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. ABSTRACT

~

Exteﬁsive interest in the exploitation of the natural resources
of the Canadian High Arctic has been gener;tpd by the petrochemical anq
gining industries. This, in conjunction with the recent rapid growth of
many communities in the A;ctic has resulted in the need for reliable\\

sources of potable water. !Basic data deficiencies in the Arctic however
T

preclude the use of traditional technigues for predicting the temparal

distribution of runoff or peakf from rates.
An interactive computer\ program using a modified energy budget

concept has been developed to ermit the simulation of average daily

. discharges from small watersheds\in the Baffin region. K11 avaiiable

hydrameteorologic data are utilized by the model which is formatted in a
manner to facilitate data manipulation. Sensitivity analyses can thus
be carried out_to determine thg sensitivity of a watershed's response to
various meteorologic parameters. _

Calibration and subsequent verifiaation of the model against data

collected from two watershéds in the Baffin region ylelded a high

correlation between recorded and simulated discharges.

\>i iii -
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CHAPTER 1 L
- INTRODGCTION

.

‘1.1 . Backeround

Extensive in%erest in the exploité%ion of the natural resources

of the Canadian High Arctic has been generated by the oll and mining

.industries. This, in conjunction with the recent rapid growth of many

of the hamlets, villages, and towns in the arctlc, has resulted in the

need for reliable sourtes of potable water. This 1s especlally “rue of

the Baffin reglon. !
Settlements in the Baffin reglon are usually located in coastal
regions. Their local water supplies are dependant upon nearby fresh

water streams and lakes which are fed by snowmeltp glacial énd

4 —

ground-melt and rainfall. Sufficient water must be stored during the

ablation season to meet the demands of the whole settlement during}the

harsh winter. wheiher proposed storage systems are on- or off-channel,
. ‘ -~ :

estimates of the temporal distributlon of flows are required .to ensure

propér reservolr managenment. Peak flow rates must also be determined

" for the design of emergency splllways, bridges and other on-channel

structures.

~

The hydrologic cyele of the high arctic is currently ,being

-

intenéively investigated [1,2]. These studles are hampered however by

the general lack of meteorologlc.ang hydrometric data in the arctic.



though %these data are now. being collected, it will be a number of
Py

years before suff1c1ent information will be available to develop”

statistically re?iapbe empzrzcal formulae -for predlculng the uemporal

distribution of flow or peak flow rates. In the interim, methodologies

oust be developed to permit engineers to make reasonable estimates of

the range of flows which may be expected from arctic catchments where

the usual data-are deficient or lacking. ‘-
) ;
\_ N :

1.2 Ludv iggtiv . -

B

A number of models now exist which wilil acecuwrately. predict or
simulate runoff from sub-arctic catchments [4,5]. Many of these
inqorporate th?- snowmelt process, but the primary-input is generally

AN
rainfall. Furthermore, well-known models such as the Stanford Watershed

Model (SWM)*éF‘ the Streamf{icow Simulation and Reservoir Regulation Model
(SSARR) are heavily depéndent uport a wide range of data whieh are not
readily available';n the arctice. - .

The Arctic hydrology an® Water supply research program, ¢f whigh
this study. forms. part,-was initiated 'in 1972 under the supervision of
Dr. W. James. Ribeiro [3], one of the initial participants, developed a
methed for predicting the temporal distribution of runoff in the Baffin
region using the degree day ceoncept. In this study,. the energy‘budset
concept is used to estimate average daily flow‘rates and the temporal

distribution of runoff.

The purpose of the model and design .method developed is to -

predict daily runoff from small arctic catchments. The method is to be

o~



used primarily for practical engineeripg design Accordingly, computﬁr

programs H’lll be developed which allow the user to eaa:.ly conduct

sens*tw*ty analyses on a range of mput parameters. . Since s:.mple,
expl ieit solutions for- ungau,ged catchments are not possible, a ra.nge of

meteorologic and _snowpack charadteristics may be thus examined to

- . -

]
determine the expected range of flow from the catchment under

examination.



CHAPTER 2

SNOW HYDROLOGY

.

The accumulation of a snowpack-.and 1ts subsequent ablation during

the summer monthz is a domplex function of many separate heat transfer

-

processes, wilson [6] was one of the first researchers to document the

theoretical relations which govern the snowmel® process and most of the
: L
L]

more recent studies are based directly on hils work. Because of the

-
N

necessity of relating the various coefficlents involved 1in the
thpeoretical development to local conditions, most of the effort in
recent studies has been directed to the development of regression

equations capabie of estimating these coefficients or of estlimating
snownel¥ directly [7,8]. )

The theoretical relatlons which govern snowpack accumulation and
melt are presented in this chapter. The various componen: .processes of

snownel*t are discussed, and the assumptions 1nherent in thelr

description are outllned.

2.2 W A r A
Precipitation in the form of snow occurs when the metecrcologic
conditions in the upper atmosphere are favourable to the formation and

growth of ice crystals. In ordér for snow to reach the earth's surface,



temperatures in the lower atmospherp-must be low en?ugh to maintain the

integrity of these crystals. . ~
It has been shown [9] that the ngab surface air temperature

provideg a good index for defining the separation of rain and sn;wfall

ocourrences. This is 1llustrated in Figure 2.1 where a surface

o
temperature of 1.47C represents the dividing line between equal

v -
kY
probabilities of rain and snow. \\

When precipitation falls as snow, its propert;es {(density, water
content and thermal quality) depend upoa the meteor%;ogic conditions of
the air mass through which 1t has fallen. Successive snowfall events
. -
during the accumulation season result in the growth of the snowpack. ‘\\
The nature and properties of the pack itself are a function of local f
long-term meteo;ologic and topographle factors. )

Arctic winters (late September t¢ early May)-are characterised by
low temperatures, reduced daylight hours and high wi?d speed events
[10]. The predominance of sub-zero temperatures results in little or no
melt during the accumulation season.- Hence, almost all of the snow
which falls during the winter months will be present as part of the pack
at the outset of the gblation season. Empirical formulae have been
developed by Anderson (9] to es*imate the density and hence the wa%er

2 equivaleqt of newly '%alleﬂ snow as a function of alr temperature. A
summation of the water equivalents of individual snowfall events during
the winter months willl thus glve a reasoz§b1e estimate of tse snowpack

*

~ . . !
water equlvalent at the start of the ablation season, if redistribution

by wind 1S properly accounted for. ::3
i
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Hiéh winds a;e coémon in the-arctic dﬁring the winter and causé
extensive drifting. Local topographié factoré such as exposure, éspect,
and elevation in conjunction with the drifting, affect both the areal
distribution of the pack and %the snowpack density. These factors play
an important role in the hydrology of arctic catchments since they have
a significant influence on the nature of the ‘snowpack. Kneolls and
exposed areas are often windswept and snow-free while significant pack
depth will occur in gullies or steep valleys and on the lee side of
steep ridges. As a result, although the total amount of snowfall may be

small, the duration of runoff can be greatly increased by the presence

of deep snow drifts.

The sﬁatial distributien of a énowpack must be determined by
~f“.eld inspec;ﬁon. by interpretation of aerial photegraphs or by
calibration against recorded runoff data. In general houeverf’ the
distribution of the sncwpack in a given catchment will be relatively

similar from year to year due to the influence of prevailing winds and

local topograph}. -

2.3 W A £ 1‘3

As the accunulation season advances, the snowpack unde;goes a
metamorphosis which 1s characterised by an Iincrease in density, the
formation of ice lenses, and a change in temperature [T]. At the star:
of the ablation season the snow crystals become granular due~ to

percolating water and convection of heat and wagg; vapour' in thé-

direction of the internal temperature gradient‘ of the pack. As a



Iz

result, the snowpack ¢tends to become homoéenesua with 'respect to
ﬁemperature, 1iqﬁig water content, grain si;e and density. Once the
wéter hoiding capacity of the pack has* been achieved, tpe ldack \is
consid?red ripe and agy additional melt or input of frge water will

result in runoff,

The ripening of a snowpack depends on the latent heaﬁ of fusion

of water,. the cold content of the pack, and the thermal quality.

Before runoff can occur, the temperature of the snowpack must
first ;ise ﬁo the meltiﬁg point of ice. Surface melt percolates through
the pack and freezes, releasing its latent heat of fusion and adding
heat to the pack. For a given pack depth and temperature, the time
required tc overcome tlhls init;al heat deficit 1is a function of the
latent heaé of fusion, the specific heat and the thermal conductivity of
the pack.

. The latent heatggof fusion (Lf) of ice is 80 cal/g, that of a granm
of snow (Lrs) is dependant upon the water content. For a sub-freezing
snowpack, or a pack with no free water, the latent ﬁeat of fusion of the

snow is the same as that of ice. For a snowpack at the freezing point,

with free water, the latent heat of fusion 1is:

wC
(. Leg = (1.0 = 3530 Le (2,1

"

\\\where

WC = the pack water content



——
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WEQ = the pack water equivalent -

Lold Content

The heat deficit-of the snowpack is known as the cold content
(CC). This parameter is defined as the amount of heat required tq raise
the temperaguré of the pack to 0°C and is expressed as the depth.of

water, at UOC, which upon freezing will supply this heat through its

latent heat of fusion [11). The cold content of a snowpack is given by:

QP y 6 C.D T 2

ce = %00 (cal co- ) (2.2)
where ]
. Hcc = cold content (cal cm'z)

op = snowpack density (g cm"3) j}
-1 0.1

Cp = specific heat of snow (0.5 cal g )

Dp = snowpack depth (cm)

Tp = snowpack temperature (°c)

Expressed as a depth of ligquid water,

Hcc = LfowCC (2.3}
where
- P, = density of water (! g cm_s)
CC = ecold cgntent expressed in depth of water equivalent (cm).
Thus, .
*2P%p

CC = —?EE__ cm (2.4)



Thermal Quality - . -

The thermal quality is,défined as the ratio of the heat néééssary
to produce a given amount of water from the pack, to the amount of heat
needed to produce the same quantity of melt from pure ice a:—GOC._ Since

the total heat deficit of the pack is [11]: '

d = DprLfs * Hcc (2.5)

H

where -

Hy = total heat deficit of the pack (cal)

The heat necessary to produce Dm em. of melt at o°c is wamLf' and thus

the thermal quality (B) is given by:

\‘_
Hy Les  SoTp
B = +
o lule  Lg Le
Lfs Tp
s ——— oy —— . {(2.6)
Lf 160
where
5 .
°p 7p
Dm =
Pu

»

For a sub-freezing snowpack, or one at the freezing pdfht with no free

water present, L.f = L. and the thermal quality is glven by:

3 f

B=1.0+ ; 2.7

For a snowpack at the freezing point with free water,

WC

Lfs = (1.0 - ﬁEE) Lf (2.8)



10.

and

-
[o+]
"

1.0 - WEQ . {(2.9)

2.4 Energy Budget

An energy balance performed about i snowpack [6]1 yields an

equation of the~form:

] Ho=H . +H , + He +H, o+ Hg + Hp + Hq (2.10)
where
- Hé = heat available to melt the snowpack
Hrs = heat due to absorbed solar radiation
Hrl = net heat exchange between the snowpack and its enviromment
due to long wave radiation
He = latefit heat of vapourization released from the condensate
Hc = convective heat transfer from the air

is = conducted heat from or to the underlying ground
H = heat received by the pack from precipitation

H = change in energy content of the.snowpack

Quantifying.theﬁe péraneters determines the net amount of heat available

for melt.

2.48.1 Radiation

All bodies radiate energy according to the Stefan-Boltzmann law:



E
_-E=o
TK ‘ ) -
where

E = total radiation in all wavelengths (ly min~ ')

TK = surface temperature (%)
g = Stefan-Boltzmann constant
- 0.826 x 10-10 cal cm? min~' %Y

min K

The intensity of radiated energy is [11]:
(i) 107,050 ly/min at the sun's surface (T = 6000 %)
(11) 0.56 ly/mih at the earth's surface (T = 287 °K)°

(11i) 0.459 ly/min at the snowpack surface (T = 273 %)

1

“(2.11)

Only a small portien of the entiré electromagnetic spectrum is capable

of causing snownelt however, and may be divided into two categories:

solar (short wave) and terrestrial (long wave) radiation.

Shortwave Radiation

Insolation is defined as the amount of solar radiatien incident

AY .
to a horizontal surface and, for a given-latitude and time of year, may

be calculated at the outer edge of the earth's atmosphere from [11]:

(1) the distance from the earth to the sun
(i) éﬁ% angle of incidence of the sun's rays

(iid) the duration of sunlight




-

These factors are governed by the relations:

Io = Eo sin{ALPHA)

and sin (ALPHA) = sinf(DEC)sin(PHI) + cos(DEC)cos(PHI)cos(TAU)

’

where ¢ .

Io = Insolation at the outer edge of the earths atmosphere
r -1
(ly/min )

E, = solar constant (2.00 ly/min—1)
DEC = the sun's declination

\ _ .
TAU = the sun's hour angle
PHI = the local latitude

Not all of the incident radiation reaches the snowpack. Losses occur as
the radiation passes through the earth's atmosphere due to moiecular andg
particulate scattering and to a lesser extent from molecular absorption.
Losses of the order of 15 to 20 percent may be expected depending upon
the location Fnd time of year. These losses can be related to the

length afd transmissivity of the optical air mass through which the

radiation passes [11]:

IC
T = exp (-n a, m) (2.13)
o -
* where
. =1
IC = clear sky in8clation at earth's surface ly/min
. n = turbidity factor
= 2.0 for clear mountain air )
m = relative thickness of the air mass

= ecsc(ALPHA)



molecular‘scatterihg coefficlent

—
0.128 - 0.54 log m [ -

1 //
On days with partial or complete cloud cover, the insolation reaching
L]

Fl

She earth's surface is further reduced [7]:

ICL - '
= =1 - (1-X,) CLOUD (2.14)
IC 1
where
ICL = insolation reéceived on an overcast day
CLOUD = fraction of the sky obscured by clowuds
K, = a transmission coefficient

The transmission coeffjicient is a function of the cloud elevation and

may be estimated by [12]:

K1 = 0.18 + 0.0787 Z ] : (2.15)

where

Z = the cloud base elevation (km)
Scme of the radiation reaching the pack is reflected, the exact amount
being dependent upon the albedo (ALB) of the surface. Snowpack albedo
is highly variable and is a function of the metamorphosis of the snow
surface. Typlcal values of albede for a snowpack range from 0.45 to
0.80 as shown in Figure 2.2.

-

Albedo can be related to the surface age of the pack by [91:

ALB = x(y)8% ‘ - (2.16)
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where . .
AlLB = albedo
t = age of the snow surface (days) - . ' |
- = constants.

X,Y.E

.

Typical values of these constants have been defined by &nderson (91 as:

-

ALB = 0.85(0.9&?'58t for the accunulation season - (2.1T)

and _ ..

ALB ot

0.85(0.82_)' for the melt season (2.18)

The 'total amount of heat available to melt the snowpack due to shortwave

radiation is thus: \
trs = I (1.0-ALB) | ) (2.19)
where | . |
‘Hr; - shortwave energy (cal)
ALB = snowpack albedo
I = available insolation’

\

{given by either equation 2.13 or 23 14)

Longwave Radiation

Snow radiates longwave energy as 2 nearly perfect black body. It

absorbs all incident longwave radjation and emits the maximum amount

-

according to Stefén‘s law.
The net longwave radiatiocn exchéng?,béQueen the snowpack and ips
environment is the difference between the radiation emitted by the snow

surface and that emitted by the atmosphere. It has been shown [14] that
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L] . . Y e

on cloudless days, the incéﬁing longwave Fédiatrbn (IL) is related to

the atmospheric vapour pressure at the snowpack surface by:

-

IL
T ° 0.740 + 0.0049 e, . o {(2.20)
where '
IL = incoming longwave radiation {1y min—T)
e = atmospheric vapour pressure (mb) =

Since the vapour pressure over snowfields varies over only a small- range

(3 to 9 mb) equation (2.20) may be reduced to:

il : ’
& = 757 (2.21)

Combining equations (2.11) and (2.21) yields:

IL = 0.75T ¢ TAKu (2.223

where

TAK = surface air temperature (°k)

.

Under clear siy conditions, the net longwave heat energy available to

the pack is given by the algebraic sum of the incident and the back

radiation: - "

B, = 0.757 o TAK” - o TSK" | (2.23)
&r‘e T e

TSK = snow surface temperature (éK)

Rafael [14] has shown that clouds emit enefgy as black bodies.

Clouds are thus the dominant factor with respect to ioqg wave radiatien
on overcast days. On days with complete c¢loud cover, the net heat

1Y

&a



available to the pack is related t?o; the cloud base temperature:
: 4 4 )
- HrL = .757 ¢ (TCK - TSK') (2.24)

where . =
¥

TCK = the cloud base temperature (°x)

”

On days with paqtial cloud cover, the net longwave radiation exchange

may be found in a manner simiI%p to that for shortwave radiation.

ILCL - i .
o = 1.8 - K2 CLOUD - {(2.25)
where

ILCL = incident longwave radiation on a day with.aartial cloud .

covet

. R
IL = incident longwave radiation on a clear day - ¢
CLOUD = fraction of sky obscured by clouds
K2 = a transmission coefficient

N

The transmission coefficlent, K2' has been related to t@e cloud base

altitude [71]: g ) e
Fi

-

‘ K2 = 1.0 - 0.0787 Z ‘ (2.26)

where

7 = cloud base altitude (km)

By combining equations (2.23) and (2.25). the net longwave radiation
&
exchange between the snowpack and its enviromment, on days with partial

cloudcover, can be determined from:

PR rPra s )

[ Qe YN

]
i b A e

PR RS CLE B



4 4, ;
H, = (0.-7570 TAK - ¢ TSK ) .(1.0 - K,) CLOUD )

- (2.27)

4

. 2.4.2 Convection ) R . .

Heat is exchﬁnged between the air aﬁd the snowpack:by convection. -

|

\4,'
. <
The rate of heat transfer is governed by the law of turbulent exchange:.
. ) h
dq
‘ Q =K iz : (2.28)
‘where : ¢ .

-

- Q = the flow of scome property of the air through a unit area per
unit time

K = an exchange coefficient

i

q = the property under consideration

z = height

Assuming that the vertical gradient of air properties over a snowpack

-

follows a power law distribution [11], then:

*
Q = ; (zazb)_1/n a, Yy ‘ (2.29)
where
. n « = the exponent of the power law distribution
z = the height of measurement
. v = the wind velocity )
a,b =

subseripts to identify the height at which the property and

~the wind speed are measured

¥

Convective heat transfer is a function of temperature and wind velocity.

Depending upon the direction of the temperature gradient heat is either
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gained Sr"' lost b‘er the snowpack. Thus, melt due .to .convection may be

-

determined fram: e

T "MC = Kc (Ta - Ts) Vb * (2.30)
where

’&‘ MC = i'&alt due to convection (em)
l?;“: convection exchange coefficilent
&b = wind speed (km he 1)

Mod:Lf?ing equation {(2.29) to account for the power law distribution of
i

. wind and temperature with height yields._

-1/n .
MC = KC (zazb) (Ta - TS) Vb (2.3%)
where
1/n
KC = Kc(zazb) .
+
T™e modified convection exchange coefficient {(KC) is a complex
function and is dependent upon air density. Since air density is in

turn a function of elevation, the value of KC is initially computed for
sea level. At higher elevations, this coefficient is reduced by the
raéio P/PO. where.P is the atmospheric pressure at the elevation under
consideration and Po {s the sea level pressure. Thus the convection

melt equation at any elevation is given by:

_ =1/
MC = KC (P/Po) (zazb) (Ta - Ts) v (2.32)
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2.4.3 Condensation-Evaporation Melt €

When water vapour ewaporates from or condenses dnto & snowpack, a
certain amount of heat is lost or gained by the pack due to the latent
heats of fusion and vaporization involved in the corresponding change of
state. These are capable of altering by a factor of more than seven.tgé
amount of water available for runoff [11].

This heat exchange process is a function of turbulent exchange,
and the melt equation is of a form similar to that for convection. .The
general equation relating vapour pressure and wind speed to the.amount

of condensate formed (evaporation is the reverse effect) is of the form:

Q = Ke (éa—es) Vb (2.33)
where
e, = vapour pressure of the afmosphere
€, = vapour pressure of the snow
Vb = wind spe;d
K = the condgnsation—evaporation exchénge coefficient

For every gram of water vapour condensed, 600 calories of heat energy
are released due to the latent heat of vaporization. ., Thus, for a
snowpack having a thermal quality of 1, 7.5 grams oflsnow are melted
{600/80), for every gram of water vapour condensed.

LY
This effect is represented in the melt equation by:

. MCE = B.5 Ko (ea—es) Vi ' (2.34)

1]
and, using the power law distribution as before,

S—

TN
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2

-1/n )
(ea - es) Vb - (2.35)

— MCE = KE (z,2,)
where

1/n
KE = 8.5 K, (zazb)

&

If the atmospheric vapour pressure is greater than the snowpack
vapour pressure, evaporation occurs and the cold cont;ht of the pack is
increased. If the reverse occurs, condensation results and water is

freed for runoff.

2.4.4 Advection

when rain falls on a snowpack, heat is added to the pack as the
rain is cooled to the temperature of the snow and the heat evolved is
absorbed by the pack.

In a ripe snowpack, one yﬁngley of heat energy is released by

every centimeter of rain, per degree Celcius that the temperature of the

rain exceeds the fre&zing point:

Hp = (TR - TS) DP v (2.36)
where
TR = the rain temperature ( C)
DP = the depth of rain (cm) //—\\

When rain falls on a sub-freezing snowpack, additional heat due
to the latent heat of fusion i3 added at ;he rate of B0 langleys per
centimeter of rain, until the cold content of the pack is eliminated.
QDue to the relatively high aﬁount of heat released by the latent heat,

any appreciable‘fmount of rain will remove the cold content from most
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snowpacks. Conversely, a small amount of rain on a ripe pack will not

cause extensive melt.

-2.4.5 Conduction
The rate of heat exchange between the snowpack and the ground is
proportional to the product of the thermal conductivity of the soil and

the temperatuyre gradient across the interface as expressed by:

dT

Hg = KT = (2.37)

where

HG heat flux due to ground conduction

KT = thermal conddctivity of the soil
T = temperature

z = soil depth

The highly variable nature of both the thermal conductivity and
the temperature gradient complicates the pre;ise determination of the
avalilable heat from this source.

In southern regions, this energy source usually supplies heat to
the pack. Measurements (7] have indicated that an average of 0.17
langleys per hour of heat energy are supplied to the pack from this
source (equivalent to .005 cm of melt per day). Due to the small values
of heat provided, this term 1is generally ignored in snowmelt
computations. |

In northern regions, where permafrost is extensive, the overlying

snowpack is warmed before the ground, the temperature gradient is
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downward from the pack to the ground, and heat is initially lost from
the ;:ack. This heat 1is provided by melt water percolai:ing througt; the
pack and freezing at the-interface. reieasing iﬁs heat of fusion. As
the ablation season advances, the pacﬁ—ground temperature gradient will
approach zero and heat will neithef be gained nor lost by the pack. As
a result, the underlying permafrost will persist and infiltration'will

be negligible [15].

L\
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CHAPTER 3

SNOWPACK ABLATION

3.1 mmmm

In practice, much of the data required by the relations presented
in chapter 2 are unavailable for the arctic at suitab}e time resclution
(if at all). Accordingly, much of the data must be either estimated or
derived from supplementary data. For instance, many meteorologle
stations in the arctic record only maximum and minimum air temperatures
and total daily precipitation. This of course renders deterministic
simulation of snownelt on an hourly basis futile. Similarly radiation
observations are collected at only a few statlons ;n the arctic and the
net radiation flux must be estimated by other methods.

Because of this general lack of hourly data and since in any case
a model should be systematically developed from a coarse time step [16]
a dally t;me step issued in this study. Accordingly, in this chapter

tne basic relations presented in Chapter 2 are modified to yield total

daily melt and procedures are developed to estimate the missing data.

3.2 Radiation
",‘Shortwave radiation is of particular importance in the arctic
because of the long duration of sunlight during the ablation season and

the absence of a forest canopy which, in scuthern regions, shades the

25



snowpack. On cloudy days, gﬁe impact of shortwave radiation is reduced,
and, longwave radlation becomes the dominant factor. Since t;tal
radiation is seldom recorded in the arctic it is essential that a
methqdology be developed fo; estimating the net heat available to the
snowpack from this source. .

3.2.1 wave Radiat

Clear sky insolation on a flat unshaded surface can be computed
directly from equations (2.12) and (2.13). The true shortwave radiation
incident %o a snowpack will however depend on the local topography and
the aspect of the catchment. -

To account for these effects, a calibration parameter has been
iﬁagrporated into the theoretical relations.l The angle M"ALPHA"™ in
equation (2.12) is a measure of the solar altitude and is a function
solely of latitude and time. By specifying the ﬁinimum angle above
which the sun must rise before any solar radiation.reaches the snowpack,
the amodpt of incident solar radiation can be adjusted to reflect local
conditions.

An algorithm was developed to compute the incident solar
radiation in five minute increments. If the designated cut—off angle
for the catchment is greater than the sun's altitude, the incident solar °
radiation for that time gtep iz set to zero. A.qymmation of the five
minute radiation values over the day yields the total shortwave

radiation incident to the snowpack.

On overcast days, the incident radiation is reduced as a function

‘e [
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of cloud cover ®sing equation (2.14). The snowpack albedo 1s then

computed from equation (2.18) and the net incident shortwave radiation

determined.

3.2.2 Lonewave Radiation -
Clear sky longwave radiation may be computed from the snow

surface and air temperatures using equation {(2.23). On a daily time

step, the net clear sky longwave radiation is given by:
%

Y (119 x 10 TyTsk? (3.1)

- -7
Hrz ={0.90 x 107 ")TAK

.

On days with complete cloud cover, the net longwave radiation 1s a

function of the cloud base and snow surface temperatureﬁ:

Hp, = (Tcxu - TSKu) x 1.9 x 1077 %3.2)

The cloud base temperatdre must be estimated from the cloud elevation
and the ambient lapse rate which varies from -T.29°C/Km under dry
conditions to -6.01°C/Km under saturated conditions.

Cn days with partial cloud cover, the net longwave radiation 1s

computed using eguation (2.25) developed by the C.S.S.L. [7].

3.2.3 Estimation of Total Radiation

Cloud cover and cloud base elevation data are collected at z few
meteorologic'stations in the arctic but these data are seldom published,
are difficult to acquire and in many cases are only approximate., As a

result, an accurate estimation of the net radlation flux on days with
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s

]

partial cloud cover is difficult.

Observations during the 1972 and 1974 ablation seasons in the

test catchments (Chapter 6) indicated that a definite correlation exists

AN

between the total daily. radiation flux and the variation in air
temperature. On overcast days, solar radiation is reduced by the cloud
cover and longwave radiation emmited by the snowpack is reflected back;

only a small variation in_temperature is observed throughout the day.

On clear days, 2 distinet warming trenﬁ?is obsérved_duﬁing the ddylight

<

hours due to the effect of the solar radiation. The nights on the other
hand are cool due to the emissién of longwave radiation by the snowpack.

Daily records of the extent and elevation of the cloud cover were
3

maintained during 1972 and 1974, and the correlation between the
theoretical radiation flux and the variation in temperature over the day

(TMAX-TMIN)} was computed.

This analysis showed that the total radiation on overcast days

can be related to the variation in temperature by:

»
S

RADT = 65 + 5.6 DELT ,. (3.3)

subject to the following constraints:

i) if DELT < 7°¢ CLOUD = .8
~ CLEL = 1.6
ii) if RAIN > .25 c¢m CLOUD = 1.
‘ . CLEL = .5
where
RADT = total radiation ly/day
DELT = TMAX-TMIN °c
CLEL = Cloud Base Elevation km

-
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0.82. Althoug@ perhaps low, the analysis doe§ indicate that a
significant porti?n of the net radiation £flux can-be related to.the
ch;nge ;n temperature over the day. A better correlzation can be |
expec_ted if other time intervals for the temperature differences are
used to reduce the effect of warm and cold fronts passing thr;ugh the
study area. Due to data.deficiencies, however, a more ;efined.analysis
was not deemed to be worthwhile. N
The standard error of estimate inSythe correlation was 50.5
ly/day. Tgis error corresponds to approximately 63 mm of melt and was
within the accuracy limits imposed'by' the temperature, yindspeéd and
éloud—cover data. Accordingly it was decided to adopt the regression

equation as a basis fbr the reascpnable estimation of the net radiation

flux in thoss catchments for whieh cloud cover data were unavailable.

3.2.4 Total Radiation Melt |

Once the total heat available to the pack from the net radiation
flux has been determined,. the total melt due to radiation can be

deternined from:

, B ‘
MR = —80s {cm day ) (3.4)

3.3 Convection
In- addition to net radiation flux, convection, condensation and

advec}ion are ﬁmportant processes in snowpack ablation.
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The net heat available to the. pack due to advection is given by

-

equation (2.32), If the temperature and wind velocities are measured at
"‘\

‘the;r standaerheights (2 m and 10 m respectively), and the 1/6 power

law which is comnonly used over snowfields is applied [7], thisg relation -

reduces to:

MC = 0.607 K, (P/P_) (TA-TSIV, (3.5)
The coefficient "K," has been found by experimentation {7] %o have an

.33 -1 0.-1

average value of 0.120 co m hr km o da),'s-1 for a snowpack with

a thermal quali?y of 0.97. Thus, the actual melt due to convection is

given by:

~

MC = 0.00728 (2/2) (TA-TS) V, cm day~ " (3.6)

_The pressure gradient (P/Po) can be~ expressed" 1n its general form by

(17]:

0.167H ° )
P/Po = (1 - R. STK ) ‘ (3.7)
where
R = universal gas constant : ’

= 287.6 dz 3’2 OK-1

STK = average of sea level and site-level temperatures (°K)

H = elevation of the site {(m)

By incorporating equation (3.7) into equation (3.6), the general
'melt equation due to convection can be expressed in terms of parameters

are generally available in the arctice:
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MC = 0.00728 [1 - —zz—] (TA-TS) ¥, (3.8)
3.4 tion = Ev 43

The net heat avallable ¢fo the pack due ¢to condensation' -
evaporation is given by equation (2.35). Assuming that the vapour

pressure and wind speed readings are taken at their standard height and
“% J
using the ﬁ/é\bower law, this relation reduces to:

MCE = 0.607 XE(e_-e )V, (3.9)

The coefficient "XE" has been found by experimentation [7] to

<33 1 -1

have an average- value of 0,0226 cm m hr mb k= <:la3,r:3_1 for a

snowpack with thermal quality of O.§T. Thus, the actual melt due to

condensation - evaporaticn is:

ME = 0.0137 (ea-es)vb _ (3.10)

where

ME - mel% due to condensation - evaporation {(cm/day)

Vapour pressure data are not widely available in %the arctic however the

relative humidity is often receorded and is related %o vapour pressure:

-

100 ea

U s ———— (3.%1)
eS

where

\} :
\\\\\\\\ U = relative humidity (%)
{

The vapour pressure at the surface of a nelting snowpack dces not vary

lug significantly from a value of 6.11 mb. The saturated vapour pressure

-
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over a2 snowpack, although variable, can be determined from the surface

air temperature by [17]:

. . e
. es = 6-11 x 10(9'5 TA/(TA+265-5)) ) (%.12)

-

By incorporating equations (3.1%1) and (3.12) into equaticn (3.10), the

total daily melt due to condensation - evaporation is given By:

ME = 0.0838 V, (.07 U x 107 - 1) (3.13)

¢

where .-

P = 9,5 TA/(TA + 265.5)

3.5 Advection
The total hea%t avallable to the pack due to advection 1s defined

by equation (2.36). Converting this to actual melt ylelds:

. DP(TR-TP) ' L »

MP = ——Ea—g—- (3.14)

where

-1
MP - melt due to advection (cm day ')

Wnen rain falls on a ripe snowpack, the melt-producing capability
of the rain is small when compared with the depth of raln itself. When

the snowpack is subfreezing, however, the falling rain will freeze and
N

J 3 .
will give up not only the heat indicated by equations (3.14) but "also

its latent heat of fusion.
-

[ t

3.6 Summarv ' : .
The total melt resulting on any given day may be determined from

the summation of the individual melt eomponents:
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2 v
SM = MR + MC + MCE + MP (;m day_1) (3.15)

If the total melt is positive, melt water will ‘be released from the
snowpack surface and will percolate throﬁgh the pack. If negative, the
cold content of the pack will be increased.

If sufficlent meteoroclogic data are available, the rate of snow-
melt can be determined from the energy budget approach. The accuracy of

the computations will however decrease if data are missing or must be

estimated. g
[*4
The temperature index method has been utilized with considerable
success to compute snowzelt [18, 191, and has been employed by Ribelro

{3] to estimate snowmelt in the Baffin HRegion. In this approach, the

melt is estimated by:

-SM = DDF (TA-TI)) (3.186)
where
DDF = a degree-day factor (em/°C)
TI = an index temperature, usually OOC

Tnis method assumes that whenever the surface air temperature i{s grea‘er
than the index temperature, melt will occur. The degree-day factor can
vary from a value of .056 to .45 depending on the time of year and local
condition® and is essentially a calibration parameter. Al though good
results have been obtained on éauged catchments where a calibration can
be carried oﬁt, the appllcation of this method to ungauged catchments
can result in sign;fiéﬁnt errors because melt 1s related only to

temperature. Since the physical processes that control snowmelt are not
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considep{gd an insight into the _expected range of flows canno.t be
obtained and little certainty can be placed on the computed melt from
ungauged catchments.

Application of the detaued energy budget f*elations, on the other
hand, allows thé? exanination of a range of meteorologic conditions.
Probabllities can be assigned to these, and mélt can be predicted on a

more rigorous basis.

o ' b

e



/”"
N

(W

CHAPTER 4
¥

SPATIAL DISTRIBUTIO? or TH§J§§OWPACK
4.1 Introduction

The detailed heat balance rélations outlined in the previous two
chapters govern the rate Qf snowmelt at a point. In order to apply this .
theory basin-wide, a xqthod must pe ¢eveloped‘which takes into
consideration the spatial distribution of the snowpack and its
properties as well as the spatial variaticn of topographic properties
and meteorologic conditions in the catchment.

The spatial distribution of the snowpack and the variation in
catchment prope;ties can be simulated by disaggregating the catchment
into a finite number of sub-areas. Th%fe sub-areas may be determined on
the basis of elevation bands, of sub-drainage areas, or of some
combination of these depending upon the nature of the catchment, uler

N
consideration, the distribution of the snowpack in the catchment, and
the accuracy of the available data. Each sub-area is then treated as a

uniform area in which all snowpack, topographic and meteorologic

parameters remain constant{ over the computaticon time step.

4,2 Snowpack Properties -

. . ™ N . .
During the winter months, successive snowfalls result in the

accumulation of the snowpack. In order to accurately predict the volume

N ————— ~

35 ¢ '
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and temporal distribuéion of runoff it 1is essential that the snowpack
properties (water equivalent, density, areal distribution,\depth, cold
content, water content, thermal quality and albedo) at the end of the
accumulation period, are either known or can be estimated. In addition,

these properties must be updated at the end of each computation time

step.

4.2.1 W W iV

The water equivalent of a snowpack is defined as the total amount
of water stored in the pack and is usually expressed in terms of depth
over the catchment area. Meteorologic stations in the arctic record
daily depths of snowfall and in many areas record average ground .,
accumulations. The water equivalent of each snowfall event may be
determined from:

D
s

WEQ = & N (4.1)
3

where WEQ = water equivalent (cm)

L=
n

depth of snowfall {(cm)
3

4
he)
n

density of the snow (gem

The density of newly fallen snow in southern areas is assuked to
have a value of 0.?%'. Snowfalls in the arctic however, often occur at
~ very low temperatures and their actual density may be as low as 0.04
[20]. Anderson and Crawford [13] have carried out a number of studies
on the density of newly fallen snow and have developed regression

equations which relate snowfall density to surface air temperature:
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pg = 0.05 + (0.018 TA +'32)2- (5.2)

where

TA = surface alr temperature (OC)

+
-

Thus, if actual snowfall deptﬁs have been recorded in or near the qgudy
area, equations (4.1) and (4.2) can be used to determine the water
equivalent of each snowfall event. Since very little snowmelt occurs in
the arctic during the winter, the summation of these over the
accumulation season will give a reasonable estimate of the total water

-

equivalent of the snowpack.
If these data are not avallable, the snowpack water equivalent
must be estimated by other methods. These may include snow surveys

[20], telemetry, or calibration of a model against recorded stream flow

data.

4.2.2 Spowpack Density

Once newly fallen snow has been dgposited upon the ground, it is
subject to compaction by wind action and overburden pressures from
subsequent snowfalls. MeKay [22} found that a density of 0.33 is
representative of snowpacks 1in the ‘arctic archipelago. Studies by
Billelo (23] indicated Pnat snowpack densities of approximately .36 can

be expected 1in the arectic at the end of the accumulation season.

Typical densities [24] for various snowpack types are presented in Table

4.1, ‘

_ .. - e —————————
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TABLE 4.1
TYPICAL SNOWPACK DENSITIES
) _ DENSITY
w‘ﬂﬂ'\{lj&) .01 - .03
ordinary new snow immediately after falling . .05 - .065
settling snow .07 - .19
settled snow | .20 - .30
very slightly wiﬁd toughened immediately after falling. .06 - .08
average wind toughened snow -1
hard wind slab .35
new firn snow ‘ 40 - .55
advance firn snow .55 - .65
thawing firn snow : 60 - .70

4.2.3 Spow Covered Area

Local topographiec affeets, prevailing wind direction and total
snowfall influence the distribution and areal extent of snow cover. As
the aﬁlation season advances, the snowpack recgdes and the total area
contributing to runoff diminishes. To agcuratef} simulate the temporal
variation in runeff resulting froz snowmelt, a method must be developed
for estimating this variation in snow covered area.

An areal‘depletion curve, which indexes the snow covered area of
a catchment or sub-basin to the snowpack water equivalent, has been

employed in a number of models [13, 25} to estimate the snowcovered
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area., The areal depletion curve is defined by:
In (WEQ + 1) .
ASC = T0TSeT - 1) X AREA (4.3)
where ‘&
ASC = snow covered area Skmz)
AREA = area of sub-basin (kmz)
SCI = index value of water equivalent for which the entire

watershed is snowcovered {cm)

-If new snow falls during a computation interval, it is assumed that the

area reverts to 100_percent Snow cover as shown;in Figure 4.%. The
assumption 1is alsc made that the rate of recovery of snowfree area
beEween the old and new snowpack water equi@alents is linear.

Since the distribution of a snowpack within a watershed is
largely influenced by local topography and prevailing winds, the areal
depletion curve will generally be similar {rom year to year [26] and it
is only necessary %to determine the water eqguivalent of the snowpack

within the basin once the water equivalent index (SCI) has been

determined.

4.2.5% Snowpack Depth
The mean snowpack depth may be determined from field surveys, or
approximated by:

WEQ  ASC
Dp = ™ X TREa

N (4.4)

where



ot
n

. snowpack depth (cm)

o
13

snowpack density .

In the latter case, the snowpack depth }s assumed constant over’
the entire sub-area and thoée areaS with abnormally high snowpack depths
must be identifiéa and modelled as separate areas to ensure that
temporal distribution of runoff is correcﬁiy simulated. As_discussed in

Chapter 8, the snéw covered index (SCI) can be useq\to acecount for minor
b

-

variations in snowpack depth.

*r

4.2.5 Spowpack Cold Content _

In snowpacks with temperatures lower than 0°C, any melt oceurring
at the surface of the snowpack freezes as it percplates through the pack
until the cold content (as giwen by equation (2.4)) is dissipated and
the pack temperature is raised to the freezing .point.

The cold content is a function of the sﬁowpack temperature. At
the start of the snownelt simulation, the pack temperature may be
esti;ated by averaging the average daily air temperatures over the five
day period 'prior %o the simulation. Errors in the initial estimate of
the cold content will result in inagecuracies in the cowmputed runoff
during the earlier portions ¢f the simulaticon. These will howevef be

quickly rectified as the simulation proceeds, due to the addition of the

latent heat of fusion released by the surface melt as it freezes.
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4.2.6 ﬁngznask_ﬁaiﬁzﬁggnzgni :

Free water can exist in a snowpack' only 1fhtbe‘9ack temperature
{s at the freezing poimt and the amount of this freé dater is limited to
the water-holding capacity of the pack. Studies [13] have shown that
the Wwater-heolding - capaclty of a s=nowpack can be related to the pack
density by:

WHC = (0.064 x Py *+ 0.08) x WEQ (4.4)

for snowpack densities less than d.HO,

WHC = (0.51 x p_ - .1) x WEQ - ve (8.5)

for showpack .densities between 0.40 and 0.55, and

WHC = (0.28 x op + .33) x WEQ - (4.6)
for snowpack densities greater. than 0.55.
Hpere

water-holding capacity of the snowpack (em)

-

WHC

°p

snowpack density .

Before funoff can occur, the water-holding capacity of the snoﬁpack must
be satisfied. As with the cold content, errors in the initial
estimatioﬁ of the water content will result in inaccuracies in the

computed runoff during the earlier stages in the simulation but the

error will diminish rapidly in subsequent time steps.

4.2.7 Snowpack Thermal Qualitv . «

The snowpack thermal quality'may be determined for a sub-freezing ,

'H-‘

'snowpack and for a snowpack at the freezing point by equatiens (2.7) and
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-

(2.9) respectively.

The thermal quality does not vary significantly from a value of
0.97 throughout the melt season. Thus, the effect of any initial error

in this parameter will diminish quickly as the simulation groceeds.

u.2.E; Snowpack flbedo

| The albedo of the snowpack surface 1s a function of the surface
age and r;ay be estimated by eqﬁation (2.17) for the accumulatlon season
and by equatio:u (‘2‘.18) for the melt period. A reasonable estimate of
the snowpac}g\flbedo'at the start.'of‘ the simulation pericd 'may thus be

~

made f{rom meteorologic records.

~

| L.z t w t

. At the end of each computation period, the snowpack properties
must be adjusted %o ;ccount for the changes in the energy balance of the
pack. .

-

Initially, a check must be made to determine if the cold content

of the pack has been dissipated. If not, all‘ a portion of the melt
will be used to redixe the heat deficit,
. ‘ "‘P
Prior to runoff occurring, the water holding capaclty of the pack

nmust bd met. Thus,'the water equivalent of the pack at the start of the

next{ time step is given by:

\ . WEQ(t) = WEQ(t-1) - SM + (WHC-WC) (8.7)
for WHC; > WC !

and
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. WEQ(t) = WEQ(t-1) . . (4.8) - -

for - WHC =.WC T . ' \b

where WC = the water content o g <

™ .
Once the uateﬁ\equivalent of the -snowpack- has been defined, the snow *

covered area is determined (equation (4.3)).and new values for snowpack
depth and density are determined. Since the snowpack depth changes more

quickly than the pack density, it is initially computed from:

WEQ(%)

Pp(t) = 5 (4.9)

plt=1) ’

If new snow has llen qpring the computation timestep, the underlying
R . :

snow is conipacted by the overburden: The amount of this compaction can

be estimated from [13]:

3
. Ofp = 2.5k WEQNS x Dp/WEQ x (.254 Dp)* ¥ L (5.10)
where
CMP = compaction (em)
WEQNS = water equivalent of new snow (cm)
The new snowpack depth is thus given by:
WEQ(%) .
Dp(t) = p_— - CMP - {4,113
p(t-1) .
Finally, the updated szowpack density is determined from:
WEQ(%) )
p.(L) = | ’ . 4
() Dp(t) . (4.12)

These factors, as well as the snowpack albedo, are adjusted at the end
of each ' time step until the total snowpack has melted. No further

snowmelt computations are carried out\§ziess 2 new snowfall occurs in a
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subsequent time step.

% T : " . ) -
4.4 nghggll ’ . ‘

If. rain occurs d‘ﬁrin_g_ 'a computa't._.‘..ign interval, the water
ééuifélent.of tpe rain- is added to the snowpack and the normal melt
simulétion s carried out.‘ If the water-holding capacity of the pack
has been satisfied, all of tﬁe rain will be freed as runoff. The
rainfall is also applied ?o the snowffee area. éecause of the extensive
permafrost iﬁ the Baffin Resi;n, no infiltration equations were
incorsorated in the model. Field studies by Price et al [15] and
obse;yé;;;;§\é3_the test basins confirmed that infiltration will be ve}y

3
low in permafrost arezs.

4.5 Summarv

The simulation of the hydrologic response of a small catchment to
rainfall is relativelg simple since the rainfall input is usualiy
assumed %o be distributed uniformly over the catchment. The simulation
of tﬁe hydrologic response of a catchqedt to snowmelt 1s more
complicated however because of the change in the snowpack properties
with time and -space.

The most impertant 4§iowpack properties are its areal

distribution, particularly in the latter part of the ablation season,

and its water equivalent. If the snow covered area is too small, the
ey

compldted daily flows will be proportionately lower than the recorded

flows. Converse{?, if too large an area is assumed, the flow fates will
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be overestimated. Similarly, errors in the initial estimatg of the
snowpack water equivalent will influence the computed total yield from
the catchment. |

Snow covered area, and its variation with time can be readily
determined from field surveys ;nd aerial photography and errors in the
estimated snowpack water equivalent will normally be small 1if accurate
snowfall data are available. '

Errors in estimating the other snowpack propertigs can have a.
significant impact on the simulation of average daily flow rates during
the early part of the simulation, These are quickly corrected by

updating the snowpack properties at the end of each time step and thus
-

do not have serious effects on the long term simulation.
. :
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CHAPTER 5 °

. SNOWMELT ROUTING

5.1 t £id

In order %o assess %“He predictive capabdbilities of a snowmelt
simulation model, it is neéessary to account for the natural attenuation
affects in a watershed: This is accomplished by routing the computed
mel* through the system of natural channels and lakes which form part of
every hasin.

Considerable difficulty is ,encountered when attempting to route
runoff from snowmelt through a catchment. In a deté?ministic model with
small time steps (1 hour), where peak flows or the diurnal variations in
flpow are imp;rtant, relations must be developed %to account for the lag
time that occurs as the melt water peréola:es through the pack to the
pack/ground interface. The runcff must <then be routed along the
interface to 1its edge, thence as interi}é?h\or overland flow t¢ the

stream, where it is introduced as Egé;ral Ynflow. Finally, it 1is
/

necessary %o route the runoff through the stream-lake system to the

catchment outlet.
_.. Boundary conditions change/z;roughout the ablation season. At
e 7 i, P

the start of the ablation season, the river bed is usually blocked by

ice and sSnow. This results in considerable ponding which often

complicates spring floods. As the season advances, the snowline moves

k7
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. .
up the ca%chment and away from the stream., The effective contributing

;rea is thus chan-;ing through the ablation season. There are also daily
changes due to local meteorological cénditions. -

Sigble forms of hydrologic routing such as the Muskingum and unit
hydrogra methods are based on the assumptions of linear theory. When
considering snownelt, the contributing snowpack area varies uith_both
time and loecal mete%{ologicai conditions. As a result, the unit
respbonse function will change with time. If the Muskingum method is
used, the coefficients K and x will alsc vary with time and flow.

In this study average daily flows are calculated; the computation

is based on a %ime step of one day and a simple routing method 1is

appropriate.
5.2 Routing Procedure ~

1
In small, steep catchments with little or no lake areas and short

lag times, it is reasonable to equate daily discharge to the daily melt
and rainfall-runoff. In catchments with low relief or with significant
lake areas, marked attenuation. and significant lag times will occur and
routing is required.

The routing method developed by Clark {27] is used in this study
to account for natural or general catchment attenuation. Initially, the
melt is computed on a daily basis for the entire simulation period. If
routing is required, this melt is treated as an inflow hydrograph %o a
hypothetical linear reservoir which has storage characteristics similar

<
to that of the catdhment. The characteristics of this reservoir are



49 -

defined by: -

S=K-0 . (5.1) -
where
S = storage
0 = outflow - .
K = storage constant

The continuity equation for the catchment-reservoir concept 1is

expressed:
Qo(u) = CoQi(u) + C1Qi(u-AT) + Con(t+AT) (5.2)
where .
Q, = outflow from the reservoir
Qi = inflow to the reservoir

C_ = .5 aT/{K + ,5aT) .

€y = G

AT = routing time step

= time

ot
|

If the initial boundary conditions are known, all of the parameters in
the continuity equation are defined explicitly except for the storage
constant K. The significance of.this constan® may be determined by

re-writing the continuity equation:

I—O:KF {5.3)

where

—
1]

inflow

(@]
n

outflow . . i
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When inflow to the reservoir ceases, K is defined explicitly by:

K = «0/(d0/d%) . ) (5.%)

~

Thus, the storage constant may be found by determining the discharge
rate and the slope of the outflow hydrograph from the catchment at the
upper inflection point as shown in Figure 5.1.

In effect, the storage constant determines tpé rate of withdrawal
from storage after all inflow has ceased, It thus has a physical
interpretation and may be easily estimated -;‘rom recorded hydrographs if

available or may be estimated from catchments, with the required

observed data, that are physically similar to the catchment in question.
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. CHAPTER 6

MODEL DEVELOPMENT

Introduction

Simulation of the snowmelt-runoff process is complex even when

accurate streamflow and meteorologic data are available. In the Arctie,

where these data are limited, a simulation model must be resorted to

which should satisfy the following criteria:

(1}

{i1)

{iii)

{iv)

-

The model should be deterministic. This permits the user to vary
physical parameters over a realistic range of values and carry
out sensitivity test and probabilistic analyses.

The model must be capable of utilizing all available data yet be
sufficiently flexible to be utilized on those basins where data
are limited.

The model should be structured in a manner that will permit the
addition of new algerithms as they are developed in the future. -
Since data manipulation and modification wifi be an integral parf
of the model's use, the model ﬁust be written so as to permit

easy modifications of input data.

A suitably designed conversational computer program, based on the

-algorithms presented earlier, could meet each of the above criteria.

The program would be capable of accepting input data directly from a

52
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remote terminal or from prepared data files, A conversational program

would also be capablé of responding to user requests for operating

procedures and data input changes as well as verifying all basic input

data, ' )

To minimize input-output response times only critical parameters

would be displayed at the terminal. A complete record of the entire

session would however be maintained on a separate file, incIUdiﬁgfgll-

intermediate calculations, for subsequent review by the user,

»

&

6.2  Model Components

The model developed has four basic¢ components:

1. The driver program maintains cqntrol over the execution sequence
and checks the integrity of the input data prior to any
simulation. |

2. Data input routines screen all input data to ensure that a
recognizable entry has been entered by the user. By means of a
series of displayed proampts, these routines lead the user through
the data preparation and manipulatién phase of the program.

3.~ The snowmelt routines compute the actual sn&wmelt based on the’
information prdvided by the user.

b, The routing rcutines are used to transform the generated snowmelt

into runoff. . -

The user can interrupt the execution sequence of ;he program at

any time using a system of commands recognized by the program. These
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program.

-

commands permit the user to direct the execution sequence of the

- -

N

6.2.1 Driver Program . ' X g
The driver program maintains control over the execution sequence

[}

of the program and ensures that all data have been entered prior to the
computation of snowmelt and subsequent rundff..
Initially, zall input data are initialized and prompts are

displayed which offer the user detailed operating information if

dégzied.'

~

Thg driver..then determines if data are available on previously
prepared input files or alternatively 1if the data are to be entered
manually. Once all data have been éntered, the driver carries out a
brief audit t6 ensure that the input snowpack data (water content,

density‘ and water equivalent) are compgtible and adjusts the water
holding capacity of the snowpack if required.‘

The program then carries out a simulation based on the first ten
days of available data %to permit the user to examine the output and
ad just the input data based on these resufts. Once accepted by the
user, the remaining data are processed and, at the user's diréction, the
output is displayed. The user 1is given the option of reviewing and
altering the input data or resuming the simulation at any earlier step.

Uﬁon te;mination of the program; the user %4s informed of the file

on which all input and output data are located and is given directions

rof retrieving this data for detailed reviewif—\“‘
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6.2.2 Data Input Routines . . . .

-Iﬁ an interactive program the user actively participates in the
execution of the program‘ through the use of a series of commands
recognized by tpg program, - It 1is éhus imperative that all data be .
entered in free-format and that the program be capable of screening all
input- to easure fhat user error *does not result in premature
termination. This function.is accomplished by the data input routines.

,\Initially, all dafa afe screened by a free-format read routine.
This routine interprets alpha-numeric data and assembles all numeric
data in the required format. If alpha-numeric data are entered, the
routine compares these with a table of acceptable commands and transfers
control to the a;;ropriate routine. When an unrecognized statement is

entgred, the user is requeste&'by the program to re-enter the data.

Permissible commands incorporated into the madel include:

(a) HELP - The HELP command permits the user to review the program
operation and to examire allowable commands, data‘requirements,
ete. Upon exiting f;oﬁ this routine, control reverts %o that
segmen? of the program at which the HELP command was entéred and
a prompt is displaced requesting the apprbbriate‘data.

(b} SIQP - The STOP command is used to terminate program execution.
The user is asked to verify this command prior to complianée.

(e) CHANGE - The CHANGE command may be used to modify the value(s) of
the input data. ' Through a series of prompts, the program
determinesfwhich data thq user wishes to change and transfers

, control %o the aﬁpropriate data entry routine, [Upon completion

3
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of 21l modifications control reverts to the original segment of
the prognap and the original prompt is displayed for uéer action.

(d) YALUES - With the VALUES command, the user may examine She

current contents of the‘various data arrays. Upon completion of

~‘he review conirol reverts to the segment of the progran from

which the command was c¢alled and the origihal prompt is

displayed.

(e) BACKUP - The BACKUP command permits the user to back up to an
earlier portion of éhe program and re-execute from this location.

(d)) PROMPTS - After continued use an experienced user will become
accustomed to the data input sequence and may wish to increase
the execution speed by eliminating the delays associated with
read-write functions. The PSQMPTS command will suppress all
future program prompts, These prompts may be re-activated or

) subsequently suppressed by successive use of this‘commahd.

(f) * - If a long series of identical numeric da%a is o be entered

as inﬁﬁt, the user has the option of using the n#n comménd. For

instance, if the daily temperétures remain constant over a five

day period a% 6°C, the user may enter this as 5 % §,

After screening and assembling the input data, the read routine
passes the input data, via arrays, to the appropriate location in the
data control rout;nes. Separate routines are provided for weteorologic,
~ topographic and snowpack data and are discussed in detail in section
6.3. Streamflow data, if available, are re;d automatically from a

prepared data file.
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6.2.3 Snowpel: Routines -
The snowmelt routines are\ executed only after all required input
! _ o
data have been eatered.
These poutines determine the average daily Efmperature at the

‘centroid of the “watershed or sub-basin, if _the watershed has been

- -~

'disgggregated,' determines the form of precipitatio#, camputes daily

" longwave and shoftwave radiation, computes the melé resulting from each
‘component of the heat budget and-updates the properties of the snowpack‘
at“the end of each computation pefiod.

The melt resﬁlting from each component of thé energy budget-
'r'ela.tion, the tqtal daily runo:“f, .input meteogologic data and computec-i
snowpack properties are written 6nto a backup file (Tapte 10> an‘d are

=

available for detailed review by the user. .

Following execution, control reverts back to the driver program

~

" “where the total daily melt is output for user review.

3

6.2.4% Routine Routines ] b
. t
.. The routing routines are relatively simplistic because of the

selection of a daily time step. They are incorporated inte the model to
account for watershed storage which causes snownelt occurring on x day

to appear as runoff in subsequen: days. . _ e

- *
The proyision of a separate routine routing in‘thé model permits

easy modificatign in the future for more refined analyses. which may be
required on more complex watersheds than those utilized in the wmodel

development and testing. ' _ - "
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Following execution of the routing procedure, control reverts o

the driver program whert.; the routed and recorded flows \g_r_'e/\‘compare&.

.The user then has the option -of modifying the routing coefficient,

tering input data or terminating exécution.

-

X 6.3 ta Regyd t

The program requires ;neteor‘ologic,'topographic and snowpack data

- .in either. imperial or S.I. units. Recorded streanflow data are not

)
required but may be entered if available. All computations are carried

y -
out in S5.I. units and the computed melt and f{low rates are dispfayed in .,

th systems.

, Meteorologice, topographic and snowpack data may be entered
T i .

manually at a remote terminal or may be read directly from prepared data

files. Prior %o execution, these data files must be attached and
~ ’ -y -

& .
.labelled as tapes T, 8 or §. treamflow data, if available, are read
- ' . \ .
directly from tape U4, ’
6.3.1 Met ic bat ; N

-~

N
The basic metec‘:\rologic data which niuste supplied by the user

-' . '. - “ ) . = v - .
includes maximum and minimum daily temperature and dail recipitation.
- . \ [

In addition 9, cloud cover and humidity data may be-ente\r_ed if
available. Meteorological data are read iInto the model in subroutine
‘"ME‘I'\ﬁAT” and mod:‘.‘fications to the inp_u‘i'data are made in subr?‘iﬂgine
"METCHA" .

If data a_.?e entered directly at a remote terminal, the data entry
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. - £
procedure is controlled by a. series of prompts displayed at the

terminal. Since meteorologic data are normally fixed these data would P
normally ?izﬁrovided on a data file,
The meteorologic data file (in free format) consists of a title

card followed\by a card containing the number of;ﬁays of data and a code
S " .

identifying the system of units used (0 for S.I. units or 1 for imperial

units). The third card_cbmprises a numeric code indicating the first

day'of available data (January 1 = 1), the station elevation and the

latitude of the watershed. Meteorologic data are then entered, one card

. >
per day, in the following sequence - maximum and minimum temperature,

depth of rain and snow respectively, avérage wind velocity, average
"daily cloud cover (tenths), average cloud elevation (in thousands) and

the relative humidity (%}. If wind, cloud cover or huridity data are.z*---f|

- \—
LA .
not available, these must be entered as -1, A

6.3.2 Topographic Data .
To account for the influence of topography on the aregl

distribution and properties of the snowpack and on the melt relations,

the watershed can be disaggregated 1into a.-maximum of ten sub-basins.

Topographic data are entered via subroutine "TOPDAT" and any subsequent .
: -

modifications are registered in subroutine "TOPCHA".

) -

Topographic data can be entered either from a prepared data file

or directly at the terminal. In the\}atter case, the program will

- -

display the required prompts. < ) -
The topographic data file consists of a title card q?llowed by a ’
. : . {

4
- H
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card in"aica\;;n/g the number of sub-basins Lnd the unit code (0 for S.I.
units .and -1 for imperial units). Thesk cards are followed by a

separate data card for each sub-basin containing the centroid elevation,

basin area, mean chahnel slope, radiation cutoff angle and main channel

‘length respectively.

6.3.3 Spowpack Data -“‘f'\/

The snowpack properties corresponding %o the first day of the
.
simuiation are entered intc the model via subroutine "SNODAT" and any

subsequentl changes ' to the initial snowpack properties are made 1in
subroutine "SNOCHA". As with thé meteorologic and topographic data,
snowpack data can be either input directly from tg_f_e_ terminal, in which
case the prograg display‘s the appropriate prompt, or from a prepared
data file. ’ \

~

If data are entered from a pf‘epar‘ed data file, the file must be
-\ =
preceded by a title card and a card indicating ‘the number of sub-basins

and the unit code. These *are followed. by a separate card for each
user must supply known or estimated values of the snowpack density,
depth (feet or metres), areal coverage (fraction), thermal quality,

" temperature, water content, and sur{_ce age.

-

I/-

sub—basief,{mﬂthe same order used %te define the topographic data. The

The "SNODAT" subroutine automatically.computes and displays *e-e}
-~

basin-wide waté’;r equivalent of the snowpack.

AN

‘A
h



6.4 Suggarv

Simulation of the snowmelt-runoff process is coaplex in that the

area coptributing to funoff varies with'tiqe‘depending upon %:teorologic
conditions and snowpack properties. Calibration of a snowmelt model
requires +the systematicq adjuéément of a néﬁber of wvariables. This
‘ process is complicated in the Baffin Region-uhere recorded metecorologic,
gnowpac}; and streamflow data are c;f‘ten unavailable.

To facilitate the_siﬁulation of the snowrelt-runoff process in
the éaffin. Region, a. conversational-interactive computer program was
developed. This program permits active user involvement throughout the
execution of the program. Y

Tne ability to easily modify input data allows the examination &f
the sensitivity of the model to various physical parameters. This
flexibility in data manipulation facilitates calidbration of the model to
recorded dat;, if availablet Alternatively, sensitivity and
probabiliséic based analyses can be carried out on those basins where
streanflow data are not available.

L .

The basic execution sequence employed in the program and the main

\Y

subroutines are presented in Figure 6.1.

ST
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v\ _ CHAPTER 7

- TEST CATCEMENTS AND AVAILABLE DATA

7.1 t £l

hY | i
Three cafchments, located on Baffin Island, were selected to
provide the required data base (metecrologic and streamflow
observations). With these data, the design methodology developed was
tested to determine 1its limitations and its sensitivity to wvarious
hydrologic and meteorologic parameters, Selection of the catchments was
based upon their importance to nearby comnunities, their accessibility,
the availability of topographic and meteorologic data and their
representativeness,

The research programme, of which this study forms part, was
initiated in 1972. During that year, streamfIOﬂvgnd neteorologic data
were c¢ollected for the 5uva1 River near Pangnirtung N.W.T. The
programee was expanded to include the Apex Ri;er near Frobisher Bay, and
Kuruluk Creek on Broughton Island during 1973 and 1974 (Figure 7-1).
The characteristices of each of these catchments are discussed in this
chapterz, Their importance to nearby communities Ms presen;ed and the

i

available data reviewed.



7.2 Duval River

The Duval River is located in the Cumberland Sound on the east
side of the Pangnirtung Fiord, adjacent to the hamlet of Pangnirtung
(1at. 66° 08' W, long. 65° }““ N). With upper reaches at elevations -
greater than 1200 m and a mean elevat.ion_ of 540 n, tﬁis catchment is
both the largest (97 kma) and the stee_pest of the catchm.en‘ts examined.
It is characterised by steep gradients, deeply incised lower reaches,
and has a generally scuth %to southeasterly aspec;.,. A large plateau, at

]
an elevation of 500 to 600'::1 is &located in the heart of the catchment
surr-ougﬁed by mountain peaks. Although lake area is small, there are
extensive bog areas located primarily on the plateau. A small glacier
(1.4 ka®) is also locdated within the cz;.tchment at elevation 1100 m along
with a semi-permanent snowfield. Topographic detailsL of the catcﬁment
are pr‘esente‘d in Figure 7.2.

The hamlet of Pangnirtung has a populétj.'on of approximately 950
and relies upon the discharge from the Duval River for its water supply.
During the ablation season, water is suppliw{ ,to the community by a
combined pressure and trucked water system. A reservoir with a 1.4
million gallon potable water reserve capacity is the primary source of
water during the winter wmonths. During the melt season, water is
siphoned from the river to fill the reservoir. Before construction of
this reservoir, the winter water supply wasi obtained Trom nearby
springs, from ice blocks and, once the fiord had frozen, f‘rozp a river on
the far gide which normally maintained flow beneath the ice throughout

-

the winter months. -
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The hamlet appears to be gﬁowing raﬁidly, and it is anticipated
that the demand f:r wéter will increase maréédly. Further, with the-
present demagd for and price:-of fuel'oil, local hydro-electric power
generation becomes increasingly attractive. Detailed knowledge of the
hydrologic potential of this and other rivers in the area will doubtless
be useful in the near future.

T.3. Apex River
The Apex River, located approximately three miles south-east of

o)

Frobisher Bay (60o 30" N., 63" 45' W.), discharges to.Kéﬁjesse Inlet

just west of the villége'of Apex. The catchment has an area of 37.4 km2
and has upper reaches at an elevation of 315 m. t is characterised by
low relief, deeply incised lower reaches and has a significant lake area
(2.07 kmz). Because of these characteristics the catchment responds
very slowly to rainfall or snowmelt input. The topography of the
catchment is presented in Figure 7.3.

.No local water supply is obtained from the Apex River. Water is
trucked to the village from the reservoir in Frobisher Bay. This
reservoir 1is supplied by a small catchment adjacent to the Apex
catchment and, at present, has sufficient capacity to serve the needs of
both settlements. As in Pangnirtung, there 1is potential for
hydro-electric generation in the Frobisher area.

Many arctic catchments are typified by low relief and large lake

areas. A successful simulation of the runoff process in the Apex River

catchment should ensure model reliability under these conditions.
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7.4 Kuruluk Creek

With regard to topography Kuruluk Creek on Broughton Island (64o
oo° N.,.67Q 30" W.) is the most poorly documented of tﬁe catchments
studied. A% tﬁe time of this study (1975) the bést available
topographic map was to a scale of 1:250,00_0 and the watershed therefore
not suitable for hydroiogi& modelling. Data were however gollected'£o
provide a data base for future studies. The cat;hmené has an area of
approximatly 31 km2 and a paximum elevation of 460 metres, Excellent
meteorologic data are available for the catchment as two meteorclogic
statioﬁs are located on the island., Moreover, INSTAAR (Institute for
Arcticr and Alpine Research) has also collected detailed meteoroclogic
data from its base camp on the island. ‘ .

Kuruiuk Creek is the only é¢gation season supply of fresh water
for the village located on the island (pop. 300) and for this reason the
ﬁstential water yield from this stream is of considerable interest to
the village. Construction of a local reservoir to provide a year-round
supply of fresh water was initiated in the summer of 1974, In 1975,

water was trucked to the village during the winter months from lakes up

to 10 km away and the use of hand cut ice blocks was common.

7.5  Available Data

buring the first year of this research programme (1972) discharge
and meteorological data were ¢ollected for the Duval River from July §
to July 2§. tage data were collected by taking hourly readings on =a

fixed rule positicned in the stream, a rating curve was obtained by



manual gauging. ° Hourly temperature data were obtained at the campsite
(elevation 240 m) with a small commercial thermometer, and

meteorological data such as wind 'speed; cloud'cover and precipitation
> N

- -

were noted. . V-
| The programme was expanded' in 1973 to include the Apex and
Broughton Island cagchments. Stage data were collected with four
tephéns Type A stage recorders were supplied by the Halifax office of
the watér Survey of Canada. These were installgd in each of the
catchments at ard appropriate gauging site. Due to financial
restrictiz?57’355§kone researcher was avail;ble at any given time over
the sgasoh and he was responsible.for maintaining the equipment at all
three sites. Since no government operated meteorclogical station was
located in Pangnirtung, this was® established as the base camp.
Continuous temperature data'were recorded in the hamlet and at
the gauging site using Pacific Transducer Corp. recording thermometers
{Model '5;5). Considerable. difficulty was encountered in calibrating
these instruments and an accuracy of only t2°C could be obtained [3].
During 1973, data were collected for the Duval River from June 17
to July 26 and for the Broughton Creek from July 3 to July 28. With the
cooperation of the Northern Canada Power Commission in Frobisher Bay,
streamflow at the Apex River was recorded from June 17 to September 20.
Temperature and precipitation data for the Broughton and Apex catchments
were obtai;ed.from local Atmospheric Enviropment Service weather
stations which record daily maximum and minimum temperature as well aé

six-hour totals offprecipitation.
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During the 1974 ablation season, [financing was available to

-

support a total of four researchers, and base camps were established in
each of the catchments. Stage data were collected at each site with the
Stephens recorders and detailed logs of temperature, precipitation,kwind

speed, cloud'cbvér and visibiiity were maintained. Atéustrac
tempefature recorder (Model 2133) was also instaiied at the gauging site
e thé Duval catchment. Temperaturé and discharge data were collected
from June 7 to August 25 for the Duval River, from ‘June-12 to August 19
for the Broughton QCreek, and from May 28-to August 26 for éhe Apex
River. |
Detailed descriptions of the géﬁge locétion# and gauging

procedures utilized are given by Ribelro [3]. A typical plot of

recorded streamflow and temperature data is presentéd in Figure 7.4.

i‘
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MODEL CALIBRATION AND VERIFICATION

) 1\:; A e

8.1  Introduction
Many of the computational péoéedures incorporated in the snowaelt

simulation model are mathematicgl approximations of complex natural

L}
hydrologic processes. Before such a--model can be used So reliably

simulate the snowrzelt-runoff process, it is necessary both to calibrate
and té verify the model.

Calibration_is accomplished by adjusting selected variables until
good correlation -is obtained between simulated and recoéded fléws.
Verification, on the other hand, involves subsequent simulation using
the calibrated .model and independent sets of data to determine the
model's predictive cababilities.

Calibration of a rainfall-runoff model consists of adjustment of
e —— N
abstraction losses and response function coefficients until a good

co?relation is obtained between the simulated and recorded flowé.‘ The

-

causative raipf‘all and its areal distribution are n/ormally known and are
not adjusted in thercalibration. )

Calibration of a snowmmelt-runoff model is more complex since me}t
rates and snoﬁpack properties .are based on local meteorclogic data and
vary both with time (as the snowpack recedes) and with local

metecrologic conditions. Accordingly, melt rates and areal distribution .

- ]

- _ .
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of the snowpack are calibration parameters unless accurate snow course

data are available.

-

8.2 Calibration and Verification gzggggnggﬁ - i
Since snow course data were not collected as part of the current
study due to manpower and cost constraints, figorous procedures were
followed to a\foid spt;rious cajlibr'ations. -
The approach adopted and the assmpt’!oﬁs made in the ¢alibration

of the model against the data collected in 1972 for the Duval River and

1973 for the Apéx River are l‘tited below:

(a)- All metecrologic data werezassuzed to be accurate and were not
varied.

(b) The initial snowpack water equivalent was obtained from &%he
recorded streamflow data.

(¢) The watersheds were disaggregated into sub-basins which reflected
both physiographic and snowpack characteristics observed in the
field.

(d) Initial estimates of the radiation cutoff anglelwere obtained
frecm an analysis of the topography of each basin and from
‘estimates of the number of hours of direct sunlight.,

{e) The snow cover index (SCI) and snowpack water equivalent in each
sub-basin were systematically varied until the dux:b'ation of
snowcover matched field _obséwations and streamflow records.

(f) The computed melt was routed through an assumed linear reservoir

to obtain \the“inal routed flows. The. storage depletion
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coefficient (K) was varied between fixed limits obtained from an
analysis of the ;*ecordeq hydrographs.

Fine ttming‘ of -the model was carried out by adjusting the
radiation cutoff angAle-until an acceptable correlation was

reached between the recorded and simulated flows.

Once‘an acceptable calibration had been achieved, all ecalibrated

parﬁe;ters were fixed and were not varied in the verification of the

model.

Since the snowpack available for melt varied each year-it was

necessary to distribute the snowpack in each of the sub-basins and to

. - - - 03 v L3
estimate initial snowpack properties prior to simulation. This was

accomplished using the following criteria:

{a)

{b)

(c)

(d) .

The initial snowpack water equivalent was determined from the

recorded streamflow data.

The total water equivalent was distriduted among the various sub-
\

basins in the same proportions as those determined in the

calibration. For example, if 25% of %the snowpack water
equivalent was attributed to sub-basin 1 in the calibration 6f
the model, 25% .of the available water equiv.alent, as determined
from the s.tr-eamflow data,_was applied %to sub-basin 1 in
subsequent verifications.

Once t-he ‘sub-basin water equivalent had been established, the
corresponding snow covered area was determined using the water

equivalent and previously established snow cover index.

Snowpack properties such as depth, density ete. were estimated on

| .7

d-



=

T e AN

: A LT

the basis of the galibration results and field observations.

- -

8.3 itivity

The calibra‘tionl and verification procedures adopted for this
study assupe that the'meteorologic data are fixed and cannot be varied.
Thus ,'l the only::f‘actor that may be adlusted to increase or decrease the
rate of snowselt is the radiation cutoXf angle (AILPH{L). Similarily,
since the snow?:ack water equiva.*ent is established from streamflow data,
the temporal and spaciai distritgution of the pack is varied by adjﬁsting

the snow cover index (SCI).

-

Sensitivity anaiysés were carried out to assess the physical
signif‘icaace of these 12-;0 parameters and to determine their effect on

(3

snowpack ablation and d.ist.r‘ibut-ion.
8.3.1 Hadiati - A

Field measurements. showed that a snowpack. in. a shade'd. area -did
not melt as quickly- as a similar snowpack on an exposed slope although
both were subject %to identical meteorologic conditions. These
observations demonstrated the significance of solar radiation on
snowpack ablation.

The effects of teopography and ‘aspect on 2 snowpack are
parametized in the model by .the radiation cut off #ngle (ALP%). In
order %to establish the physical significance of this parameter, the
theoretical clear sky solar radiation was computed for var:‘.pus times

during the Q:lation season for the Duval River wéterahed (latitude 66°N)
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and the reduction in radiation and hours of direct sunlight for various
values of ALPHA was determined. The information developed from this
‘eierc:i:se, for mid-July, is presented in Figure 8.1.

¢ -

It is apparent from this figure that number of the hours of

d;rect sunlight is more sensitive then the corresponding solar radiation

to ALP&A. For example, with-an angle of 10°; total solar radigtion is
reduceJ\by only 43 while-the number of hours of sunlight is reduced by
aé:pr‘oxi:natély 25%.

The éboﬁe relationship between duration of sunlight and solar
radiation is an inherent property of the net radiation flux through the
day. Incident radiatigh is at maximum when the sun is at its highest
altitude, The reduction in radiation caused by introducing a cutoff
angle occurs during' the mogniﬁg and evening hours when the incident
shortwave radiation 1is. low. As a result, areas receiving solar
radiation during the morning and evening hours?-ﬁhen the radiation flux
is comparatively lower, must be simulated wifh much higher ALPHA values
thén would be e%pﬁéted on the basis on topographic features alone.
Conszideration must ;e given t6 both duration and time of exposure in the

. -
selection of this parameter.

. 4
8.3.2 Spow Cover Index

’ Areal distribution of the snowpack is simulated in the model with
an areal depletion curve (equation (4.3)) which is indexed to a base

water equiva;ent (SCI). .Since the rate of snowpack recession, and hence

the contributing area, will significantiy influence runoff rates,

. L3
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" recession curves were developed for a number of SCI values %to determine

—
-

- ’ L
 the sensitivity of the depletion curve to this parameter. The resulls
| y

\are presented in Figure 8.2 and can be used as general guidelines %o

Establish LI values on those basins where watér equivalent and snow

covered area are known.

v

:‘. In general, increasing values of SCI resul: in a nonlinear
décrease in the snow covered arez for z given snowpackr'water equivalent,
For example, for a snowpack water equivalent of 10 cm, the snow covered
area is reduced by 26% between SCIJagalues of 10 and 20 cm, 249 between
SCI:- va]:ues of 20 and 40 cm, and 20% betweg;x SCI values of 40 and 80 em. -

I‘ In those watersheds thaf exhibit a relatively ‘lo:.' relief and a
un:.fc\»rm snowpack, SCI values will tend to be .lou and can be approxi;?.a‘ced
from .‘..t‘igld obsewatiojn;. ' In steep, deeply incised waters.';heds wher; the

v ¢ .,./
bulk 'Qf‘ the snowpack accuzulates in a deep drifts on the leeward side of

" exposed slopes or in gullies, SCI values can be expected to be

relatively high.

8.4

1

The Duval River watershed is characterized by steep gradients
with deeply incised valleys with the exception of the large plateau

located in the heart of the basin.

Due to the steep gradients located in the lower portion of the

- watershed, streamflow was monitored at a gaug'i'ng station approximately

-

three kilometers upstream of the outlet. The watershed area upstream of

the gauge was 91.4 kma. The watershed was disaggregated into four
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sub-basins on the basis of topographic characteristics (elevation and
~aspect) as é.l;gun in Figure 8.3.

. Sub-basin 1, varying in elevation from 300 @ to 600 m encompasses
over 50 percent of the watershed with a drainage area of 55.5 k:na.

\ .

Theluded in this basin are the large cent:;al plateau and the footﬁills
of the surrounding mountains which form the watershed divide.

Sub-basin 2 lies between elevation 600 m and 800 n':l and
encompasses 28.4 im°. This portion of the watersl‘zed is located, to a
large extent, on the lower slopes of the mountainous areas and has a
predominantly northern aépect.

Sub-basin 3 inciudes the remaining 6.1 'k:m2 of the tributary area
lying above elevation B0O @ except for the 1.4 l-cm2 glaciated area at
elevation 1100 m which was designated as sub-basing 4

At the outset of the calibration, the total snowpack water
equivalent of 19 em recorded in/ 1972 was. assuned to be evenly

g

- L3
distributed over the watershed. Radiation cutoff angles of 1100, 1%50,

350' and 35° were ‘established, on the- basis of estimated bours of

-
sunlight, for sub-basins one to four respectively and a routing
coefficient of 1.5 days, based on analysis of the recession limb of the

recorded hydrograph, was adopted.

Repeated simulations were carried out and the snowpack properties
%&ﬁ values for each sub-basin were systematically adjusted until the
snowpack depletion curves and the computed runoff . rates caorresponded

relatively closely to field observations and recorded flows. ,

The model was fine-tuned by adjusting the radiation cutoff angles
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over slimited ranges for each sub-basin and finally by adjusting the

I

"routing coefficient. The results of the model calibration are presented”

in Figure 8.4 and the final calibration parameters are sSummarized in

»

Table 8.1.
—
TABLE 8.1
FINAL CALIBRATION PARAMETERS
DUVAL RIVER WATERSHED
r 2
Sub-basin 1 2 3 4
Area ‘ 55.5 28.4% 6.1 j.u
ALPHA ) 42.5 2.5 35 35
SCI 89 75 78 -
% Total WEQ . 54 33 9 -

Final routing ?oefficienﬁ - 1.25 days

% Bub-basin 4 is the small glacier in the watershed;for which

continuous ice cover was assumed

The predictive capabilities of the model wereg then assessed by
verifying the model against data collected in 1973 and 1974 using the
procedures described in section 8.1. The results of these simulations
are presented in Figures 8.5 and 8.6 respectively.

The 1973 simulation was hampered by missing temperature data
caused by instrument failure_aﬁ the start of the ablation seégon; The
missing data were. however ‘estimated from cross-correlation between

temperature data recorded at Frobisher Bay and B?oughton land to
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permit a continuous simulation éf the melt. The péor correlation
between temperatur:es at the three sites would a_.ccbunt, at least in part,
for the relatively poor results obtained in the first two weeks of the
simulation. i - ) _

Tae peakl'flow rate recorded on July 16 was caused by heavy

rainfall. The discrepancy between the recorded and simulated fldws on

.

this date are 1likely due %o an underestimation of the basin—wi:?"

>

precipitation since rainfall was recorded at. the outlet of the

watershed. -

I'4

In general, however, the model clo'sely reproduced the ablation

‘season hydr:ograph from the watershed. $

The 1974 season was characterised by abnormaily low snowpack

accumulations as evidenced by the recorded and simulated flows presented /

in Figure 8.6. Nevertheless, the model was able to closely reproduce
the recorded runoff from the watershed., The peak flow rate of 16.6
m3/s, recorded on June 28, was caused by rainfall and the discrepancy
between the recorded and simulated flqgs cafi agsin be atiributed to rain

L)

gauge inaccuracies.

e ~
8.5 E B. —Q]‘! ;. !v -E. !. -

The Apex River watershed 1is characterised by relatively low

relief with numerous incised valleys and small lakes. The watershed was}

disagregated into four sub-bains (Figure 8.7) on the basis of observed

snowpack properties.

Y

Sub-basin 1, encompassing 5.1 km2 ‘lies at the mouth of the

-
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watershed below elevation 125 m. This area is characterised by steep

terrain with deeply incised valleys. The snowpack tends to accumulate

in' the protected valleys while the exposed slopes are generally wind
swept and bare.

- -

Sub-:basi:n 2 also lies in the lower portion of the watershed below

elevation 190 m, This ai-ea, encompassing 9.8 Icm2 is also characterised
by relatively steep terra'in, however the snowpack is more evenly

distributed-than the lower basin,

.. Sub-basin 3, covers approximately 17.3 kmz, and lies primarily in

the f{eart of‘ the watershed between elevations 190 m and 250 m. Snowpack

accumulations in this area tend@ho be deep and uniform although exposed

slopes are often partially wind swept. -

2

*The upper 5.3 km -of the watershed lie in sub-basin 4 above

elevation 250 m. Snowpack characteristics in this basin are similar %o
those in basin 3 however it was felt that orographic factors would

~
influence the melt rates in this area. ~ - e -
The calibration procedures described earlier were alsc applied to
the Apex watershed using the data collected in 1973. The f{inal

]
calibration parameters are summarized in Table 8.2 and the recorded and

simulated flows are presented in Figure 8.8. Excellent correlation was
achieved between the simulated and recorded hydrographs. This may in -
part be attributed to the relaﬁively higli routing coefficient of 2.5

days which reflects the attenuation effects of the numerous rakes

located in the watershed.
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TABLE 8.2
j ] ‘_ ‘ . .
. ' FINAL CALIBRATION PARAMETERS
/\ 5 APEX RIVER WATERSHED '
. - i
Sub-basin _ 1 o2 3s -y
Area - . 5.1 9,8 17.3 5.3
ALPHA .- ¥2. w2 43 " 43
SCI . 59 41 18 © 61
¢ Total WEQ _ 8 .19 58 - 15

et

Final Routing Coefficient = 2,5 Days

« - , : .
Verification of the model against the data collected in 1974

-nw

. (Figure 8.9) produced poor results primarily due to the low ‘snowpack

accunulations and due to instrument malfunctions. The high flow rates
recorded at the start of the ablation season occurred during a two day

perioﬂ of intense rainfall. It is not clear whether the flow rates
b - +

'recorded represent abnormally high rs‘&xf;als over the watershed, in

R
comparison to those recorded at the Atmospheric Enviromment Service

© gauge located approximately 2 ‘kilometers Yo the eas-t., or were caused by

-

instrument malfunction. Backwater affects caused by ice accuwmulations

at the stream gauge were possible since accummlations of icg had been

observed upstream of the gauge.

-

Tae application of the snowmelt-runoff modél to the two test

watersheds vielded reasonable cor'relatiohs -between the recorded and

-
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- -3imulated ablation- season hydrographs. These correlations ‘were

Oencoumgmg)ohs:.dermg the relatively limited data base from which they

-were achieved,

In order to assess the relative importance of ‘the vefious .-

coinpone‘gts of t};e ener-gjr budget'equation, 'the"gpntribe‘!;ions- from e._ach
component to the total melt 6ceurring"in 1972 for the Duval Rivér and
1973 for the Apex River were abstracted and sumnam.zedj.n Table 8. 3,. l

It is interesting to note that, despite the relatively high ALPHA
values req;ired to calibrate the model, net radiation aécounted¢for~_over~

73% of the total melt on the Duval Riven- and 84% on the Apex River.

Gonvection melt, which ‘is related directly to .‘% temp.eratur'e “accounted,

Sfor omly 27‘1 and 16% o\“ the melt respec¥ively in the two basins. The -

- condensétion—evaporation component" of the ene budget_- had a net

cooling affect- on the snowpack in both watersheds over the ablation

[ -

The results obtained by Ribeiro [3] using th Temperature Index
)

4
method are compared to those obta..ned from the current study m Figure
] ¢

8.10 for tne 19?2 Duval River ablation season. The improved ‘accuracy
. L

~ obtained from the %nergy budget approach is immediately apparent. This

can be attributed, to a lar“ge extent, to the inclusion oY radiation in

the current model. i : ' s

-

Relatively gogd corre‘lations were obtained between the simulated

4

and recorded flows for both the ‘Apex and Duval R:.ver's :Ln 1973 when

r&d:.at:.on was indexed to. the temperature dlffer{emover the day. These

results suggest that a relatively re;l.:.able, yet

L .
. k=3

ple, algorithm could \
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' COMPARISON OF MELT ATTRIBUTED TO TEE VARIOUS
COMPONENTS OF THE ENERGY. BUDGET RELATION

85

MC
(c=)
.39
.29
.18

2.0

.19
16,

- 16

.20
.23
.87
.71
.50.
.23
<51
.09
.95
.06
15
.08
.03
.06
.09
.19
.53

. {1972 Dwval River . - 1973 Apéx River
Date - MR - " MC Date . . ¥R | MCE .
S (e -(TEE) e . tew) (e
July 8 0.61 _ _-.08 <10, . June 16 1.72. -.32
;9 633 L o5z .m 1?‘—j::p.aa -5
1 * 0.79 ~ -.5% B8 - . 18 0.87 .13
11 0.99 - A7 .30 ‘19 0.9% .16
2 . 1.8 , -.65 ° .52 -2 138 7Y
13+ 1.81 -.73 .39 2 0.95 S0
14 0.31 -.%0 .13 ©o22 0.53 .02
15 2,00 -.2T .65 23 0.57.  -.46
X 16 2.01 =21 83 T 2y 0.36 .15
17 .50, =14 T (32 t 25 0.57 7
18 1.88 . . ~.09 .39 |26 1.3 -85 .
19 ° 2.05  -.03 .45 7 -.32
. 20 1.82 .10 .56 R 2.8 .00
21 0.68 .63 w57 5 2.46 .03
22 0.64 .. -.01 .48 \~;20 2.92 1
. 23 1.53 -.09 .39 July 1 0.52 L1
24 1.1 -7 L87 2 o.52 .05
25 0.9? -.15 .37 .3 1.99 -.03
26 0.16 . .21 .19 \ 4 1,74 \‘;/;.!1
27 0.11 . .65 .62 5 0.81 .06
28 0.32 -.49 .34 6. 1.08 .02
29, .02 -l Y. T .1.88 -.03
30 ° 0.44 ' -17 .28 8 1.91 -.01
- ' ) 9 . 179 -.01
TOTAL 24.63>  -2.82 ' "8.89 10 0.97 . .56
. - - 3 ) . .
. - ,
. \ | TOTAL | 33.12 -h.32 6§22
.
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be derived by indlex-ing_ total melt both to degree days (.conv,ectic'm
component) and temperature difference (radiation coaponent) .

An intei‘esting outcone of the -model calibration was the
relatively uniform but high values of the radiation cutoff angles
established for the two watersh&ds., From the data avaj:lablé, it cannot
be established whether these high values reflect the actual
physiographic properties of the ﬁatershed 'or act as a further correction
factor related to snowpack albedo and at:osphgre dispersion. This can
be estadblished only from field measurements of net radiation flux and

-

wurs-of sunlight.

The condensation-evaporation cozaponent of the energy budget
appea}s to™play a relatively minor role in the melt process ;n the test
watersheds, watersheds, a net cooling effect on the pack was
observed over the ablation season nd:icating the occur'renc'e of either
evaporation or sublination. Since humidity data were not available for
i

éither watershed an average relative humidity of 50% was assumed in both
calidrations. Sénsitivity analyses carried out with varying values of
relative humidity resulted ia only minor fluctuat:ions in the computed
aelt. Thus more detailed analyses of the condensation-evaporation
component of the energy budget do not appear to be warranted at this
time,

The snow cover index values established by model calibration were
much higher than anticipated at the outset of ﬁhe study. These high

values can be attridbuted, in part, to the snowpack characteristics of

"

the two watersheds.. In general, due to the exposed nature of the
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watershéd, the éreatest proportion of the snowpack uager equivalent
tends to be found ‘in deep drifts on the lee side of slopes and in
gullies. Accordingly, the relationship used to define the anowpack
'Aepletion curve may not be applicable to Arctic uatersheds.

in order to remove the snowpack recession burve from the
calibration component of future studieé, a regional analysis of snowpack
recession using high level photegraphy 1is recommended. Any such
analysis should consider the effects of water egquivalent, runoff, aspect

and prevailing wind direction.
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. _ manasement. :.s\.... vEs of flow "a,tes ar

. dam sp:.llwaxs, brldge WAYS and otber oq—ébamnel structures.
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In Menu study, sng_melt—mmofi‘ Qmula‘c.zon algofrithms “were

* - ‘ —
G&et approach. These wére incorporated ) ‘{\/
- . s T

into an J.nterar:ulve computer proé;'am d‘gs:faed to mlnmlze the amount of\q \/ '

d,eveloped, bas on*the )

AN S e
data preparation %ime required priol tg smula\.lon and %o, fac:.l tate . \

b

" subsequent data manipulation. {

- ~

. ) The results of »he cal:.bratlc@ :(zr:.f‘:.catlon of the ;132:31 to * 7‘&‘
»

data collecued in two watersheds locéted on Paff"‘z?’lslui were ‘

7 ) “encouraging. - In both water'sheds, good to. excel-ae{:«. correlamons were

t

obtained between simulated and gcorded\lous\ and a) noulceable'

-

. improvement in simulation accuracy made over an earkler model W‘sed v
* - r N

on the temperat index method. i .
n * vemperaure ind ;(}ﬂ R e v
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An analysis of the melt atur:.buteble to the \.'ar:.bus components of
the energy budget _relat:.on indicated that radiation plays a dom:.natmg
) - \ .

- \ -
role in snowpAck ablations in the Baffin region, accountins f‘or-gver‘_ 731' .
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“of thg™{otal melt in the twe watersh vanined. . l, Je
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'mo t:al:.bration/parameters were incorporated in the model:

A -

L -
[

. i (‘Eg‘).m a radsation cut;f"f-az‘:gle to‘ aecoxm“t for bdasin properties .‘.s.uch as
- _:;_,\ - topogrq.;ihy and aspec.. on shor" wave - z‘ad:.atxon _
' . (b)\:, an mdex water eQu:Lvalenu to define the snowpack deple»-on curve.
< T < ‘ ' -

th of’ these parameters may be r-elated to physiecal p-opertles

such as toposraphy, aspect lattitude, prevalllns '-n_nd du-ect*ons, ete.

~ .
L It is thus felt that tn-e- mod&l can be u'oiiized j:o examine the range of
f at can be anticipated from sua-l'l/ ungauged watersheds under
. various meteor'olcg:.c and “snowpack coad_r."ons. '
Based on thé rasults of the. study, the following additional work
. is r'eco:mend% a8
2\\ « ' . —
i (1) iati tudies ' )
; ; Due to the apparently dominating influence of radlatlon on
snownelt in the Baffin Region, and the general lack of radiation.data,
’ procedures should be developed to relate neﬁ radiation flux to‘ commonly
- recorded da»ay Relmmary findings frea the current sﬂudy indicate
that uemp_erature‘d:.fferenlces over the day .and pr-ec:.p:.tatlon are
significant paramete%s. -
= . .
Wt E =

through the day. Smulations carr:.ed out using |
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(2)  TIegperatuce Index Methods’

If net radiation can -be related to temperaturé, snowmelt in ﬁhe

‘- Baffin regicn may be

SM = DDF

.where

predicted from a simple algorithm of the form: -

(Tpyg = TINDEX) + RF (Typy - THIN)
degree day factor

average daily temperature

index temperature

radiation factor

maxinum daily temperature

minimum daily temperature

An algorithm of this form would greatly simplify. the

~computational effort requried while providing a reasonable level of

accuracy.

(3) sSnowpack Depletion Curves

In ecrder to apply a snownmelt model to an ungauged watershed, a

methodology must be

developed to predict the sanowpack depletion curve,

tudies, based on high-level photography are recommended to relate these

depletion curves to identifiiable topographic and meterolegic properties.



10.

M.

12,

13.

BIBLIOGRAPHY

MacXay, D.K. et al., Hydrologic Aspects of Northern Pipeline
Development (Series 6T 16 Reports to the Glaciology D:.v:.s*on - DO..)
Information Canada CEQ\\NO, R27-172.

Acres Consulting Services Limited, “Northwest- Territories Water
Resource Study", March 1976. Availadle from the Dept. of Indian
Affairs and Northern Development.

Vieira~Ribeirg, A.R., "Estimates of Snownel:t Rumoff in the Eastern
arctic:", Rept, @f Civil Tnzineering, McoMaster Univeprsity,
Hamilton, Ontario, Feb. 1975,

Crawford, N.H. and Linsley, R.K., "Difital Simulation in Hydrology:
Stanford Watershed Model IV", Tech. Report No. 39, Dept. Civil
Tngineering, Stanford University, Califoraia, 1966.

Rockwpod, D.M., "Streamflow Synthesis and Reservoir Regulaﬁion",
Technical Bull. #22, U.S. Army Corps of Engineers, North Pacific
Division, Portland, Oregon (19584).

Wilson, W.T., "An OQu: line of the Thermodynamics of Snowmelti®,
Tzans, Agericap Geophvsical Unien, pp. 182-194, July 1941,
U.S. Army Corps of Engineers, North Pacific Division, Portland,

Oregon, "Snow Hydrology - Sumpary Report of Snow Invest
1956.

De la Casiniere, A.C., "Heat Exchange Over a Melting Snow Surface",
Journal of Glaciology, Vol. 13, No. 89, pp. 55-72, 197L.

Anderson, E.A., "Development and Testing of Snow Pack Energy

Balance Equations", Water Resouprces Research, Vol. 4, .No. 1, pp.
1-9‘37, ?eb- 1968. /, -

-

Dept. of Transport, Govt. of Canada, "Climate of the Canadian
Arctie", Dept. of Energy, Mines and Resources, Canadian
HydrographicBervices, Marine Science Branch, 1970.

Eaglesen, P.S., "Dynamic Hydrology", McGraw Hill Inc., New York,
1970.

Haurwitz, B., "Insolation in Relation to Cloud Type", Journal of
Meteorology, Vol. 5, No. 3, pp. 110-113, June 1948.

Anderson, E.A. and Crawford, N.H., "The Synthesis of Continuous
Snowielt Runoff Hydrograph on a Digital Computer"™, Techpical Report

101



102 -
#36, Dept. of Civil Eng,., Stanford University, June 196%.

14. Rafael, J.M., "Prediction of Temperature in Rivers and Reservoirs”,
Proc. ASCE. Journal of Power Div.. No, PQ2, Paper 3200, July 1962

5. Price, A.J., Dunne, T., Colbeck, S.C., "Energy Balance and Runoff

from a Subarctic Snowpack™, CRREL Report 76-27, U.S. Army Corps of
Engineers, CRREL, Kanover, New Hampshire, Aug. 1976.

16. James, W., "Developing Sinmulation Models™, Water Resources
Research, Volume 8, No. 6, Dec. 1972.

7. Chow, V.T., 'Handbook of Applied Hydrology", McGraw Hill, New York,
1364, ‘ )

18. Watt, W.E. and Hsu, C.T., "Continuous Basin Snowmelt Runoff Simula-

tion", Proceedines of Hvdrologv Svpposiug No, 8, N.R.C., May 1971.

19, Pysklywec, D.W., Davar, K.S. and Bray, D.I., "Snowrzelt at an Index
Plot", Water Resources Research, Vol. 4, No. 6, pp. 937-946, 1968.

20. Schaefer, V.J. et al., "The International Classification of Snow",
The International Association for Scientific Hydrology, Commission
on Snow and Ice, and the N.R.C., Associate Committee on Snow and
Snow Mechanics, Techpical Memorandum I, 1954,

21. U.,S. Scils Conservation Service, "Snow Survey Sampling Guide™, AGR,
Handbook 163, Dec. 19353.

22. McXay, G.A., "Relationships Between Snow Survey and Climatological
Measurements™, International Association for Scientific Hydrology,

N Rlv, Publication No, 63, Berkley, California, 1963.

23. Billelec, M., As quoted by Gray, "Principles of Hydrology"
Available from: National Research Council of Canada, 1970.

24, Seligmani, G., ™Snow Structure and Ski Fields", R.R. Clarke Ltd.,
Edinburgh,” 1962, .

25, Laramie, R.L., Schaake, J.C., "Simulation of the Continuous Snow-

melt Process:, Report No, 143, Dept. of Civil Engineering, M.I.T.,
January 1972,

26. Gartska, W.U. et al., "Factors Affecting Snowmelt and Streamflows",
J,5, Bureau of Reclamation and U.S, Forest Service, Supt. of Docu-
ments, Washington 25, D.C., 1959,

27. (Qlark, C.0., PStorage and the Unit Hydrograph", Preoc, American
Societv of Civil Zngineers, No, 09, pp. 1H19- 1447, 1945,



APPENDIX A

NOMENCLATURE
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ALB
ALPHA
AREA

ASC

CLOoUD”

DDF

DP

molecular scattering coefficient .

3

albedo

radiation-cuﬁ of angle
catchment -drainage areg

area of basin with snow c&ver
thermal auality

cloud cover

specific heat of snow

ey

‘cold content of snowpack

compaction of the snowpack
degree-day factor

depth of rain

snowpack depth

atmosphere vapour pressure
vapour pressure at snow surface
total radiation

solar constant

heat of convection

cold content

heat deficit

latent heat of vapourization’

heat of coﬁduction

heat available for melt

" heat from precipitation

-

Al

mb

mb

1y min~ )
1y min™)
cal

. cal em2
cal

cal

cal

éal

cal



rl

H
rs

IC

cL
IL

ILCL

MC

MCE g

MP

PHI

" change in neat of pack .

net heat exchange from lo

clear sky insolation
insolation of an overcast day

clear sky incident longwave radiation
longwave-radiation under partial‘overcas

storage constant

transmiasion coefficients

convection exchange coefficients cm d'33 hr Km-1 °c

condensation—evaporatién exchange

thermal conductivity of soil

latent heat of fusion of ice

latent heat of fusion of snow

relative thickness of air mass i
melt due to convection

melt due to condensation - evaperation

melt due to advection

melt due to total radiation
turbidity factor

pressure

pressure at sea level

latitude

.1y min~

-1

coefficents . cm m'33 hr u:n)-1 km"1

cal-
cal

cal

1y ain”

1

. , =1
ly min

-1
ly min
ly min” )

DAYS
days-1
days'1

cal/g

CAL/g

cm day
mb
mb

deg



TAY
TK
TR
TSK

TCK

TI

WC
. WEQ
WEQNS

WHC

total daily melt ‘
age of snow surface
. air témperature ‘
snow surface temperature
anowpack temperature
surface air tempeﬁature
sun's hour angle

surface temperature

rain temperature

snow surface temperature
cloud base temperature
index ﬁemperature
relative humidity

water content

water content

water equivalent

Al
water equivalent of new 3now

water holding capacity of the peak

cloud base elevation
height of measurement
snowpack densaity
density of new snow

density of water

Stephan-Boltzmann constant

cm

cm

cm






