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ABSTRACT : The purpose of this thesis is to set up simple
computational models which require limited climatical
data as input, in order to provide estimates of
runoff during the spring-summer melt season for
drainage basins in the Baffin Region. Due to the
limitation of meteorological data in Arctic areas,
the models were developed with only the major
components of the hydrologic cycle, the components
chosen on a logical, physical basis with the
restriction that the number of parameters be kept
to a minimum.

The models were used to generate daily average

flows for the Duval River drainage basin. Unlike
southern areas the major contribution of precipita-
tion is snow which is retained until the ablation
season which lasts from one to four months in Arctic
areas. Observed and simulated results were found
to-be in agreement in terms of both volume and time
distribution.

As the optimised parameters are kept to a minimum

it is hoped that it can be expanded for use on
ungauged basins.
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CHAPTER I. INTRODUCTION

1.1 Purpose of Study

The Canadian Arctic has long attracted explorers and traders,
and the fur trade particularly has brought enduring contact between the
Inuit (Eskimo) and Kabloona (non-Eskimo). With this contact the Inuit
way of life has changed in two ways which are important to this study.
First, increase in health care and the adoption of western standards
has caused a population increase. Second, establishment of Hudson Bay
Company tradeposts attracted Inuit camps around them. The once small.
independent camps grew wichigovernmental encouragement to large settle-
ments, now highly dependent upon governmental economic assistance.

This increase in population and concentration in permanent settlements
has led to many local problems, one of which is that of insufficient

wvater supply.

Perhaps the social impact of western technology on the north
should be given much greater attention in the planning stages. The
growth in settlement population increases the burden of water supply
in the Canadian Arctic which has a low mean annual precipitation. It
is unfortunate that little progress has been made to alleviate the
water shortage, even though the problem has existed for many yvears.
However, it can be foreseen that much development will take place in
Arctic areas. The resources in the north appear more promising as the

natural resources further south are depleted at an ever increasing rate.



Water supply is just one problem facing northern settlements. The
* collection and distribution of water to the community is a major task of
the settlements [Heinke and‘Deans, 1] . Few studies have been made on

the hﬁ%rology of Arctic rivers [Cogley and McCann, 7] . The collection

of data began, with very limited funds in 1972 on the Duval River

(fig. 1.2). Extension to Apex River and Broughton Creek in 1973 was

made possible by a National Research Council grant and assistance from

the Department of Environment who supplied four Stevens A-7, water level

recorders (fig. 1.3). For location of all three sites see fig. *1.1.

The purpose of this study 1s to collect data for, and to
develop a disaggregated deterministic and a first order linear regression
snowmelt runoff model. The models will be elaborated in later studies
as more data are collected. With the present short data base further
refinements would be unrealistic [Jamgs, 40] . These models are to
predict daiiy flows, given the precipitation on the area in the past
winter and the expected average dally temperatures. Such models would
then make it possible for engineers and planners to study different
rivers in the area, for water supply, power generation potential and

r

design flood parameters.

Since there is little hydrometeorological data available in the
Eastern High Arctic the models should clearly require a minimum input
of topographic parameters, and meteorologicai data. It should be noted
that there is at present no acceptable method for estimating the
engineering hydrology of catchments in the Baffin region, and it is

expected that design engineers would use these early models appropriately.
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1.2 Review of Design Problems

Arctic hydrology is dominated by a short snowmelt runoff
season. Within three months 80% -~ 90% of winter precip%tation in the
form of snow melts and runs off; most flow in Arctic rivers occurs in
the summer months, June to August. This gives rise to three basic
problems in engineering design.

]

The first problem is water supply in Arctic settlements.
Abstraction of water from rivers can take place only from spring thaw to
fall freeze. The winter supply is therefore made up from unfrozen
underground springs, lakes and icebergs. Some form of storage has to »
be provided for many settlements. Two common methods are excavated
reservoirs, taking into account the 7 — 8 ft. of ice cover in winter,
and heated storage tanks (steel and wooden). River water may be
abstracted in summer by syphon or pumping. In most areas water trucks
are being used to transport water from the river to the settlement.

In any event the actual period of runoff is of vital economic importance.

The second problem is the generation of sufficient power. Most
northern settlements are highly dependent upon electrical power for
lighting and heating. Unfortunately in summer when the potential for
hydro-power generation is highest sunlight is available for 20-24 hours
per day and temperatures are extremely mild in comparison with the
winter months. Lakes deeper than (say) 10 ft. can be tapped for hydro-
electrical power generation{ and damming of rivers and lakes could also

provid: enough water for power generatiom.



The third problem is the spring flood. In Panganirtung in 1971
\
and in 1968, two bridges built across the mouth of the Duval River were
washed away by floods. }D/BroughCOn Island, an earth dam was washed

away by springmelt in 1973, Another purpose of this study is therefore

to produce a design flood method for use in these areas.



1.3 Baffin Region Climate and Data

The three catchments studied lie in a line NNE from Frobisher
Bay through Pangnirtung to Broughton Island. The latitude varies from
63°44'N to 67°34'N and longitude varies from 63°59'W to 68°28'W (fig.
1.1). In this section the general climate of the study area is discussed,
however special emphasis is piaced on the main study basin at Pangnirtung.
Much of central Baffin Island is a rolling upland plateau at 400 to 700
meters above sea level with a glaciation level of 700 to 900 meters

above sea level.

The meteorological station inventory for Northwest Territories
indicates that over 30 gtations. have been in operation on or around
Baffin Island area since 1881 when a German scientific expedition kept
observations at Kingawa (67°18'W, 66°36'N) during the first International
Polar Year. E;éht of the twelve stations in the table are currently
operational. As of summer 1973, thé Atmospheric Environmgnt Service
has begun operating an automatic meteorological station at Pangnirtung.

For the purpose of this study, two seasons are recognized - a
sumner or ablation season (June, July and August) and a winter or
accumulation season (September to May). For runoff purposes this
division is adequate; any melting of snow or ice on Baffin Island is

almost entirely restricted to the three summer months selected [Bradley,

34].



TABLE 1.1 METEOROLOGICAL STATIONS ON BAFFIN ISLAND

Mean Temperature Mean Precipitation
Station Latitude Longitude Elevation (1959-69) (deg C) (1959-69) (em/w.c.)
(m) Winter Summer Winter Summer
1. Arctic Bay * 73°0qa’ 85°18" 11 -20.0 4.4 * 7.7 4.9
2. Broughton Island 67°33" 64°03"' 581 -15.5 2.6 24,4 6.6
3. Cape Dyer "A" 66°35" 61°37' 376 13514.3 3.6 52.3 13.7
4. Cape ﬁooper 68°26' 66°47" 401 -16.0 2.3 18.5 7.1
S. Clyde 70°27! 68°33' 3 -16.9 3.0 13.2 7.1
6. Dewar Lakes

(mid-Baffin\Island) 68°39' 71°10' 518 ~18.2 3.2 10.9 9.4
7. Frobisher Bay "A" 63°45" 68°33" 21 114.1 5.9 26.9 15.5
8. Lake Harbour ** 62°50' 69°55" 16 -12.3 6.8 22.8 11.5
9. Longstaff Bluff .

(Foley) 68°67' 75°18"' 162 -17.9 4.7 10.9 7.9
10..Noctingham Island 63°07"' 77°56' 16 -13.2 4.5 17.0 7.9
11. Pangnirtung ** 66°08' 65°44" 13 -14.1 6.1 25.7 13.0
12, Resolution Island * - 61°18' 64°53" 39 ~ 8.8 2.5 18.5 10.6
*  Values of mean temperaturé and total precipitation for 1951-60

*% Values of mean temperature and total précipitation for 1931-40

Refer to reference {20]




CHAPTER II. BACKGROUND REVIEW

2.1 Historical Background

Most models for snowmelt runoff predictions that could relate
to the climatic conditions of the study were developed for the northern
areas of the United States. No models have been developed for, or
applied to, snowmelt in the Baffin area. On the other hand, several
studies on water resources in the Arctic and sub-Arctic areas have been
carried out. Dingman [5] studied the hydrology of the Glen Creek Water
shed in Central AlaSSa (1971) and Cogley and McCann [6, 7] performed
hydrological observations on a small Arctic catchment on Devon Island
(1972) . Derikx and Loijens [45] from the Glaciology Subdivision\of
Inland Waters Branch developed a model for runoff from glaciers (1971).
Their approach to the hydrology of the glacler is similar to the
approach to snowmelt taken in this dissertation. The hydrology is
considered to be linear, energy (and mass) being the input and runoff
being the.output. The Frozen Sea Research Group [32]] has also produced
a paper on the hydrology of a small basin in North Ellesmere Island

(1973), but they have not attempted to produce a predictive model on

their results.

There was no signif;cant progress in snowmelt prediction
techniques prior to 1940. Light [[24] and Wilson [25, 267 developed
equations for snowmelt at a point, using thermodynamic processes.” .
Their investigation conce;trated on the various factqrs influencing the
transmission of heat to the snow-mantle by turbulent diffusion of warm

moist air. Geiger [277] indicated that the physical features of

10



a basin, for example, vegetal cover, aspect and basin slope, affect

the microclimate of the catchf®nt and therefore have to be t&i:n into
account before the snowmelt process at a point can be extended to that
over the whole catchment. Linsley [28] related snowmelt runoff to degree-.
days above freezing using a semi-empirical model. His model utilizes
readily available data for most areas to predict runoff. The mean air
temperature and the elevation of snowline is used to compute the

volume of runoff. The degree~day factor technique is similar to that
developed by Collins [29]. The estimated melt and rainfall, if any,
wasrouted through the basin by the coefficient method [2], where they

assume storage is directly proportional to runoff,

Garstka et a8l [14] utilized degree-day factor and recession
analysis to predict snowmelt. They applied statistical correlation
techniques to hydrometeorological data, such as, temperatufe, wind
velocity, dew point, relative humidity, radiazion and duration of
temperature above datum base, ?hey concluded that, .

"The temperature factor alone is at least as good as,

and in many cases better than a combination of other

factors used in correlation studies."

The U.S. Corps of Engineers [9] completed extensive research
upon three catchments in the Western United States, with different
climatic conditions and physical environments. They produced the
classic treatise "Snow Hydrology" [9] in 1956, and the work was summarized
with emphasis on engineering design in 1960 [10]. Davar and Bray [23)]

applied regression analysis and an index plot to the Tobique Basin in

L
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New érunswick. “ >

Various sophigsticated continuous snowmelt xumoff predictiam -

models have been deve}oped in recent years. Anderson and Crawford,

-~ -
v

1964 [34] employed a temperature index method@fo determine melt
quantities; this is the snowmelt routine im the Stanford Watershed i -~ =
Model [35]. Here air temperature is the primary meteorological iaput.

it

The, Ohio River Forecast Center Model, 1965 Winston, [37], computes ” e

Py

snowmelt and the related snowpack parameters on the basis of haurly

meteorological observations taker® by Zhe Uu.sS. Weaiher Bureau. ihe . ”»
data used by the model are cloud conditions (as an index 5? radiation),

air temperature, #ad wind velog%ty. The gner%y bi&get involves heat .
transfers due to radiation, convection, and condensation/subl}mation.

_The mgdel output is excquﬂwaterareaching the ground every six hours.

The University of California (Davis) Model, 1966, Amorocho and Espil-

=
dora, [38], utilizes a comprehensive representation of the snowpack

heat budget to simulate the snow melting p;pcess.{ Because of the ’
complexity of input data requirement, (hourly data of solar radiationm,
air temperature, dew point temperature, wind velocity and péecipitation)
great restriction of its use is engendered. Also dailly observations of
cloud type and cover are needed., The Anderson Model, 1968, was an
important extension of the.snowmelt process in the Stanford Watershed
Model. Anderson [4, 36) divided each day into two 12 hour periods;
during each day he computes melt, while at ﬂight he’computes‘the snow-
pack surface temperature. The M.I.T. Continuous Snowmelt Model, 1972,
Laramie and Schaake, [33] was»developeé with flexibility of data input

in mind, so that the empirical and theoretical equatiohs encompassed have

a wide range of applicability.

+

[



2.2. Snowmelt Process

Snow when new i3 a fine crystalline form of dce, with a density
of 0.056 - 0.15, averaging 0.10 in subhumid areas. The usual ;alue
used in this thesis is 10 ing.of snow = 1 in. of water. Schaefer [30]
tdefines snow as:

Y., the solid form of water which grows while

floating, rising, or falling“in the free air of

éhe atmosphere."” .
The Commission on Snow and Ice of the International Association of
Scientific Hydrology [31] has classified ten types of snow at time of
fall. The types of particle with their symbols in brackets are;
plate (Fl), stellar crystal (F2), column (F3), needle (F4), spatial
dendrite (F5), capped column (F¥6), irregular crystal (F7), grouped
(F8), ice pellet (F9) and hail (FO). These are in turn given the
following’modifying features with their symbol subscripts in brackets;
broken crystals (p), rine coated crystals (r), clusters (f) and wet (w).
Further subclassification to grain nature, hardness and wetness 1is

described by the U.S. Army Corps of Engineers [46].

The process whereby a gnowpack undergoes a change to
coarse crystalline structure and is ready to melt is called "ripening".
Ripening is a combination of four processes, (i) settling due to
gravity, (11) wind action in compression of snow, (1ii) melting and
refreezing of pack, (iv) addition of water by precipitation, or condens-
ation ou to a pack. Care should be taken to distinguish between water
equivalent and water content, which cannot exceed 5% by weight of the

snowpack.

13
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The melting of snow is caused by ab;orption of heat energy from
solar radlation. This energy is introduced to the snowpack from the
atmosphere or the ground. In Arctic areas, due to permafrost, the major
contribution to snowmelt is from the atmosphere. The heat input from rain
is not as significant as is commonly believed. It is the warm air,
strong winds, and high humidity which accompany rainfall that are
responsible for cases of rapid melt during rainstorms [22]. If wet bulb
temperature is S0°F, 1 in. of rain will only melt 0.12 in. of water

from snow.

Laramie and Schaake [33] developed the following heat budget

relationsghip:

H +H . +H +H +H +H +H +H =0— (2.2 -1)
rs xl cv cn ) g q s

where
\

H = Absorbed shortwade radiation

Hrl = Net fongwave radiation exchange between the pack and its
environment

H = Convective heat transfer from the air above
H_ '= Heat supplied by condensate

H = Heat content of precipitation

P
Hg = Conductive heat from the ground
Hq = Change in stored heat of snowpack
Hs = Heat involved in change of state

If the quantity Hq + Hs is represented by Kt’ it can be shown that

the total heat flux applied to the snowpack to produce changes in



-

its energy content as well as its state can be expressed as follows:

H =H +H._ ,+H +H +H +H (2.2 - 2)
t rs rl cv cn P g

15
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2.3 Snowmelt Prediction Techniques

The method used should be appropriate for the following criteria:
(i) the purpose of prediction, (ii) the accuracy required for the
forecast, (iii) the forecast time available .or effective use, (iv) the
variability of basin hydrological characteristics, (v) the avallability

of meteorological data, and (vi) the availability of electronic computers.

There are basically two approaches to snowmelt prediction techniques.
The first, which was the only method readily available before the use of
digital computers, is the input of known meteorological data directly into
equations. These equations were developed from the analysis of the
physical processes involved in snowmelt. One of the earliest, and one
that is still used in some form or other, is the degree-day formula. This
equation is equivalent to the rational formula used in hydrology. The
degree-day factor is analogous to the runoff coefficient and is similarly
simpl{stic. A basic assumption is that temperature alone is the only
significant parameter in predicting snowmelt. More compiicated formulae
were developed which made use of all sources of heat input involved in
snowme 1t [27] . The M.I1.T. continuous snowmelt model, for example,
makes use of air temperature, dew point temperature, solar radiation,
wind velocity, precipitation, cloud type index, and cloud cover. The
second approach is the use of statistical techniques [15, 16] . The
difficulty in obtaining solutions by these complex techniques was over-
come by the general availability of computers. Regression analysis and
correlation of many parameters could be achieved rapidly [19] . The

U.S. Bureau of Reclamation and Corps of Engineers made full use of



these methods. It is shown in this study that the latter is a much
more powerful method, and can take into account topographic data,
elevation effects, and recession of snowpack, thus allowing its use on

different catchments in areas that are meteorologically homogeneous.

2.3-1 Temperature Index, Degree-Day Factor

Bray and Pysklywec [21] used the following two equations.

M= C(T - T,) in/day (2.3 - 1)
a b
where
C = snowmelt coefficient, 0.06 for open areas and 0.05 for
forested areas
Ta= average dally temperature, °F
Tb= base temperature, usually 32°F
and
_ Volume of daily snowmelt .
D.D.F. = No. of degree—days in/degree-day (2.3 - 2)
vhere
D.D.F. = degree-day factor, the value obtained was 0.05 - 0.15

in/degree-day, 0.08 is commonly used for preliminary
analysis

¢

2.3-2 Degree-~Day and Recession Analysis

The fundamental feature of this method, developed by the U.S.

Bureau of Reclamation [14], 1s an equation for the recession limb of

17
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diurnal hydrographs inherent in snowmelt. The following parameters
were derived by correlations between degree-days and streamflow:

(1) the volume of streamflow from snowmelt, (ii) the recession volume
of streamflow from the snowmelt, (iii) the height of the hydrograph
peak from the previous trough, (iv) the height of the hydrograph

trough above the previous trough (fig. 2.1).

Vl = blTl + b3T3 - Cl (acre-feet) (2.3 - 3)

where
Vl = the first day's volume in acre-feet
Tl = the maximum temperature at a selected station p
T, = accumulated maximum temperature at the selected station
3 7
bl, b3, C1 = gtatistically derived constants
= -+ . -—
Ql bV1 C2 (feet) (2.3 4)
= + . -
Q2 b4V1 C3 (feet) (2.3 S)
where

Ql = height to peak above trough

Q2 = height to trough above previous trouéh

1

b, ba, C2, C3.= statistically derived constants

Use of this method was found to be good in heavily forested areas,

and areas where melt due to raln is insignificant. Naturally the above



method is useful where a day-to-day operational forecast is needed, and

also where extensive meteorological data are absent.

2.3-3 Generalized Snowmelt Equations

The Corps of Engineers [9] proceeded from the physics of heat
transfer and used experimental observations from three catchments in

the Western United States. They derived regression coefficients for

snowmelt, breaking up the energy contributions as follows:

Q
= -—-—~—--—---i -
M, 7508, (in./day) (2.3 - 6)
where
M, = in./day from the ith heat input source
2
Q; = energy in B.t.u./ft
Bi = quality as decimal fraction
and
D
M= 75031 (in./day) (2.3 - 7)
MaM +M +M _+M 4+ Mp + Mg (ia./day) ——— (2.3 - 8)
o
where

t

i M = total snowmelt in in./day

M = melt from energy input as convection and molecular
conduction

19
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M = melt from energy input from condensation of water
vapor onto snowpack

J,/’ﬁ Mrs = melt from energy input from shortwave radiation
Mrl = melt from energy input from longwave radiation
MP = melt from energy input from rain

M = melt from energy input from grbund

all the above melt is in in./day of snowmelt

The authors [9] further developed the following algorithms

from regression analysis for each energy contributor:

M + M = 0.0084KV_ (T_ - 32) (2.3 - 9)
c co w o a

where

K =1 to 0.54 from open to heavily forested

Vw = wind speed in M.P.H. @ 50 ft. above ground level

The energy from Mrs is proportional to the power of the body's

b
temperature (°K), (Stefan's Law of emission of black-body radiation).

The sun and earth being considered as black bodies, Mrs was found to be

0.09 in./day.

Mrl + Mrs = 0.029 (Ta - 32) +0.09 (in./day) — (2.3 - 12)

The contribution from rainfall is:

Pr (Tw ~ 32)

Mp = 144

(2.3 - 11)

e
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where

Pr = one day's rainfall in inches

Tw = wet bulb temperature in °F

In this case the contribution of energy by conduction from the
ground Mg’ will be insignificant due to the permafrost in Arctic areas.

Combining the above equations and simplifying we get:

M = (0.029 + 0.084KV2 + 0'007Pr) (Ta - 32) + 0.09 —/— (2.3 -12)

2.3-4 Index Plot and Regression Analysis

Davar and Bray [8, 23] found that (i) the degree-~day relations
were simple and satisfactory when determined from the local conditiomns,
(1i) the Corps of Engineers generalized snowmelt equation (2.3 - 12),
though sound in theory could not accurately predict daily snowmelt in
the Tobique Basin in New Brunswick. (These two equations are used
later in this study as a basis for comparison of results), (iii) the
regression equation using tﬂe same basic meteo;ological parameters as
above, but derived for local conditions, gave best representation of
the actual snowmelt sequence. Pysklywec's equation [21] for the

Tobique Basin was:

M= 0.615 + 0.0373n + 0.00607Rb + 0.0021 ('1’a - 36)Vw

+ 0.0437(R, )V + 0.007P _ (T  ~ 32) (2.3 - 13)
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where

fl

n

R
%h

sunshine, hr./day

longwave radiation, ly./day

u

relative humidity

It should be pointed out that a regression analysis for a

particular basin would be expected to yield good results for that basin.
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2.4 Additional Processes

2.4-1 Ground Melt, Hydrograph Synthesis and Routing

Under normal -climatic conditions, snowpack recedes to elevations
where the lapse-~rate has lowered the temperature to the level where no
more snowmelt is possible for the season. Below the level of active
percolation, the groundwater contribution from the active layer should
contribute to baseflow until the end of the melt season. Because of the
low annual precipitation in the Arctic areas, and the short length of the
melt season, the active layer should have a very low moisture content
when refreezing begins. Thus under normal conditions, the runoff during
the snowmelt season should be basically contributed by the snowpack and

groundwater runoff should normall& be negligible (fig. 2.2).

Unlike catchments in more temperate regions, the Arctic Basins
are subjected during much of the melt season to diurnal freeze-thaw
cycles. A large amount of snow and ice that is melted during the day
but not runoff, is refrozen during the nighg. This freeze~thaw cycle
which extents over most of the melt season in the Arctic would be
substantiated later in this thesis when it is shown that D.D.F. values
for the Arctic basins are smaller than that of basins further south.
This diurnal freeze-thaw cycle is naturally more predominant at the

beginning and end of the ablation season.

Unit hydrograph theory is applicable where storm event rainfall

is a major contribution to rumoff. In the high Arctic annual runoff
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from precipitation is generally small in comparison to snowmelt, but
one would use linear theory to apply to rare flood events, especlally
for storms such as the highest recorded at Pangnirtung, (1.49 inches in
24 hours, [17) ). Phase routing can be achieved empirically by trial
fitting of synthesized hydrographs to historical data, which are scarce

in our area.

2.4~2 Infiltration in Frozen Soils

The quantity and size of ice-free pores are major parameters
governing the infiltration rate in frozen soils. Therefore the moisture
content of a soil at time of freezing is an important factor. Gray [39]
summarizes the works of several Russian workers, Larken (1962), Kuenik
and Baemenov (1963) and others who report that if a soil is frozen
when its moisture content is greater than the field capacity, its
infiitration rate is very low. If it {8 saturated, then there is almost
no infilcration._ Willis et al (1962) completed some studies on several
snow plots in North Dakota, and found that as much as 90X of snowmelt
was lost as surface runoff when thegse plots were frozen at high moisture

content. Gillies (1968) in a sgudy onprairie snowpacks found:

d = 53.5 - 0.65 MC (2) (2.4 - 1)

N

where

d = percentage of total water content of the overlying
snowpack which could infiltrate the ground

MC = initial soil moisture content prior to melt

25
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Zavodchikov (1962) noted that for the case of saturated soils
(moisture content 70 - 80Z%) the infiltration rate increased during the
melting period to 6 - 8 times the initial, rate, due to poremelt by
melt water. (See curve B, fig. 2.2) In time, however, the infiltration
will again decrease due to its high moisture content. In the case of
soil initially frozen at low moisture content, and where the soil
temperature at the time of snowmelt is well below freezing, water
entering the soil is frozen in the pores and movement is inhibited.

(See curve D, fig. 2.2)

2.4~3 Permafrost and Active Layer

The definition of permafrost is ground that is perennially
below the freezing temperature [2] . The irregular surface representing
the upper limit of the permafrost is the permafrost table. The ground
above the permafrost table is known as the suprapermafrost. 1t has
been found that the thickness of the permafrost layer is approximately
proportional to the mean annual temperature. Possible permafrost areas
are frequently indicated by various ground configurations such as
polygons, pingos, stone rings and stone stripes, collectively known as

patterned ground.

Construction, in Arctic areas, 1s confronted with the probléﬁ
of building foundations in order that the permafrost below the buildihg
remains permanently frozen. Instability caused by construction or
other local disturbances can cause thawing and refreezing. This

may initiate subsurface ground water channels; these in turn cause



thawing, resulting in progresgssive differentfal settlement in summer and
excessive heave in winter. The impounding of water, behind dams

constructed on permafrost, may cause leakage and subsequent collapse

because of thawing of the permafrost foundation.

The surface layer of ground (active layer) normally thaws
during the summer and refreezes during the winter, but permafrost .
below remains frozen and impermeable. In areas mantled with peat or
dense material of living vegetation, the active layer is thin. In
areas of gravel or exposed rock, the active layer may be quite deep.
Permafrost is absent or lies at great depths beneath lakes or ponds
because these bodies of standing water readily absorb the sun's heat

during summer.

2.4-4 Evaporation and Precipitation

The evaporation procegs is similar to snowmelt. Radiastion and
winds predominate in both. Therefore it is expected that correlations
between causes of snowmelt and streamflow will automatically include the
effect of evaporation. In other words one hag a reproduceable model
between meteorological factors causing both snowmelt, evaporation and
streamflow. Since in the Eastern High Arctic there is a short ablation

-

season, and very little open water storage one wouIQ expect snowmelt to

3
considerably predominate over evaporation. For these reagons the model

in this thesis has been referred to as a snowmelt runoff modgl.

27



There is poor correlation for storm events observed at different
elevations Iin mountainous terrain. Since rainfall in this area is
generally small and rainfall data sparse, it is difficult to see how
this can be incorporated in a simple engineering model. Many simple
t@%hniques exist for deriving design storms and design floods. Where
runof f obviously results from rain (no diurnal fluctuation), it should
be removed from observed hydrograph. One should in that case correlate

with runotf to estimate whether rain observation 1is significant or not.
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CHAPTER ILI. FIELD PROGRAM
' 3.1 Gatchment Selection

The objective of the field program was the collection of minimal
streamflow and meteorological data from different catchments on Baffin
Island. The data were to be used to develop the deterministic and

regression models.

The choice of catchments was necessarily limited to those areas
where easy actess 1s available by air transport. Frobisher Bay and
Fort Chimo can be reached by first class air carrier (fig. 1.1), and
from there one can reach Lake Harbour, Cape Dorset, Pangnirtung and
Broughton Island by secondary carrier. As a change of latitude is more
significant than longitude due to the range in change of climate, a
north-south study zone was decided upon from Frobisher Bay to Broughton
Island. PFurther expansion in other directions is desirable if manpower

and economic resources are made available.

Frow topographical data of the area, the Duval Catchment was
selected (fig. 1.2). A preliminary field study was organized in the
summer of 1972. The topography was found to be accurately represented

Qby the maps and the aerial photographs. The catchment was found to be
favourable to stream gauging and automatic level recorders. The

-
decision was made to extend the study to Broughton Island and Frobisher

Bay in the summer of 1973.

~



3.2 Description of Three Catchments

3.2-1 Broughton Island Field Station (63°59'W, 67°34'N)

This 1s the smallest and most accessible of the three catchments
(fig. 1.3). Due to its size, lack of lakes within the basin and the
availability of good meteorological data from both Distant Early Warning
Line stations and INSTAAR (Institute of Arctic and Alpine Research) it
should be highly sultable for a pilot/test basin. The recorders used in
the 1973 study were Steven's, type A, Model 71. One of the recorders was
located at the washed out hamlet damsite about 2 km. ESE of the mouth of
the creek, about 0.3 .km. upstream from the D.E.W. line road. Table 3.1

1ists hydrographic data for all three catchments.

3.2-2 Apex River Field Station (68°28'W, 63°44'N)

This catchment contains the largest number of lakes (fig. 1.3).
It is long and narrow in shape, in comparison with the other two
catchments. The mouth of the Apex River is about 5 km. ESE from the
Frobisher Bay Afrport. The river i1s accessible by the road to the
Apex settlement. The river passes under a bridge, approximately
0.5 km. from the settlement. The site of the recorder is about - *}
0.4 km. upstream frop the bridge on the western side of the riverf“?hgﬂn
recorder is fixed in a storage box on an eight-foot stilling well by :
means of 1/4" steel cable and rock bolts. Two bench marks have been

implanted in the rock outcrop alongside (3 m. off in a NW direction).

The fragile stilling wells (1/4" plywood) cannot withstand the winter



TABLE 3.1 HYDROGRAPHIC DATA FOR STUDY CATCHMENTS

LOCATION: Broughton Island Frobisher Bay Pangnirtung
CATCHMENT: Broughton Creek * Apex River Duval River
1. Length of longest reach 8.8 km 19.9 km 17.4 km
2 2 2
2. Area of catchment 30.64 km 61.7 km 101.8 km
2 2 2
3. Area of catchment from recorder 30.64 knm 61.7 knm 91.7 km
4. Average elevation of catchment 161.5 m.a.s,l. 213.4 m.a.s.1. 548.6 m.a.s.1l.
5. Maximum elevation of catchment 487.7 m.a.s.1l. 381.0 m.a.s.1l. 1280.2 m.a.s.1l.
2 2
6. Area of lakes - 2.07 km 0.16 km

—

Broughton Creek, evidently now named Kurulak Creek

T¢



ice conditions. Sturdier stilling wells constructed with thicker

wood or metal could be placed in the same location for a more permanent
site in the future. Meteoroiogical data are available from the A.E.S.
in Frobisher Bay; the location of the meteorological station should be
suitable for the studies (fig. 1.3).

Fel

3.2-3 Duval River Field Station (66°08'N, 65°44'W)

The Duval catchment is the largest in area of the three catch-
ments (fig. 1.2). Continuous data were collected for 1972 and 1973
ablation seasons. It is the catchment of major concern in this
dissertation. It contains two small lakes, A larger lake, about
8 km. south of the settlement in another catchment,may be applicable
to power generation and water supply. The mouth of the river is
located about 1 km. ENE from the airstrip at Pangnirtung. The field
station is located 3.5 km. upstream from the mouth on the south bank
of the river. The recorder is located about 0.5 km. from the point
where the river slope begins to level off into an open valley about
600 m. long and 300 m., wide (fig. 1.2). The gauging site is 25.6 m. wide,

approximately 0.6 m. deep, located 1 m. downstream of the recorder.
It is a long straight section of boulder strewn river, rather than a
well-defined control. Meteorological data have not been available in
the past at Pangnirtung, and A.E.S. has set up a remote automated

weather station at the western end of the town in 1973. Therefore

observations on temperature, wind, cloud cover, etc., were made in the

field.
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3.3 Data Collection and Presentation

3.3-1 Streamflow

In the summer of 1972 gstreamflow was observed hourly by members
N
of the research group. A graduated staff was implanted in a recessed

section of the bank. Attenuation of the_wave ripples was attempted by
means of a stil}ing basin of rocks around the staff. The location of
the stake was seiected such that the observer could read it fairly
easily from the bank. The best section was located about one hundred
meters from the campsite. In 1973 the same location was utilized for
the automatic recorder. Figure 1.2 indicates this location.

G

A
N\

In 1973, four Steven's A-7 continuous water level reengf;j

)

were installed. The negator spring drove a clockwork mechanism wiich
can run for three months without need to rewind. The recorder ﬂélds a
year's strip chart for the recorder. (

With the help of automatic water-level recorders the researchers
could achieve greater mobility, not having to remain on site to note
information manually. The disadvantage of these recordegs was their
bulk. The complete recorder-box-well system weighed in excess of 68 kg.

(150 1b.). The inhospitable terrain of soggy tundra and wet snow made

“the transportation of the instruments quite difficult.

The three recorders set up performed quite satisfactorily with

no malfunctioning during the whole period. Minor icing of the well
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occurred in Broughton Island due to frazil ice conditions inr the initial

thawing at the start of the ablation season. The data are translated

into flows in figures E.2 and E.3 (a & b).

3.3-2 Stage Discharge Observations

Reliance on hand held current meters limited the points on the
stage discharge to a maximum depth of 32 inches. On Broughton Island,
however, one member of the party used an inflatable rubber dinghy to gauge
the river at higher stages. At the Apex River current meters were used,
and the Department of the Environment utilized fluorometry to obtain
some further points of the rating curve. All methods gave similar results.
Figures E.4, E.5 and E.6 show the stage discharge relationship for all
three catchments. The stage discharge curves used in this study have
been evaluated and adopted by Environment Canada, Water Survey Branch,
and are the official rating curves for the three stations. Further

rating points are being added to these curves from time to time.

For further stage discharge relationships the use of fluorometry
is highly recommended to obtain higher points on the stage discharge
AN
(
curves on the more conveniently located, but steep and rough cross-

sections. The current meters used were the small portable Ott current

meters, No. 10.152 (further details are given in Appendix B).

3.3~3 Meteorological Data

Meteorological data for Froblsher Bay may be obtained from the

Atmospheric Environment Service. Similarly at Broughton Island



meteorological data may be obtained from the D.E.W. line station or
INSTAAR (Institute for Arctic and Alpine Research) University of Colorado.
The D.E.W. line station data are those available in "Meteorological

Data of Canada' [18] . The location of the D.E.W. line statiom is at
elevation 1955 ft. (594 m.). The catchment has an average elevation of
about 750 ft. (197 m.), and the INSTAAR station is a few feet above

M.S.L. (see fig. 1.3).

At Pangnirtung there had not been any systematic climatic data
collection. The R.C.M.P. collected some meteorological data up till
1950 [17] . The A.E.S. with the help of National Parks Service set up
an automatic weather station at Pangnirtung in the summer of 1973. The
unit was a MRI, Mechanical Weather Station. This station collected
information on wind speed, direction and temperature. Provision for

precipitation is allowed but not active on this unit (fig. 1.2).

In the ablation season in 1972, the research party made use of
a non-recording thermometer, the temperature being noted at the same
time as stage were recorded. Also at the same hour, wind speed,
direction and cloud cover were recorded. The wind anemometer was built
in the field as indicated in a popular science article [43] . The
anemometer comprises a table tennis ball, thread and a protractor. As
all competition balls are of standardised weight and dimensions under
rigid control and the length of thread being as indicated, the defléction
is a function of wind velocity. By rotating the anemometer to(achieve

maximum deflection the wind direction and velocity is obtained [447.
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In 1973, automatic temperature recorders were used (Pacific
Transducer Corp. Model 6.15F, 7 day). These were 7-day, negator spring
wound, coil recorders, range of temperature —30°F to 70°F, and -70°F
to 130°F. Because of lack of personnel to spread over three catchments
hourly observations were forfeited. ~As the model was to apply to daily
flows, climatic information was aggregated into 4 categories: clouded,
semi~clouded, summy or raining, in order,of increasing importance to
runoff. These were éiven values of zero to three respectively in the

regression model and denoted "weather factor'. The temperature

observations are plotted in figures E.7 and E.8§ (a & b).



CHAPTER IV. MODEL DEVELOPMENT

4.1 Degree-Day Algorithm

In North America, a degree~day is a unit expressing the amount
of heat in terms of the persistence of a temperature for a 24-hour
‘period of one-degree-Fahrenheit departure from a reference temperature.
In snowmelt studies, the degree-day is computed by substracting from
the average of the daily maximum and the daily minimum 32°F or a
specified datum [2] . For example, if the daily mean computed was 40°F,
there would be an 8 degree-day; a daily mean of 36°F, would yield 4
degree-days. Degree-days above 32°F and above other reference tempera-
tures have been used in point-snowmelt and snowmelt runoff computations.
An accurate computation of degree-~days could be made from hourly
observations or from a chart of recording temperatures. In Arctic
areas there is a fair probability that the drop to the minimum may be
sufficiently great to yield means below 32°F, indicating no degree-days,
whereas snowmelt conditions may have prevailed during the day when air
temperatures were above the freezing point. Garstka et al [147] used
the maximum and minimum temperatures to estimate degree-days. For open
sites, the Corps of Engineers [ld] derived the daily springtime melt M
in inches by correlation, as a function of mean daily temperature Ta’

.

and the maximum daily temperature Tm’

‘. M= 0.06 (Ta ~ 24) inches/day (4.1 - 1)

M= 0.04 (T, - 27) inches/day (4.1 - 2)

where the equations are for Ta from 34 — 66°F and Tm from 44 - 76°F.



It should be pointed out that the above equations are for point
melt values. In applying the same theory to snowmelt over a basin, the
basin-index melt values are utilised. The average rate of snowmelt M,

inches per day, is

M=K (Ta ~ 32) inches/day (4.1 - 3)
where,
Ta = mean alr temperature in °F -
K '= aegree-day factor, 0.02 to 0.1l with maximum 0.30

Watt and Hsu [41], further extended this idea with the inclusion
of decreasing areal extent of snowcover after extensive periods of inten-

sive melting:

M=K (Ta - 32) As (4.1 - &)
where,

K = 0.022in/day °F, this value is in the range
(0.021 - 0.024) suggested by the Corps of
Engineédrs (1956)

A = function of ratio of total snowmelt quantity M,
to the total snowfall to date,EjS. As was set at
1.0 for Y M) S less that BC, the bare Coefficlent,

and was_assumed to vary linearly from 1.0 to 0.0
as ZM/ }:S increased from BC to 1.0.

It was decided to test these equations against the data obtained from
the Duval River at Pangnirtung in 1973. Modifications were made to the
first two equations to give snowmelt over the area of the basin. The
dry-adiabatic lapse rate of -5.5°F/1000 ft. as developéd by Hauritz (1941)

Vd

was utilised to obtain the average temperature of the catchment. The

recorder was at 243.8 m.a.s.l.; the 50 percentile of the area above tHe

recorder was at 548.6 m.a.s.l. The results are plotted in fig. 4.1.

38



Average Flows - cfs

~ 1600

- Observed
r-l - -« Corps of Engineers

- e 2 — Watt & Tsu
t N
i VT
S B }
= 1200 - r'. ! - o Lod
T
!‘"J i i1 i
b i |
po ! i ~ ! o s as?™ "
] i !
. i i
! o« w*
8 ! R
00 i i
I = i l
i -
—] 3
j ’
R {
| |
|
, Fﬂ—’—-\__‘-—] L-.n‘
=~ 400 —
/l 1 1 i { | 2
Kiﬂ 5 10 15 20 25
June \July
~—/

FIG. 4.1 COMPARISON OF PLOWS FROM ALGORITHMS DERIVED BY CORPS OF ENGINEERS
& WATT & TSU



40

The Corps of Engineers equations (4.1 - 1, 4.1 -~ 2) consistently
overpredicted the flows, except for two days, especially in the latter
part of the season, where it overpredicted the daily flows by about 400%X.
The maximum predicted, however, only exceeded the'maximum observed by

13%.

Watt and Hsu's equations, however, consistently underpredicted
the daily flows. The maximum error was an underprediction of about 33%.
The maximum flow predicted by Watt and Hsu's equations amount to only

38% of the observed value.



4.2 Regressions (air temperature, wind, cloud)

Researchers on snowmelt in the United States and Canada have
reported difficulty in applying sophisticated models to catchments
other than test basins for lack of detailed meteorological (namely
radiation) data. Highly complex, accurate, pilot models are usually
non-transferable, without applying many assumptions and modifications.
Thus for the Arctic area with such sparse meteorological information
gvallable, a simple practical snowmelt runoff model which can easily be
applied should be used.

Arctic catchments have a short ablation season, in which a
major portion of the snow melts and runs off. Due to this unique
phenomenon, it is believed that a simple degree~day model can be applied.
However, as Bray (21] tas proved, new ceoefficients must be established
for each study area, which must have homogeniety of glimate and

‘topography.

Added assets to the researcher in the Arctic are the shallow
active layer, dwarfed vegetation and diurnal tifperature fluctuations.
These simplify the heat balance phenomena thus aiding in the formulation
of the degree-day model by regression analysis. Unlike the snowmelt ‘

\
process in more temperate zones, precipitation in winter is retained on
the ground as snow even though some redistribution takes place, and

~

negligible ripening or run-off occurs prior to the ablation season.

-

Regression analysis allows one to take snowmelt and consider it

as a function of other variables (air temperature, wind, cloud cover, etc.)

%
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(11, 12, 13] . The degree of sophistication is only limited by the

number of parameters avalilable. At this initial stage of data collection,
the model was limited to a linear first-order regression. Important
variables taken into account are degree-days, weather factor (a combination
of‘wind, cloud and precipitation) and recession of snowpack. See

table 4.1 for Input data used in the regression program (for listing see

Appendix C).

The weather factor used in table 4.1 has the following weights:
(i) 0 - for a day with full cloud cover and little wind

(11) 1 - for a day that is semi-clouded with some wind

(iit) 2 for a day that 1is clear

(iv) 3 - for a day with measurable precipitation

The output data are set up as follows:

Column one, NPAR = 1, Y is regressed against X2 ’ .
Column two, NPAR = 2, Y is regressed against X2 and X3

Column three, NPAR = 3, Y is regressed against X2, X3 and X4
Column four, NPAR = 4, Y is regressed against X2, X3, X4 and X5

[}

For explanation of symbols in table 4.3 see Appendix A.




X3

X4

= Weather factor
w= I of cloud cover

= Wind velocity in MPH

TABLE 4.1 1INPUT DATA

FLOW CFS X1 X2 X3 X4 X5
150.54 1 4.00 0 100 2
179.75 1 5.67 0 70 3
249.79 1 } 7.58 2 10 3
389.79 1 8.17 2 0 6

1 327.21 1 4.75 0 70 2
290.37 1 14.83 1 30 5
564.58 1 13.33 2 10 4
482.50 1 13,50 1 30 2
475.62 1 14.75 2 10 3
517.29 1 16.46 2 0 4
556.87 1 14.96 2 10 6
672.08 1l 18.79 1 60 4
585.42 1 16.21 0 90 2
566.46 1 14.54 2 20 2
365.00 1 13.92 2 20 3
296.96 1 12.71 2 20 2
333.54 1 10.08 3 80 1
308.83 1 7.88 0 100 4
172.37 1 6.71 0 90 6
130.29 1 6.04 0 100 1

X1l = Upnit constant used in regression program
X2 = Degree~day above 32°F
-
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TABLE 4.2 OUTPUT DATA

NPAR=} NPAR=2 NPAR=3 NPAR=4
159.80 158,58 174.53 178.66
210.74 209.03 226.59 227.86
269.00 272.26 279.78 280.48
287.00 290.09 298.10 289.04
182.68 181.24 199.82 204.30
490.15 488.56 493.08 488.36
444 .39 446.00 447.09 445.05
449.58 448 .38 454 .38 459.44
487.71 448 .90 488.40 489.81
539.87 540.57 539.31 537.68
494.11 495.25 494.51 486.03
610.94 608.21 604 .84 603.53
532.24 527.50 530.97 536.38
481.30 482.56 481.14 485.73
462.39 463.83 463.10 464.33
425.48 427.27 427.89 432.31
345.26 350.56 339.78 346.02
278.15 275.81 287.43 285,33
242.46 240,46 254.54 245.81
222.03 220.21 129.97 129.11
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TABLE 4.3 STATISTICAL CHECKS ON REGRESSION

—~
NO. OF PARAMETERS 1 2 3 4
BO 37.786975 37.716126 | 69.692263 | 80.979766
B1 30.503026 30.214761 | 29.097193 | 29.195136
B2 -- 2.760089 | -4.658541 | -5.318001
B3 - - ~0.115471 | -0.124904
B4 - - - -3.304317
S.E.E. 90.41 93.00 92.64 95.52
+F. TEST 43.97 20.79 14.34 10.13
M.C.C. RIYK .84 .84 .85 .85
P.C.C. RYX2 .84 .83 .80 .81
RYX3 - .02 ~.03 -.03
RYX4 - - -.15 -.17
RYXS - - - -.03
F-TEST CRITICAL VALUES
(n=20, k=1, 4) 4.41 3.59 3.24 3.06
8.29 6.11 5.29

4.89
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4.3 Progressive Increase of Lag during a Streamflow Season in the High Arctic

Analysis of diurnal fluctuations of temperature and streamflow
data from the Duval catchment indicates that the concept of fixed lag
between insolation and streamflow, does not hold true for larger catchments.
The data elearly show that the lag may increase progrgssively during the

season, and, in the case of the Duval River, by as much as 100X of the

lag at the beginning of the season.

Cross-correlation is a technique that can be used to determine
time lags of maximum correlation between hydrologic time series (437 .
The cross—-covariance was computed between the temperature and streamflow
\time—series for lags of O to 1200 minutes increasing in steps of 60
minutes. This was repeated for truncated segments of the series as
follows: =N
(a) whole series (day 1 -~ 20)

(b) first ten days (day 1 - 10)

(¢) 1last ten days (day 11 -~ 20Q)
(d) first five days (day 1 - 5) |
(e) 1last five days (day 14 - 18)

For each of the five geries a graph of the cross-covariance was
plotted against lag. The lag of maximum correlation was then measured
to the nearest 30 minutes as follows:

(a) whole series 420 minutes

s

.

(b) first half series : 360 minutes

.(c) second half series ¢ 510 minutes



(d) first quarter series : 300 minutes o

(e) last quarter series : 370 minutes

The results are presented in the bar chart, fig. 4.2, and
indicate an approximately linear growth in lag from & hours at the onset

of the 1972 melt season, to 10 hours at the end of that season.

An obvious cause of lag increase is the depletion of snowpack,
and of groundwater stored in the active layer, during the melt season.
For example, the snowpack tends to melt at lower elevations first, and
hence the centre of snow mass moves steadily upstream from the gauging
site. Groundwater (although limited in the High Arctic catchment)
similarly drains from the active layer on slopes adjacent to the lower

river reaches first.

Many simulation models will be insensitive to a variable lag,
but it is evident that the pﬁenomenon should be incorporated in "bare"
coefficent routines. Certainly references to a fixed lag should be
made with caution. Such references are widespread in the literature at

present time.
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4.4 Systematic Development of a Deterministic Model

A dissertation on modelling would be incomplete without reviewing
the deterministic approach. Bray [23] concluded from his intensive study
of the Tobique Basin (1965) in New Brunswick, that attempted reconstitu-
tions of snowmelt for the entire season, based on historically-~determined
degree~day factors have proved uncertain due to seasonal bias. An
attempt is made here to systematically develop a deterministic model
based on degree~day factors from the 1972 data collected at Pangnirtung.
Discussion of the results is presented as the model 1is developed.

Volume of daily snowmelt
D.D.F.=
No. of degree-days

in/degree-day ———— (2.3 - 2)

where

degree-day factor, value usually 0.05 - 0.15 in/
D.D.F. = degree—day, 0.08 is commonly used for preliminary
analysis

Figure 4.3, shows some typical seasonal results from New Brunswick [39].

The deterministic model is systematically developed in the
following manner with the D.D.F. as the objective function; (i)
disaggregation in time : a seasonal value will be developed, then 5-day
block values will be ascertained, and finally daily values, (ii)
disaggregation in space : the entire area of the catchment will be used
in (1), then the area will b; disaggregated into four equal areas for

the daily values.
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4.4-1 Seasonal, Multi-day block and Daily Models

For the first phase of development of the D.D.F. model in
time, the melt contribution will be taken from the area encompassing
the entire basin area. The term'season'used in this subsection shall
be taken to mean the period of 20 days over which data was collected

at Pangnirtung in 1972 for this dissertation.

a. Seasonal Model v

The seasonal value of D.D.F. (S.D.D.F.) is obtained by taking
the total volume of daily snowmelt in inches over the observed season
and dividing it by the total degree-~days over the same geason:

n

=.
i=1 Volume of daily snowmelt
% No. of degree-days

i=1

S.D.D.F, =

in/degree—-day — (4.4 - 1)

= (0.0552
where

n = no. of days in the season, 20

For the total no. of degree-days the values were derived from
thé application of the dry-adiabatic lapse rate of - 54°F/1000 ft.
(-98°C/Km) rise in elevation applied to the 50% area of catchment
elevation as shown in figure 4.4 (p. 59 ). The value obtained (0.0552
in/degree~day) is low compared to Fhe aQerage value,(0.0B'in/degree-day)

obtained in basin studies further south [23],



b. Multi-day block Model

The multi-day block chosen for this example was arbitrarily

taken to be 5-day units. The equation for the model is shown below,

k

=
M.D.D.F. = i_V01ume of daily snowmelt

5 (4.4 - 2)

:éé' No. of degree~days

j
where
M.D.D.F.i = Multi-day degree~day factor of ith unit
n = no. of days in one unit
j = ({-1) +1
" k =11

The values obtained were:
i

/

M.D.D.F., = 0.1344 in/degree-day
M.D.D.F., = 0.0463 in/degree-day
M.D.D.F.; = 0.0494 in/degree-day
M.D.D.F., = 0.0557 in/degree-day

The fl&ws in block 1 were rising and comparable éo the ripening
1imb of the D.D.F. curve in fig. 4.3, when the D.D.F. has by far the
highest value, In blgck 4 the D.D.F. has the next highest value, and
this agrees with the réceding limb of fig. 4.3. Blocks 2 and 3 which
contribute the bulk of the flow have an average Qélue of 0.04785 in/

degree-~day. Blocks 2 and 3 also have the highest runoff values; if the

'
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seasonal value of 0.0552 in/degree~day were applied, an error of 15.36%
in the estimation of runoff would result. A better value of D.D.F, is

achieved by this time resolution.

c. Daily Model

The D.D.F. formula was applied to daily results obtained from
the 1972 field data. The results are tabulated in table 4.4. A care-
ful study of the D.D.F. generated in table 4.4 would show th:i the high
value obtained in block 1 is attributed to the results of the 5th day.
The value of 0.457 in/degree~day is much greater than any results cited

in the literature. In this case one would seriously consider that

antecedent téggeratures were important factors in producing this result.

To investigate this, the term “recession-flow" is used to mean melt
which is contributed by antecedent temperature conditions. It 1is the
melt which is retarded in the pores of the soil above the permafrost or
in the interstices of the snowpack. It is suggested that such reces-

sion-~flow especially in the first and last five days of the 1972 data

season, might affect the D.D.F. quite radically. This is calculated in table &4.4.

Two reasons for the difference in results from this
and the study on the Tobique Basin (fig. 4.3) are evident. Firstly,
degree~day values in Arctic basing are small; small changes in temper-
ature have a proportionately larger effect on snowmelt. Further south,
as in New Brunswick, once the temperature trend rises above zero degree—
day, it continues steadily to increase, to a value much greater than

that obeervedein thg Arctic areas, Fluctuation in temperature of a few



TABLE 4.4 DAILY DEGREE-DAY FACTORS OF THE DAILY MODEL

DEGREE~DAY RUNOFF D.D.F.
(68) (in) ’ (in/degree-day)
0.00 0.158 -
1.67 0.189 0.113
3.58 0.262 " 0.073 0.1853
4.17 0.409 0.098
0.75 0.343 0.457
10.83 0.305 0.028
9.33 0.593 0.064
9.50 0.506 0.053
10.75 0.500 0.047
12.46 0.543 0.044
10.96 0.585 © 0.053
14.79 0.706 0.048
12.21 0.615 0.050
10.54 0.595 0.056
9.92 0.383 . . 0.039
8.71 0.312 0.036
6.08 0. 350 0.058
3.88 0.324 0.083
2.71 0.181 0:067

2.04 0.137 0.067
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degrees is a small percentage of total degree~day. Secondly, the size
of the basin and the large degree~day values mask the effects of

recession flow, which will be shown to be critical for the Arctic basins. -

In table 4.5, the D.D.F. for daily degree-day values is tabulated
for values of recession-flow of 50 cfs to 100 cfs. (This estimate seems
reasonable for most of the season). Furthermore, it seems likely that
the ripening process took place before July 11, day one in the 1972
season. The 1973 data, which covered a larger base, supports this
agsertion (see fig. 3.2 and 3.3). Table 4.5 indicates that a constant
recession-flow of 50 -~ 106 cfs over the whole season produces a better

D.D.F. (In table 4.5 flows have been adjusted to account for the

extraction of recessidh-flow)

Recession-flow should be computed from a knowledge of lag, but
no attempt has been made here to take this into account. However, as
shown in Section 4.3, increasing lag was found to be statistically

significant, and future work should investigate this possibility.

In table 4.5, an infinitely large value of the D.D.F. is
needed to generate any flow at all due to the lack of a degree-day
value. The D.D.F. values then drop to a steady level averaging
0.049 in/degree-day. At the end of the season the D.D.F. increases
again. Recession-flow has the effect of lowering the high D.D.F. values
occurring in the first and last five days. Neglecting day one, the

first 4 days average D.D.F. value is lowered from 0.185 in/degree-day to

’



TABLE 4.5. DAILY DEGREE-DAY FACTORS WITH RECESSION CONSIDERATION,

* OF THE DAILY MODEL

RECESSION (cfs)

[N

0.113
0.073
0.098
0.457

0.028
0.064
0.053
0.047
0.044

0.053
0.048
0.050
0.056
0.039

0.036
0.058
0.083
0.067
0.067

50

0.082
0.059
0.085
0.387

0.023
0.058
0.048
0.042
0.039

0.049
0.044
0.046
0.051
0.033

0.030
0.049
0.070
0.047
0.041

100

0.050
0.044
0.073
0.317

0.018
0.052
0.042
0.037

0.035

0.044
0.041
0.042
0.046
0.028

0.024
0.040
0.056
0.028
0.016

0.121
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0.121 in/degree-day, a decrease of 52.9%. For mid-season, the change

is from 0.049 in/degree-day to 0.039 in/degree-day a decrease of 23.3%.
Similarly for the last four days the average value was lowered from
0.069 in/degree-day to 0.035 in/degree-day, a decrease of 96.4%. These
‘values are slightly small because no adjustment has been made to account
for the recession-flow reduction from the D.D.F., and hence one may

conclude that this recession-flow concept {s very fmportant for low

flow conditions in basins where lag is one day or more.

Furthermore, it is interesting to note that for a recession-flow
of 100 cfs, the D.D.F. values in table 4.5 show a similar trend to that
given in fig. 4.3. This supports the assertion that ripening had taken

place prior to the collection of data for the 1972 season.

For disaggregation on a daily basis, the derived D.D.F. values
with consideration for recession-flow, vary from 0.070 in/degree~day to
0.016 in/degree~day through the season. It can be immediately seen that
application of these values necessitate a knowledge of the time in the
melt season. Largé errors could occur if the factors are not applied
properly, and further work is necessary to relate D.D.F. to melt season

duration.

Evidently the D.D.F. will rise to 0.070 in/degree-day, the peak
value for the ripening limb, then gradually fall. Without knowledge of
melt season duration, an average value of 0.050 in/degree-day (geasonal

D.D.F.) could be used.




4,4-2 Areal Disaggregation of the Daily Model

It is felt that for this study dafily resolution 18 the smallest
useful time unit due to the fact that temperature data are resadily
available only as dally averages. James [40) showed in his paper on
development offgimulation models (1972) that there is a limit to which
models can be resolved in time and space. It is felt that further
resolution of the 1972 field observations would lead to the question-
ing of the integrity of that data. However, the catchment has a
shorter response than this, unfortunately the field observations cannot
warrant further discretization. Areal disaggregation into more than
four -equal areal units is therefore not warranted, but this should
indicate whether areaI}disaggregation is likely to be significant.
There is an alternate method of areal disaggregation which could also
be used. The elevation could be chosen and.the contributing area then
established for ft. With that method the contributing areas would vary
énd a factor would have to be established and used for each area. By
the choice of equal areas compilation with the model 1is simplified.

No attempt can be made to reach an optimum disaggregation; this may
also form a useful line of enquiry for future researchers in this field.

From figure 4.4, the average elevation of each of the four
‘equsl areas, I to IV, is obtained. Table 4.6 shows the adjusted degree-
days for each of the areas; the adiabatic lapse rate lowers the number
of degree~days progressively for areas I to IV. With disaggregation
we find that I and II contribute to melt before areas II1 and 1V whiéh

may have zero degree~days. Areal disaggregation allows melt contribution
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TABLE 4.6 DEGREE-DAY VALUES AREAS I TO IV *

1 II I1I v
2.27 0.87 0.00 0.00
3.94 2.54 0.92 0.00
5.85 4.45 2.83 0.00
6.44 5.04 3.42 0.00
3.02 1.62 0.00 0.00

13.10 11.70 10.08 5.43

11. 60 10.20 8.58 3.93

11.77 10.37 8.75 4.10

13.02 11.62 10.00 5.35

14.73 13.33, 11.71 7.06

13.23 11.83 10.21 5.56

17.06 15.66 14.04 " 9.39

14.48 13.08 11.46 6.81

12.81 11.41 9.79 5.14

12.19 10.79 9.17 4.52

10.98 9.58 7.96 3.31
8.35 6.95 5.33 0.68
6.15 4.75 3.13 . 0.00
4.98 3.58 1.96 0.00,
4.31 2.91 1.29 0.00

e
* Average ele&tions in feet above sea level are 1120, 1380, 1680 and
2540 respectively for areas I to IV,

——
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from the lower elevation despite the fact that the average overall

value of the D.D.F. applied to the entire catchment yields no melt.

At the beginning of the season there is greater melt from the
lower elevations. This is borne out from the observation of increasing
lag due to the receding snowpack as shown in section 4.3. This fact
may be utilized to obtain the D.D.F. values for the basin. Linearity
is assumed and snowmelt is assumed io be proportional to the value of
the respective degree~days to allow a;plication of the same D.D.F. for
the day over the entire basin. On this basis, as disaggregation
approachgs an infinite number of areas, the optimal value of D.D.F.
will be achieved. The D.D. F. values obtained in this way are shown in
table 4.7.

»

)
The four areas were arbitrarily given a uniform cover of snow

“

equivalent of 8 inches of water (this is the amount of melt that
occurred over the season). Melt was terminated when the total melt

reached 8 inches from that area; melt is allowed only from the areas

«

which theoretically still had snow cover. In actuality the snow cover
is. not distributed uniformly over the entire basin. Du?lng the

accymulation seasbn the snow is dispersed unevenly by the wind. More

snow accumulates in the plateau and valley areas than on the exposed

slopes. Without smow course data and, detailed photograhmetric inter-

°

pretation, rno attempt will be made here to redistribute the snow cover.
However,ait mugt be pointed out that proper distribution of snow cover

would enhance the accuracy and sensitivity of the model. Snowpack

acéymula;éﬁ in the same areas within the ‘catchment. Local people

s
|
v -‘. §
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TABLE 4.7. DISAGGREGATED DAILY DEGREE~DAY FACTORS FOR AREAS I TO IV

DEGREE-DAY RUNOFF D.D.F.
(°F above 32°F) (in) (in/degree-day)
2.27 0.457 0.201
3.94 0.402 0.102
5.85 0.468 0.080
6.44 0.708 0.110
3.02 0.895 0.296
13.10 0.397 0.030
11.60 0.802 0.069
11.77 0.682 0.058
13.02 0.651 0.050
14.73 0.684 0.046
13.23 0.758 . 0.057
17.06 0.858 0.050
* 13.08 1.026 0.078
11.41 1.031 0.090
10.79 0.676 0.063
9,58 0.573 0.060
6.95 0.752 0.108
4.75 0.782 0.165
3.58 0.463 0.131

2.91 6.379 0.130

* TFlow contribution from area I is assumed terminated at this point,

areas II to IV are assumed contributing for rest of season.

\
\\

1
\
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(e.g. traders) and air photos could indicate such parts of the basins
and this information could easily be incorporated in the deterministic
model at the next order of disaggregation, In line with the redistribu-
tion of snow cover, the degree—day information for different area
elevation relationships could be improved by adjustment to the
"equivalent latitude" which Dingman [ 5] illustrated in his report on the

Hydrology of the Glenn Creek Watershed (1971).

In table 4.7, no account is taken of recession-flow or lag, and
the D.D.F. values from the first and last five days of the season are
high. For uniform recession-flow over the entire season of 50 cfs and
100 cfs respectively, the R;D.F. is shown in table 4.8 and plotted in

fig. 4.5 for both recession-flows.

The curves indicate that the D.D.F. values tend to approach a
constant value for the entire season. This implie; that a method based
on a single~v;lued D.D.F. can be derived. In many cases it may be
useful to estimate snowpack recession. In table 4.7, at day 12 melt from
area I exceeded 8 inches of water equivalent, and on day 13 of season,
the runoff was considered from areas II to IV only. The D.D.F. prior
to this was 0.050 in/degree-day, on day 13 it increased by 0.02Q in/
degree~day. This could occur if there were more than 8 inizes of potential
melt from area I. The very cold winter would incur a lafgermamount of
redistribution of snow by wind. Drifts would be déep in the incised
gulleys in the lower catchment. This would account for a greater flow
contribution for lower elevations. This adds to the complexity of the

model, and as little snow cover irnformation is avallable, a uniform

cover was assumed for this exercise.
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— . DAILY DISAGGREGATED MODEL
TABLE 4.8. DISAGGREGATED DEGREE-DAY FACTORS, WITH RECESSION CONSIDERATION

RECESSION (cfs)

0 50 100
0.201 0.135 0.068
0.102 0.074 0.045
0.080 0.064 0.048
0.110 0.096 0.082
0.296 0.251 0.206
0.030 0.025 0.020
0.069 0.063 0.057
0.058 0.052 0.046
0.0590 0.045 0.039
0.046 0.042 0.037
0.057 0.052 0.047
0.050 0.047 0.043
0.078 0.072 0.065
0.090 0.082 0.074
0.063 0.054 0.045
0.060 0.050 0.040
0.108 0.090 0.076
0.165 . 0.138 \ 0.114
0.131 ' 0.093 0.055

’ 0.130 0.080 0.030



66

From fig. 4.5, the limiting value of D.D.F. is 0.045 in/degree~
day, for the Duval basin from 1972 data, The results of a spatially

disaggregated model would be much better than those of a model with

A
¢ l

rising and falling D.D.F. where the entire basin is assumed to be con-
tributing. No estimation of ripening duration or of receding limb 1is
necegsary. Because of areal disaggregation, the influence of the

ripeni rocess is distributed through the ablation season, and up the
catchment. Continuity of flow from contributing areas and the monitoring
of the receding snowpack can be automatically taken into account.
Improvements of knowledge of recession-flow and snowpack distribution
would greatly enhance the accuracy of the results that could be genérated
by this method. Improvements could be made to the model by taking into
account adjusted daily values of recession-flow. This can be accomplished

5

by making it a function of antecedent temperature conditions.

Further studies to obtain a deterministic value of the limiting
D.D.F. value are recommended, as it is evident that this method could

prove to be a powerful tool for snowmelt prediction.
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4.4-3 Application of D.D.F. Model to 1973 Pangnirtung Data

As an example of operational uge the 1972 D.D.F. model is

applied to 1973 Pangnirtung data. The methodology will be outlined

in general with specific references made to the sample problem. The

4

D.D.F. model should be developed in the following steps:

(1)

~e

(11)

(iid)

(1v)

(v)

"1

Disaggregate the basin into "n" equal areas (ai, i=1,n).

the example n = 4; the areas are numbered I to IV downstream

to upstream and are given in square miles (ai = 8.85mi2 )

Qbtain the avarage elevation for each area area. For the
example the elevation from areas 1 to IV are 1120, 1380,
1680 and 2540 ft. respectively.

Apply the adiabatic lapse and obtain the adjusted degree-~day

temperatures (t i =1,n,j = 1l,e, wvhere j = jth day of

i,3°
the season) at each area from the observed degree-days.

Por the example the adjustment to the observed degree-days
are - 1.73, - 3.13, - 4.75 and ~ 9.4°F for areas I to IV
respectively (table 4.9).

Apply the chosen D.D.F. to the adjusted degree-day (table 4.9)

to obtain the runoff (q1 T i =1,n, = 1,e) in inches from
N »

each of the areas

%G ,5 = ti,j (D.D.F.) —— ' (4.4 - 3)

For the example the runoff is tabulated Q? table 4.10 for
each sub-area. D.D.P. = 0.05 in/degree-dsy.
Sum the runoff for the jth day of the season ‘for 4 = 1,4.

Divide that by n and multiply by Kddf, the conversion factor



.evation Feet

1120

5.81
4.94
15.60
17.44
9.27

14.81
16.77
10.89
15.94
21.19

20.06
13.77
15.35
14.77
15.35

10.48

3.98
13.06
17.98
18.60

18.23
18.98
13.23
10.69

7.10

TABLE 4.9 DAILY DEGREE-DAYS FROM

11

1380

4.41
3.54
14.20
16.04
1.87

13.41
15.37

9.49
14.54
19.79

18.66
12.37
13.95
13.37
13.95

9.08
2.58
11.66
16.58
17.20

16.83
17.58
11.83
9.29
5.70

1973 PANGNIRTUNG DATA

IT1I

1680

2.79
1.92
12.55
14.42
6.25

11.79
13.75

7.87
12.92
18.17

17.04
10.75
12.33
11.75
12.33

7.46
0.96
10.04
14.96
15.58

15.21
15.96
10.21
7.67
4.08

Iv

2540

0.00
0.00
7.93
9.77
1.60

7.14
9.10
3.22
8.27
13.52

12.39
6.10
7.68
7.10
7.68

2.81
0.00
5.39
10.31
10.93

10.56
11.31
5.65
3.02
0.00
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TABLE 4.10 PREDICTED RUNOFF (INCHES) FROM CONTRIBUTING AREAS

AND TOTAL RUNOFF (CFS) FROM ENTIRE BASIN

11 111 1V
9,5 =913 9, Ziqz’j A3 4 2934 9Y,3 =% 3
*(in) (i) (in)  (in) (in)  (n) (in)  (im)

0.291 0.291 0.221  0.221 0.140  0.140 0.000 0.000

0.247 0.538 0.177 0.398 0.096 0.236 0.000 0.000

0.780 1.318 0.710 1.108 0.628 0.864 0.397 0.397

0.872 2.190 0.802 1.910 0.721  1.585 0.489 0.886

0.464 2.654 0.4 2.304 0.313 1.898 0.080 0.966

0.741  3.395 0.671  2.975 0.590 2.488 , 0.357 1.323

0.839 4.234 0.769  3.744 0.688 3.176 0.455 1.778

0.545 4.779 0.475  4.219 0.394 3.570 0.161 1.939

0.797 5.576 0.727  4.946 0.646  4.216 0.416 2.353

1.060 6.636 0.990 5.936 0.909 5.125 0.676  3.029

1.003 7.639 0.933  6.869 0.852 5.977 0.620  3.649

0.689 8.328 0.619 .7.488 0.538 6.515 0.305 3.954

0.768 9.096 0.698 8.186 0.617 7.132 0.384 4.338

0.739 9.835 0.669 8.855 0.588 7.720 0.355 4.693

0.768 10.603 0.698 9.553 0.617 8.337 0.384 5.077

0.524 11.127%  0.454 10.007 0.373 8.710 0.141 5.218

0.129 10.136 0.048 8.758 0.000 5.218

0.583 10.719 0.502  9.260 0.270 5.488

0.829 11.548% 0.748 10.008 0.516 6.004

" 0.779 10.787 0.547 6.551

0.761 11.548%. 0.528 7.079

0.566 7.645

0.278 7.923

0.151 8.074

0.000 8.074

Obj

(cfs)

166.71
123.81
598.57
686.22
297.36

561.04
654.33
374.64
614.83
864.71

810.92
511.54
586.74
559.14
586.74

354.95

42.12
322.35
498.10
315.56

306.64
134.70
66.16
35.96
0.00
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for converting inches of runoff to flow in cfs.

4

q
= i=1 i,] -
ij Kddf ( ” ) 4.4 -4

where
ij = Average flow for entire basin on the jth
day of the season
For the example Kddf = 951.87 cfs/inch, and the results of
ij are plotted in table 4.10.

(vi) As the'total runoff for the observed flows for the 1973
season was 10.86 in. of water equivalent, the runoff contri-
butfion from each area is considered to cease when it exceeded
11.0 in.

»

k-1 k

>, < < 2l -

31 qi,j > 11.0 in. I qi,j 4.4 5

where

k = last day in the season contributing to flow from the
ith area

k
For the example. E q

1, ] for 1 = 1,4 1s noted in table 4.10
=1 !

with an astertisk (*)

The results of predicted average flows (ij) in table 4.10 is

plotted against observed flows in fig. 4.6. The predicted results follow

.
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the trend of observed flows. Unlike the comventional D.D.F. method

where the D.D.F. is applied to the entire basin and knowledge of seasonal
duration is needed, the D.D.F. model here has built in adjustments to
continulty with which the receding snowpack is takin into account and

decreasing flows with high degree—days§§%e taken }nto account as shown

in fig. 4.6. \\\\\-ledj

No recession flows or redistribution of snow cover were considered
in thls excercise. As was discussed in subsection 4.4-2, these would
improve and enhance the accuracy of the predicted flows. Thus it can be
conclu@ed from the development and the above example in this section
that the deterministic D.D.F. model has great potential and further studies

in this line should definitely be encouraged.
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CHAPTER V. REGRESSION ANAIsYSIS AND APPLICATION OF 1972 MODEL TO 1973 DATA

-

5.1 Regre;sions to 1973 Data

A computer program was developed for regressing the field data,
(11, 427 . It was also applied to the data obtained from the field trip
in 1973, The data collected were modified to suit the automatic method
from which the flows were derived. Where possible temperature and
weather data were obtained for Frobisher Bay and Broughton Island [187]
from the Atmospheric Environment Service. Data from the A.E.S.
"mechanical weather station" (NRI; at Pangnirtung set up in the summer
of 1973 could not be used for this study. Instead, temperature data
collected by means of Pacific Transducer Corporation Model 6.15F, 7-day
temperature recorders were used. The input data for the three reaches
were set ;p as follows:

IS

n
Column one, variable Y = observed average flow (CFS), .

Column two, variable X1 = constant set to unity,

Column three, variable X2 degree-day in °F above 32°F,

Column four, variable X3 weather factor : 0, clouded day

to 3, wet, cloudy day

Column five, variable X4 maximum temperature of the day °F

. >
Column six, variable X5 = mpinimum temperature of the day °F

@

The input data for the Duval River, the Broughton Creek and the

“

Apex River are tabulated respectiveky in tables 5.1, 5.4 and 5.7 <

4
)



The output data from the regression program are tabulated for
the above reaches respectively in tables 5.2, 5.5 and 5.8. The results
are average predicted flows (CFS) and are developed from linear least

squares regressiong. The output data are set up as follows: N

Column one, NPAR = 1, Y is regressed against X2 above
Column two, NPAR = 2, Y is regressed against X2 and X3
Column three, NPAR = 3, Y is regressed against X2, X3 and X4

Column four, NPAR

i
Eoy
<

is regressed against X2, X3, X4 and X5
)

In the testing of the regressed models developed in this chapter
the ugse of the F-test or the F-null hypothesis is applied [11, 12, 13].
The linearity of the regression relation is tested whereby several
observations of Y are made for each combination of X1, X2 e-eenn.. X
One can test the hypothesis that all true partial regression coefficie;ts
equal zero by an F—tegt of the varilance accounted for by regression,
relative to the error variance. If the F-value calculated is greater
than the F-value tabulated then one can reject the hypothesis concluding
that the variénce accounted for by regression is more thangcould be

reasonably expected if all the true partial regression coefficients

were zero [13].

5.1-1 Pangnirtung, Duval River 1973

\ .
The F-test results shown in table 5.3 indicates that except for -

NPAR = 1, one can reject ﬁhe hypothesis. This indicates that where more

relevant variables are added the predictability of the results is
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improved. Howevef, for NPAR = 1, the only variable applied is degree-
day above 32°F, from automatic coil temperature recorders. In comparison
to 1972 data (temperature observed on alcohol thermometer) the F-value
calculated (43.97) was very much greater than the F-value (8.29) for a

99% confidence in rejecting the hypothesis.

However, when variables X3, X4 and X5 are applied additionally
NPAR = 2, NPAR = 3, NPAR = 4, respectively, one finds that the hypothesis
can be rejected with 99% confidence. It should be pointed out that the
additional variables above were extracted from field notes from

temperature charts from the researcher's own equipment.

5.1-2. Broughton Island, Broughton Creek 1973;
Frobisher Bay, Apex River 1973

The results in two tests are similar, and are compared in this

part of the dissertation.

The results from tables 5.6 and 5.9 show that in no case can the
null hypothesis be rejected with 99% confidence, In only two cases for
the Apex River where three and four variables are applied can the null

hypothesis be rejected with a 902 confidence.

\

ki
The difference betweeg*BroughtqaaCreek, Apex River and the

. Duval River is that for the latter, the data for regression were
extracted from the researcher's own field equipment and observations.
Data for the two former reaches were obtained from the Atmospheric

Environment Services observations [18]. The results obtained in 1972,
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table 4.3, showed that data frem non-automated equipment produced the
necessary sensitivity needed to produce good regression coefficients

for extraction of a generafized model for predicting snowmelt. The

data from automated equipment for temperature recording and A.E.S. data
do not give the necessary sensitivity to produce regression coefficients

that even satisfy the F-test with 907 confidence with just one variable.

Similarly field extraction of weather data provides the researcher
with much greater accuracy of information as shown in the results for
the Duval River 1973 (and 1972), where for NPAR = 2 to NPAR = 4, in all
cases the F-test was satisfied with 99% confidence. In no cases where
weather information were extracted from the A.E.S. data were the regressions

able to satisfy the F-test with 997 confidence.



N

5.2 Development of Dajily Model with 1972 Data

From the regressed information given in tables 5.1 through 5.9,
it was concluded that the temperature and weather data collected from
1973 were of insufficient sensitivity to be utilised to develop a good
model (detailed discussion in Chapter VI). As the 1972 data was statist-

ically the best of the four sets of data, it was used as the basis for

a daily flow model.

The regression coefficients (table 4.3) from the computer program
applied to Pangnirtung 1972 data, were used on the input data, X2, tables

5.1, 5.4 and 5.7 (see equation 5.2-1).

X E.SN -
Yi = 1.0714 Ax + 0.8647 Ax (Ti ) (5.2-1)

where

Yix = predicted daily average flow of xth catchment (cfs)

Ax = area of xth study catchment (miz)

Tix = degree-~day above 32°F (from column X2)

Summing the predicted flows obtained from equation 5.2-1, and
div%ding by the sum of observed flows one obtains the "correction ratio”
Lx for the xth study catchment. In this study LP’ LB’ and LF denote
the correction ratios .of the study basins at Pangnirtung, Broughton and
Frobisher Bay respectively. When the logs of the correction ratios

(log L, log tB and log LF) for the three reaches were plotted against

P’

A
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latitude they were found to be statistically linear. Regressing the logs

of the correction ratios yijelds

1og.LX = 18.6151 -~ 0.2823 (Lx) (5.2-2)
where
log LX = log of the correction ratio of the xth catchment
Lx = latitude in degrees north of the xth catchment

v

Thus to obtain the correction value of a catchment at latitude

LX the following equation 1is developed,

_ 1 ] (5.2-3)
X~ 1g2.3026 (log Ly)

~

L

where .
Lx = correction ratio, sum of predicted over observed.

Combining equations 5.2-1 through 5.2-3 results in a latitude

corrected model from 1972 data,

X
i [1.07141 A+ 0.86472 A (T,7)] (5.2-4)
i~ _2.3026 [18.6151 - 0.2823 (Ly)]

.
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5.3 Application of 1972 Model to 1973 Data

5.3-1 Frobisher Bay, Apex River (63.75°N, 61.7 km’)

The algorithm developed from equation 5.2~4, was utilised for

the Apex River:

Yi = [25.4266 + 20.52 (Ti)] 4.160884 (5.3-1)

This was applied to 1973 data and the results are tabulated on

fig. S.1.

° 2
5.3~2 Pangnirtung, Duval River (66.13°N, 91,7 km")

\

The algorithm developed from equation 5.2-4 was similarly applied

w

to the Duval catchment:

Yi = [37.78957 + 30,49942 (Ti)] 0.885798————(5.3-2)
{

This was applied to 1973 data and the results are tabulated on

fig. 5.2.

5.3-3 Broughton Island, Broughton Creek (67.55°N, 30.64 km>)

~

The algorithm developed from equation 5.2-4 was similaxrly applied

to the Broughton Creek catchment.



Yi = [12.626744 + 10.190864 (Ti)] 0.351951 ———(5.3-3)

This was applied to 1973 data and the results are tabulated on

fig. 5.3. .

~
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CHAPTER VI. DISCUSSION OF THE MODEL

6.1 Discussion of the Results of the Deterministic D.D.F. Model

The following is a summary of the discussion stated in section
4.4, 1t was shown there that disaggregation of the D.D.F. model
improved the accuracy of the predicted results. This disaggregation can
take place in time and space. The results showed a definite improve-
ment when the model was resolved from seasonal (20 days) to daily time
units. Similarly the predicted results improved with areal discretiz-
s

ation. The problem of optimization of the disaggregated units have been

left to future studies.

The current deterministic model used in the estimation of snow-
melt streamflow is the D.D.F. Method. This model is applied to the
entire catchment, because of this the D.D.F. values change over the
season. By varying the D.D.F. value, ripening at the beginning and the
depletion of snowpack at the end of the season is taken into account
(fig. 4.3). Therefore, this method necessitates the knowledge of the

duration of the melt season. )

In the operational use of the disaggregated D.D.F. Model a

knowledge of the duration of the season is not required. A single D.D.F,.
\

value is applied for the entire season. All that is required im order to

use the model is the precipitation during the winter accumulation and
«
the temperatures of the operational season. Mass balance is taken into
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account for receding snowpacks with areal discretizatiom in the model.
Similarly ripening is taken into account with elevation-temperature-area

considerations. For an example of operational use see subsection 4.4-3.

It was the Intention of this diggertation to show that the
disaggregated D.D.F. model improves predicted results. The results from
the development in section 4.4, substantiated this intention. It also

showed that it 1s a sensitive operational model which is simple to use.
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6.2 -Discussion of the Results of the Regressed Model

The regressed model (equation 5.2-4, with degree-day above 320F
and latitude) is developed to a limited extdnt due to the fact that a
.

more elaborate algorithm cannot be justified on the basis of the limited

field data.

From the results in Chapter V one can conclude that incorporation
of the additional variables of weather factor, maximum and minimum
temperatures, enhance the sensitivity of the model. These had been
chosen primarily because they are readily available to the researcher

from government agencies.

Another conclusion from'this thesis is that data extracted from
government publications should be used with caution as a data base for
the creation of models. Good data have to be collected in order to
extract a good model. The results also show that more elaborate
automated temperature recorders do not give better results than pains-
teking manual extraction from inexpensive, yet sensitive equipment.
However, that is an economic decision based on the availability of man-

power and funds.
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6.3 Recommendation for Further Work

In the development of the disaggregated deterministic and
regressed models, many factors, that could have been included, were
discarded due to time limitations, Thus the applicability is necessarily

limited, and these models must be used carefully.

For the deterministic D.D.F.-model, further data should be
collected to establish a better D.D.F. value for the Duval basin. As
outlined in.section 4.4, further research should be initiated to:
optimize the number of disaggregated units, snow cover distr@butions}
equivalent latitude and recession flows. Where rain occurs a separate
model should be qsed. Evaporation should be removed from the net mass
balance df the snowpack as it may be significant in the distribution
of snowmelt. Other basins should also be studied in a similar manner

as data become available.

Further collection of data from other catchmentgs in this study
should be continued and field temperature data should be collected as
a basis of comparison’to information collected and issued by A.E.S.

This could then be used to extend the existing information on the two

catchments using operational hydrological models.

The importance of latitude shown in the results should be
checked in future studies. The linearity of the logs of correction
ratios versus latitude should be examined in greater detail as more

flow data become*available.



The above comments have been confined to the broad hydrological
aspects of Arctic Basins, however, the sub-basin aspects such as the
progressive increase of lag during a streamflow season in the Arctic
areas, 4.3, and the processes of ripening, should not be neglected,

as they form a vital part in the complex process of snowmelt.

~
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APPENDIX A

NOMENCLATURE



A. NOMENCLATURE

The symbols listed below are in the order of occurrence in the text,

and have the following meaning:

»

Hrs absorbed shortwave radiation.

Hrl net longwave radiation exchange between the pack and its
environment

Hcv convective heat transfer from the air above

ch heat supplied by condensate

Hp heat content of precipitation

Hg ' conductive heat from the ground

Hq change in stored heat of snowpack

HS heat involved in change of state

M snowmelt (inches/day)

c snowmelt coefficlent

T, average temperature (°F)

Tb base temperature (usually 32°F)

D.D.F. degree~day factor (in/degree-day)

V1 volume of snowmelt (acre-feet)

Tl maximum temperature (°F)

T3 accumulated paximum temperature (°F)

b, bl’ b3, b4’ Cl, C2, C3 statistically derived constants
Q, height to peak above trough

Q2 height to trough above previous trough

M, snowmelt from 1th eat source (in/day) “

Qi enexgy (B.t.u./feg)

Bi quality as decimal fraction

A.l



X1

X2

X3

melt from energy input convection and molecular conduction

melt from energy input from condensation of water vapor onto
snowpack,

melt from energy input from shortwave radiation
melt from energy input from longwave ;adiation

melt from energy input from rain

melt from energy input from ground

variable coefficient

wind speed (M.P.H. @ 50 ft. above ground level)
one day's rainfall (inches)

wet bulb temperature (°F)

sunshine (hr/day)

longwave radiation (ly/day)

relative humidity

percentage of total water content of the overlying snowpack
which could infiltrate the ground

initial soil moisture content prior to melt

maximum daily temperature (°F)

degreeihay factor

function of ratio of total snowmelt to total snowfall
unit constant used in regression program

degree-day above 32°F

weather factorx {
X of cloud cover or maximum temperature °F
average wind velocity (M.P.H.) or minimum temperature °F
regression coefficients

standard error of estimate

multiple correlation coefficient
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ﬁﬁ B. GAUGING

The gauging for the Duval River and Broughton Creek was performed
manually with the aid of an Ott current meter model No. 10.152, Counters
were provided by means of bicycle horns with a 1.5 volt d;c source hooked
up to the meter contacts. The number of revolutions of the propeller was
coincident with the number of beeﬁs. The meter operator noted depth of
channel and distance from bank at each counting station. "The assistant

on the bank noted the information down. The results of two typical gaug-

ing experiments are tabulated on table B.1.

The flow information gathered were plotted in a stage-discharge
relationship for the two respeétive creeks as shown in figures 3.4 and
3.5. (The two gaugings in 1973 coincided very well with the curve provided
by the 1972 gauging.) The stage—discharge curve for the Apex River was
provided by the Department of Environment who obtained their curve by means

of fluorometry.



TABLE B.1 GAUGING DATA

DATE : Saturday, July 21, 1973
LOCATION : Duval River, Pangnirtung
W/L : Recorder 1.505' Stake 16"
TEMPERATURE : 50°° [prop # 14937)
- [bomb # 19230]
DISTANCE DEPTH n v Q
out (FT) REV/SEC FPS CFS
(FT)
{ 6 1.17 0.50 _ 0.92 3.23
9 1.33 0.90 1.55 6.18
12 1.08 0.70 1.24 4,02
15 . 0.83 1.00 1.70 4,23
18 1.42 0.48 0.89 3.79
21 o v 1.75 1.08 1.86 9.77
24 N 1.75 0.94 1.60 8.40
27 : 1.67 0.60 1.07 5.36
30 1.17 1.54 0.98 3.44
33 2.33 1.12 1.90 13.28
36 ) 1.33 1.42 2.39 9.54
39 1.67 1.08 1.86 9.32
42 1.83 0.74 1.29 7.08
45 1.17 1.32 2.20 7.72
48 1.42 1.10 1.87 7.97
51 - - - -
54 1.67 1.84 3.07 15.38
57 1.67 0.52 0.93 4.66
60 1.67 1.54 2.58 12.93
63 1.67 0.56 1.00 5.10
66 1.75 0.32 0.64 3.36
69 1.75 0.70 1.24 6.51
72 1.92 1.84 3.08 17.74
75 1.17 1.62 2.70 9.48
78 1.75 1.34 2.25 11.81
81 2.00 1.30 2.18 13.08
84 1.83 0.94 1.60 8.78
87 - - - -
90 0.50 0.70 1.24 1.86
0.70 1.24 1.86

93 0.50

TOTAL 215.88
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A

The following pages in this appendix contain the listing
of the driver and the subroutine programs used to ‘derive the
coefficients for the regressed model. The coefficients of the model
are obtained by the épplication of matrix theory [42] to regression
analysis.

! Statistical routines were also built into the overall

program. Speclfically tests relevant to regression were developed

in subroutines QUTSTAT [13] and DRAPER [11].

A sample of the data input is shown in page C16. The output
printout was not shown due to the number of pages involved; however,
the summary of the results of the statistical data are tabulated in

chapters IV and V.

Subroutine MATINV was taken from Matrix Methods of Structural
Analysis by C.K. Wang [42]. All other subroutines were written by the

author.
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