisman 1977)L\

The remaining term of the energy balance, rain me1t, can\be

.evaluated by ' e
. - \\
Qp = C, Py R(‘BR - 85) _ (3.9)
where c_ is the specific heat of water, p,, the density of water, .

the temperature of the rain, which can be approx1mated by the wet bulb
terperature and R the ra1nfa11 intensity. .

components are determined, the energy /\

ia_v'ai'lab'le for snowmel ;'QM can be jcalculated by equafion'B.].

3.3 Computed SurfeEEhEnergy Balance
_ ) -

Figure 3.4 summarizes the radiation and thermal regime for the
snowmelt period. Jhe most noticeable feature is the diurnal cycle in all
of the variab]es,'induced by daily variation” in the short-wave energy.

v
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Thus the amplitude of the diurnal- cycle was greatest under a clear sky
(June 10th to 13%h) but was reduced when a cloud cover prevailed (June? -

14th to June 19th).

figuré 3.5 shows the hourly energy. fluxes for a typical overcast
day. Both net radiation and sensible heat fluxes were small. High
humidity and neér_freezing temperatures produced lpw vapour preésure
gradients and therefore a small latent heat flux. The resulting éurfacé
energy bafance was small. The:g Was.no negative net radiaiion, but a

period of sﬁrface energy Toss occurred during the early morning and late

evening.

On a clear day with scattered clouds (June 12th}, the net
w .
radiation component was much larger than on June‘IStﬁ\ However, five

hours of negative net radiation were measured when the sun was low in the

sky. ‘Sensib1e heat flux was large, peaking three hours aftér the net
radiation maximum. Both the sensible and Tatent heat fluxes produced .
promipent diufna] cycles which tended to mirror each other. The cause of
these 'mirror images', which-also occurred June 14th, 16£h-and 17th
(Appendix 1), is not known, but may be dug to bare ground ubwind
affecting the moisture conteﬁt of the air or possibly the result of
instrumental error. No pétterns siﬁ?lar to these were described'in he

¥, (
literature, o : ,

The va;ious components of the energy balance were partitioned
on a daily basis for the entire study period. Although drizzle occurred
in the melt period, it cohtributed Tittle épergy to melting and has been
ignored in figure 3.6. The heat flux to the snow-is then the sgm”of the
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** DAILY TOTALS OF THE SURFACE ENERGY BALANCE COMPONENTS AND DAILY ABLATION

A

J

Date |

June 10
N

12

13

14

15
16

17
18

19

20.

ra
.22
23

24

Energy Ba1ance'Components . AbTation _ <
Q*. | Q- | Qe QM 'Ca]cu]ated-_ j Obéerved
MJ 2 day"] mm day_] _” - dayh]
5.6 2.6 ° 5.2. 2.2 -6.2°(7.8") 7.3
3.2 2.3 -2.0 -3.6 10.7 26.7
6.5 5.6 . =3.2 --8.8 26.3 | 37.9 N
33 .59 -7 75 | 24 oo ,
3.3 2.6° -1.0 -5.0 4.8 17.2
32 03 -1 -1.s | 46 o 2.5
| 3.2 1.8 -3 .-1.9 5.7 7 0.9
2.9 . 0.1 ~Thg  -1.6 4.Z;—-* 10.3
41 09 0.3 .47 | W40 2 o
5.6 4.6 10.;? 9.9 | 2.5 3 o
4.7 3.1 0.5 -8.3 24.9 . 225
3.2 2.6 0.4 -6.2 | 1835 23.7
4.5 5.?_;/,11.9 a6 | 29 T 33.0
5.6 . 6.5 -0.9 -11.3 33.7 20.0
5.9 9.9 -1.z -15.6 46.6 30.3
* 1000 h to 2400™h

'..
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r

" net rad1at1on, sens1b1e heat and latent heat components. F1gure 3 6 and
table 3. 1 indicate that durlng the overcast and foggy days in the m1dd1e
of the melt period the energy available for meit was reduced. For the
rest of the melt per1od accelerated melt was- primarily due to an 1ncrease

TN
3

*inthe sensible heat gained by the Snow, a]thouéh the net- rad1at1on com-

6nent also increased. The Flux of latent 2Eat removed a large amount of “*J)

ergy early in the melt period, but as the air warmed and its moisture a

._\\ -
\~;eceLtent increased, the enen@y loss -decreased. Latent heat provided (/,/”
) -energy for snowmelt aqn only.tw "pccasions. " S “

Over the entire measurement per1od net radiation accounted for

58 percent of the total energy .input to the snow while 42 percent was -
S, . y - . .
contributed by sensible heat. -Eighty percent of the energy received was
, "used for snowmelt and the remaiming 20 percent. was consumed in evaporation.
3.4 Comparison of Calculated, and Measured Values

Snow ablation at.a.eite was measured as an independent check on
the calculated energy be1ance. Figure 3.7 compares the cumulative |
ﬁeasuféd‘ahd calculated ablation values. .This graph was obtained by
-éccuhulating the'hourTy calcuiated melt .and evaporation Qaleesrand super-
impoe:ng the resulting curve on a plot of the observed ablation. The fit

-_15 very good but the- calculated values under estimate the.observed values .
by 9 percent. Figure 3.7 and table 3.1 indicate that there are several
perioéglwith poor comparisoes. One occurred durin§ the . first three days
of the study per1od when the snowpack was not completely ripe as shown

by the fact that the pack was not yet 1sotherma1 at 0°C (fig. 3.1).

2

«7
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calculated valuesdare also (n_error‘on the first day. Some data were “
© missing in the early morning arid the estimated values indicated that no.

. - \'\ .
. melt should have occurred. ‘ However, melt was ooserved, so no calculated

values prior to the start of the ablation measurements were used.

A second period of d1sagreement occurred from June 15th to 17th .f;;;
"when overcast cond1t1ons preva11ed L1ght_dr1zz1e fell but‘the intensity
was not ‘measurable and may have caused on uhder estimation of thg'rain *
me]t A]sq for part of the per1od the wind speed at the study s1te was -
h1gher than equation 2 1 1nd1cated and. would result in an upder estimation
- of the melt. .

: ™~
The third period w1th d1screpanc1es occurred when extens1ve

1

.Z» ' area§‘bf bare ground produced an: advection of sensible heat to the snow-
patch. This was‘bart1cu]arly prominent after June 22nd when the snow-
patch‘was 50 reduced in extent that the meteorologicat readings at 1 m

. were. prode]y not.representat1ve of the boundary Tayer- over the ‘snow

\\\ Approx1mate1y 20 mm of melt. should have occurred on each of the f1na1 two

days of the melt per1od but twice  that va]ue was computed _
This last examp1e is shown more clear]y in figure 3. 8 where the da11y
values of calculated ab]at1on are plotted aga1nst measured. ,The scatter
| ) 1n.th1s piot is rather Iarge Th1s is due Jdn part to the’ need to inter-
: \polate the measured ab]at1o\ between the last observat1on on’ one day and
ﬁc; the f1rst of the following day. However, the points which have large

i S

OVT; estimates of the me]t occurred 1ate in the me?t period ghile the

large under e?tlmates happened early. = 'q,_
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3.5 Development of the Boundary Layer

During mid-days towards the end of the study period, bare
ground adjacent to the study site was a source of warm air which was
'.advected to the snowp’tk ‘As noted in sect10n_3.2, an accurate evaluation
of sensible and latent heat fluxes is contingent upon the 'condition ‘that
pertinent meteorolpgiéal variables are measured in the boundary layer
immediately above thé snowpack. This requires a better appreciation of
the mannér in which the boundary tayer develops from the leading edge

towards the center of the pack

In 1978, some observations were made in ﬁhis‘regard.i Two..
examples aré shown in‘ffg._3.9. In these diagrams,'tﬁe wind is from the
ieft and the apparent top of the boundary layer 13 indicated with a dashed
line. In both cases, temperature inversions existed over the snow and
Iarge-ﬁqrfgonta1 tempe.atuﬁé gradiénts developed. The initial temperature
profiles were different. \On July 14th, the initial vertical temperature
profile shoqed'a norm qB§e conqition. The boundary layer developed
rapidly once the leading edge of the snow was traﬁersed.;-For Juiy 15th,
the initial brofi]e was more complex, being affected by é'variab]e winq

speed crossing another snowpatch approximately 20 m upwindy

' These two examples demonstrate that in the period when the
sndhcover was patchy; the temperature, humidity and .wind sensors have to
'be sgfficiently'fér from the 1eadihgled§e or they should be sufficienf]y.
low to be within the bounéary layer. An examinatiom of the 1927 temper-
ature dats for elevations of 1 and 2 m abovq the snow whéfe the fét:h\\

.was Tess than 20 m (fig. 3.70) indicabes that.thg upper level is clearly )

~ . ' ' .

AN
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outside the boundary layer and when combined w1th the 1978 data suggests
that the Tower level was outside as well. In this case, observat18ns from
the 1 m Tevel would yield an over estimation of the sens1b1e heat flux and
'pos;}bly account for the 5ubstant1a] difference between the predicted dnd
observed amount of snowmelt for the last few days of the study period.

However, earlier in the melt period, the snowcover was more continuous

and the 1978 experiment ingllies that the fetch Qes sufficient for a

- boundary layer- to be well developed to a height of 1 m wﬁere measurements s
- M .
were taken. ' _ o L\
. ) - . '
3.6 Comparison with Results from Other Studies ‘ l] .

Snow and ice melt studies have been- conducted in different
locations and under a wide variety of conditions. To place the resu]ts
of the present study in the context of the others, Tab{e 3.2 summarizes
the fjndmngs of selected stud1es._ These studies are separated into five

groups on the basis of their study locatio}>\

. ~;gip the present étudy, net radjation‘%ccounted for approximately
60 percent of the incoming energy while the flux of sensiblie heat
supp1ieB)the remainder This f1nd1ng compares.favourably with the
majority of the stud1es c1ted but is different from the resu]ts from
other Arctic tundra sites, some of the Prairie Sites and'from several

other Tocations. ' . . : -
¢

‘At the tundra sites, while net radiation supplied all of the
1ncom1ng eneragy, sens1b1e and Iatent heat were both energy losses.

A]though the reasons for our d1fferences are not entirely clear, some of
‘ <

¥
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the possible explanations will Se examined; Ne1]e2 et al {1972, 1974)
examined the surche‘eqsrgyjbalance during the snowmelt period at Barrow,
Alaska. They recorded a posffivé'daily mean air temperaturelfor a‘sub-
stantial part of the melt period. Howevef, éensib]é héaf Was an energy
source for only a few days. This flux was obtained using mean QaiTy
temperatures gnd ﬁradients obtained from two levels above Fhe shrface._
If at least one measurement level héd been dutside the bouﬁdary layer a
tehperature gradient directed‘away from the surface may have yie]ded a
negative flux., The 1owésf measurements were 0.5, 1, and 2 m and fig. 3.9
indicates that if the fetch was not adequate, one or more levels cou1d
have.bgen outSide the boundary layer. The snowcover was complete only
gt.Ehe beg%nning of the melt period when positive sehsib]e heat fiukes
were obtained. A]though.posifive air temperaffures continued, the sensible |
heat flux became pqutive. The bare ground that existeﬁwf?om the mjddTe ;
of the melt period onwards may have disfur?ed the boundary 1ayer in fhe
vicinity of the sensors. Fok the entire melt period, the'infqrmation pre-
sentea by Weller et ail (1972; 1974) suggests that the flux of sensiblg \\
heat should contribute more e ergy than indicated.

Little 1nformat1on‘$s available to enable an 1n1t$;T;lxam1—
nation of the resu]ts of Ohmura-and Miller (15?6), though add1t1ona1
information was given in Ohmura (1972).". Like Weller et al (1972),.

<::E§;?t1Ve daily mean air temperaza;es and negative sensible fluxes are
reported. With this temperature regime over a‘me1ting'snoﬁ surface, a

positive sensible heat flux is expected. Ohmura also reported that the

temperature regime in the lower atmosphere was an inversion while the .
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temperatures of the air ]ayees in contact with the ground indicated a
lapse condition. This obeervation contradicts the common experience that
& temperature inversion is expected when both snow and positive air . )
temperatures are present. Hence, his results suggest an advection of
warm air from nearby bare ground and the temperature readings were not

representative of the zone within the snow boundary layer.

The above discussion indicates the results. from the snowmelt

period of these three studies shoq]d'be treated with cautien._ Information

provided by these papers suggests that the flux of sensible heat should
be a heat source rather than an energy loss. If this is true, then net

radiation could not have supplied all the snowmelt energy.

In terms of snowmelt in thePra{rieQ:::fnnmént, most studies
were conducted over complete snowcover. In som ears,jﬂet fadiation
provided almost all of the snowmelt energy. Such results are not
-directly comparebTe to those of the present study. This study was

' 1imited to the period when the snow‘pack was ripe while the former also

included the snow ripening period.

The Prairie snow studies also showed that in certain.xears-the
-net radiation and sensible heat components‘were of.comparabie magnitudes.
15 these cases air masses were responsible for high air temperatures
(Granger 1%37) Of particular re]evance to the p;esent study is the
result of 0'Neill (1973) obtained over a snowpatch in the Pra1r1es, _Our
findings afe comparable, with net-raaiation and sensib1e heat éccounting

for 56 and 44 percent of the incoming energy wh11e those of the present

study are 58 and 42 percent respect1Ve1y

&

FYRFUR S



39

Fon\the other studies listed in table 3.2, the net radiative

flux provided apprdximate]y 50 to 90 peréent of the incoming energy

depending upon the Tocal atmospheric conditions. An exception is the .

study of Cox and Zuzel (1976) which was performed over a snowpatch.
Their study demonstrated that advected energy can‘prOVide-an important

source of energy for snowmelt.
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CHAPTER FOUR
SNOWMELT ON SLOPES

4.1 Introduction , | .

In the preceding chapter, the surface energy balance at a s{te
was investigated. However, snowmelt can be expected to‘vary gpatia11y.
To estimate the snowmelt for a catchment or other extended and non- | .
homogenecus area, an g§tﬁ$§te of the spatial variatign with the surface
energy balance is;%equiﬁed. Showme]t is knowﬁ to vary with slope angle’
.and slope aspect. Assuming that the fTé;;;-of sensib1e,(QH) and latent
(QE) heat are the s@he for both the horizontal site and neighbouring
slopes, then the eﬁergy available for snowmeit on a slope (QMS1) can be

calculated as

* . ’
M1 = T * Q8% (4.1)

Cx . P .
“where Q s1 is. the net radiation balance of the slope, QH and QE the

fluxes of sensible and 1a¥ent_heat at a horizontal site and Qp the ﬁeat

contributed by precipitation.

4.2 Caleulation of the Radiation Balance of Slopes

4;2:11.Net Radiation on Slopes

The rédiation.iilfﬁéé:of a horizontal surface can be defined

40 o ,

& ' .
’ .
. . : \ - _ ’ .
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as
Q" = ke - k4TS N | (4.2)

where Q* is tﬁe'net radiation of the’surface, K+ the incomiag f1uk of
short-wave radiation, K+'the flux of short-wave radiation reflected from
the surface, L} the flux of long-wave radiation from the atmosphere and
L+ the long-wave radiation flux emitted from the surface. On a non-
'hor1zonta1 surface several add1t1ona1 sources of radiant energy should be
taken into account. Norma]ly, these sources are small, but in certain
situations, they may,become 1mportant. As given by Kondratyevl(]969) the

‘net radiative flux to a slope is

-

* o .
Q = Isl * Ds] * R - Kfsl * L+sl Tlhptt

sl h * L+s]

e
L
o (4.3)
where I s 1s the incoming d1rect short-wave radiation, DS] the diffuse
short wave radiation, R s1. the short- -wave radiation reflected to the slope,

K+ o1 the short wave radiation reflected from the slope, L+ g7 the atmos-:

o pher1c long-wave radiation received by the slope L., rh the long-wave

rad1at1on reflected to the slope, L eh the long-wave Ei:gat1on emitted

from adjoining surfaces to the s]ope and L+_. the 10

<1 -wave radiation

em1tted by the slope.

Equation 4.3 can be used to calculate the net radiative flux

S—

to a slope if the. rad1at10n ba]ance components for a hor1zonta] suq;ace

a{e known
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4.2.2 - Direct Short-HWave Radiation
+

The.direct‘short-wave rediation'f]ux is the most important
component of the radiation /ba]ar‘i'ce of a slope. Since short-wave
radiation arrives directly from the Sun, the megnitude of the energy
rece1ved on a slope from th1s source is dependent upon the time of year,

the time of day, the s]ope angle and-azimuth and the atmospher1c

“conditians.

Garnier and Ohmura (1968) have <indicated that the flux of

direct short-wave radiation on a siope is
- _ m X 7 ] .
I1=.I,p coe i o : (4.4)

where I "is the solar constant, p the atmospher1c transmlss1V1ty, m the

opt1ca1 air mass and i the ang1e of 1nc1dence between the slopetﬁerpen— '
dicu]ar’and the Sun. Using finite intervals approx1mat1on; total

incident direct short-wave radia%ibn over a period (nat) .can be written /

: N . ]
I = (Io/r‘z.) 321 p’er e-os(‘ij) at Y /( E - (4.5}

" where r is the radius vector of the Earth's orbit and t is the time
interval. The inclusion of r'z in the equations enables an adjustment of
-the solar constant according to the distance between the Earth and the

Sun. The cosine of fhe angle of incidence is given by Williams et al

+ ' ‘ P .. * . J.
(1972) as =~ s // '

r - | _

.'!5-
<
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p cos H + c3) - " (4.6)
k/’\

where H is the hour éﬁg]e of the Sun, being negative before noon and.

cos i = (c1 sin H+ ¢

positive after noon. When cos i<o then the slope would receive no direct'

short-wave radiation.

¢y = - sin A sin S cos ¢ - (4.7)
c, = {cos¢cos S = sind cos A sin S) cos ¢ | (4.8)
. ‘;;

Cy = (3ing¢ cos S + cos ¢ cos A sin S) sin ¢z - . {4.9)

north} S the slope angle, ¢ the

latitude and r the solar declimation.

+ To make:the scheme operational}, the solar declination (in

radians) is ‘

©

¢ = sin "} {.30785 (4.868961 + .017203 d + .033445 e

sin(6224111 + .017202 d))} -~ | (4.10)

where d is the Julian daté. This equation produces declinations
. _ !

accurate to 0.5° and requires only the Julian date (Swift 1976).

 Williams et al {1972) give the radius vector of the Earth's orﬁit as

P,

r .= 0.01676 cos (v - 0.0172615 (d - 3 )) +1 .~ (4.11)
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The optical air mass required in equation 4.5 can be expressed as.
o 2 0.5 | .
. m = {(Recos Z)° + 2Re + 1} - Recgs z _ _ (4.12)

where Re is the ratio of the radius of tne Earth to the thickness of the
atmosphere and Z is the solar zenith angle. The optical air mass can be
approximated by m = sec Z, but the formula used -here is more accurate at

large zenith.ang]es. The cosine of the zenith angle can be calculated

- from
cos Z = cos £ cos $ cos H + singsin ¢ (4.13)

where ¢ is the solar dectination, ¢ the latitude and H the hour angle.

The incident direct short-wave rad1at10n on a slope was = _{3
,calcu]ated us1ng equations 4.6 to 4 13 and the Togic provided by f1gure
4.1. The mean hourly transm1ss1v1ty (p) was obta1ned from .equation 4.4
by rep]ac1ng i and IS with the mean zenith angle and the direct short-

wave radiation received on a horizontal surface
I, = K& -0 / ' : o (409)

where Dlis the diffuse radiation received at a horizontal site. The mean
hourly transm1ss1v1ty was then used to calculate the 1nc1dent _short- -wave

- radiation o a slope for sma11er t1me per1ods from .equation-4.5, In this
study, the measurement period (nat) was one hour and the time 1nterva]
(at) was 15 minutes. Garnier and Ohmura (1970) indicated that a 20 minﬁte

time interval produced cumulative incident short-wave totals that were

b
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within 5 percent of those using a 1 miinute interval.

4.2.3 Diffuse Short-wave Radiation

Diffuse short-wave radfation_results when direct solar

-

radiafion interacts with clouds and other particles in the atmasphere.-
Numerous kef]éctions and refractions occur which result in the radiation
approaching the surface from ali poiﬁtslin the sky. In overcast
condit%ons; the scattering is so severe thét ﬁo.direct radiation reaches.
the ground surface and the diffuse radiation becomes isotfopic} In clear
conditions, little scattering occurs and the diffuse radiation is not

- isotropic.

- The diffuse radiation received oh-a slope. is

DS] = D cosz (S/2) . - : ' . (4;15)

\

where D is the amount of diffugé'radjation-meaﬁtréd on a horizontal
surface and S.the slope angle. fquation 4.14 assumes tﬁatjthe incoming

~ diffuse radiation is ‘isotropic. This is a reasonable assumption for over-
cast conditiohs but.is not va]idlwhen there js 1ittle or no cloud cover.
However, when the latter conditions prevail; the. amount of .diffuse radiation

will be small when compared to the direct short-wqﬁe radiation.

' *4.2.4 Reflected Short-wave Radiation . ¥

The third input of'short-wave radiation is'refléction from t#g

| adjacent slopes. Assuming that reflected radiation is isotropic, the
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short-wave radiation reflected to a slope is

» 5 ~.
Rs] = a K+ sin“(e/2) : o (4.186)
; £ ' |
where K 1is the short-wave radigtion received on a horizontal plane with
-an albedo ey

1

The short-wave radiation loss from a slope is-given by

»

K+

sl s]

agq (I + D+ RS])\ ' . {417

-

wheré g is the albedo of the slope. Evidently, the accuracy of -

equations 4.15 and 4.16 depend upon the albedo of the surface.

Dutiné the melt period, snow surface albedo can decrease from
0.8 to 0.5 or less as the snow ripens. The dependence of albedo on
zenith angle adds diurnal cycles to the general trend of albedo decline.
Albedo also varies with cloud cover, surface‘moisture and other surface

’ conditions. Taking some of the above variables into account, Petzold

(1977) deve]opéd a model to predict snow albedos. While the‘seasonaI
" decay and the effect of c1oud cover were 1so1ated the var1at1on due to
the zenith angle could not be easily pred1cted. For surfaces other than
sriow, Arnf1e1d.(]975) modelled the surface.albedo (a) using

o = f, exp(f,Z) - .' ' (4.18};

! -

where Z is the zenith angle and f1 andxf2 were empirica]lyq}etermined
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from’?égrgssion analysis. Equqtion 4.18 did not perform well fpgﬂgéow:

instead, the following equation will be used in this ‘study

a = 11/((E/2) + b))/by + | © (4.19)
_.where E.is the solar e]évation, e, th; snow albedo at high solar
elevations, and a,blsbzvare'empirica] coefficients. To obtain snow
albedo for slopes, the solar elevation above the slope can be substituted
in equation 4.19 for the solar elevation above a horizonta] surface. The
solar elevation above the sTope ig 90 - i, wﬁere i is. the angle’of
incidence of the Sun's rays on the slopg and c&n be obtained from

quétipn 4.7.

4)2.5 Long-wave.Radﬁation

Net long-wave radiation can be measured, but is usually

obtained from : o :
~ . ) .- . . -
* .. % ' ‘
L= Q0 - (K¢ - K¢} S . (4.20)
| o
fhe flux of long-wave radiation emitted can be calculated if the surfacé'l

temperature “is known and is given by ‘the Stefan-Boltzman equation

- (4.21)

where & is the emis§) ify of the surface, o the Stefan-Boltzman w
constant and 6 the 'surface temperature. Thus, the long-wave radiation.

J .
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arriving at the surface from the atmosphere is the residual

't
-

L+ = L =~ L+ - : (4.22)
f

Following equatiop @15 and assuming an isdtﬁBﬁ?c diétributién
of the incoming long-wave radiation, the atmospheric Tong-wave radiation

received by a s]gpe is

[~ < "

\
Légy = Le cos?(s/2) . (4.23)

ThEré are two other long-wave fluxes that may contribute -energy to a
-slope. One is the flux F“long-wave radiation reflected from kdjoining
. sTopes : ' .

-

Ly = (1-6) Ly.sin’(s/2): ) (4.24)

. »
-

This flux is small éince & =« 0.97 (Kondratyev 1969). The other flux is

. .
.the receipt of radiation emitted from the adjacent slopes and is given by

Ly = soe sini(s/2) - . (4.25) -

N .
To _complete the long-wave energy balance for a s]ope, the

em1tted radiation (L4 ]) will be glven by equation 4.2, assuming that

the surface temperatures are equal
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4.3 Results .
4.3.1 Albedo y -

The importancg of snow surface albedo is shown by equation 4.17;
The a]bedo during the melt period was obtained using'a hand held pyrano-
meter at ‘the net rqd1ometer site and at some of the snow ab]atTOn s1tes
Radiometer malfunctions reduced the data, but suff1c1ent data remained to - \
indicate the seasonal decay rate (fig. 4.2)
A

a, = -0.0060 J + .679 .  (4.26)

where J is.the number of days sihcehﬁﬁne 7th. However,\more frequeﬁf“f'
manual read1ngs of the albedo of semi-permanent snowpatches obtained after
the study @E;qbd indicated that a strong diurnal var1at1on existed. The

data obtained in th1s_manner was not adequate to model ‘the diurnal cycles.

The weather station af'Resb1ute measures both ihcident and

reflected short-wave radiation, thus permitting the surfacewalbedo to bh-
computed.. F}dh its -data, sevéra] clear days, when the snow could be
‘expected to ga_melting, were chosen to derive the emp1r1ca1 coefficients o
for equati0n<4.]?. The re§u1ts for one of these days is sﬁg}n in

figure 4.3. The value of o, Was estimatéd from the LE Ibedo ¥alues

coeffi ients a, b2

and the curve was fitted by eye. The Va]uﬁ%iﬁfbﬂ fb ‘

and by -in equation 4. 13.22xg7%b 10° and 0.4 e

tyye of the year, the sun~y1ses more than 400_ ové’the horizon or never - -\

-

y., ‘Since at this ~

—

‘& ) ’ i



ALBEDO

—r—'—_'-'-_‘\

51

Standard ‘Error = 0.042
r=,-0.73

=X

~
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10 12 14

Decax of the s
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now surface albedo during the study
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Fig. 4.4 Diurnal variation of albedo on north and south slopes
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In an attempt to correct this lack of information, the show
surface albedo was calculated for north and south of 16° s]opes in 1978. -
The reflected short-wave radiation was measured and the albedo on the

siope was calculated from

»

g1 T Kt /{Ig # DST ) : (4.27)

using equations 4,5, 4.15 and 4.16 and A:E.S.'data for direct and diffuse

oh. .The resu]t§ hresented inlfigure 4.4 were obtained during

'lantly overcase period. D1urna1 cyc]es are visible on both

LOpgSs an thgglfiiﬂﬂt contrasts w1th ‘the f1nd1ngs of Hubley (1955) that

hé a]bedo on an overcast day did not vary. great1y or in a systematic
manner. The snow albedo obtained for a horizontal site later in 1978 also
shows diurnq] cyc]es.hdder complete cloud cover (fig, 4.5), At all threel
sttes, the snow was not melting so that the diurnal cycle can not be--
attributed to'sﬁrface changes. For the north and south s1opes;'figure 4.6

'+ indicates that :the snow a]bedo varies 1nverse1y with the so]ar elevat1on

n\;¥above the herizontal but not the sb]ar.e?evat1on above the s]ope The

reasons for the relationship between albedo and solar elevation above the

horizontal when thefs y iE overcast are not clear. The shade ring on the

diffuse solar rad1at1on sensor was not adJusted correctly for part of the

‘Jalbedo measurement per1od S0 1t is possible that the slopes rece1ved moré’{:

' dlrect rad1at1on.than was calculated. This by itse]f would not produce
the diurnal cycles, but would affect the. ca1cu1at1ons of the 1nc1denta
solar radiation. The reflection of short-wave rad1a on to the slope

&

:from those adjacent was npt_]nc]uded in equation 4.27 and could have been
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-~

partly responsible for the diurnal cycles on the slopes.

- The behaviour of the snow albedo on siopes when the sky was
c]ear cannot be verified w1th the data-obtained since the d1ffuse rad1o-

meter shieldlwas not cqrngct1y,10cated at these times.

Based upon the above information four conditions for the
caTcu]ation of a]bedo are identified. For skies with an ihcomp]ete cloud
cover, the solar e1evat10n above a hg::zonta] se:;ace was ®replaced w1th
the solar elevat1on above the’slope and equation 4.19 was used. For thin
cloud covers, the slope albedo was equal to the albedo on the horizontal
as calculated by equatioe 4.19, Upder-more cloudy -conditions aqd when

fog was present, a constant albedo was assumed. The final condition

*occurred only when the slope was in shadow; that {e; it was receiving no

ere.

direct radiation while the glrrounding ar The albedo under ;his

cohdition was éssumed to be . 'Th south S1ope . in'shadow'approx14

indreases. Aufdemberge (T974) suggests that the albedo ded?eases when
sh g occurs while Petzold (1977) indicates that a]bedo increases when

diffuse raddation is thebon1y11nc1dent short-wave radiation. The albedo

Va1ue'chosen above is a compromise-between these results.

The. inconsistency of the results of this study compared to

-those from other studies'indicates'that additional theoreti¢a1 work

(G1dd1ngs and La Chape]]e 1963) ‘and field measurements are requ1red to

.obta1n'more accurate pred1ct1ons of the var1at1on of snow a]bedo with

both time and space.
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4.3,2. Slopé Radiation Balance on Cléar'Days

Using the ptocedures out]ined in sections 4. 1 and 4.2y the net .

L

ad1at1on balances for 12 sloE;s were calculated- for a relatively clear

day (figs. 4.7 and 4.8). '

X

On June 24th, the cloud coter.averaged about three-tenths. As a

result,.direct radiation was dominant in all but 2200 and 2400.h.
Thtoughout'the day, negative net long-wave radiation prevailed, but there

~ was also a diurna1.cycle similar ‘ ss2 observed at the study site

N

he melt period. This energy loss was

duringzmdst other clear days o
. approximate]y--?O Wi " in the early hours but detreased to -17 Wm '? at
1700 h. A reduced loss in long-wave raﬂiatﬁOn was due to increased

- . - . , - ‘.:.' ‘. - . .
-incoming long-wave.radiation since the radiation emitted from a melting
snow surface was held cohstant The ‘net radiation ba]ance was'hegative
in- the even1ng and ear]y morn1ng hours when the 1ong wave energy loss

exceeded the net short~wave ga1n Net rad1at1on reached a maximum shortly

__— | _\affgr the solar radiation peak A high net rad1at1on value was susta1ned

by ‘a

K in the‘1ncom1ng long wave rad1at1on although the 1ncom1ng solar
\aggt .~ raffiation was in decliné. ‘
| g g

-The radiation balance fo

'1opes of four azimuths (north

e
A 'south, east and west) w1th three’ grad1@nts (10, "20° and 30° ) are p10tted
l ;- e ) .
}-. : .zi;¢/ in f1?&Ff'ITBT For comparab]e slopes, the 1ong wave radiation balance is

“simijar since the 1ncom1ng Iong—wave ﬁad at1on 15 a funct1on only of.

s .

s]ope angle. giowever, ‘an increase the slope, angle fr'om 0° to. 30 only_

,(;;/" \ec eases the net long—wave balance by approx1mate1y 3 Wm 2. Hence,

/gh rt-wave r d1at10n accounts for most of the var1at1on ;n the net
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TABLE 4.1

-

TOTAL DALY NET'RADIATION AND SNOWMELT DUE TO

RADIATION ON 12 SLOPES FOR A CLEAR DAY, JUNE 24, 1977

N e

Daily Net Radiation {M) m2 day ‘])
Siope Angle- ) 'S]c'}pe Azimuth
0° 90 1e0®  27°
W0~ q | :
0 6.9 o ¢
[ 6.3 7.1 7.2 6.4
20° . 55 7. 7.7 5.8
3% . < a6, 7.2 82 5.6
. .
J\f'-\ - _'l
Snowmelt Due to Radiation (mm day ')
Slope Angle . Slope Azimuth | ’
" 0®° . 90° 180° 270°
o® 20.5
0 ' 1 . \
10 — .7’18_.’7' 213 216 192
C20°" T 6., 212 231 R17.4
o3° 137 216 286 16.8




radiation balance. U ‘

As.slopegeng1e increasgs, the peak value of-the 1nc0min§ and
ref]ecte&-short-wave radiatio SSEfeases'for the‘squth; east and wedt
slopes. The east and we§t peakstalso diverge from solar noon by abput

- 1 hour- for each 10° of s1ope angle. For the north slope, however,_the
’inanmingfgﬁa;ffweve radiation decreases at noon but im 1ncreases in the

' 'evenihg”and ee}iy'merning'héure. At a 30° angle, there were two peaks in

the incbming sﬁgft?wave fadfation for the north. For th1s s]ope, Tow

Fa
values at noon are due to a smaller solar elevation of 8 ~

-
-

The general pattern for the net radiation balance was similar
to’ that of the incoming short -wave rad1at1on ‘but with modification added
by the net ]ong ~-wave flux. Besydes affect1ng.the total daily net .
.radiatjon;'the 1ong-wave_f]ux seriously affects_the net radiation balance
‘when the siope is in shadow. | |

For south and west s]opes with a 30° agaﬁgf shade js present

dur1ngn:::nEi:Ly morning hours. Th1s period corresponds w1th a maximum
loss i g-wave radiation. Far, the 30 east slope, shadow occurs only
\\\the evéning when the long- ~dave loss is sma]]er( ' \\{3

As siope ang1e 1ncreases, the four azimuths reeeive m sf of
“‘the1r energy during d1fferent t1mes of the day. :Thus, lardge differences
océur between slopes qepend1n on cl ditjons and the Tong-wave
radiationiba1ance, as is i11ustratea by table 4.7. The-daj]y totals of ~
net radiation indicate that for this day (June 24, 1977), the energy
:1ncome 1ncreased'w1th s]ope angle for the east and south slopes while the

oppos1te held for the west and north slopes. The reason was an increase

e



Y

N

L

“ 63

- \_/ 3

in cloud cover during the afternoon,'thus\reducing'the amount of direct

ah rt-wave radiation. The west and nortb s]opes with'ang]es_of.ZO0 aaéhsg
° usually receive much of.their energy froo direct short-wave‘radiatfoo

in the afternoon, but §vnce its magn1tude was reduced by cloud COVEP, the

prime source of energy input was diffuse radiation. FBr the entire day,

therefore the west slope rece\ved less d1rect solar radiation than the

ieast slope though both received the same amount of d1ffuse rad1at10n

in v1ew of the Tate afternoon clouds, the north slope was affected ina -

manner similar-to.the west slope. The effect of c1ouds is more frequently:

encountered by northern slopes because around 2400 h, the_sun is low in

Pl

the sky and is affected by distant clouds and the atmosphere. e

4.3.3 Slope Radiation Ba]ance on an Qvercast Day

On an overcast day the net radiation on different s]opes 15

_minimized. Table 4.2 1nd1cates the cumulative net radiation for 12 'h‘l
s1opes on the overcasj, day of June 14 1977. . The d1fferences between the
s]opes are small and are due almost ent1re1y to the sma]] amounts of
?d1rect solar radiation that was rece1ved at m1d\day (f1g \4’9) The ‘/'
radiative fluxes to the slopes were s1m11ar because the radiation re-; ‘
flected. from the adjacent hor1zonta1 surfaces compensated for the de-
treases in the- rece1pts of diffuse rad1at1on caused by the “increasing
e]ope angTe Since the snow jlbedo was tpe same for eaop slope, the

rad1at1ve 1osses were._also the same and the resuTt1ng net radiation

displayed- 11tt1e difference with respect té stope.

-

4.3.3 Computation of Snowmelt on Slopés L o ™N
As given by equation 4.1, the melt energy on a slope (Qy ;)
' - ¢



<
T~ -
(W m_z)
100
K
¢ "sl
200
.
.0,
“ +
s1_200
L3
LAY . )
-~ : -~ 400 .
. . ,
. . i
4
g _l 5] 200
. L2 :
x=
~1 [=]
= o
=
=
-
[~
. . - Ly
” 51 -z200
.
. -
o )
200
qQ*_,
. sl o
r .
Fig. 4.9

64

-
. — All Stopes *
— N
- D
PR 1
J — ‘ ‘ ‘
- . ul-.'-_,\ - - *

Kl

10 i
HOURS



.

b

’ =~ <
. \ §
N k 65 .;‘JK‘
TABLE 473 _ | - E

A

TOTAL DAILY NET RADIATION AND SNOWMELT DUE TO

C _ ~ : ‘ )
.RADIATION ON 12 SLOPES FOR AN OVERCAST DAY, JUNE 14, 1977

5

-~

2

Daily Net ‘Radiation (M m™ day'T)
Slope Angle = Slope Azimuth
0° 90” 180% 270°

© 33 -/ | | &

10° 3.3 3.3 . 3.4 . 3.3
20° 3.3 3.4 3.4 3.3
30° . 32, 3.4 4.3 3.3 i
I-
B

-

S'Iop'e Azﬁih o
0% M 1H°. 270°

Slope Angle \
.t 00
| o 99 . . ’ R
\ o~ - ‘ BEPR '
. 10° . 9.8 .10.0 10.0 9.9 y
20° . % 97 100 ,10.1 9.9..
30° 9.7 . w.oS-wuz 9.9
C ,
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. was partitioned into net radiation (Q* ]), sensib1e heat f1ux (QH

1atent ‘heat flux (QE) and the energy added by precipitation (QP) Only
the Q component is assumed to vary s1gan1cant1y with d1fferent slopes.
Using the algorithm described earlier in this chapter, Q*s1 was computed
for some Eypice1 slopes ig the vicinit} of the study area. In this area,
slope angles seldom exceed ]00 eicept on the walls of incised valleys.

Using a slope angle of 100,.Q* was calculated for four azimuths of Oo,
: S sl

M:/“h 90°, ]809_and 270° and the cumulative values for the-entire snowmelt
\

period are.plotted in figure 4.10. For the 15-day period being studied,
. 0*51 did not differ significanf]y between the four slopes (tab1e 4.3), the
' 1argeey difference being only 6 mm of melt or about 3 percent of the total
~ contribution of Q* :. ‘Severaf factars contributed to the similarity of
the tota] me]t energy received by d1fferent slopes. approximately
half of the study per1od d1ffuse radiation was the source of shprt ave

LAl

contribution and under these cond1t1ous little difference is expected
between thesslopes For the resf/;? the study period, ;ome cloud was
a]w’}s present and since the sun never sets the timing of the cloud
cover was cr}t1ca On June 21st, f%: example, thre sky was overcast most

of the day, but cleared up in the even1ng Th1s resu]ted in the north

P
) -ﬁ\ slope rece1v1ng the most radiant energy while the south sTope received
4 L : -

the least. It appears that, over the course of the study period,- the

\ movement of the cloud cover tepded to minimize the differences .between
i,

\the sTopes '

B Since the other components of the slope energy balance were

aefumed not'to‘varg;.then the' difference in the calculated slope snow-

+

Y \ -

-
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melt energy (QMs]) between slopes remained the same but its relative.

magnitude decreased to approximately 2 percent (fig.4.11). Although snow

ablation measurements were made on the four slopes, the results were not ¢
sufficiently accurate to confirm these results. ) N
' . . . - . | ——————
The above computations have been performed with the assumption’
that the f]uxes of sens1b]e “and latent heat are 1dent1ca1 for a]] STBpes !
e results of section 3.5 indicate that t oca] advect1on of v ﬁQ

heat-€nergy occurs when bare ground is present. Thus some spatial

" variation in these f]uxes is to beJeipqcted- with their magnitude being F—q//7/—‘TH
ﬂ\ig;ated to the 1ocat1on of the bare gfgaﬁd the wind direction and fetchb»\\

ography wigl a]so t:ause Tocal var"latmns in the wmd speed, thus

‘affecting the transfer of sens1b1e and 1atent heat. However, when:these

are jmportant components in the energy ba]ance,.they should - be calculatsd -?3\\
- in slope ene(éz balance computations. ~ - o ) ™~
- ﬁ . . . e . .
~Ar . éif;:

LI

_Goodison (1972).noﬁed that a r§1ati ship between the incident
shért-wave radiation flux éﬁg sndw agjatiq;2:§i]d not be demOn;trated for
his site. He indicated.tﬁat,.ﬁhile~a more ;omp1ete radiation_bélance - ;’ .
shoutd be calculated, aff estimate of the fluxed'of sensible and Tatent ///
heat should also be incl in the slope energy” balance. - The ;;skjts of
‘Price et al (1976) shd;’that thIS is a reasonab]e approach However, to
improve -the est1mat1on qf.snowme]t on slopes, the spatiaIJvariabilify of-

the f]uxeghgf\iensible and latent 'eai should be examined .in more detail. . S
o * . . <l

_ o - 8 /

- o - . e _ . \\\ :

, . j

[} . : . : . . : ‘Ae

\ _ ’ ‘ . ' - /
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o . CHAPTER FIVE

CONCLUSION o \

v

Prev1ous energy balance studies during ‘the ‘snowmelt period at
- Arct1c tundra sjtes suggested that the net radiation provides most of the
energy consumed 1n me]t1ng snow. This study shows that the flux of sen-
,s1b1e heat is also a maJor sourgg of heat because -in 1977, it supplied
over 40 percent of the energy used in snowme]t and evaporat1on while net
radiation supplied the remainder. Of the energy provided, 20 percent was

* used for evaporat1on and the rest produced snowmelt.

Diurnal cycles were commonly observed in the f1uxes of energy,

. but the amp]atude of these cycles was reduced during cloudy days The
magn1tude of the various fluxes a]so varied great]y from .day to day " For
the entire study period, however, there was a tendency for the latent heat

- t]ux to decrease_gnd the sensible heat flux to increase, but no trend was '

apparent for net radiation. At the end of {he snowmelt period, the

advect1on of energy from bare ground towards the snowcover is found to be -

moved over the snowcover, large hor1zonta1 ‘and vert1ca1 temperature

gradients were. 1nduced

.
-

For the hor':zo(ta] 51te, the computed snowmelt values compare
. favourably with the observed ablation rate, show1ng that the energy
. balance approach can re]xab1y estimate the snowmeTt at a High Arctic site.
However, it is necessary to ensure that when the snowcover is patchy, both
‘

the. temperature and hum1dity sensfrs are 1ocated w1thin the boundary 1ayer

71
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more 1mportant than prev1ous]y rea11zed- As warm a1r above -the bare ground

-
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An extension of snowmelt tomputations to various slopes

indicated that for slgpe angles of up to 10° the rate of snowmelt was

.s1m11ar reggrd]ess of aspéct. On a clear day, max1mum difference in the

e flux of 1n;om1ng radiat1on was . 13 percent and. 1t occurred between north

7and south s1opes On overcast days the difference was minimized. S1nEe
snow gblat1on measurements for the slope sites are inadéqdafe the
accuracy caﬁhot be'vecifiéd— On a daily basis, the computation pro- o
cedure descr1bedkenabies a determ1nat1on of the timing of. snowmeit on
various slopes Over a per1od of days, the tota] snowme]t computed for
* horizontal site will adequate1y est1mate the me1t rate on Tow angle

L -
slopes,., ' '
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APPENDIX 1

HOURLY COMPQNENTS OF THE SNOW SURFACE ENERGY BALANCE

N ' o JUNE 10, 1977 to JUNE 24, 1977 | .
UNE 10, 1977 . )

B . | "* : l. .
In the following diagrams,|Q is tQE net ;;;;;fﬁon,iﬂ

. heat flux, LE.the latent heat flux, and R the energy added by

o ' v
x,_H'thé sensible

precipitation.
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. - APPENDIX TWO .\<
NOTATION
s
Upper Case Roman el
- A}
slope azimuth N - degrees
’ . . \ \ i
drag coefficient _ ) dimensionless
drag coefficient for sensible heat transfer dimensionless’
drag coefficient for latent heat transfer ' diggﬂgionless
diffuse solar radiation flux - /’"ﬁh'z .
diffuse solar radiation flux“on a slope T NM'Z "
.6olar elevation SN .* degrees

. PR ¥ o =
hour angle co //’F-‘Tﬂ\\“ degrees

™lar constant ‘ : ’ Wn~2
direct shprt-wave radiation flux on a slope Wm2
direct short-wave radiation flux on a -2
horizontal surface o Hm
days since June 7th N L “day
net short-wave radiation flux . : Wn™2
. “ he -.
incident shoft-wave radiation flux Wn ™2
reflected short-wave radiation flux W2
net long-wave radiation flux . Wm~2
downward atmospheric long-wave radiation flux W2
emitted Tong-wave radiation f1ux | W2
long-wave radiation flux reflected from a P
horizontal surface © v HWm
long-wave radiation flux emitted from a -2
horizontal surface = . Wm

snow ablation 7 m

-



Ri

sl

N S - W

horizontal surface : . Wn™ 2 . N
slope angle ‘ - degrees

snow thermal quality _ E ’ "-7 diﬁehsion]éss

'A.E.S. wind speed at 10 m - T v !
zgnith angle ; | . . degrees ‘ a ; :>3

temporary yariables

- 87

‘- ~
e : . _

atmospheric pressure - ° - - Pa- i

. . : !
net radiation flux . um 2 !
surface energy balance ™ . wt;i- SN !
sensible heat flux S, BT 5 R -
lgxegt\ﬁFat flux L . - wm'z_. . i
energy flux due to ﬁrecipitation , ’wm'z, LT ‘

e O :
precipitation 1intensity L « ms
. A ,
ratio of earth's madius’ to the atmospheric _ . a .
. thickness : diménsfinless

Richardson number . . dimensionless

flux of short-wave radiation reflected from a

LY

. Lower Case Roman

empirica]ICOfoicients _ ’ . degree-'I
empirical coefficients. . _dimeﬁsion]ess .
heat ‘capacity of air at a fﬁpstant pressure | Jrﬁ% K]

" specifiic.heat of water S~ 3 ke ! !

* Julian date - , SR an
~ vapour pressure ‘ - Pa
empiriq&% doeffiéien?s _ o . | dimensioniess
empirical coefficients . | degree -

’



-\‘ = 88
acceleration due to gravity -

snow surface lowering
angle of incidence between sun's rays.and a
surface

’

- von Karman constant

_optical air mas

water equiva]en&3

mass of the snow

ass of the calorimeter

F 4 ,
radius vector of /£he Earth's orbit

ind speed ]
wind speed at the study site -
Héight above the surface '{

surface roughness coefficient
Greek

daily minimum albedo at high -
solar elgvations

ratio of molecular weight of water'fo air,
‘constant equal to 0.622

- empirical loefficient
latent heat of vapourization
apparent heat of fusioﬁ ‘
heat of fusion | | ¢
" solar declination ' |

surface emissivity

degrees

" dimensionless

dimensionless
g

.,

9

"dimensionless

dimensionless

m s_]

dimensionless

dimensionless

dimensioniess

dimensionless

J kg!
1

J kg~
J kg".l A
radians

dimensionless
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Tatitude degrees
density of air *g m_?
density of snow | - kg m3
density of water T kg m3
Steffan-Boltzman constant o m2 k4
air temperaturé K
final temperature . K
initial temperature K
temperature of the precipitation K

7

Subscripté _

refers to measurement heigét z, above the surface
refers to surfqpe measurements |

indicates quantities applicable to slopes

indicates quantities épplicab]e to a horizontal
surface :





