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surface of the snowpack is predi~ted using a physically based heat-

flm.], or energy balanc'e, model. Correspot\dence- between observed 

daily flows and daily predicted heatflow totais conrirms the àccuracy 

of the energy balance approach. 

Surface meit predicted on an hourly basis, using the energy 

balance approach,is then routed dowq through the snowpack tq thë 
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ground as unsaturat.ed f1ow, and subsequently alon~ the ground in a 

thin satur~~ed layer. The similarity of~observed hydrographs an9 __ . ------~----
those predicted using thecmQdel suggest that tpe theory of water 

flow through snow is a realistic one. 
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Résumé .,... 

Dé par temen t' de Géogr a ph ie 
Univers ité McGill 
Montréal, Québec 

Les processes de fohte nivale dans une région subartique ., 

• L'étude cherche a app~ehender ~s pro~esses ,physique responsables 

de la forme des bydrogrammes de fonte nivale fournallère dans la forêt 

boréale et sur l~ toundra -~rès de Schefferville, P.Q. 'Un modèle de 

flux thermique, on bilan éhergétique, établi sur des bases physiques, 

<1 ' 

sert a la prévision de la ~onte ~~, surface de la neige. La correla­

tion entre les debits d'ea~ de font bservés, et les flux the~miques 
1 ..r-.... .,.. 

totaux prévus pour chaque jour confirme la précision de l'approche 
\ 
1. fondée sur la bilan energetLque. 

hor.l::,f::Sq:::t::ém:~::Ùd!~f:::t:h::m:::::~~l::,C:::~:~:a::va1e , 
,1 \ d un modèle d'écoulement liquL~e à travers le bane e neige assume que 

l'eau percale à travers la nei~e vers le sol spus forme d'écoulement non-

saturé, puis 

ment saturé. r- • 

au contact pu soi sous forme d'une mince pellicule d'écoule-­
\ 

La similarité en~re les hydrogrammes observ~s et ceux 
\ 

'1 

·produitB d'aprés le modèle sugg,ère que la theorie d'écoulement liquide 

1 
travers la neige e'st vraisembable. ) 
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PREFACE 

This study i8 part of an overall snowmelt hydrolo'gy program 

undert.akenat NcGlll Sub'~retic Research Laboratory, a designated 
\ 

,"'Mternat:l.onal Hydrologieal Decade Station. The main snowmelt work 

was undertaken in the Springs of 1972 and 1973. The purpose of 

the study was to elucidate snowmelt prQ,cesses at three different 

scales. Jhe pres~nt study was at the most detailed level, that' of 

hillsides in different situations of ~nclination:, 8f3pect, and cover 

type. -:l0hn Fi,tZgibbon and Stan Matthe~son'-carrie5i out parallel 

studies at the basin and inter-basin scale, r~spectlvely. Dr.~. 

G. Wilson and Don Petzold studied the radiation balance in th~ 

forest, and supplied the bulk of the radiation data used in this 

thesis. 

The original contribution of this study 18 in the applic'ation 

'bf physica~ \l1odelling to bath the prediction of daily and hourly ,~ 
1 

melt rates, and to the prediction of daily slOpe snowmelt hydrographs', 
1 

resUl!ing forro diurnal snowmelt cycles. Within the prediction of 

rates ~·f snowmelt, the corrections for the effects of the stability of 

the air over the snow on turbulent exchanges are applied. and are 

shown to be of great importance in the Schefferville environment. 

" 

Within the hydrograph predic!tion, a model of porojls-medium flow i8 tested for 

the firs't Ume, and is shown to be a ,.good representation of the pro-

cesses involved in hydrograph formation. ' l'he study is, to the author' s 
, 

knowledg~, the roost complete snowmelt" study to date, sinee it treats 
G 

tJ 
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thcrie process 

J 

of snowmelt, from mel ting at t'he surface to discharge 
.rt-

the s lope ":gase. 
...... , 

In~ord~r to perform thi~ study, data were collected 
1 

l ' 

24 hour bas is for Iwo fie Id seasons. 
1 

The :data ar,e very extens ive, 
l ' 

olf the runoff and meteoro-, ip' the cornplè teness 

, \ 
and; unusual, particularly 

lo~ical records. 

The project was finance~ by t\he National Research Council of c'~nada, 
1 
1 , 

" " \ \[ 

w~ose help i8 gratefully ack~owled~ed. Facilities were made available 
, 

by the McGill Subarctic Research Laboratory in Schefferville. Dr. Tom 
l ' 

Dpnne has helped greatly at aU stages of the thesis, in planning, data 

1 ~ . 
clollectlon, and especially during the pro~ss of writing. His help .. is 

Jarticularly appreciated. Dr. Rick Wilson gave much advice on the 
~; ", 

" adiation aspects of the studYi a;s well aS~B.llpplying the radiation data. 
, 

r. Sam Colbeck helped e~tensive~y in the process of applying his model 

f runoff prediction to my data. "Dr. Frank Nicholson, Director of tpe 
~ 

cGili) Subarctic Research LaBoratory, and his wife, ~rgaret, tolerated 

!the trIbulations of snowmelt for _two field seasons, aS well as helping 
1 

l~ I~n the arduous task of installing the hydrological instrument~tion. 
1 " 
l ' 
[The Iron Ore Company."of Canada at Schefferville allowed access to t~~ir 

,lland, and supplied the,,~quipment and labor for excavating the trench'ès 

for the hydrologie instrumentati on. 

/ 
, t, 

Many friends helped in the, instrument installation, data collection 
1 Il ., \ 

and process ing, and at var ious 's tages of the development of the thes is. 

,~ . 
They were; Joe Burns, Jim Franks, John and Cheryl Fitzgibbon, Chris 

~ 1 
Hospes, tan G. Jones, Peter Mountford, and Don J'etzold. For their cald, , 

wet vigils, l thank them. Susan McCallum typed many rough draft8 of the 
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T.R. Moore and J.J. Drake read early drafts and made 

Charlotte Granberg and B.J. Gr.ey proof-read the final 
l ' 
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for the thesis. l would l~ke ta thank Hilda Schroeder for typing the 
v 

thesis _pnder great pressure, and Lynne Beaudoin for typing the biblio-
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CHAPTER l 

INTRODUCTION 

The Stuqy 
j 

This~study is concerned with the anslysis, understanding, and 

prediction of snowmelt runoff hydrographs genersted by diurnal melt 

cycles on hillside plots located in subarctic lichen w.oodlands I3-qP 

tundra. The aim of the study is ta c,omp,ute hourly melt ra-tes ~rom 

the energy balance of the snowpack, and then to .... pr~d(ct slope hydro­
/1 

graphs by rduting the co~euted meltwater w,ve down through the snow-

pack, and along -the ground to the base of the hillsiope. The 
, 

~h~oretical predictions are then tested against field measurements of 

melt and of runoff hydrographs. 

1 

The primary justi(ication for the st~dy is thé lack ofprecise 
~ \. - , 

quantitative knowledge of the factors controlling the generation of 

~nowmelt hydrographs, and the lack of efforts to analyse t~em. There 

is a lack ~f good working l'iîode'is for hourly and ..claily snowmelt pre-

diction base9 on physical prin~iples_ The relative magnitudes of the , 

various controls and their interaction Bre partÎ'"c"ularly poorly under-

stood. Numerous statistical and index methods of prêdiction exiijt, 

but fe~ have an adequate physical base. Other works, such as that 

'of the U.S. Army Corps of Engineer:s (1956), are more soundly based on 

physical principles, but still fall short of àrradequate treatment of 

the processes of heat exchange between the snowpack and its en~ironment. 

,Earlier works are reviewed in Chapter 2. 
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No work has been attempted which combines melt prediction with 

the routing' of meltwa,ter throu&h the snowpack on a rigorous physical 

basis. The present study does this, and arsc tests predictions agai·nst 

field observation~. The study was carried out in two differe~t en-

" . 
vironments: boreal forest.. and tun~ra. In bath of these environments mea-

surements were made on several hillslopes with differi:ng gra,dients and aspecEs. 

Apart from the academic justifications, it is obvious thf)t in 

an area such as the subarctic where hydroelectric power is being de-~ 

" veloped, a knowledge of the mechanisms by which runoff is produced 

from a snowpack is of grea t practical importanc'e. 

Field Area for the Study , 
,,' 

The study area is in the vicinity o~ Schefferville, ~.Q. There 

are two main reasons for the çhoice of area. F:irst, there are sound 

economic reasons for work on snowmel t runoff prediction i'n the sub-

aretic. Second, the snowfall in the ScheffeV1:flle aJe~r"}'5;... heavy 
\ 

(abo~t 35 cm water equivalent per annum). This heavy snowfall, eom-

bined with a, thaw which is ~wift and predict~ble within a fê~ 

make data collection much easier than areas to the south with less 

snow and more variation in the time of thaw. In the Schefferville 

area, the occurrence of winter thaws is most unusual. The structure 

of the snowp.ack i5 almost, completely uniform, ',and, ice layera are ex-

ceptional. This is ah advantage for a first 'attempt at modell~ng the 

vertical percolation of-~ through a snowpack. In, the three years 

of field work, no winter melt occurred. 
\ -

--' ~ 

" 
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Another factor favourin~ research in the area i5 that the ground 

usually,fr~ezes to a cqnsiderable depth during the fall, while the 

soil is wet. The ground remains frozen under the snowp'ack u~'til 

late in the thaw, wh en snow has melted ,from mast of the area. The 
/ 

trost i5 of the "con'C;ete'~, (Post and Dreibelbis, 1942), and the 

~ ~ , 
impermeability o~ the frozen soil makes the computation of a water 

balance simpler, since inf\ltration of water into the soil has been 

eliminated. 

". Physical Geography of the $tudy ATea 

-
The Schefferville ,region is within the strUf..tural-geologic unit 

known as the labrador Trough, which consists of a belt Qf Proterozoic -
rocks trending roughly north-northwest t~ south-southeast~ The Pro­

terozoics lie unconformably on the Archean basement, and 

have been intensely fold~d am thrusted by pressure from the northe~st • 
. :::--:--- - --~ 

As a result of cross-faulting, the_s,tratigrr.phic' sequence is repeated 
"'!P • ' 

many times across the trough. A common repetition is: iron formatioQ, 

,~ate, dolomite .. chert breccia and quartzite, aH with northerly dtps: 

The topography is related closely ta t~e structure. Strike ridges of 

the more resistant qU8r~~ites, dolomites and ~lates form elongate ridges, 
, 

whil-e the valleys are underlain by the less resistant slates;. dolomites, 

and Iron formation. 

\ 

Local relief withi~ the basin is 'ge~erally less than 200'm. The 

most extreme relief differences in the area, petween the bot toms of 

", 
valleys and the highest ridges is in the order of 600 m. 
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One group of experimental sites used in this study lS situated in 

an area of boreal ,forest just o'Ûtside the Knob Lake drainage basin 

(se~_ Figure 1.1). This -basin is one of the Interna~ional Hydrologieal 

D~eade experimet;lta'l watersheds.' Another group of three sites is situa-
'> 

ted on the tundra sorne 22 km from the Schefferville townsite. i 

Schefferville, at'the outlet of the drainage basinais .at 536 m·a.s.l. 

Knob Lake (within the townsite) is near the maximum heigh~ of land 

between the Altantic and Hudson's Bay drainage systems. The lake 

'drains northwards to Ungava Bay, through the Kaniapiskau-Koksoak !,y~~em. 

The Howells River, .and la'kes in the 'Schefferville depression drain 

southwards to the Atlantic via the Ashuanipi-Hamilton (Churchill Falls) , 
system. 

The drf1 inage sys tem i5 irregular because of the cover of till de-
5 

posited byjPlei~tocene glaciers. ~n the ridges surrounding the 

Scheffervnle depression, till ls very thin (less than 1 m), or non-

existent, whereas in the depression it is thicker (2 - 10 m). The ... 
slopes on which the study was performêa. r~flect the general pattern 

of till distribution,having generally thicker tili cover at their bases 

thsn at their tops. The sma~~séale irregularity of thft till cover com-

bined with the farm of underlying bedrock gives the slopes a generally 

stepped appearance (see Figures 5.3 arid 5.1). Sorne of the valleyside 
.' ~ 

slopesJ'fav~lacial ~meltwater channels eut into them, but since these 
... ' ~ " 

channels ar·e us~ally approximately at right angles ta the slope direction, 

they seldom for~ channels~for present drainage. . . 

, . 
,'" \, 

/ 
/ 

/ J 
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• basin olltlet 

FJGURE 1.1 G Lake, 

" ~asin Hmi', 

1 km: 

TABRADOR-UNGAVA -~ËNïNsuiA 
'-}, 

Î N 
1 

c , 

Location of Schefferville. 

The Knob Lake Drainage Basin 

• • 
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The climate of the areB is typical of .the Eastiern Canadian 

subarctic type, with only the months of Jl!ly am August having mean 

temperatures above fooe. The annual ~ean temperature i8 -4.7oC. 
.. . 

May and June are the months wh en mean temperatures first rise above 

freezing. Most nights in May have frost, but in June this occurs 

on only 25 percent of the nights. Annual snowfall in the area 13 ~n 
:.. }.-

: 1 
the order of 35 cm water equiva1ent, with a record high of 41 cm fn 
1969, and a record low of 27.2 cm in 1960. Snow usually forms almost 

., - ... 
half ,f th~ 74 cm average annual predipitation in ~he area. The 

weather record et Knob Lake extends from -1955 to the present (1974), 

and a summary of the relevant parameters is given in Figure 1.2. 

-~ -

The area lies between two vegetation zqnes: 
\ 

(see Figure 1.3) and the tundra (see Figure 1.4). 

the lichen woodlands, 

Since the loca 1 . 
liroit of tree growth is st about 750 m. a.s.l/, the tundra occurs-on 

high ridgetops, and forest covers the lower hillslopes a-nd valleys 1 

(see Figure 1.5). The tundra vegetation includes sorne dwarf apruce 

but is essential1y treeless. In the lower wooded area~, the fJrest 

varies in density) and may be classified into closed cr9wn lichen wood-

land and open lichen wood1and. ,The latter is the dominant type. The 

average canopy-cover for open lichen woodland i8 approximate1y 15 per-
> 
~~ " ""'~ 

centr whi1e closed lic'en wooQIand has a ~rown cover Qf up to 100 ~r-
•• It 

cent. Both within t'he ~!sin and âround it, a commo"nly occurring veg~tion 

type i8 regenerating burnt areas. Figure 1.6 shows a typical 'burn. No 

investigation of snowmelt was mad~,,_in these burnt areas, which are very 

similar t~ ~he tupdra type. Fitz~ibbon (in press) makes a comparison of 

average daily melt rates in varioua cover types, including burn: 
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• FIGURE 1.2 
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FIGURE ,1.3 

1 
Pho togj.a ph 01: tvoods sites area 

II 

1) 

This photograph was taken be~ore the excav5it~on of the j:rench 
on S He 'E '. Notè the 1 ichen mat and -alder underbrush. 

ù ' 
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A desc~iption of the soils of the area and their hydrological 

properties is given in the section on detailed site desc!iptions, 

in Chapter 5 

, 
fi 

""-

" 
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CHNPTER 2 

1 
REVIEW Oy- PREVIOUS WORK 

1 

! 
i 

There are two problems in predicting snowmeit runoff: 

1 
a) the melting of the sndw at the surface of tœ snowpacl< has to be 

/ 

consred; and h), runoff resulting from this melt has to he pre-

d0ed. 

Previ.ous Work on Snowme 1 t 

\ 
" , , . 

\ 

This section is nrt meant to be a comprehensive M.tet;atur~~" , 

review. Rather than cQnsider the whole history of snôwmelt studieg, 

different types of modJl will be considered in ord:r of ~ncreasing 
sophis tication. 

Conceptually the simplest type of snowmelt model ls termed the 

index rnethod. This a1so is the oldest and most common1y us~d method. 

Sorne index of the heat budget is computed and régressed against what-

ever aspect of snowmelt is of interest. The most usuai combination 

(see Figure 2.1) is to regress dai1y me1t, meas~red by either total 

daily runoff or snowstake measuremerits of melt, against the numher 

of degree-days, Aefined as the difference between the mean daily 

air tempe rature and sorne 'b-ase temperature (~ften OoC.), (Collins, 11934~. 
Then future'predictions of melt "are made using the regress{on e"quaÜon 

, 

with an estimate of the degree-day total for the future season or'day 

The next most sophisticateâ type of techniqtie invo1ves the use of multiple 

regression with daily snowmelt as the dependent variab~, and the com-

ponents of the energy budget as the independent variables. This approach 

/ 

r" 

;, 
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~~an D~!!t. ~emp~ra~l!!~vers~~!~L~u_~~..!..~ orest Sites 1973. 
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J 
is used by·Pysklywec, Davar and Bray (1968) who use as independent 

variables measurésof net radiation, va pour pressur~, windspeed and 
~ 

air temperah:ùre. 

the 

The numb~of v~~iables c~nSidered increases still further in 

w~;k of the ~. Army Corps of Engineers (1956), which treats 

the physics of the heat budget. 1 The physi.c~l theo;-y emp1oyed, however, 

'\ invol ves many approximations, especially in the treatmen t '~f the turbulent 

exchanges of energy between the snow and the atmosphere. A1though an 

atte~pt i~'~ade at a satisfactory physical tr~atment, sorne of the basic 

fP assumptions made by the authors in the deve10pment of the theory of 

turbulent exchange are unrealistic, and prevent a full treatmênt of 

<' ~e processes invo>lved. The failure of this work to dea1 adeq~ate1y with 

.--

the physical theory is particular1y unfortunate in vi~w of the fact that 

this is one of a very few' studie's that inyolve substantial testing of 

theory agaions t field measurements of snowme1t. Failure to tes t theory 

against observ~tion has been persistent throughout the last 20 years of 
1 

snowme1t and snowmelt runoff work. Workers, such as Wilson (1941), who 

made significant theoretical contributions on the thermodynamics of 
1 

snowmelt, often did not test theory against field dat-a. 

Physi~al1y the most complete approach to predicting snowme1t 

(Wilson, 1941; A.f\derson, 1968; Fohn, 1973) is to define "aIl the ex-
1 

changes of heat between the ground, atmosphere, surrounding vegetation 

and snow. The most satJsfactory study of this type to date ls that of 

Anderson (1968). Anderson tests his equations against measurements of 



• 
\) 

••• 

-16-

.' . 
~.r.1[er draining from the sno~vpé1.ck iota a lysimeter, hut sinee runaif 

and energy balance are measured st ly\dc1 y , separated points, gooJ 

..tt'sting of the melt prediction of the equations is d~fficult. In 

addition, Anderson d02S not consiger the question of the dumping of 

atmos pheric turb~nce by the 1 development of coma tions of stable 

stratificatioA over the s~ow surface. Nevertheless, this paper, to-

gether with that of Fohn (1973) stand as the most successEul attempts 

to date st a complete statement of the snolvmelt problem. Fonn compares , 
, p 

melt predicted by the energy -balance equations with m21t collected in 

a lysimeter. The scsle of the study however, is very small. His 
.~-----r------____ ~ 

• lysimeter I,a,s approximately 50 cm in diameter, and consisted of a 

- ....... ------
container set under. the snOlY surface. Runoff was intercepted during 

6-hour periods, and the e-nergy balance over th~ lysime ter cbmputed for 

the same periods. 
r' 

, 
The results of Fohn 's \'70rk show ~t, the e~ergy ba-

lan9~ ~echnique, rigorously applied, can be an excellent predictor of 

short- term snowme 1 t at a point. 

lt 1s the author's belief that the best of the choice of methods 

i5 to adopt as rigorous a physical approach as possible,'not with-
" (jV 

standing the attendant difficulties. This gives' better insight into 

processes of energy exchange and the interaction bf the various con:-., 

". 

i 'i. trollingfactors. ,Then'I in orcler to make chè predictions of snowmelt 
.-'1./" 

r~quired,by agencies (electric uti li t~agencies, engineers and other . 
( 

water resource managers), other, simpler quasi-physical or statis~ical 

techniques may be used. One of the main purposes of the present s t~dy-.. ' 

i8 ,~o apPity ~tt:: purely physical energy balance approach to ~nmvmelt 
~ -,' 

.. estimation; and ta examine sorne of the problems encountered in using 

such an approach. 
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Previous Work on Snowmelt Runoff 

Remarks simihr to those above may be J1lade in relation to the ~ 

synthesis of snowmelt hydrographs; there has been very little physi-
, <'.t 

1 cally based work: Viessman (1968), applied unit hydrograph te'chniques 

to the prpblem of prediction of basin snowme1t hydrographs. t'rf~~s 

type of ~\nthesiS may yield results' whi~ ca~ be used for fIOO: design 

work, but rre unlikely to elucidate the processes involved in thé 

generation lof snoWI\le'lt hydrographs al: the sc~e of a htllside. In 
, 1 

addition, th~ unit hydrograph technique assumes linearity of the' , 

system, or that response is a li~ear function of input. ~hi5 i5 not so, 
, 

as i8 demonstrated in the treatment of the the ory of snowme1t. runoff 

.. <.:t:."., in Chapter 4. ,Satisfactory application of the unit hydrograph technique ".-'" 2 . -' 
- ~'. / a1so requires th~j: dUratiOn,,--Of the input sh_ould be 1 ~s than .. one- third 

pf; the 'total tr~vel time in the system being cons d red. This is ob­

viously not satisfied ~ the case of snowmel t 
.. 

There is, ta the author' s know1edge, on1y of papen 

--------~..:a physica1 mode1 of snowmelt runoff resulting from daily. 

snowmelt wavea. ~ese are the worka of Co1beck (1971,1972,1974), and 

are physica11y complete, but a1so Simpl~ enough for use with accessible 

data. Colbeck's treatment (t?#Qe described later in detail) is a mode1 
, 

'of porous medium f~ow through the unsaturated path from snow surface 

ta groimd, and then through the saturated path dbwns1~pe to the channel.: 
. 

The unsaturated flow portion of the model has been tested, (Colbeck and 

Davidson (1972), with-some uncertaint~es due ta the presence of ice 

'1enses in the deep !lnow packs of the Cascade Mountains, Washington. !l'he 

combined model incorporating the saturated flow path has not been tested • 
• 

? 

... 
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It 's general1y acknowledged that the physicai modelling of 

the gene ation of snowmelt hydiographs is a very desirab1e develop-
, ' 

ment in nowme1t hydrology (National Research Council, 1971; Canada 

Nationa1lcommitte~ - International Hydrological Decadé, 1968). 

present h'tudy, 'through the application of the energy balance to 
1 ......, \,. . , 

The 

the 

snowmelt: problem, and the application of the Colbeck model to the 

\ 

problem of hydrograph genera,tion, is an attempt to move in the direc-
~ 

tion of the physical modelling-of snowmelt hydrographs. 
1 1 

o 

\ 
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C1LWTER J 

.' or' - , . 

A1tl.1oU3h thcre are Inany sources and sinkr:J for energy pithin the sno\\'-. 
...--

'le "eta tion-d ir sys tem, sorne DE them may (.' . be ignon:d. Such th.lngs q " " heat , -
btorage in vegetation, or t~ kinetie energy of rain could be eomputed, but 

they are sa small that they are mueh le~s than the errors involved ln the 

computation of the five major sources. The first t~rm to be considered in 

the !leat balance of the snOHpdCk is the heat defieit. 

a. 

The chdn!je in hea t, s torage in the sno\Vpac le <\is inc l uded in the energy 

bulance 
" , l 

bec.ause the temperature of, the snowpac ( varies up ta a maximum of 

oDe. In partieular, a heat defici~ occurs from radiative, evaporative, and 

sensible heat lasses during mos't nights and on s?me days during the me1t sea­

son. Hhen compdting \he hourly' or daily heat baL:mc.e of the snO\'lTJ.:lck, these 

\ 
negative heat f10Hs are aceumttlated. At the onset of the next day' s me1t, 

this heat deficit has to 'be satisfied be fore any heat is availéible for melt-

ing of"'"the snowpack. Hg is not:" considered before the fir'st melt, that is, 

during thé' " r ipening" of the snm.,rpack. 1his process has be.en discussed by t? 

others (see Bacler et al., 1954). Ripening involves the gnining of heat by the 

snowpack, agd the incfease of snow crystal size as water resulti~g from sur-

1 face mEüt ·flovlS over tlye crystals. The TIlost important· effee t of ripening on . ,. 

lYater. Hmv is the increasc in crystal size and it.~ effeet on the oversll 

pcrrneability of the snow. ) 

TIle thermal ripening of, tll,e snO\lTJack involves the ralsing of its tempcra-

turf> until it;: becomes isothermal at OOC. Only then can Imtcr flow from the , 
bottorn of the pack. The proccss of.heat gain i8 il combi.nation ~f the conduc-

2& 
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Uon of ilCdt from the sllrface ~0i-:'0 lnto the snol,lp-.lck, :HlrJ tl-je transp'ort: of , . 

h2<1t illt..O the S!10\v[)8.ck hy l'1e1tTv~'tcr. This procc& is ranid oncc liquid Fater 

"la'cts tn percolJtc ioto the SI~O\'f1clCk hecause of the Lar'~c dJ1IOllt1ts of j'ttC:'I1t 

heat rclc<lsccl by the pcrcolatlng meltl'atcr as i t ..,rc-[reezcs i Tl the p.J.C k. 

A rough estimate of the maximum toLal heat deficlt uf a -2 m sno";pack may 

~ made ,by assuming a value of 0.3 gm/cm3 for t\1Œ density of the snou, and 

0.5 cdl/grn/oC for the specific hea.t--O,f sno,·j. If Fe dsSume a snoTlpack h.1.SP 

V 
tevlpcrature of approxi;nately -SoC, dnd a surf.ace tcmperature of -250 C, the 

heat deficit under these conditiorts 1s 450 ca1/cm2; the equivalcnt of 5.6 cm 

of mel t. This is an es tl.Tilate of the ~.;inter In3.xirnum l1ea t dE'ficit. Haximum 

hèat deficits on the tundra reached values of over 4 cm of melt duri-'llg cold . 
periods on the tundra in th2 1912 ,.melt season. '.L;he maxirnll::' overnight heat 

dcflcit in the \Joods ~v3.S 0.13 cm (10.4 cal/cm2). 

O~ce Lhe heat deficit has been reduced ta zero~ the overall hedt balance 

of tlte snowpack mdy be written: 

\vhere H is the heat avai1able for melting 
m 

!IR is the radi.:ltion heat flow 

II i8 the sensible heat flm., 
c 

H J'e is the latent heat flou 

Hp is precipitation heat flmif 
, 

Hg i8 heat flou from the ground 

b. Ground heat flmif ~Hg) 

snmv 

(3.1) 

(cali ctTl2 /hr) 

(ca1/cm2 /hr) 

(c~1/cm2/hr) • 

(cal/cm~(hr) 

(caL/cm2/hr) 

(cali cm2 /hr)' 

,. 
Heat flo\v frGm the ground 'surface intp the snm"pack i8 given by 

d9 
H = K g cl z g 

\vhere 
(,'" 

d (3 = temperaturû gradient in the ground (OC/ (,~1) 
ct z 

"~. 

(3.2) 

~I 
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th\.!rmJl conducll\'lty 

/l'he ,-~rnunli h ',1 t flo·; H\ ?'.n,crillly Smelll, c:'.c;el ne~lI: 13 rge under~ro\lnrr' hWlrt ' 
,,;. ." 

sources, SIlC 1l <.lE> SP'l'inÉ}S7-~: In mosl cases lt 1S 3ss1,gned a smo.ll posltivc con- / 
<-,I.1,f' 

st J.nt ''::tl Lu~ thn)u~l, the~;:6it:' 
~,._~ r 

l.n the Schef ferviJ lé area dur in~.'. the tj r.lt~ of 
o 

the ;tucly" frozen ~;round pers1stt'd under tlle tlnn snOlvpack at the end 0: th~ 

lh~\\'\ ... \nd so althoug~l the ~roy-nd hoat flou rnay not bri ze~o, it is 

cient:.ly .1aY~e to cause any meltit1g dt the base _of the sno\vpack. 
\. \ 

insuff1--

Thus fa r: ttle 

pllrpos,~s of this study, the grollncl' hedt flO\" is assumèd to be zero. 

c. Precipitation hent floVl (Hr) 

R'édn cont.:1ins hoat \vhich can melt sno\" b:,' virtue of the cbevation of its 

tempera Lure dhove DoC, thus 

H . (', (TT,] - T;)P r -'p = P IV "\ _, 

\!l!erc l)\v :::: Jensfty of Hdler (glt1/cm 3 ) 

('.ry, == snecHic heat of T.Jater (cdl/gm/oC) 
~" 

Ts == 3nO\\ sur face tcmperature (oC) 

P r ::: rainfull intensity (cm/lu') 

(3.3) 

.,.---,.., 

o 

The \vet-bulb temperature is equivalent to t:1e temperature of the rain. 

'r he prttcipitation heat floT.II ~s small except in the "case of heavy precipitation, 

and ln thl9 case, the awount of actual precipitation vJatcr is much largcr than 
) 

t~le melt \-Juter produced by tl~e ~input of heat. In the t,vo years of fieldwork, 

ra ulf.:111 \vas negligibloe and sa this heat f10'" HdS not computed. 

d. Radiation lleat flo'" (tIR) 

Thl':' ,xadlation heatflml 1s expressed as the baL::mce of i.uç-oming and out": 

gaing rCldJatlon. 

l-i R·- (tl + q) (1 - ,'}) + Ln (3.4) 

o 
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,,". " 

where 

(Q + q) = incoming shortwave ra'chation. Q represents the direct 
il 

solar beam, adà q the diffuse component of solar tadiation 

(cai/em
2
/h't) 

a albedo (dimensioniess) 

L 
n 

= net longwave radiation (cal/cm2/h~ ) 

Measurements ,.of net allwave radiation, can be made with a net allwave 

radiometer with polyethylene dome~. tt is how~ver, unusual to have a cun-

tinuous record of such measuremÊfnts, partIy because of the expense of the / 

i'nS~e'hts, and partly because they require sophisticated electrical re-
~ ,., 

corders, unsùi't'ed to motfér~te Iy severe fie Id eondi tions. 

-( 

Global, or total inçomin& shortwave radia tion is bes t measured with 

an r;ppley pyrheliometer, but, again' because of the expense of these in-

t" 

S trumentll', they are not used routinely. Meas~ements of global radia ion are 

usually made with a Belfort type pyrheliograph with p 

cord~ng mechanism. This instrument is both reIiàbJe and easy 

the preHent study aIl three types of instrument were used~ 
~ u , 

Albedèrmar-msy, be measured using two solarimeters,one faeing up 

measuring incomiq.g shortwave radiation, and One faciag down meJlsuring 

fefiected shortwaye radiation·.' 

Computations.of net radiation (as opposed ta measurement) made in . . , 
, 

the past rely' on the fact that sky longwave emission may be éb/ùputed as a 

fune tion of atmosphere vapour pressure and temp'e,rature. Examples of ,this 

type of analysis using the:: Brunt eq~ation ar~ giVe~ USACE (1956) , and U .s. . 
" 

~ 
~~.-"'i--.. 

.~ 

-II" ... , 

. 
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. G~ologîcal Survey(l954). There are many problems with this technique. They 
~.t? 

relate primarily to the difficulty of using near-surface observations 

of t'emperature and vBpour pr~ssure to characterize the vertical dis tri-
. , 

bution of airmass properties •. _ This is only an approximation, and may be 

inappropriate for sorne airmasses .. Clouds also ~ause large errors in the 

es~ikation of net allwave radiati~, because they affect sky emission. 

The technique of computing ~ from its compo~ents was attempted during 

the'present study, using various empirical relafionships between sky 

emission, vapour pre~sure, and temperature (Sellers, 1965). The se 

techniques seretn ta work well over periodS" of 24 to 48 hours; as demon-

strate~ in the Lake Reiner study (U.S. Geo1ogical~Survey, 1954), but for 
li 

hourly ~alues the results were almost complete1y unsatisfactory. On sorne 

hours the estimates were wit~in 15 percent of meas~red values. On the 
1 . .. 

other hour's, the es tfffiates of ne t allwa~ radtation ranged from 10 ta 

400 percent of measured values. COnsid-erat-ion of the size of tl') terms 

in Equation 3.4 shows why this is sO'r Generally the absorbed shortwave 

term (Q + q)(l -'~~) i8 in the <?..r.der of 0 -42,5 cal/cm
2
/hr. A melting 

~, 2 
snow surface 'en\i'ts: longwav~ Iradiation at a rate of 26.7 cal/cm /hr, 

') ·'\L.t .. ..f"·i!.. ...... ? 

~'" rI \ ., , 
emission.calculated by the Brunt equation varies from 20 to 30' 

1 
and sky 

2 cal/cm /hr 
• 1 

Sinte the value of the outgoing radiation from the ~now 
o 

ls fixed, this më~ns: 

. where 

Swa 

Lt 

St 

= 

= 

(Swa ) ± '(U - St) 

absorbed shortwave radiation (cal/cm2/hr) 
2 

sky .longwave emission (cal/cm Ihr) 
2 

snow longwave emissto~,' ,,-' (cal/cm Ihr) 
~ 

.~ 

" , 
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" , , 
the absorbetl shortlJBve 'term may be Hell deflned, but the numerical 

size of lhe term (L! - St) means that lf S';va IS small, then gross 

overestimates or undere"timates of H
R 

can result from the smaii difference 

between the two relatively large values L~ and St . 

It is therefore not surprlslng that estima tes of H
R 

derived using 

Brunt-type calculatfons of s~Y e'mission are sa poor. Because of the 

Inaccuracy of the Brunt method, net radiation was estimated by a 

technique described in Chapter 7. . ' 
Turbulent Heat ~luxes (e,f} ,(H an'd H )---

c e 

The t'\vo remalnlng heat fluxes are the turbulent tTéi'l.1.sfer heatflows: 

those energy inputs of se~sible and latent heat driven by gradients of 

temperature and water vapour,anù by turburence in the low€r atmosphere. 

, 
The follo,.inE?, derlvation follow5 Sellers (1965). - The transfer of heat, 

water vapour, and mo~entum is c§used by the action of eddies in ~6e stream 

of air pafislf\g over a surface. In turbulent flo," , parcels of air d? not 

pass cq,nstantly· parallel ta the surface. Occ:asionally, parcels of air of 

,hlgher velùcity arld dlffering moi..&'ture or temperature penetrate dO'\vll to-

wards the surface, resulting in the transfpr of moisture or heat· ta or 

from the surface. The total amQunt of heat or moisture ~hich is transported 

ta or froJlt' the surface depe.nd,s on how effective these eddies are in pene- , 

trating the air towards the surface. 

A1though the alr 

turbulenl:, there J S a 

in the lo\ver 2m of the 

tin ~ayer immediately 

atmosphere is nearly always 

a.bove the ground (or snow) 

surface lnto which turbulence cannot pèniLrate. This layer, prooobl)" less 



• 

" 

-26-
\ 

\ ' 

'1 
than 2mm thick, i5 ~alled the larninsr boundary layer. Within this 

layer, transport of heat, mornentum, and moisture are by the pro-

cesses of rnolecular diffusion, the rate st which these transfers take 

place being proportional to the ~ertical gradients of ternperature, 

velocity, and rnoisture. The expression for t~e flux of sensibll heat 

through the larninar boundary layer is 

,whére 

p 
a 

C 
P 

air 

H 
c 

C . kh ( 6T ) 
p 6z' 

3 
deus it;y (gm 1 cm" ) 

3.5 

o = speciffc heat of air ~t constant pressure (cal/grn/ C) 
{.. / 

~ 
6z 

gradient of tempecature with height 
f, 

within the 
o 

boundary layer( C/cm) 

molecular dif~usivity of heat in air 
( 2 

(cm /ôr ) 

For latent heat, the transport through the larninar boundary layer is 

where 

6 H 
e 

P . L • 'cl (~) . 
a t;"z 

L latent heat of vapourisation of water (cal/grn) 

d molecular diffusivity of water vapour in air 

3.6 

'2 
(cm /hr) 

gradient of rnoisture with height within ~hè boundary layer 

(grnl gml çm) 

The corresponding expressioq for~~~ntum ls \, 

= P . v . ('6U 
) 

a 6,?J 

/ 

\ 
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) 

shear stress (dynes/cm
2

) , 

2 
kinematic visc?sity of air (cm /hrt 

"" gradient of velocity with height within the 

boundary layer (cm/hr/cm, or hr-
l

) 

The flows of latent aCnd sensible heat are conventionally. regarded as 

negative if they are directed downwards. This convention is adopted 

for this development of the theory of snowmelt. 

It would not be possible to measure th~ appropriate gradients and 

propertiE'ts within the boundary layer, and so thes-e equa tions are not 

useful in asse~s ing the ,exchanges betweeh. "the surface and the air. We 

may, however, ,by analogy with the above equations, write out the followin~ 
., 

identities for the turbulent regime, where the molecular diffusivities 

l'h,d \ang. v~re replaced by their equivalents irf,the turbulent layers; 

that is the eddy diffusivitiies for heat, moisture, and TIlomentum; ~,K:w~' 

and K. Tuus 
m 

where 

Kh eddy 

H - - P 
e a 

where 

. . 
C '. K . b,T 

h p • b,z 

diffusivity for heat 

L . Kw . b,q ., 
b,z, .. 

. ' 

~ = eddy diffusivity of water 

\ i 
" 

3~8 

\ 

in air 
2 

(cm {hr) 

, 3.9 
\ 

vapour in a~ èm
2
/hr) 

(' 
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T 

K 
m 

P­
a K 

m 
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3.10 

eddy diffusivity for momentum in air(cm2 /hr) .. 
" 

' . 

These equations dre difficult ta use in assessing the exchanges 

of'heat~ moisture and momentum becaus~ the eddy d{ffusivity will vary 

. 

withat~ospheric conditions a.nd with height. We need to 'derive_ an exchange 

coefflcient WhlCh i5 constant wlth height, and which can be easily 

.. 
assess-ed. We can assume tha-t tot"al exchange does not vary with height -

tha t is, if a flow of (e.g,) 10 units of heat directed down'to the 

snow surface passes an imaginary boundary a.t O. L mm ~bove the surfa'ce, 

then that same flm. of 10 units must also have passed imaginary boundaries 
.:: ~ (!'> 

at la cm, 1 m. and 2 m above the snowpack. This assumpti~f constancy 

,,\, 
of flux wlth hlHght also implies' that no stnks for heat, moisture, or 

momentum exist in the air layers above the s,noV, This is not true for 

condi tlons of extreme s télbHÙY, but is an acce,ptab'le approximation for 

fost atinosph,eri~ conditions. We can fix the surface temperature of a 

melt1ng snowpack at 
o o C, and lts vapour pr,essure St 6.11 lflb. 

combine the molecular ~nd eddy equations. and use the snow surface ta 

define ~q,6T and 6u , we obtain expressions for the total tr~nsfèTs by 

molecular diffusion,and turbulent exchange 

b 
H ' = - p 

c a 3.11 

wherc 

l ' 

.." 
<f 
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D h = transf"er coefficient for heat (cm/hr) 

T f ( OC) = snow sur .ace tempera ture s 

Ta = air temperatuxe 

"Snow surface. 

f'i) 

( Oc ), at a height z above the 

;where. 

and 

.where 

= transfer coefficient for water vapour (cm/hr ) 

qa specifie, moistùre of air (gm/gm) 

D m 

= specifie moisture of surface' (gm/gm) 

= 

= 

= 

shear stress 
2 

(dynes/cm) 
.. : 

. " 

transfer coefficient for momentum (cm/hr) 

windspeed st height z (cm/hr) 

3.12 

3.13 

For normal magnitudes of atmospheric hum{dity, q can be expressed a 

t~ suitable approximation (Rosie. 

1 1 
.6'1/2 eJ 

1966) as 

= 3.14 

where 
p = barometric pressure {mb) 

a = vapour pressure of air (mb) 
" 

heatflow jma y thus be written 

/ 

o 
o 
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H 
0.622 

= - . p.
a 

'0 L . D (e e ) 3.15 e -w a s 
p 

\ 

The excha nge coefficient (for example) D , then, i8 the ihtegrated 
m -

effect of molecular and eddy diffusivities over t rre--cotaTllei gh t z, or 

D 
m 

1 

v + K 
m 

] -1 

dJ 3.16 

, The value of the 'eJhange coefficients may be derived as follows. 

We know 

or 

ainee 

where - u*= frict;ion 

Now, since 

= P . D 
-a m 

(L) = D • U 
Pd m z 

u z 

velocity (Cmihry' 
2 

D 
u* = m u z 

~ 

,'" u* z u = k .en<z-) ( Rose, z 
0 

2 
D k u = Z 
fi 

[.en (: )] 2 j 

0 

1966) 

/ 

3.17 

3.18 

3.20 

/

'" 1 -­
" . ' 

- ~ 

" -

1 
/ 
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He may, Hna 11y, assume tha.t the exchange cnetflc~ents D , D 
rn w 

a nd Dh are eq ua 1 • The rationale for- this assumption is that aIl .. 
of .the processes of trélnsfer from the atrnos'phere ta the surfac~ rel y 

on the action of eddy penetration ta carry energy (heat, vapour or . ~ "",.. ... 

morne~turn). Since aIL three properties ~re bei~g carried at the sarne 
, - \ 

tirne ~y the same -eddy" it is reasonab1e ta ,.ps~urne that the eddy 

conductivity of the air LS the sarne for aIl three properties i~ the 

eddy A1though recent work has shed sorne doubt on the validity of 
1 

thlS assurnption, particularly under conditions of extrerne stability, 
" 

it 15 probably valid fr height& of, less than 2rn under normal stability 

conditions, sa we rnay pow write out 

and 

H 
c 

He 

2 
k Uz 

z 2 
[ ~:-("Z)] 

o 

0,622 

p 

. Pa 

k 2 . u 

c 
p 

z 

z 2 
[2:1 (-;-)] 

a 

(T 
a 

P . 
a 

0' 

or, by re-arranging and combining constants, 

length z and height z, 
'0 

H = - Cl (e - e ) u 
e a s z 

H = - C2 (T - T ) u 
c a s z 

One difficulty encountered in applying 

equations as foliows : 

T ) 
s 

3.22 

(e - e ) 3.23 L . 
a s 

t., 

for any single roughness 

3.24 

3.25 

these equations is 

assessing the bOUndary cond~fion~; that is the ternperature and vapoür 

pressure of the sur~ace. Over normal surfaces (grass, earth, water) 
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these "are v.ariable quantities liable to change in resp-onse to the 
_ ""t~ ~ ~ 

, r ' 
temperature and moistdr~ of the atmosphere. In the case of melting 

snow, however, the -aLrface cannot réspdmd' to changes eitlyrr "in air 

temper~ture or vapour pressure. The têmperature of a melting snow surface 
.-; 

is OoC., and (ts vapour pressure is the saturated vapour pressure of 

water at aOc.: ' that is 6.11 mb. Using these boundary conditions, 

the exchange equations ~ay be us~d directly, kaowing 

!J 

u , the wind­z 

speed at a fixed height and e the air vapour pressure and T the 
a a 

air~ temperature at that height. 

At night,i~ the snow surface stops melting, the abov~ remarks 
1 

are no longer true. The solution to this problem ils discussed later. 

Effects df. Stability on Heatflows 

In all the prec~ding derivations, a neutral atmosphere 
o 

has been assumed, i.e. conditions were neither, stable nor unstable. 

Stable conditions occur wlien the surface is 'cooler than the airstream 

In-this situation, the air most intimately in contact with the surface . ~ , 
is cooled.' This air ~en assumes 

0' 

a higher density, and_ so tends to 

remain·in its lower position. If displaced upwards, by virtue of Lts 

higher dènsity it will tend to return to its ori&inal position. In 

conditions like this, turbulence tends to 1>e damped, and the exchanges 
, A 

. 
of heat and water va'pour between the atmosphi!re and the surface are 

1 

reduced. 
" ( 

In unstable conditions, the "Surface temperature i8 higheri" 

than the airstream temperature. Air in contact with the surface will 

be warmed j will aSSume a lower density and thus tend to rise. At 

zero wiridspeed, in the absence of méchani~ally cBused turbulence, sorne 

) 
\ 
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exchange will still take place by the process of free convection. These 

unstable conditions, therefore, tend to incre;se#fl~~~s, and will 

aHgment the exchanges of heat and water vapour. 

The term us~d to describe degrees of stability and instability 

Qf the lower atmospttère is the di~ensionless bulk Richardson number Ri, 
.. ' 

(Szeicz et al., 1969) 

where 

g 

Tabs 

Ri 
g-Ë.\Z . 6,T 

Tabs C~u)2 

acceleration due ta gravit y 

= air temperature {oK) . ) . 

2 
(cm/hr ) 

3.25 

6,T Temperature difference 
o 

( K) ov€r height dif~er~nce 6z 
1) 

(cm/hr) over a height dtfference of 6,z _ 

For stable conditons, the surface is calder than the air, and 6,T 

is positive" giving a positi~e Ri. Under neutral cdnditions, Ë.\T is zero, 

and Ri is Zero_ Under ~nstablê 'conditions, 6,T i5 negstive, sinee the surf~ce 

is at a higher telIlperature thsn the air, and thus Ri' is negative. The 

effects of differing stabili ty is shawn qua li tatively in Figure 3.1. As 

Ri incrèàses, the oDserved flux becames increasingly 1ess than the neutral . 

flux. Taking the example of sensible heat, an equation of ,the general • 

form 

( H ) -' (H } [ 1 } c stable c Aeut --~.~~-----------------
(1: + C1 • Ri ) 

3.26 

wher e Il. ,; 

~~"'. 

! 
J 

.~/" 

1 . 
"C 

.: 

J 
" . 
j 

7 



• 
1 

\ 

•••• 

" 

\ 

\ 

-34-
\ -

General Eftcct\ of Positive Stability on Heatflow. / 

~ \ 

Richard~on Number 

O.OS! 0.10: 

" 
FIGURE :3 1./ 

0.15 : 

-l.O-4~----+-------+-------+--

} 

0.5 

0.0 
," 

, 
fi 

Based on generalised. riSults 

'. 
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/ 
( 

observed sensible heatflow under stable conditions 

= sensible heatflow under 'neutral conditions 

Ri Bulk Richardson number 

a = cempirical constant 

would describe the decreasein exchange with incrèasing stability. A 
Q 

similar equa~ion for the unstable case might ~e written 

Q (Rc)unstable 

(H)neutral 

= (1 - a Ri) 

(H ) "" = sensible heatflow, under unstable c'onditions 
c uns table 

~p v : 

. P,,$ Ri i5 negative in these unstable conditions, (H' ) 
c unstable 

• 
be greater than (H ) e neutraL . 

,.' 

will 

\ me i3 s ure the temperature In most applications, it is difficult to 
\ 

ov~r a,n -of a surface. and so Ri is generally IIlea5ured 

within the atmosphere. In the casé of m~lting snow however, the sur-

\ 
face forms an excellent constant bottndary condition with es and _T " both . 5 

rknown, sinee me1ting osnow has a temperature of OOC ~nd a vapour pressure 

of 6.11 mb. In this case,' the value of Ri for the whole atmosphere under 
o 

2m is eas ily computed:· 

h h d b · 1 . cl 11' Ii f T e Rie ar son num er 18 on ~ one ln ex a oWlng an assessment 0 
'\. 

st~bility conditions' in the atmosphere. An alternative is the Monin-
, 

Ob~ChOV staoi1ity length W, whexe (rom Webb (1965) 
, J 

1 ~ 

------ -
J • 

ol" > "", -,-

, . 

.0 ' ' 
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3.27 

We can show that this formulation and its use are equivalent 

to the bulk Richardson number. 

From 

and using 

Equation 3.H, H is given 
c 

H = - P .C Dh 6T c a p 0 

Equation 3.22, substituting 

p C k
2

u 6,T 
H a p z 

c == - ----'-'-------
2 

[Rm(z!z.6) ] 
) 

. 

by 

for D 
h 

" , 

The form of the wind pr~-flle under neùt:r;al conditions (from 

Equation 3 20) is: 

'= 
k 

il , 
For stable conditions Webb (1965) gives, aft:er Monin and Obuchov 

u ,,-, = 
z 

u* a (Z-Zo)] 
[ Qd..z/z ). + 

k a W 
3.28 il 

1 

where a i5 an empirical constant. 

From Equation 3.27, if 6,T = 0, that is if conditidns are neutral, 

/, 

W becomes indefini tely large, since H 
C~ c 

Q 

'; . 

o Equa tion 3.28 then collapses 

-----
'" . 1 

, 
-- :>-

'. 
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ta thflneutral case, as the term 
n(z", z ) 

o 
----- becomes zero. 

tv 

\ 
In the 

---v­
easle ~f stable conditions, with T greater than T , H lS négative 

8 s c 
/ . , 

\~-~'_~1' '-dY,ected dO\OlOwards), and thus W becomes pos-'itive. ,\he -term 
r,' 

( atz/- z \ 
ij 0 \thus becomes positive. As i8 shawn in the _forlowing d~rivation, 

~ H 
" this red~ce\ thé effective e}lchanges between the air and the surface. 

\ 

with this ma1iùca~J~,n for stability, Equation 3.21 becomes 
l ~ ....... 

2' 
k

2 
u* . u 

(D ) , z 
u stahle h stable 

t(l 
z 

+a 

, 
and so 

(D) ,) Gn J

( : r + 
(:z; - Zal] 2 a 

h neutral Q , W 

(Dh ) stablE/' 
/ 

2 " z 
Q,n ( -;-) 

0 

exp~nd iOg t;h'~ -aumera tor •• we obtain 

z 2a< z- z ) 0n (-) 
,0 Zo 

(D ) 
h neutral 

(Dh ) stable 

'~(:J2+ 
" ~, 

\ 

"', 

1 + 

\ 

z 
W ~n (-) z 

a 

W 

z 
Qn (-;-) 

2 

0 

GZ-.oj 2 

W -

~ 

+ 
[at:- Zo)l 

2 

3.29 

2 

3.31 

3.32 

c 
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The squared.:"term i8 sa small that it, can be ignored. Webb (1970) 

-
give~ ~ value of 0: = 5.0 from good experimental data, 50 Equation 3.34 

hecomes 

(Dh)neutral 
= 

(D )" 
h stBb le 

Taking the example of 

r 
H 

e 

(He)neutral 
= 

(He) stable 

e 
or 

= 

10(z - zo) C> 
1 + -Cl w 0n ( ~) 

z 
0 

, 

heat, since 

P ·C Dh (T T ) 
a p a s 

-.. 
10 (z - z ) 

l + 0 

W 0n (~) 
z 

0 

11 
1 + 

r J 

10(z - z ) 
o 

w Q,n ( ~) 
z 

o 

3.33 

"-
Il 

3.3~ 
\) 

3 35 

Equation 3.35 has the same general form as'Equation 3.26, if 

Ri 
(oz - z ) 

o 

W'Qtn ( 
z 
z 

o 
) 

~ 
'tole know from Eq ua tion 3.27 tha t 

3 0 

u' Pa 
. Cp :Tabs 

* W 
H k· g 

1 J C 

• ,.' 
-~ ~ J 

and since for the stab~~e case. with He directed downwards 

3.36 

(T > T ). 
a s 

, " 

li 
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H = - p'. C . D . /:;T 
cap h 

3 
u,>" . Tabs ( 

, 

3 . 3 
k . U • Tabs 

z 
z 3 

-k. g. [ Q;n (-) ] 
1 - z o 

! "".. 'Ehi s is the bui k Riçhardson number for the whole layer of 

3.37 

3.38 

3.39 

atmosphere between the surface and height z, and may b~ written 

/:;Z • /:;T • g 

2 
(,6, u) . TBbs 
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" 
Therefore, Equation 3.36 is,satisfied, and substit~ting Ri from, 

\ 
Equat~on 3.36 into Equation 3.35 gives 

. 
(Hc)stable = (Hc)n;utra1 'C 1/(1 + lORi)J 

which is identica1 to equation 3.26 if cr 10. 
" . \ 

Although Webb (1970) derived 'his results over surfaces other than 
\ 

snow, the results hold re'ga~.cJ,less of this • . rIt ~nly matters -that Ri 

should be correctly defined. If we know the temperature, vapour pressure, 

and windspeed at any height above a melting snowpack it i8 possible to 

write out correct turbulent h~a tflow terms regarlless of the candi tians 

of stability. 

In the field study when the snow surface was melting, and under 

high temperature and low windspeed candi t'lons, Ri rose ta values of up to 

+0.10, causing a calculated reduction of" flux of about 50 percent from 

the neutral 'case. In the application of the heatflow model in this study, 
-!' 

snow surface temperatures are fixed at OoC for pèriods when melting 

was known to be occurring, and for periods when meJning was known to have 

" ~ 
ceased, Ts was -fixed at the wet-b~mpeiâture. ,Since ov-er a mening 

----------- -
---------surface Ta is usu~ater than T , and because of the' use ~t Twas '\ __ . • s 

surface tetnperature at night when melting had ceased, (Ta - Ts~ 18 

generally positiv~. Thus the Ri positive or'stable case iE; normal over 
• 0 

the snowPQck. Occasiona1 Ri negative conditions do OCClJ1:, 

, /' 
correct~on f01~ these unstable conditions fa not attempted. 

'. 

but the 

The case of • , 1 

h-'::'-

negative Ri values usually occurs when the sno~ surface temperature 1s 

J 
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\ \ 
least well known - usually at night since the snow surface temperature_ 

is neither fixed, nor measured, but only approximated~by the wet-bulb 

temperature (T). Because of this uncertainty, the vaiue for Ri- is pot w 
1 

precisely known, and tœ correction for negative Ri(unstable conditions), 

(Hc)unstable 
\ 

\ 

= (H) " (1 - }&~Ri) 
c neutral 

i s prone -to large variations. .For this reason, the correct'i,ons for 
\, 

" s tabil i ty are not~ocomputed. For negative 6T values (i.e. T' greater 
s . 

than T , or H direCfted up,~ards), the value of Ri is assumed 'to be 
a c 

. zero; that is, neutral conditions. This approximation i~ in accordat\ce 

Wi~h the observations of de ,La C~sinière (1974) who notes that negative'" 
,-

Ri values occur only rarely ove.r- $"p.ow. 

It should he noted at this po~t that in the preceding derivations, 

the normal conventlonof heatf10ws oeing negat~ve if directed down to 

the surface was followed. In the remainder of the text, the heatflows 

j • 

J will aIl be regarded as positive if they ar .... directed down into the pact.< 

(heat gain by' the pack), and negative if they are out of the pack 

(heat loss·from the pack). 

~e effe~ ~ st~hle stratification are menÙoned by Wilson (1.941), 

but he rejects th,em as insignificant, as does LighK, (1941). Anderson 

(1968) in a work with si\~ilar objectiv.es to the present study, Jail;:s to 
\ 

mention the ~roblem. The .S.A.C.E. (1956) work does not discuss the 

problem, nor does Fohn (1974). 

ana1ysis.of stab{lity effect~. ov 

La Casinièr~(t974) gives a thorough 

snow, but fails to present sny sub-

s tantia 1 testing of his computecfJheatHows against observed snowmelt. ....... 
,,' 1 ., . 

f-:: ... ) 

. { 
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The importance of the turbulent hea tflow terrns is very grea t 

under sorne conditions, and since the corrections for stability may be 

eaSi~ applied, and require no data additional ta ;hat usually available, 

the application of tpe t~eory ?escribed above is both easy Bnd valuable. 
1 

The only variable which has to be estimated in the heatflow 

equations is the roughness length zo. Ac~ording to Lettau (1969), 

the roughness length may be estimaËed ~rom the following description 

of roughness elements (see Figure 3.2) 

-----"-

where 

z 
0 

h* 
~\ 

S ~ 

S' 

" 

z 
o 

* h S 

28' 

roughness length l . (cm) 

\ 
effectiVe height ( cm) 
of obstacles 

2 
silhouette area (cm) 

basal area 
2 

(cm) 

- . 
3.40 

Lettau (1969) notes that estimates, made using EquBtion 3.40 agree 

.' 
clos~ly with measured values of z. In using this approacn. it is • o 

assumed that the form rough~ess bf the,snow is dominant over skin roughness. 

For t.hE: wind velocities of"-:::! --9 km7hr (2.5 mis") encountered in th:l"s study, 

the assumption is probably good. Reference to Equation 3.21 will show' 

that as z increases~ Ba does the exchang€ c.oefficient D , and thus the 
o . " ID 

to~~ l exchange. For ~h~ ~itld study. 

si'~ouette ares was arrive. at from 

1 

-', 

an approximate ratio of basal to 

the following figures. A typiclll 

~ 
\ 

\ 

tI, 
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~ 
\. 

FIGURE 3.2 : 

Lrection 

" • 1 

Basal Area (S') . 

Diagra~m~tic Represe'1tation of a'Sn?Wbank, with dimensions used in estimating lO (Roughness length)! . . 

r 

uA' 1 , . 

Silhou~tte Area {S) 1 

• 0 

/ "', 
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2 
snowdrift within th~ woods has',a basal area of approximately 100 m , 

2 
and a silhouette area of approximately 1 m. The effective obstacle 

height can be approximated by the difference· in height between "crest" 

and "trough'" on the .snow surface. The value for this may be derived 

from the maximum difference be~een snowstake depths, and this is 81-

ways approximately lm , so from Equation 3.40 • 

100 X 1 X 10
4 

z 
100 X 10

4 cm 
0 

2 X 

0.5 cm 

,1 _, 
This roughness length estimate-can only be regarded as approximate, 

since conditions vary'from site to site, and the oasal and silhouette 

areas were ganrived at by sketching dri'~ts and estimating their area. 

Al though the z 
o estimate is important, the calcu1ated melt is re-

latively insensitive to it. The exchanges compute~ using 
'- " 0 

z :;: 1.0 cm 
o 

(for example) are 1.28 times greater than the exchanges computed using 

z = 0'.5 cm. 
o 

It LS felt tha t z = 0.5 cm is a good estimate, and it o 

18 1n the same order as figures conventionally used for snow surfaces, 
~. \ 

which vary from 0.1 cm to 00 .-5 cm. In any case, variations in the 2 m. 

windspeed between sites i8 likely ta cause much greater differences in 

" the heatflows than differences or changes in the z 
o 

estimate. 

The preceding calculations make it possibl~ to define the overall 

heat balance of the snowpack. The definition of night-time heat flows 

.. 
i8 only approximate because the snow surface temperature is not known, 

\ 
o. 

t, 
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and has to be equated to the wet-bulb '. temperature. This poor deflnition 

do~s not allow the computation of the Richardson number during the night 
\ , 

and thus night- time turbul~nt :/e8 t- flows are only 

hea tflows during the day, ~he~'mel t Is occurring, 

approxima te. The 

are satisfaetorily 

defined, so that the total positive heatflQJL-for each clay, and thus 

the claily me~t, is well defined. 

'. 

' . 

.. 

----­.,-

.. 

), 



• CHAPTER 4 

, ![1iEORY OF SNŒVMELT RUNOFF 

In Chapter 3) a method was outl1ned for predictl.ng 'melt a t the 

surtace of the sn~mpack. The present chapter is d'ire..cted tO\'iard~ 

rauting the predicted surface melt hom the snow surface to the 

base of the s lope. 

The problet'1 falls naturally inta t __ 'o sections: vertical percola tion 

via the unsaturated path from the snaW surfac;e tà the ground(patH A ~ B' in 

Figure 4.1), and subséquent flow in a thin satursted layer at ihe 

base of the s'nowp~ck to the slope base (path B -li C) A model des-

,t $' 

crib,ing the unsatùra ted flow was deve10ped by Colbeck (1971) and 

tested in the field, by Colbeck and Da~idson (1972). The model was 

finally l,inked with flow alang an imperIl\,eabl.e boundary ,(Colbeck,1974). 

-
This moqel has nat yet been tested against field measurements. -A 

derivatlon of the equations go~ng the distortrion of W8ves of melt­
! 

\~a ter/ flux as they travel through the snowpack a.nd down the s lope ls 
1 

'giV/n belo,:". 
1 

The U nsatura tecl Zone 

_ i 
iFirst let us consider flaw through a smaH volume of the snow-

pack in the, ~ns~turated la~er. The cont(nuity equation describing 

flow through this volume is. 

Input ra te - Output rate ;: 

or, fromFigure4.-2. 
-. 

change in storage 

time interval 
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• 
Path of Water through the Snowpack. 

Snowpack 
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where 

S :! 
w 

Swi = 

~e = 

0 ::: 

A ::: 

or 
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* 6S . 0 ·6,z·A 
e 

effective saturation ~ 

a ctua l sa turation 

irreducible sa turation 

eqective porosity = ,0( l -

total porosity 

SWiJ 

SWiJ 

Swi) 

2 
cross-sectional area of the smalt volume (cm) 

3 2 " 
flux rate of water per unit area (cm I~m Ihr) 

= 0e 

* 6,S 

6,t -, 

4.1 

" 

," 

./" 4.2 

Taking limi ts as 6 z and 6t tend to zero, 

where 

dV 
W 

dZ 

v 
w 

--- ----

dS* 
0 4.3 

e 
dt 

3 2 
the flux rate of water per unit area (cm Icm Ibr) 

1 

---r-'""'" '"'"".-, ""'tor snowpacks of small depth, the effective porosHy may be 

assumed to be constant with depth. For very dee~ packs such as the 

firu ,zone of a glacier, Colbeck (1971) found it necessary to express_, 

0 as a function of depth. \ 
'e 

L 9 

The continuity equation for unsaturated layer may be written 
'T' 

", 
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Input = A,vl 

o 

p 

Output = A.v2 

_ 0 

o 
( 

FIGURE 4.2 

Continuity Diagram for the Unsaturated Layer 

, ! 

.1z 

z = thickn~ss of unît considered, positive Clownwards.: 
, ' 

" 1 

" 
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~ 

èv "" 
"i': 

cJS 
W + 0e :;: 0 

èz èt fi 

Ta evaluate the first term, we must first define v . w c 

be written (Scheidegger, 1957) 

whe~e 

k w 

v 
w 

k 
w 

( 
Cl" Pw 
cz 

perrneability ~f snow ta wa ter 

èPw 
capfllary :;: gradien t 

OZ 

Pw density of water 

J.l viscosity of watèr 

The, capillary gradient 
oPw 
oz 1 

, 
at sorne fixed value 

2 2 
(gm/crn /hr ) 

, 3 0 

(grn / cm ) 

(gm/ cm/hr) 

is smaH re1,atiV'e 

and thus the equa tian may be written 

, -' 

k 
w 

4.4 

Darcy' s Law rnay 

4.5 

* 2 '- " of S (cm) 

ta the term p . g, 
W 

... 4.6 

" , 
For snow and coarse textured soUs an empirical relationsbip between . 

permeability k' * ( at a s.aturatiol). of S 

* permeabilityij at S ), may ~~,writte~ 
1 

, , 

" 

.\ 

* = 1.0), S , and k (the w 

4.7 

- ,-

.~ -

't-:' 
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The value of k' is a constant characteristic for a snowpack 

in a given condition, and is chiefly determined by Q,rysta1 size. 

It may vary with depth in the sno~'pack if funificant variations of 

crystal -si,ze and snow density occur, but .1.he uniformity of the 
\ 

Schefferville snowpacks suggests that a constant value of k' shou1d 

be used. Substitl.\Ling for k in equ"ation 4.6, 'We obtain 
w 

v 
w 

P . g k' 
w 

• 1 

* , 
where Sand therefor e v are functions of both z and t. 

w 

4.8 

Since 

v is a function of z (depth) and t(time),we can use the chain ru1e 
w 

to define the to"tal differential of v as 
w 

dv 
w ... 

'> ' 

dv 
w 

~dz + 
dv 

W dt 
dt 

4.11 

The térm dv is the change Jn fLux for sorne change 
w 

dz in depth 

and dt in Ume. F we consider a constant flux (th.!lt is,8 consta,nt 

rate 

then 

wht:?re 

of water input at the surface), dv w 
o. We can therefor'e write ... ~ 

,(~ 

0 

dV 
w 

dZ dz 

dz 
( ) 

dt 

(dz)_ 
dt v 

w 

v 
w 

., 

= 

dV 
w 

dt ât 4.12 

.... cv \ 
w / dv "ât w 

\ 4.13 
-,-
cz 

vertical veloci!y of a parcel of vertica11y 

percolating water at .constant flu){ v
w

' 

ë 

1 

"" 
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, l 

We must now obtain-an expression for 
dV 

w 
dt 

dV 
ince, from 

Equatiq..n 4~8,' v w 
* is a function of S , w a function of 

From Equation 4.8 

and 

~V""" ... " 
I,,,", _ 
t .. " ~ .. "" 

" , 

dv 
w 
~ + oz 

dV 
w 

ât 

n 

n 

* S 

T \ e 

= 

l 

k' 

)

-1/n 

ât 

-l/n 1/n v w 

1 
(- -1) 

v n 
w 

(1- l ) 
v • n 

w 

1 

~v 
w 

dt = 

dV 
w 

dZ 

Substituting.this ~lue into Equation 4.13 yie1ds 

or, 

.-. 

( dZ)" ,( 
dt v 

w 

dV 
w 

dZ 
n 
0e = --~~------~------~------------

cv 
w 

dZ . 

, n-1 
(-) 

n 
v 

w 

", 

o 
o , 

4.15 

,"J 

4~16 

4.17 

4 .. 18 

-<t 



• 

. ' 

• 

\ 

-53-

Thi1j' equation gives the rate of vertical travel of a flux of 
~ 

, 
cons Wl n t ma g'ni tud e v w This means that if we consider a......E.-arcel 

of water fltlX, or melting, at the surface whose magnitude is known 

(for example O. 5 cm/hr), then we can prediet, using Equation 4.18 , 

its rate of travel v.ertically into the snowpack. Of This complé'tes 
" 

the analysis fo~ the unsaturated layer. 
1 . \ 

The Sa tura ted Layer 

, 
For the saturated layer, the continuity equatton is derived as 

follows: consider a small vo(ume'.of unit width and 'tength D.X (seé 

Figure 4.3). The continuity equation is 
, ., 

( change in stor,ge in the saturated t~yer 
Input rate - Outpqt rate = 

or 

dividing through by 6x, we ob~ain 

.1 - ::: 
i:..h 

L\t 

change in Ume 

Taking limits as 6x and t,t tend to zero, we obtain 

'where 

l 

v 
s 

dX 

\. 
>. , 

a volum~ flux in the saturated laye~ 
3 2 

(cm lem Ihr) 

4.19 

4.20 

4.21 

) 
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FIGURE 4.3 

.. 

1 

------------------1 r-----------------

• 
Continuity Diagram for the Saturated Layer. f 

." 

.1 
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dh 
+ .0 = l 

e dt 

.. 
'" 4.22 

Darcy' s Law for the sat,urated 1a"yer may be written (see Bear. e~ al., 

1968), fo"r small, values of ~ (the slope in.c.lination in Figure 4.1), 
" 

k ( dP ) v = 5 w 
4.23 - P 'g'f3 s , 

Il dx w 

• • ~-

where 

, / 2 
0 

k = permeability of sa tura ted layer (cm) 
s 

in' the 
2 

Pw pressure saturated layer (gm/cm ) 

sin 13 s10pe i'hc1 ina tion 

.1."" 

In the thin .§aturated layer, w;ili ~rtow paralle1 to the hiHslope 

P = Pw g h 
w 

Substituting this in Equation 4.23 yie1ds 
"- ,F 

ks ( Clh -~~ y 

v' = - pwg dx s fl 

~" ' d 

"4.25 

Colbeck (1974) di~usses why is negligibly small by comparison 

wi th i3. This approximation is' co~firmed by the field measurements of 

the thicknees of the saturated laY,er. Therefore, Equation 4.25 r"educes to 

! k Pw g 
'v s e => 

s "\ .-
fl 

4.26 

" 't" 

~ ~ 

" "- / , 
1 

, 0 

,. 
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·k . 
0 s Pw g '" .. h'v (3h 'ô 

\ 
s 

f.l 

4.27 

\ 
\ 

a hil"'lslope of and f"r constant angle, , 

èChvs ) ksPw g 
èh 

= (3 èx 
èx f.l 

4.28 

Substituting this equation into the continuity Equation 4.22 gives 
" 

o èh 
e èt 

l 4.29 

This equation indicates that the thickness of the saturated layer. h 

varies with time and with distance'downslope in re~ponse to the 

input of water pe,fcoiatlng from the unsaturated zone. In the case 
1 

of daily cyc1~~- dfi snowmelt. 'the input is constant along the slope 
{ 

at an~ one time, but varies throughout the day in th~· farm of a 

wave~n respanse to variatfans in the energy available for melting. , 

1 

with the Now let \,lS suppooSe that an observer lI)bves dawnslope 

wave, at the same speed as the wave. L-et his position in time and 

distance be fixed by coordina tes x', and t ' , moving at thè wave speed 

such that ~ , 

• Th 

x' == x - C t 0 C = wave speed 4 .. 30 
s s 

'-pnd t ' 
"'i 

t t = til':f\e -,-c·- 4.31 

Since the obsé"tver is mQving at the same speed as the- wave, 

he cannot perceive changes in wave height with x' because by the 

newly defined system, the wave is not moving in the x' frame of 
ï 

. " 

Cs' 

\ 

. . ' 

\ 
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() 

rf'fcrcnce. The observer can only percef.ve éhanges in \<lave hej ght 

with~ tIme. In other '.Jords 

c-h 
0X ' 

o 

Thus in EquatIon 4.22, ,ve can write 

J .... 
ch l 
êJ t 1 

== 0 e 

and so .. 
l 

dh T dt " 
e 

l ~ 
f dh J '1 dt 1 .. 0 1 

e t 
0 

\vhere t 1 is the t ime a t which 
0 

h_il1~pe 
t ' is the time at which 
L 

Equ~ation,Li.35 may be wrItten 

. l h(x ' ,t~ f- h( x', t 1 ) T 0 
e 

or t ' 

h(x',t'j l L 

T J, T dt' 

- e t 
0 

the observer 

the observer 

1 
t 
L -

J, t dt 1 

t 
0 

1 + h(x ' , t ) 
o 

~ 

4.33 

\ 
t 

4.35 

leaves the top of the 

reaches 'the slope base 

4.36 

4.37 

t The terrn htx' ,t') represents the thickness of the saturated 
o 

layer at the observer' s position at <~he time he leaves the top of 

;"1 
the slO'tioe, and 1S zero. The term h(x', t' ) represents the thickness 

J ~~ 0 

ot th'è saturated laJé'r at ,the observer' s ~ositlon at any tirne after he has 

ldt' the 
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We wish ta derive an expression fan q, the discharge per unit~ 

,~id th of hillside, and we know ths t 

or 

q 

L 
q(x',t') = h(x't') v (x't') 

s 
[ 

4.38 

The value of q(x' ,t') is the discharge at the observer's 

position at any time after he has left 'the hiUtop. Discharge \from / 

the base of the slope in the '~x' ,t' coordinate system is given as 

" q(x'.,t' ) Le. the discharge when the observer reaches the slope base. 
L 

0-

We must now derive a value for t~. To do this we must find the velocity 

df flow in the saturated layer .. Volume flux (v ) in the saturated 
S 

layer is given by 

4.39 1 

If this volume flux is moving through unit volume, only the effective 

p~re space ~an-be used to accommodate flow, sa that the velocity of the 

water through the medium b-ecomes l' 

Vs ~w g . ',kg . !3. 
c = 0e 

::: 

S ~ 0e 

4.40 

the tr.:avel time fpr the Inope is gi ven by 

L 
t' s 

L "'-c 
J 

-s 

, \ 
4.41 

, . 
If' 

! , 
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where 
() 

Ls = slope 1ength 

Cs = f10w veloci ty in the sa tura ted layer. 

now, from Equation 4.37 and 4.38,substituting from Equation 4.40 
, 

Pw . g' • Ks f3 
t L 

q(x' ,t~) = f, I(O,t') dt' 4.42 
~' ~ ... ,i~ . Il t' 

':. e 0 '_. r 

Equation 4':42 simply ,st~,tes that the discha~ge from the b8S~ of 

the snowpack ':"q(x' ,t') 
- L is equival'entto the input to the saturated layer 

-!-
from.the unsaturated layer l integrated over a freceding period equi-

'va lent to the time ta/en for the 

layer, that is from ~ime t' = 0 

'" "2-wave to travel through the saturated 

to time 
, 

t' = t . , ·L Equation 4.42 

expresses flow as a volume 
:} 

(cm Ihr). In ~ order to derive discharge in 

flux units (cm/hr) we must divide by area. 
1 

For unit width, slope area 
1 

is L .1, or slope length s 

From Equation 4.41, 
0' .. 

= C / t' . 
'S L 

and so from Equation 4.40 

\' 
.1 

L, = 
,8, 

, 
P ··g·k . f3 w s 

" 

! 

/ 

s~bstituting Equation 4.43 in Equation 4.42 we obtain 

t' 
J L 
t 
o 

I(O,t')dt' 

4.43 

4.44 

Equat~n 4.44~ gives the flux rate in cm/hr st the slope base, i.e. 

the predicted slope base hydrograph in flux units. 

" 

" 

1 

1 
1 
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CHAPTER 5 

THE FIELD STUDY 

Aims of the Study 

This study may be ,jirec~o twc partions. First, the rates 
• 

~ 

of meltiqg at the s~rfate of the snowpack weTe predicted from caloula-

tions of the e~ergy balance. Sepondly, this surface input of water 
" , 

'1 

was routed vertically t~rough the snowpack as unsaturated flow, 'and 

then over the ground to the base of the hillslope as sat.urated flow., 

The result is the prediction of1the snowmelt hydrograph at the base 

of the slope. The study~then, e~tails: 
" 

(l) measuremen.t of daily amounts of melting under b,oreal 
1 

forest and on the tundra, on' hillslopes of differing ~spects and gradient.. 

(2)~ Prediction of melt first on a daily, and then on 'an hourly 

basis, from Othe differe~t hillslopes. Th~se predictions were based on 

hourly ~verages of meteorological observations at the sites. 
~ ~ 

(3) Prediction of diurna 1 hydrograph,s from the base of eacn s lape; 

involving the routing of ,the surface melt tprough the snowpack and along 

the ground. 

, (4) Continuous measurement of runoff from hillside plots, with 

areas of approximately 

Deseri tian of Ex erimental 

The s tudy was seven hillside plots in two groups., 

One group of four plots was in an area of boreal forest and the other 

group 'orree plots was on the tundra (see Figure 1.3 and Figure 1.4) • 

~ 
- , 

,'lo 
, \ 

.. 
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The study was undertaken on ~ma11 plots for several reasons. The 

first of these is that it is easier to attempt water balance compq-

tations on a small plot, where deep seepage and soi! water recharge 

can be eliminated or eva1uated, than in a drainage basin. In compu-
1 

ting the energy balance it LS mare plausible to use one energ~ bala~ce 

measured at a point to predict melt over an area when the distances 
j, 

between the point and the fîtes are smalI. On small plots, condi,tions 

of soil, gradient,exposur.~;\and vegetation cover canbe kept fairly' uniform. 

In addition, a higher quality of data is more easiIy attained when the 

'" worker bas ? sciaii area of operation. This is particular~y impo~tant 

. in thé subarctic, where instrument failures are frequent and cons,tant 

attention 15 .needed. 

On small hillside plots, espeeially with Impermeable soils and 

shallow (less than 2 m) snowp~cks, each ~ay 1 s runoff Iwdrograph is 

distinct. This ~ivE!S an excellent basts for testing 1-IY totalized 

runoffs agains,t daiIy totalized--energy balance estimates" sinee 
_ ~ ~~ 'i 

~. 

delayed fl?ws occuring during early and mid-morning are relatively 

small. r 

"-The seven hillside plots were· seleeted'in arder to incl.de a range-

of aspects and gradients, since aspect and gradient affect the incidence 
, 1 

of incoming solar radiation. This variation 15 reflected in the net 

radiation on the sl~pes, and this spatial variation of the energy ba­

tance is of great interest in snowmelt ~ydrol0i' Ôtendrick and Filgate, 

1971). The slopes w~re treated as planar f~r the purpose of-~pping 
1 

! 

radiation, although it can bè;seen from FigUres 5.3 and 5.7 that they are 

/ 
, 

,1 
1 

/ 
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not entirely straight. This a1so seems to be a va1i~ approximation 

for a first attempt at runoff modelli~g, but wil~ 'be discussed Iater. 

Table 5.1 sho,oIS the gener~l site eharacteristics. 
c-' 

- , 0 

The Forest Sj..tes· \ 
\ 

The four fores t sites are situated in an area of open lichen' 

wood land. The f~rest on' the.,sites has a crown cover~ge of about 16 >r 
percent. The erown density figures given in Table 5.1 were 'm~asured 

using a photographie me thod described by Fi tzgibbon and' Dunne (11970), 
1 

/ 

Which derives the total proportion of the hemisphere ~ccupied by tree 

canopy as weIl as variations in canopy density with-angular elevation. 

Figur/5.1 iS.a vertical aerial photograph of the, four forest ,sites, 

and together with Figures 1.3 and 1.4, gives a good impression of the 
/ 

dfscontinuous nature of the canPP~.' TWe two dominant tree species are black 

and white spruce. ,Tree heights in the area of the woods, sites vary from 

2m to 10 'fi, wi th Jo lJlean of about 7 m., Underneath the forest canopy,' in 

- " more poorlYcdrained locations, an ~~derbrush of aIder ~nd birch has 
~ 

developed. This underbrush is present on aIl of the four forest sites, 

but is only d:.~sdy de;yeloped in a fe'; locations. 
v 

The forest floor is composed of a lichen ma~ 5-10 cm in depth. 

This thick~ed of !ichen is primarily Cladonia Alpestris (Caribou Moss), . , 

with several other species in smal1 pro~rtions. The lichen mat is not 

attached to the mineraI sail by'roots. Rooting,systems generaIIy are ve~y 

sha1low. Even the root systems of large trees penetrate no more than 

'" . 20 to 30 cm into the soi1.~. In fact, rooting is entirely restric ted to 
,'4 

• • 
'P" 
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the;, i:JUrfaCè layE'rs. The \veathenng of th~ surface l~yers has r<:'sulted 

in the dev~lopment ,of poclsolic soils, sa 'Testricted in developr.1ent 

tha~ the:: are terrred mim-podsols (f)!cholson 1972). 'lhey exhibi t 

the \se-ql1ence typic..al of Dods61s: a very poarl ,. developed 

ltumic upper 11yer, a grey sandy eluvinted layer, and an iron rieh 

illuvlat8d layer. r;lffiediately belO\v thiS sequence is th~ parent 

material, dense glacial till. 
.> 

The local till has a blue-green silt, 
~-" 

clay matrix ineorporating fragments of mast of the local rock types: 

quartzi:t:e, dolomite, s late and cherL Fragments vary in size from 

grave--l ta bou11ers. The total depth of till is highly if~~iable. 
-;~~ 

In several pblaces on ridge t?PS, t~~ tiH is no more than "2.51 cm çleep, 

At the ba.ses of the s lapes, the tHi' varies in thickness, but is " 

gene'rally be t~"een 1 and 3 me tres thick, The texture of the till is 

dense, and incarpor'ated partieles are tightly held in the silty-clay 

$ 
dHturbance' or re-,work~ng ~vi tliin the ti Il \Vas malèrix. No evidenc~ of . ~ 

found, and {t i~ evident that the material is highly lmperm~able • 

. 
The Tunùra 81 tes 

'l11e group of three tundra sites \"as situated same 22 km north 
\ -

of the'uoods sites. 
! ---

'" They were on the flanks of a ',small r.idge (s,ee 

Figure 5.6). 
, ~ 

,Again the sites were as straighl as passible, but 
'1 ':-,' 

". \0," . F' I~'r:: 7 "orne, curv~c\7re ca, .\e. seen 10 ,g'lre::;, , _, 

• ,0 On the tuq,tàra, the Sites' are free of trE'és, al though there are 

.1 {2 IJ 
same dwarf spruce, less than 2 In in height (see Figures 5.8 a'nd 5.9) 

'\ J; 
" . 

The l.Lcherl <n3t and 'lai ls .of th,e tundr:a ar~ very simi} dJ ta those . 
","" 

undcr th" fore fi t', ex.cef't that both the 1 iche'n mat and the sqil har 1zon5 
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FIGURE 5.4 

• Clos~ lichen w~odland 

l' , 

o 

~.-. .' The trench is the excava,ti.on for the ,hydrologie. instrumentation.~' 
1 .... \" 
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are less weIl developed on the tundra. The thiekness of the till 
./ 

underlying the plots is even more variable on the tundra~ in fact at 

the r idgetops there is no till caver at aIl. The till is of a very 

Si~il'fnature ta' ;ha(in. the forest. Bath the so~l 
l:hus impermeable in natur-e·. In addition, dur'ing the 

and subsoil are , . 

/ t 

two snowmelt seasons 

, "'\. ~ 1: 

when data were colleeted, t'he soil,s of bath forest and tundra ,f)lots and 
L 

iil the surrourid~ng a~ea werei.mpregnatedwith "conerete" frost. This 
• .. ~ JI, 

txpe .of sail freezing is described by Dunne and_ Black (J.971), and , 
< 

consists of solid ice wi thin the soil.- Op the s-tudy plots, the iee was 

b d h h ~ Q \ Th' f f sa a un ant t at t ere were no_op~n pore spaees. 1S type 0 rost .. 
reduces the infiitration eap~eity ,of the sail to zero, so that in the .' 1 ...... ~ [,.-- ~ 

case of th~ Sc~efferville plots, ~here ~s no. doubt~that the soil per-
~ _T" 

meability during snowmelt is tèrO- f11ts excavated-through a'iO cm 

de~p s~owpack late in the w~lt period revealed tight1y frozen soil, with 
'OI! "1' 

no evidene~ of inriltrating water. 

, shOwéd no s~bsurfaee flow~ntil weIl 

Drains\'excavated in' the forest 
\ . " . ." 

after the snbw had d,sappear~d from 

o • 

< • L. ___ ~ _, _----.J 

thé si tes. !het;e ïs no doupt,l~in vlew 0.5 these observation$," - that sub-
, 

surface drainage ls practically nonexistent during the snowmelt periode 

Energy Balance Instrumentation 
Q 0 

, 0 , 

tJ 
During the 1972 snowrnelt season, in the forest the f~llG~ng 

instrumenta'tion was opera~ed ta monitor the ener~y ba.lance of 'the 

'\ 
s nowpaek. 't 

~ i~) 

(1)' Incoming solar radiation at the s~o~ surface. (i.e.,belo~ the 
, 

• , .. ' r 

<JI 

- ) 

forest canopy) was measured using five electronic 
~ 

(Lf.ntronic) ,\:ol~_~~ete~s. 
,\ ' 

" <' '!he solarimeters -were'"Gp~rated in series~and the 
<1 

combine'd ,~i~nal. from 

~ • Bee next'page 

~ 
~ 
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1 PhotQgraph ,of tundra sites 

ihis photograph shows the initial :~cavations tn Site.t'. Note the clumps of dwarf~spruce. 
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Photograph lof tundra sites' 

This photograph shows Site 'c' ~t peak snow accumulation. 
The top of the hut is 2 m above the ground.' 

'.J .. 
" .. 

~. -.. , .. ., 

. --

\j....r 

,.,'-:'.....---

~ .. ' ,... .. ~ 

•• 

">j 
H 
C") 

~ 
V1 

\.0 

'\ 

1 
-...J 
~ 
1 



• 

.' 

• 

o 

,1 

• 
\ 

- 7 5-

, , 1 

aIl fi Vè '''ilS mea3ureJ: 
... . 

Several Instruments ,,'cre use.] DèLouse th~re . . 

15 substantial shaJing of the snow surface by indivirlual lrees) and 

on<2 soldrimeter \vould nol give a good estimate 

radiation on the snolV surface. 1hus, ranclomly 

ot l-he aVè1c::.. globa!-

SI ted Ins trUInE-nts (,rerc"! 

useJ in arder to get a good sample of the incoming shortwave radIation 

in the for~st. 

" 
(2 ) Solar radiation in the open was measured continuously ~vith a 

, 6 

Belfort actinograph. 'The hourly readings from this instrument corre-

\ 
lated extremely well with thosa from an Eppley pyrheliometar operated 

at Scheffervi!le, 10 km north-northwes t of the fores t sites. The' 

relationship bet,veen th~e tWQ sets of readings ,vas 

wherE' 

r 

2 
r 

tJ 
e 

1. d 5 X
B 

- 2.02 

Eppley hourlyJ.(Q+q) total 
" 

"Belfort hourly (Q+q) I!otal 

0.944. 0 

0.890 

7.4 cal/cn//hr 

632 

! 

cali cm
2 
Ihr 

:--. 
... 

. ' , , . 
" 

.. 

.~ . 

The actin,9graph, being simpleT than ,the electrically' powered~ pyrhelio-

metter, furnished an ullin~errl.lPted 'record, which ',vas us~d t'O 'c~mPlet~ th~ 
Eppley record. 

, 
* The measurements of global radiation in the foresdt, . . 
t;he open,' forest net radiation, and albedo, '."ere all"supplied 

, . \ 

WÜson and' Don Petzold. Thèir 'cooperation~ is most gr~te'[ul1y 

global (!<;p.pley) i·n 
,.,-? . 

oy Dr. R.G. 

acknoOwledged. ' 

, ---... 
(. ... 

.. 1 4. ,~ 

, . -

. " 
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• (3) A contiquous record of the diffuse component' of &l~bar radiation'. 

was also measureà at Schefferville using'a shaded pyrheliom~ter. 

(4) Albedo was ,i!1easured in t.ge woods using two Lintronic sensOrs, 

are fadng up measuring incomin& shortwave radi-ation and are facing 

down measuring refLected snortwave radiation. 

r (5) Net allwave radiation was measurëd in the'forest using Uve 

Funk~type net radiometers ~n ~eries. Again, in arder to obtain a 

better sample of the"net radiatior;t!, the five instruments were placed 
<-

at random,. and the' c,ombined' signal was measured. 
-, ,-

" 

(6) Hour1ywind-run was mea~ured at the central meteorological si"te-
.. L /.., 

~. '1 ! Cl 

in the woods, using a Cassel1à '3-cup, (8 cm) recording afie~ometer p'laced' \ 
(\ <!I .. • <:l ... ~~\ 
,'" t 

2m above the ~noli sûr'facE{ •. rq ls' instrument ,has "a r~lati~e1y high 

1 • ." " of 

stalling speed (appro~imately 0 .. 2 mis), 'b,~t sinc~ ,thl? meaq, windspeed 
• p 

1 ., f 
during )o~P seasons is in t~e order of, 2.5 pl , this showld not affec t 

the res lts adversely .• lvet:,'and dry-bulb t mp ratures were me.a-sured , 

hO'1Jrly during the day,' using an Assman aspil'ated pSJchrometer. The~ 
0, 

< • " 

~ ~et and dry-bulb temperatures we:re ~sed to provide.a rec6rd of atmospheric',' 

, \vapou~ p'res.sure' (~î's t, /196€>,.. During periods when pe Âssman record did 

not exist, a. record of ,~ry-bulb temperature, ~ t-bulb temperature and 

. ~apour pressure was generated from the thermooygrograph record. The ;). 
" 

.ther~ohygro'gra.ph W'a~ a staa,darq Lambrecht instrument, si-tu;=tted in a 

Stevenson seree n 2m above the sriow surface • .,. 
, 0 

• 
" On the tundra during tha~ 197,2 melt season the following energy .. 

,'l,balance instrurnentatÏjpn'was' ,opltrated. 
- {lI.; r-' ... 

" ~ 1 

", , . • 1 
" ., , 

A 

t 1 ., l' 
'1 

J 

, . 
~l_~._"~~_~L(: ._ 

.. ' 
.J-' 

- ~. .... 

. , 

.' 

1 
fi 
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• • (l) A Belfort type actin~graph was used to measure global radiation 

'" (2) Atmospheric tempe rature and vapour pressure \vere measured as 

in the fore s t. 

(3) Hourly wind-run was measured using a Cassella 'recording ariémQmeter 

at 2m <;Ibove the surface. 

1 In, Ll1e" 1.97~ °season~' me t~l~g'icA1 observation~ wer~made only in 
~ ,l', '" -Jfi~ woods, .for reasonsdiscùsse~ later. '"Duril1g this season, the' same 

e~ergy balance ,pârame ters were ~easured as in 1 ~7 2 in the fOT.es t. 

! 

During an add1. tional .field season - i,n 1974', th~ .variation of 2m 
" 'f _ 

windspeed between the woods sites 'was assessed bY-lplacing five Ca:ssE!lla, 
• <, 9' __ i t .... < 

..., , ' 
< 

anemometer~ in Ü..e woods, and at: the central meteorological si te', .and one 
'v . ~ 

p 
• on 'è.ach of the four plots. nie results of this/o' survey are discussed 

,,> li J 
" on pa"ge' lOS. 

Hydrologie InstlS'Umentation '. .' , 

lu 19.72, at each of the sites, the following hydrologic· me:.asure-

'ments' ~re JUade. 

(1) SnoWpa~k depth' and!: dail~ melt. 
, ' 

,The amount Qf 

det>~h m1astlt~nts 
density (10 point 

~ , . 

snow.,on eaêh of fhe plots w':? measuroo d~ily using 

at 15 sn()wstake~ on each site. Surveys of :,noW' 

measu!'eme~t~ per site.) were carri~d IPu~ on'"~ltein.ate 
" 

days ng a '9 cm diameter Adirondack snow sampler ,and a spring 
~ \ . 

" , 
'Pc l , "1 • ) 4 t' 

balancé. The aver-age snow dehsl ty 'ob ta:lned frolJl these 'figuT;'es w.as used. 
'f t lIfi il \ • 

" • ',~ , ".,' • ' c-

t'a con ert the 15 - point dept'h estimates into' water equ;i.:va1e~,ts. The ~ .• ' , , 

, , . r"· 
of water aq.uiva~eflt: obtained hom this me-thod are rathe1" 

;"JI • 

" 

estfrra , . 
~ ? : r .". .. 

'. ~ 

, 
,\ 

&' ,l! • 

, ' ./. ,.J 

" , . . . 
'. , 

/' 

~, \ r. 
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\ 

impl"lOL-l sc: beC[ltlb~ ai s:;>'nplln[~ errùrs, opera! or crrors, Jod error:, 

cause'cl hy \ :1ry Lng ~nO\l (ondi t'iuns. lhc errors ln the snu',; Lube 

medS\\rc'\rc-otc; Sre possihl'1 10 error as l1luch (lS l cm per dCly, nr 40/, 

" 
ai Lhc r"'1'Ür,'llm ohsc:-ved daUy molt, computcd from dally runoff totals~ 

" <il 

Su ch Tneasurer;"mts \.;ere tao lmprecise for. hydrologie \vork of the-Td~d __ 9.5'J ng , 

atLclTlpl~d ln tIlis stndy . 

. (2) lluno ff 

season, an attempt ~,;as madE:. ta measure 

separilte runoff components; purEace runoff and sUQsurface flow (see 
~ 

Figur.e,5.10). The surfac'? channel, d~signed ta intercept sucface runoEf, ., 
} 

conslSted of y heavy gauge -polyethylene sheet burled at' its upslope edge 

about J crri into the mineraI soi 1. The back of the çhannël was formed by 

, 
a :20 cm 'licTe boar'd sUl?ported by stakes dri'Jen into the grourd, This 

" 

channel sloped dmm ta an outlet, and the \later \vas piped from there to a 

gauge house (see figures 5.2 and'S.fi). 

ln arder to measure the sUDql:1rface drainage,· él ditch ~5c cm vidE' 

and apprOXIma te ly"1 rn deep • .,as excavated do\"n t~ subsoil that "vas clayey 

and aImas t impermea'ble. The bot tom of t~is trench .yas car'efully graded 

.and the hase and back of the trùnch lined Hith heavy dut y polyethylen'è 

shee t, A drain til~ was laid in the ~rench and' cpvered, wi th gra~e 1. 
• 1 ~ 

The trench Has backfilled, and \ the resul ting spoil heap covered wi th 
, , 

polyethylene sheet in arder ta pre~ent the enbtry 0\ stirface Hater. The 

draiT1 tlle rout,,'d water ta the ga\lge house. 
'p 

flov from t~e surface channel and the subsurf;ce drain ,vas passed 

" 
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FIGURE 5.10 
Hydrological Instrumentation 

surface channel 

Hydrol9gIC Instrumentation in 1972 

Diteh 

embankment 

, ' 

Hydrologie Imtrumentation in 1973 

• 
• 
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through weir bbxes \vith calibrated 8° 'V'-notch weirs. A coutinuous 

record of stage at the weirs ob~ained with two Belfort FW-l water-

level rccorders gave a continuous record of discharge on each si te. 

For the 1973 season, bath hydrologie and energy balance measurements 

were made only in the woods. The reasons for this were mainly logistic~ 

The hydrologie instrumentation at the tundra sites \ras severely damaged \ 

by f100ding during tpe 1972 season, and it seemed prob~ble that the 

same type of damage would occur even if the sites could have been re-

constructed. In addition, the 1972 season showed 'that attempting ta 

collect adequate data at two sueh widely separated sites \Y'as eX,treme1y 

-, -difficult. For the 1973 season in the forest, sorne changes were made 

in the hydrologiea1 ins trumentation. One shortcoming of the runoff 

measurements made in 1972 was that the polyethylene surfa~e runoff channel 

leaked bad1y anp in an unpredictable fashion as the soil surface thawed. 

An alternative surface runoff interceptor was constructed for the 1973 

season (see Figure S.lO). At the base of the sites, a channel was 

exeavated. The sides and bottom of the channels were eompaeted, and the'p , 

"", 
1ihed with bentonite,a clay mineraI whieh migrates into "soil pores, 

swells and effectively renders the sail impermeable. This modified 

irtstrumentation worked extremely weIl; na leakage was seen to occur, 

and a continuous record of runoff was obtained for the whole 1973 season. 

"-4 

Another addition ta the hydrologie instrumentation made in 1973 

was two flux plates, (see Figure 5.11). Tœse flux plates were designed 

ta intercept the meltwater wave just befpre it entered the saturated layer. 
o 

Rad the flux plates functioned satisfactorily, they would have allowed 

"'J 
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• FIGURE 5.11 

Emplacement of the Flux Plate and Reéorder. 
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an assessment of the perrneabilily of the unsat~!atèd layer, as detailed 

on page 142 . 

The flux plate was a rectangle of sealed wood wi th raised edges, 

and was emplaced in the snmv jus t above ground leve 1. This was done 

. in order that the plate should not intercept any water which was flo\"ing 

latera11y along the ground. The flux plate was designed ta intercept only ~ 
" . 

water flowing vertically in the unsaturated upper layers of the snowpack: 

The outlet of .thç flux plat~ was connected ta a container of known geometry. 

The level of water (and. therefore the volume) was monitored us;n~ a Belfort 
, 

water level recorder. The data derived from this instrumentation are a 

continuous record of the rate of arrivaI of water at the level of the plate. 

. 
1 

/ 



" 1 

• 

v 

• 

CHAPTER 6 

r 
DESCRIPTIVE HYDROLOGY 

\V'ater equival'eq.t of the snow~ack". 15 given by the product of mean 
, , '.L:';' 

depth aJld mean dens'i ty. A summary of these figures for the beginning" 
o 

of the mel t season is 'gLven in Tab le 6.1 A. There is obviousloy less'~ 

l, difference in densi ty between 'sites than there is in depth (and water , , 

equivalent).· This applies to both between - site variation, as ,,shawn 

", .' 
in Table 6.1 A, and a1so within-site variation, as shawn in Table 6.2. 

Depth is most variable on the tundra. The terrain shere 15 rough 

on a'macro - scale, consisting of a series of small ridg~s and valleY5. 

On a micro- seale, however, the terrain' i5 quite smooth. because of the o ~ 

lack of trees or brush. This micro- 5mootqness, combined wÙh winds 

averaging 5 to 6 rn/sec and so!,\!etimes reaching '16 rn/sec causes intense 

drifting of snow off ridges and into depressions. Snow depths" vary frOID 

zero ~~ 3 m,' and the three ,figures given for water equivalent reflect _ 

this variation. Site'A' is in the lee of a ridge,. and had snow in sorne 

places deeper than 3 m. Site 'C', on the- other side of the ridge, was 

1 
,swept almost clear of snow, the maximum snow depth on this plot 1>eing 60 

/ 
; .' 

• :: ~I 

. 'h'd d h d '. f, h In contrast to t e tun ra, ept s an water eqlJ.lva1e~ts on t e 

" four woods sites were less variable, both between and ~j ihin si tes as 

~>;~~ 
indicated by ':t'aboIes -;.6.1 A and 6.~. The variation of wf.qd sand tundra' 

"' .... ,'~; , 

within-s"ite samples is shc:,wn in Table 6.2. Variation on the tundra 
,~ op. ,-

, ' 

cm. 

fi 1.' 
can be seen to be very grea t. Thi-s- extrerne variabili:t:y makes i t extremely .. ' <i1,1.,q 

'" 'f . 

difficult ta define the mean value for .depth and watet" equiva1ent. In op 

-

.~ 
'17 
! 

f , , 
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\ 

Srrow Conditions at Commencement of Me~surements 
.. 

------------ --------T----- --

Site Mean ·Water Mean 
Equivalent Density 

(cm) (gm/cm3) 
c 

A '45.1 0.421 

(Tundra) B 23.5 0.399 

C 12.4 0.366 
-~------..--_---_. ---- -- -----

D 

(FOrest)J _: 

. G 

- 1 D 

37.5 

31:1 

45.5 

43.5 

34.2 

0.325 

0.313 

fi·336 

_-1> 0.320 

0.290 
• 

0.290 1 E 
(Tl 1 
,..... (Forest) J 

22.04 

0.290 

0.300 

~ Q F 30~ 21 

1 G 32.68 
_____ L ___ . ___________ _ 

D 

E' 0.31 

o E F 

15 pairs of observations 

critical r = ~ 0.25 

G 
/ 

Table 6.1 A 

-Mean 
Depth 

(cm) 

107.2 

58.9 

33.8 

115.4 

99.3 

135.4 

136.0 

118.0 

76.0 

104.2 

109.0 

Table 6.1 B 

l 

, 
1 

Corr'elation matrix between dai1y snowstake estimates of me1 t >-, 
on forest sites 'Dt 'E' 'F' and 'CI. , ,"" , 

\ , 
l 
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Site 
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Fores t 

Slte 

'F' 
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-- -; -- -------1 --- --- -- --- - --- - -- TI------~-:_ -
Hean 95% Conf idenccc Nean 

I
l -

Depth LLmits on Depth ' DensLty 

Table 6.2 

------ -- ------, 
95% limits' ! 

l' on Dcnsity 1 
1 1 AT-------------- f---- ---------- 1 

100.9 cm 1 + 32.37 cilb 1 0.421 

n -= 17 ! n'" 10 

+ .04 

-1 - ----1--,--------;----- -t 
1 ! 
1 

.. 
111.9 cm + 11.06 cm 0.300 

-n '" 14 ! 1 n = 10 
->. ------- '---.r--- ---~ -________ 1 _______ -.: __ 

IVlthil'-site variability of~ snow depths and densities, site 'F' 

and site 'A' (tundral 16/05/72 

-. 

.... . 

1 _ 

1 
! 
/ 
; 
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\ 
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\ 

a~dition to the sta~istical difficulty of fixing a mean depth vaLue, 

- it, is aften difficul t ta read a snowstake to a consistent d.egree· of 
~ ,v 

accuracy. Even when the same observér makes the survey each day, errors 
, 

occur. The major difficulty in making good snowstake melt estimates on. 

a site is that a large, variable quantity is measured twice in order to 

, . . 
define a small difference. The net result of aIL the difficultie& is 

that daily snowstake meesurements of the change in water equivalent (i.e. 

melt) are completely unsatisfactory. Negative values, which imply snow 

accumulatio~ occurnon days when runoff wa,s measured; the sno.wstake 

estimate of daily melt on the four forest sites gave such negative values 

on 12 occasi.o~s in the 1973 season. 

Tahle 6:1 B is a correlation m'trlx of the fo,"' daily mel t e[mates 

from snow stake measurement on sites 'D', lE', 'FI and 'G'. The values 

of the coefficients are aIL low, and in one case the coeffici~nt ls not 

significant. This low correspondence between estima tes which should be 

very simllar confirms the impression given by the confidenée limits in 

. 

\ 

Table 6.2. that the snowstake estimates of daily melt are of little utility. 

The sno~stake ~easurements COllec{ed during the two field sessons , 
were rejected as estimators_of daily melt volumes. The values of daily 

o 

melt used to' test the. predictions of the heatflow model were derived by 

summi.ng flows under the dGlily hydragraphs. This totalized rllOoff l>1as then 
" ~" 

reduced ta an equivalent _dépth of mel t (in cm) by using 

, 

Dai~y melt ~ lü.A' cm 
.. 

, 
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\. 

~RO :, .... total daily runoff (.e) 

A' site area (m
2

) 

, 

The hydro of each day's runoff was separated from that of 

on semilogarithmic graph paper 

and extrapolatinw:fie recession c~rve. Later it w1.11 be shawn that the 

" Colbeck physical run ff mode1 confirm~ the accuracy of these extTapolations. 

The daily 't'unoff 
,\ 

derived for the forest sites are given in 

YiguPe 6.1. Similtr meaSurements,were not possible for the tundra sites 

because of instrument failure, a1thoughsome hyclrographs were available 
. \, 

from sites 'A' and 'c' which prove~ usèful for testing the runoff model 

(see l~ter). Figure 6.1 shows that melt rates were generally low in 

the flrst 8 days of the melt. During this period, site 'E' had the 

highest melt rates, mainly because of its more southerly aspect. ALI 

of the sites had their maximum runoff on the 10th or Ilth, except 'E', 

where the snowpack had started to break up on May 9th
. 'F' shows the most 

prolonged meiting, since it had the most complete snow caver late in the 

melt. Maximum melts were 5 cm on 'D', 2.7 cm on 'E', 5.9 cm on 'F', and 

4.9 cm-on 'G'. 

. ~ 
F~gure "l .... 

.. 
,1 

shows a 9-day hydrograph of the peak snowmelt: pertod 

of 1973 on site 'G'. The generai form of th~ hydrographs is weIL shawn 

on this trace, 
th .. 

On May 10 , the hydrograph shows' th~ best development 

of the main -features. The commencement of tise is at 1300 E.S.T., sorne 

8 hours after sunrise. The hydrograph has a steep .risin? limb ta a peak 

of 0.36 cm/hr at 1500 E.S.T., and an extended falling 1imb 0 This extended .. 
falling limb is best developed on days with high melt rates. The total 
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lograph on Site 'G' ,fro~ May 7th to May 16th , 1973. 
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melt on May 10th 
on site 'c' was 4.8 cm. Figure 6.3 shows the hydro-

graphs recorded on sites 'D' and ' E' on the same day, 
th 

May 9 1973.' 

• 
On this day the total observ~d melt derived from the hydrographs Y/as 

3.0 cm on 'n', and 2.7 Cm on 'E'. The differences in form between 

the two hydrograph(3 are ,interesting. On' E', the hydrograph begins 

ta rise at 1100 E.S.T., 6 hours Bfter sunrise, and peaks earlier than 

that on 'D' ,-èven thopgh 'D' intercepts more solar radiation then 'E' 

early in the morningOby virtue of its easterly aspect. 

The earlier peak on 'E' is cBused by two factors. 'E' is a 

o 
short, steep slope (15 inclination, and 'n' i8 longer and less steep 

7
0
). In addition, the snoW depths at this date wer_e 82 cm on, 'n', 

and 21.5 cm on 'E'. Thus, on 'E', the unsaturated -and saturated path 

lengths are shorter, and because the incÎ-inatim of 'E' is greater, the 

speed of travel in t11ë-saturated layer is greater. These two factors in 

combination cause th,e much earlier peak on 'E'. The steepness and ,short 

length or si te 'E' also causes the more rapid draining< of water out of 

the sa turated zone of the pack, and e'xplains why the receeding 1imb on 

th 
- si te 'D'on the 7 of May is sustaineo "at a higher level than that o~. 'E' . . 
• Maximum rates of runoff on this day (May 9 th) are D.360 cm/hr on 'E', and 

.. 7" -

0.300 cm/hr on 'D'. The highest recorded runoff rates W~F 0.403 ~m/hr 

on 'D~~ 0.343 cm/hr on 'E', 0.312 cm/hr on 'F' and 0.356 cm/hr oon 'C'. 

It can be seen from the 9-day hydrograph (Figure 6.2) that the 

baseflow levels increase 1ater ln the melt. This is a result of higher 

~elt rates being sustained later into the night. On sorne nights, melting 
\ 

-cùlrtTriUed overnight, as a result of the general warming trend in the la tter 

half of the melt. 

,~ .' 
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Observed Hydrographs on sites 'D'and 'E' for May 9th , 1973 
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Generally the forrn of hydrographs on the tundra is similar to 

that in the forest. Peaks tend to occur later than those in the 

forest ~s a resu1t of 1arger heat deficits built up overnight. 
1 -

These'greater heat deficits are caused generally by higher ~ind-

speeds on the tundra, combined with lower temperatures. They delay 

the onset of me1ting the next day as late as, for examp1e 1100 E.S.T. 

(M,y 16 th 1972). Peak. occ",~;~. late a. 2030 hours on site 'A', 

wliicp has the deepest (1 m) pack on the tundra. 

: ~ 

~s oan be seen from ~igure 6.1, the melt se8~n lasted longer on 

sorne plots thsn on others. \ On the tundra in 1972, site 'Cl on1y had 7 

melt days before the water equivalent for the site was reduced to less 

than 2 cm. The 10ngest season observed yas in site 'F' in 1973 where 

melt continued fo~ 27 ~ 
Because the snow èdver in the woods w~s relatively even, the -,~ 

snowpack did ngt break up.appreciably until a fe~ days before the snow 

disappeared, thus the ses son 1asted up ta 20 days - On -site 'E', 

breakup started earlier, and an estimated snow caver proportion was 

used ta correct runoff for areal cover of snow. 
1 

j 

! 
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CRAPTER 7 

THE APPLICATION OF THE HEATFLOW MODEL 

The heatflow mode!,' outlined in Chapter 3 gives the total heat-

fl~ ta a horizontal surface when aIl the variables in question are 

known. In practice, not all- the required variables were measured 

continuously, and the m~jor approximations required ta apply the 

model are dealt with in this chapter. 

Hourly values of net allwave radiation (HR) were needed for aIl 

seven sites. If the value of total global radiation (Q+q) ls known, 

then an estimate of KR can be made (see later in this section). Since 

none of the sites i8 horizontal, the measured horizontal valués of ra-

diation do not apply to the sites, since slope inclination and aspect 

- affect the incarne of solar radiation, and theref9re ne,t radiation 
1 

values on that slope. If th~ energy balance '. and differences in energy 
a • 

halance between sites 'are to be well defined, the fir-et step is to com-

pensate the horizontal radiation values for the inclinations and aspects 

of' the sites. A method of. mapping radiation i8 given by Garnier and Ohthura ,1 

(1,968). 'Qualitatively, 'the method is as follows. Total inco~ing sl].ort-

wave radiation-is composed of direct beam radiation (Q) and diffuse ra-

diation (q). The diffuse radiation may be regarded as being em1tted by 

the whole hemisphere of the sky, and thus its value 1s not affected by 

the orientation of the recieving surface. The direct beam portion of 

incoming shortwave, however, i8 much affected by the orientation of the 

slope. In the northern tlèmisphere, slopes ~th southerly aspects are 

more sunny than those with northerly aspects. 
.' 

If the intensity of direct -
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radiation on a horizontal surfate ·at the outer edge of the atmosphere 

i5 given by IOd' .then the intensity.ôn a hotizontal surface at the 

ground (r ) is given by, 
m 

'1 == l 'Cm 
m od 7.1 

\ 

where, 

<, 

C == mean zenith path transmissivity 

~ = optical air mass 

The slope value of direct radiation (1 ), is then given ~y 
,~ s 

, 

7.2 ' 

where 

, 
X' = unit coordinate vector normal to slope 

," 
S· = unit coordinate vector expressing height, snd position of the ~un 

A = symbol repres~ntiog 'aogle betweeo' X Jnd S 

J 
The conversion of this vector expression ioto plane geome try i8 so'mewhat 

--complex, but the sun's position relative to the plane of the slope can 

be defined in terms, of aspect and inclination of the slope, and sun 

elevation and azimuth. 

in order ta use this ~thOd.\it 1s necessary ·to separate Q and, q 

fram total global radtati<>n. The 'f~rect beom (Q) i~ then modified for 

inclinationandaspect of the slope, and then added bàcK ta the unalterèd q 
,,-'. 

value, giving (Q+ q) on the ~lopè. The inputs requir~, then, are 
(;!, 

~-'Y .. 
vârious constants relating te the position of the sun, a)d s~pe orien-

tation, and horizOntal global' r-adiation in its direct a~use 
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Diffuse 'radiation i5 not a commonly measured variable, and 

thus sorne rnethod had ta be found ta develop a continuous record of 
, 

it. In I972~ d~ffuse radia~ion and global radiation were measured 

at Scheffervill~ ailowing the following an~l~sis ta be perforrned. 

Diffuse radiationwas mea5ured with an Eppley pyrheliorneter equipped 

with a shading band. ·An.unshaded pyrheliometer measured total global 

at the same time. The value of global radiation at any time i5 related 

to two majqr factors. These are: 

(i) The position of the sun, which contraIs both the incorne of 

solar radiation per unit Brea Bt the outer edge of the atmosphere, 
... "'iQ1 
and the~path length of solar radiation through the atmosphe~e • 

1 -
(ii)"- Cloudiness 

The values of diffuse radiation is related to path length 

through tqe atmosphere and to cloudiness. For the period wpen 

instrumental observ~ions were available for ~oth the total and 

di~fuse cômponent~;f solar radiation, Figure 7.2 was constructed 

using hourly values of the components. 

The symbol l represents..t:~ intens! ty of solaro radiation per unit 
o >' 

~~- , 

horizontal ares at the outer edge of the atmosphere and was calculated 

1 
using the thre~ variables describing the ,angular position of 'the sun 

'" 
relative to the horizontal," that i5 

l 
o 

·,'whère 
l :::: 

° 
,Sc :::: 

IV :::: 

..... 'b. " = 

n = 

= S 
c 

(sin 'if sin 6. + "Cos If . cos 6. • cos n). 

} 

incoming shortwave radiation on a horizontal 

the outer edge of the atmosphere 

éolar cons tant = 116.4 ,?a11 cm2/hr 
a 

latitude (0) 

declination of the sun (0) 

hour aQgle (0) 

surface at 

.. 

f 
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~ 
Figure 7.1 shows that at values of (Q+q/I ) 

o 
of less thari 0.4, 

that 15 for cloudy conditions, and low sun angles, when solar ra-

diation is generally low, it is a good approximation to say that 

\ -
shortwave radiationois entirely diffuse. Under these conditions, 

(q/Q+q) = 1. O. At values of (Q+q Ir) of between 0.4 and 0.85, 
o 

.there is an approximately linear, inverse relationship betweén'(Q+q/I ) 
a 

and cq/Q+q) such that When the intensity of solar radiàtion increaSés 
At:: 

as a proportion, of· the income above the atmosphere, the relative size~' 

of the diffuse portion dec/eases. At values of {q-t:q)/I greater than 
'-,'- a 

0.85, diffuse radiation forms -a ~~:~ or less e~~'tant.propo~tion of 
1 

global radiation, so that (q/Q+q) = 0.12 •. This/approximation conç:urs 
,., .) 

~ ~ / 

with t~ findings of Liu, and )ordan (1960) ~lmost exactly. SA few values 

of (Q+q)tro fall into this region'that the approximation is of.little 

importa~ce. A regression b~ tween' q/ (Q+q) and (Q+q) II'/for the range of 
\ • .. 0 

" , 
. .Q:ts frqfu'0.40 ta 0.85 gives the following result, Q 

l 
o 

,4 . ! f\-M 
1.8766 (~) 

l 
7.3 = 1 .... 7366 -

. 0 

r = 0.835 
16 

2 
0 

r = 0.700 

N = 119 .. 
(J = 0~3 e 

This equatlon together with values of l computed from astronomical 
o 

tables, and valùes ot (Q+<[) measured at the study site were Qsed to 

generate a.continuous record of diffuse solar radiation. The scatter 

-. 

c , 
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) 

Cl '-.J 
of the d~ta lS considerable, but the standard error of the cstlrnate 

for E"uation 1.3 shows' that the method 15 a fair1y precise ~.Jay of 

deriv1ng diffuse val&es ~Jhen there are no measured clata ~v.:Îïlable. 

During the present 'i tudy, the measured diffuse values \v'ere u'sed wi th 
\ 

the Garnier-Ohmura method for mapping fQ~ the 1972 data, and synthesized 

values were usecl ~nstrument failure. in 1972, ~ml throughout 

the 1973 season when only to~a1 global radiation was measured. 

The synthesis of direct aOnd-'di~fuse components of global r;;tdiation, 

-and their' use in the Garnier-OhrnUra 
1 

mapp~progra~ produces an hourly 

record of total global radiation on aIl seve) slopes, compensated for 

slopeinclination and azimuth. Figure 7.3 shows the va.-ria tion in total 

global radiation be tl-leen si tes 'D' and 'E' for one day (Hay 2S th 
1972). 

9 ,.' 'D' hds a northeas terly aspeé t and 'E' has a southwes terly aspect. The 

difference between th~.income of global on the t~o siopes i8 obvious 

The maximum difference in this case is 25%, which is s~bstantial, and 

demonstrates the necessity for mapping global radiation whenever en- - ) 

vironments of differing gtadient and aspect are being consLdered in a 

de tailed energy lYalance. 

The conspicuous clifferences shown in Figure 7.3 are the resu1t of 
o 

a high direct componen~. Figure 7.4 shows ~ifferences under both 
, , 

high direct beam (sunny) conditions, and under cloudy conditions. It 
, 

is clear that under cloudy cond'itions slope inclination and aspect have 
1 

:. . 
little or nO effect on income of shortwave radiation. 

4 

It was noted in Chap,er 3 that tet radiation i5 rarely measU1;;ed 

continuously. one synthe\SiS of rt~' Gll1wave rl1<Hation from its components \. '. ~ 

\ 
l , 
\ 
• 1 

\ ' 

1 

\ 

\ 
1 
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FIGURE 7.3 
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• 0 • 

Vàlues of Glopal ~adiation on two Siopes of Dlffering Aspect and Inclination. 
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\",as also discusse.,d-' anù rejected: ,An alternative rnethod of assessing 

.HR mus t the re fore be found. Pe'tzàld and 1h1son (1-97 It) show tliat an 

"excellent correlation exr.sts bet1;veeo. global radiation' in the open (Q+q) 
...... ,,, ~\" .. 

anÇ. net radiation.undér- a foifE1it .. canopy of oa flxed density and structure 
, - _.Jo- 1 

(H
Rf

). During th~, 1972 and 1973 field seasons relations were developed 

" '\ <9 

for bath sites 'D'and 'F 1 ·in the forest. For 'D' the relationship is, 
" 

where 

o 

Il 

Hhere 

-1. 09 + (}.245 (Q+q)~ 

r = ~. 903 
2 

r = 0.815 

cr = 2.74 
e 

N = 211 

2 . 
cal/c.m /hr 

si[l1i1ar relationship was faund 

" J. 
H

Rf '" - 0.59 . + 0.22 3 (Q+q) 

r = 0.874 

2 
0.763 r = 

ta exist on 

" 2 
cal/cm /hr 

1 

/ 

2 ' 
cr 2.300 (cal/cm /hr) 

C e 
!) ? 

N = 56 '" 

site, 'F 1 such tha t : 

7.5 

These two lines do not differ significantly at -the. 5% le'vel, and 

sa the t~vo data sets were 

H
Rf 

0 0.996 + ... 

D 

combined, giving 

0.242 (Q+q) 
t 

è' 

, / 

( 
'. 7.6 

,. 
/ 

{ 

J 
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a 

whe're 

r 0.901 

2 
0.812 r = 

2.06 2 
(J = cal/cm /hr e 

N = 267 

These Unes are shawn in Figure 7.5. " , 

• 
Th~s using Equatio1).. 7.6., -if the value o,f (Q+q) corrected for aspect 

and gradient is kpown for any hour then the value of net radiation 
o 

for that hou~ can be computed directly. A similar relationship ta 

those in th"e "forest was shown by Petzold (19r'4) over an open snow 
. 

surface similar to that on the tundra. 

where 

RRo = - 0.60 + 0.150 (Q+q) 
'2 

cal/cm /hr 

r , 
(J 

e 

N 

= net radiation in the open 

J 
.,.- -0.843. 

----
" = 0.707 , 
1 

2 -
= 2.4 cal/fm Ihr 

= 107 

7.7 

Thus, for bath the forest a,nd' thé' tundra, if we have v~lues of 

> global radiation we can estimate the "Value of net radiation with sorne 

accuracy, 

One aspect of these equations i5 un,sa'Usfa,ctory. At night when' 

global radiation is zero, net radiatiQ~~in the farest 18 prédicted to 

2 2 
remain constant at -0.996 cal/cm /h~, and ,in the open at -0.60 cal/cm /hr. 

'''' 

-
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Th'e value of thi s cons tant is derived from the l'egression of ~f on -
'(Q+q) and reflects "the' mean night-time 1085 over the who1e measurement 

periode In fact the 10ngwave balance at night i8 far from constant, 

varying greatly with cloud conditions, air temperature and vapour press~re. 

Figure 7 ',6 shows the 10ss computed using a Brunt-type equation. Although 
'\.,...... ~ 

the Brunt equation was found to be unsatisfactory for genera1 use, it 

gave reasonable values of the longwave 108s on the night shown in ,Figure 7-.6 . 

. \, This dhgram is intended only as an illustration of ~ye kind of variation 

to be expected in the nocturnal balance. Other than the obvious over-

simplification of predicting a constant longwave 10ss at night, Equation 7.6 

forms an excellent basis for assessing hour1y net radiation. 

The turbulent fluxes, defined in Chapter 3, requtre an eva1uation 

of severa1 variables; Most of these variahles were measured directly, but 

" 
some_~pproximations were made in cases where measurement was not possible, 

or not adequate. One of the major variables in the equations defining 
> f 

turbulent' heatflows is the windspeed at a height of~ 2 m above the snowpack 

surface, u , 
z 

During both the 1972 and 1973 field seasons, only one 
l -

anemometer, located at the central meteoroÎggical si te (see Figure 5.2), 

was used' to measure u in th~ forest. 'Ihere are d'ifferences between 
z 

sites in exp6'sure, and in tree spacing and height (~ee Table 7.1). These 

variations affect the windspeed on each site. During the spring of 1974, 

a wind survey was undartaken. An "index" aneD)O!l1<!ter was placed at thL::n":f 

meteorologica1 site, and.,other anemometers placed at the centre of eac 
,\ . 

~) 

the four forest sites'n','E','F', an,d tG'. Total dai1y wind-run was measured 

- . / 
at each site for eleven days. The result~ of the survey are shown in Table 7.2 • 

• f-

1 
~ 
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• Table 7.1 

,0 

L 
, 

Site r (mean) 0 (mean) H (mean) 
.. 

0 1.02 4.49 " 6.19 • 
" . 

,E '0.90 4.65 7.33 

F 1.27 5.56 6.60 

G 1.10 . . 4.54 8.23 ! 
1 , 

• 
r = tree raMus' (m) 

o = distance between trees (m) 

H= tree height (m). .. 

, 1 

1 

~. 

.' 
i 

• 1 



• Table 7.2 
~-, -. 

w"inds peed< 

Period Central Met. Site 
~ 

",. Site Site Site 

(days) Site 'D' ..i -- 'E' 'F: ~ - 'G' 
~ 

" -7 

1 1.0 0 0 • 603 0.670 -0.660 

2 1.0 0.726 0.120 0.718 0.119 

3 ., 1.0 0.925 0.287 0.890 0.52' 

4 1.0 0'.899 0.061 0,.905 0.404 
; 

5 1.0 
, , ~ 0.750 0.285 0.833 0.367 

,-, 

6 1.0 0.559 0.085 0.696 0.322 
.,. 

7 1.0 0.683 0.229 0.640 0.360 

8 1.0 0.690 0.280 .0.502 0.317 

-9 1.0 0.600 0.131 0.534 0.322 
'\, 

10 1.0 0.812 0.090 0.778 0.413 
.r' 

Il 1.0 0.910 0.435 0.517 0.562 

Mean Values 
(compensated for r 

calibra t ion) 1.0 0.90 0.280 0.790 0.490 
----

Values Adopted 1.0 - 0.90 0.80 _-Q~~O 0.80 . "' . 

, , 

Res,u! ts of Wind Survey 
'0 

l' 

- 1 r-. 
" 

! 
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Unfortunately the dominant wind direction during the survey 
~ 

was northerly. During the s~o~lt season, northerly winds are-less 
• 

pronounced. The low wind speeds recorded on sites 'E' and 'G' are 

open to doubt because these sites are sheltered from northerly winds. 
1 

They woulù not be ~o sheltered during the melt, and so the values 

assumed for' 'nd decrease from the'meteorological site readings are as 

applied to the observed meteorological site windspeed. The low values 

" 

measured on 'E' and 'GJ during northerly' win* conditions, however, show 

that there i8 a large degree of .unce'\-tainty about this -term in the 
,./ !/. \ 

energy balance in areas of st~ep sLo~es and rough terrain. On the 

tundra, aIl sites weré equally exposed, aQd so the central meteorological 

~,ite windspeed was applied to each. 

The other vàriable in the equations de,' c'ribing the turbulent ~'" \ 
\ , 

changes which has to be approximated is the snow surface temperature. \ 
f"'. 

This has alre'ady been discussed in Chapter 3. 

Site' E 1 was the only slope on which the snow cover broke up to 

expose bare ground with substantial amounts of s~ow remaining on the plot. 

Because of this, an estimate was made eaclf day of the proportion of the 

plot covered_by snow. This estimate of percent~ge cover ia used to 

correct the energy-balance estimate of melt. ~ 

/ 

The final result of aIl the heat model computations i8 the'hourly energy ba-
I 

lance of seven slope8 with each slope constituti~g a different snowmelt environ-

ment, The differences between these environments may be considerable,as shown 

in Figure 7.7 and Figure 7.8. " 

/' 

i 
.. " 

- . 
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FIGURE 7.7, 

Surface Flux on Sites 'D'and 'E', May l1 th, 1973! 
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FIGURE 7.8 
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. 
Surface Flux on Sites 'D' and '~' , May 4th , 1973 
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\ 

\ 
Figure 7.7 '-- shows the melt rates on slopes 'D" and 'E' on,a day 

of rapid mel t, due to both h;i.gh radiation and hi'gh tur~ulent quxes. 

The sum of the t;urbulênt fluxes is much greater than the radiation 
, 1 

melt, 50 that site 'D' with its higher windspeed (see Table 7.2) 

has higher ~elt rates for most of the day. By contrast, Figure 7.8 shows 

t~mputed .melt rates for 

r~on fluxes, but sm~ll 
the same two sites during a day with h~gh 

/ 
1 

turbulenE fluxes. Site 'D', with itg 

easterly ~spect, has higher levels of melt in the morning, sinee the 

early mor.Jling sun i8 more intense on 'D' than on 'E'. In the middle 

of the morning, however, the situation is ,rever8ed, and 'E' intercepts 

more radiation than does 'D'. 

\ 
1 c 

'. () 

" 

.: 

Il 



• 

(" 

i 

",," 

". 

• 

~1l3-

" ' 

Results of t~,e l'pplicdtiQn of the Heatflo\V Model 

" "" "'- -""J-
Using the mè-asurements and _approxi~ations describecl in the firSI: 

part of thiS ch3pter, the heatflow model "derived in Chapter 3 was' used 

to preclict hourl~ melt rates for the se~en sites during the 1972 a~d 

1973 melt seasons. The.:11ourly values \Vere summed to produc8"daily 

tota1~. For the 1973 Season, whèn r~liab1e dai1y melt tota1s derived 
" 1 

from run~lf hydrographs were avail~Plle, the theoretical me1ts were 

compared ,vith the observ-ed mélts. Regression of observed (Y) on the 

computed (X) runoff totals (in cm) for 17 days on each of the 'our 

forest sItes gave the following r~sults 

S'itq, J,DI 
,,, , 

Y -0.59 + 1.25X 7 • 8 . 
" 0 

~ 

r 0.93 

2 
O. S6-' r 

O'e = 0.55 cm 

N 17 \ 
,. 

The regrlssion constant (a' = -0.59) is sigmficantly different 

: .', froI)1 zero ~t the 5% Levet, and the regres,sion coefficient is significantly 

, dl ffe,rent 'from 1.0, a Iso a t th~ 5~ levet'. 

Site' 'E' ~, 

Y 0.15 + l.UX 7.9 
" 

r 9. 8 9 

2 
d 0.81 r 

0: - 0.37 cm 
e 

N 17 

<i' 
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The a' vc:iluc 15 flot ~1~[11flcantl;~ dl[[erenti:rOl'l -zero Jt the 5,~ 

1e"",1 :ct>1 the rcgr~-i'>lO(l coefficient Cb) is Qot sLg<!ufLcantly dl fDn~ 
• 

'" f r om 1. Ü', aIs a 3 t the 5 (D 1 ev e 1 

Site 'F'. 

y - O. Qs + 1. 32X 7..10 

r 0= .72 

2 
.51 r = 

.,& 

cr 1.16 ,,' 
e 

N 17 . ----' ": 

The r~gresSlon CO['lstant (a') is not significantly dlfferent from 

zero a1: the 5% lever, ,but the "regresSlon)'coeffîcient (b) differs ' 

slgnificantly from 1.0 at the 5/01eve1. 

Site 'c' 
,0 

y 0.66 + O.90X 7.11 

\ L_ -'-

\ r 0.72.., 

2 
\ r 

0.51 

\ 
0.87 cr cm 0 

\ e 

i\ 

\t:J . 17 

\ The value of a' ,d'iffet"s",' slgnificantly 
. " from zero, and the value of b 

5% leve1. d[[f~rs.,",~,gnifi"antllé from 1. O. both .t the 

________ , ___ Ali s\ites ,tomb_illed_~ __ _ 
~ 

.' y '" 0.07 + l.l3X 

1 

\ 
\ 

", 
Il 

~~ 
<'" 

" 

.,.J' 

• l 

.L , 

, ' 

--------

" ' 
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D 

T' 0.7 () 

2 
0.61 r 

(T "'" 0.8 f T 

e "3 

~ 017 

For the overall prediction, a;' do es not dlffer sq~niEicantly 

1 
from zero, nor.b from 1.0, bath a1 thÉ! 57, level. Figu,re 7.9 'Shows the 

1 • , 

computed and observed ';;vÇ11u~ for a}l plots c9fTlbined. an'd Figure 7.10 ta 
1 ~ 

7 ~13 show the values of computed (X) a nd- obsérved (Y) dadY' me1t for 
1 r 

ep,ch of tne four \forest '~Ùes fa; 17 days. ),. 

Two points are lfTlmediately BrPpar,ent. Flrst, on sites 'D'and' E' 
,'",,~ 1 

1 

the ~o~respon~ence between ?bs,.eried a~d cpm~uted runo'ff 1:S very good, 

as i~ evident from.the regresSiof equatlOns. On site 'F', the corr;!iPon­

dence 1s poor, 'and on 'G',modera ely good, especla11y during the eat'ly 
-1 

pa:r.;t of the ,!TIelt season. Second y' tl>!.e' 'patterp or'ov~: and under-pre-
,. 

, 
diction lS the S3me on aIL four sites. There lS a hys,teresis Ioop with 

\ 

overprediction carly; ln thl? mel' 

The form of the lJ.'>op îs a liVl 
;; 

\ 

and underprediction Iate ih the melt~ 
14~-' l " 

more cornplicated ,J;br siti? ',K' bp.cause 
~ 

Û • 

• of the ap'p~lcat[on of the snowc ver d,epletion factor described, earlier 
0\ , 

. in ~is chapter on that site. l'ThôUgb ehe regressipn analysis shows 

.. 

~, 

tllQ t the predictions of claU y m·lt ffdrn the en~rgy b~dget are within 
• 0 ... ' 

generally accepted test,s tlf pre 'islon, thé generalJ ty of form of the 

hysteresis 1. P warrants sorne , -"" 
,0 

rror~ causing the 
~-+----

be caused by errors in 

pu 
\.. 

ce Iimbs (s'èe' Fi 

in the. cornputed lunof-f., ~n-, tae- com­

off, hydrograph separation ,gave' re ... 

for 50-60 hours after 

'r 
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FIGURE 7.9 

Cafculated Daily Runoff versus Obser~ed Daily runoff. An Sites, with lo = 0.005 m 
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FiGURE 7.10 e 
Calculatcd Dfi'Y Runoff vers_u~ Observed Daily Runoff. 

. ite 'D' with 10 = 0.005 m . -> 
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FIGURE 7.11 1 

Calculated Daily Runoff versus Observed Daily Runoff. 
Site 'E', with Zo = 0.005 m .. [. 
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~. 
Calculated Oaily Runoff versus Observed, Daily Runoff . 

Site IF' ,with lo = 0.005 m ~ . 

FIGURE 7.12' 
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\ FIGURE 7.13 

Calculated 'Oaily Runoff versus Observed Daily Runoff 
Site 'G' with ~~ ~-0:005- m-' ..., 
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the recession limb .<1as steep and extended about 24 hours aiter peak. 

On the 10 th and 11 th of Hay, the' slope of the recess ion "1 imb decreased 

- th 
50 that on the Il , the 'recession extended for 60 hours. This change 

seemed ta be re1ated to the continuation of me1ting throughout the 

night "of the 10 th and 11 th. The relationship between the energy input 

ta the snowpack and the extended recession limbs îs not clear. F~gure 

7.15 shows that there IS no simple relationship between peak surface me1-

-
ting and the rate at which a hydrqgraph recedes. Figure 7.t6, however, 

~ 

demonstrates that there is a quite definite relationship between the 

peak abserved runaff ra,te, and the ra te of recess ion of the hydrograph, 

such that the recession rate varIes greatly depending Qn-~he- peàk~e 

~. The relationship implies low recession rates for hydrograph~ 
with high peak 'flows. The computed recession for 'D'on May 11

th is 

shawn in Figure 7.14. Since this recession LS extrapolated for sorne 40 

hours, it seems possible that it may he exaggerated. As a check on how 

realistic it is ta extend a recession this far, the same hydrograph was 

computed from theoretical surface flvx, using the rotlting model descrihed 
, 

in Chapter 4. The results of this are shown in Figure 7.17. It can he 

r 
seen that although the volu~e and peak of the predicted hydrograph are 

not cornpleteJy in accord with the observed hydrograph, the predicted recessions 

using both methods are very imilar. This confirms the fact that left to 

drain and without further lt, a snowpack of 6-0 cm depth ... lOuld still be 

producing water 

. 
J 
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FIGURE 7.15 i 

Gradie!lt of Recession Limb versus Maximum Computed Surface Flux, Sitj 'F'. 1 
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FIGURE 7.16 

Gradie'1 t of Recession timb versus Measured Peak Runoff Rate, Site 'F': 
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60 \hours after a large peak . This means tha t to separa te s lq,pe hydro-

graphs in order ta define dai1y volumes of flmv, the recession limb .... 
\ 

is lik~fY to.be very long, 

f10ws correspondingly high. 

and. the chance of error in estimating claily . \., 

Even small errors in extrapolating ~he 

rec~ssion limb can lead to volume errors in the order of 0.5 cm. This 

compares with standard errors of b.etween 0.37 cm and 1.16 'cm in the 

! regress ions between observed and ca lculated mel t. 'The observed s lope 

. hydrographs for aIl sites are separated from May loth onwards. ,Prior 
~ " 

~} 
to this date, melting ceased each night, and the similarity of re- \ 

.r,~ 

1 \ 

cession limbs made sepa~ation unnecessary. !":l 

. )'~. 
~. 

The second possiblity in exploring the form of the_hy~~éreJis loop 
./ 

is that the predicted dai1y f10w from the energy balance is st fau1tk~; 
~h.., .; 

The possible sources of error are: 
""-

(i) The estimate of ~R' radiatio~ heatflow 

(ii) The estimation of sensible he8tflow 

(Hi) ,The estimation of latent heatflow. 

In order to isolate the source of error, each component of the energy 

balance was plotted against the daily error. 

with H
R

, - and litt1e with the sensible heatflow 

Error showed',no relationship 
1 
'" 

(see Figure~7.18) but a 

suggestive association with 'the latent heatflow. FU,rther, ,~lte' relation-
J " 

1: t.,. ~ '-' .. 

ship between mean daily vapour pressure and error (Figure J 7.l9) seemed 
./ O.) ~ 

// '" 1 ~ ~,,,~l 

the strongest of aF. Vapour pressure affects latent; heat transfer' • 

directly, sinee it is one of Ithe variables used in/.lsseSSing H. It aIso , / e 
l , 

affects the radiation balance, in that sky emission is known t-Q be a 
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FIGtJRE 7.19 

) " 

Q Mean Dally ~~ur Pressure vs. Datly Error in cm of melt For ail Forest Sltes. 
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function of temperature and vapo, r pressure. The Brunt Equatiô"n (Sellers) 

1965) gives an estilI)ate of the v riation of sky emission with tempera-

ture and vapou~ pressure 

" 
\ 

L! T ' 4 
abs • (0.605 + ~.48(ea)~'; 

,) 

" 

L~ sky emission 

T 
abs 

air temperature' 
,1 

Stefan-Boltz~ann 

1 ... ..,-

e = air vapour pressure" (mb a 

One of the assumpt~ons implicit in 
:<,p 

, 
" ' 

" 

.- :}~-

'''i- 0 4 ' 
(ca~-Icm Ihr 1 K ) 

- t\ 

regressipn lines 
" 

7.13 

• 1.. .. _, 

of'HR on (Q+q~ was th~t ~he relationsh'p is invariant in the period 

being considere,d. T~e :~mgar~m~~1~2/ and 1973 relationsohip 

(Equations 7.4 and ,7.5 ), ~ and the lack' Qf any s~~~ difference ' 

between them suggests that the'~ssumption valida Similar regressions 
1 

undertaken in 'the Danville Vt. , pers. comm.) show that the 
, . . 

slope of HR versus (Q+q) lines can'vary àa ly during ~e melt, both 

~ith air temperature, and to some extent with vapour.pressure. 'If 

We assume' that the relationship does change snd that change's are gue 
• 0 

only ta variations in vapoûrrpressure and. it effects on Ll, the 
j ..1: 

foHQwing results emerge. The mean ?ressure a.t the out~et 

• 'r- _________ .~ of the melt"seasoa was 4.5 mb, and 
------- , . W!,s 8 mb. Assuming . 

~, a 
, a 'Femperature of 10 <D this change in vapour would have changed. 

, , 
~ . 

sky emission from an initial value of 23.2 cal to a final value 

• ·"~~f2:;-. 2 ca l/cm
2
./hr ~ This dlfference ll'ould, a t axinlum, account for 0.6 cm 

"" 

ôf melt per day, when the errors in question cm; Thus 

/J 

" 
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1 

1 
al tHough errors in H

R 
may explain sorne of th-e problem, they ,e'annot 

explain aIl of it. 

" 

Another possibility is that the meas~èd value of e was 
a 

erroneous, and affected the estimate of H , sincê from Equation 3.24 
e 

at maximum, 

on the dayls 

H c 

the 

with 

errror 

large 

• 

e; f· u s z 

wa,g approxima tèly 

errors was in the 

2 
cal/cm Ihr 

2.0 cm per 

same order 

day. 

that 

The value of 

is between 

1 

H 

1.7 and 2.0 cml day. If the error is to he a ttributed to a poor measure-
, , 

ment of e this suggests that for the large error days, H was,an 
a" e 

.0 ". 

underestima'te by\ about 2. a cm of mel t, ,and would have to he doubled, ' , 

implying a mis-measurement fn e of 2.0 mb, an implausihly large amount. 
1 a 

In addit~on, parallel records of ~a were mad~ using the hand-held Assman 

r 

c 

\ 

aSpirated psychrometer, ~nd a Lambrecht hY'~rothermograph in the Stevenson 

Screen. D The'regression equ8tion of Assman-measure,d relative humidity 

c 

on Lambrecht relative hum.idi..ty was: , 

7.14 

'where • 
RH = Assman humidi ty ( computed from aspirated a . , 

psychromete reading~) 

• c 

RH
L 

= Lambrecht r lative humidity ( compute'a fro~~thermohygrograph 

read"tflt;s) \ 
r 009'0 

2 
r = 0.81 

cre 8.07 % . 
/ 

\ 

-< '.. ". 
( .. ' , • 0 

) N = 152 
(II; 1.,)1" 

"\ 

" ., 

~ 
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This is ~ very precise relationship. A simi1arly precise re1ationshtp 

exists for temperature:measured by the two methods, such that 

where 

TaA = -0.005 +, 0.997 TaL 

T
aA 

Assman - derived temperature ) 

r 

2 
r 

= 

<= 

cre --

N 

Lambreeht - derived temperatl%fe 

0.974 

0,949' • 

152 

7.15 

These result s show that a mis-measurement of air tempera ture or 

vapour pressure i5 unlike1y, sinee the psychrometer and hygrothermograph 

, 1 

readings are independent. It seems from these considerations that thè 

" errors cannat be attributed ta either He or HR directly. 

A further suggesbion is that the effective roughness length (z ) 
o 

increased in the 1ater stages of the me1t.· Although' no detailed ob-
\ . . 

servation was made of changes in the sno'W surface~/ it is knQwn that th,e 
\ . 

underbrush on aIl sites started to break through the snow surface on 

about May Ioth These aIder bushes are compressed dow~ to the ground 

• _by accurnulat;ing snow, and recover by springing back up to their, vertical 

position after the snow has melted off them. ~t the early stages of 

their eXPQsurej they extend approximate1y 10-15 cm above • the snow sJlrface, 
00; (' " 

srlow·p'ack. If their • 
t 

and constitute a new roug~nesa element,ot~~ the 
. 

height is taken as 15 cm, it can be assumed (Tajchman, 1971) that the 



• 

\ 

• 

-02-
..... 
, , 

ta one-tenrh of the plant height" , , 
giving z == .plS m.' This increases the roughnes5 lcngth from .005 m a >; 

for the snowpack, increasing exchanges bY',approximately 1.5 times. 

Roughness Has changed on, the 10th for aU ~ites except. 'E' which W'as 

changed a clay earlier. FLgures 7.21 ta 7.24 shows the effects on the 

pysteresis oÉichanging the roughness length. Figure 7.20 sh~ws the 

overall prediction for aU- 4 sites. 

Site 'D' 

r 
2 

r 

= 

0.97 

0.94 

0.36 cm 

N 17 

y -0.38 + 0.96X 

. 
The regression constant Ca? dîffers sign'ificantly frqm zero at 

the 5% level, but the regression coeffiCLent (b) does not differ 

sJgrlificantJy from LO ag~in a~_ the 5%01evel. 

Site 'E' 

y - O. 14 + 1. l3X 

r 0.93 

2 
r == 

cre ::: 0.31 cm 

N ::: 17 

7.16 

7'.17 

The regression canbtant does noct differ significantly [rom zero, 

the regression coefficient does not differ signiflcantly frorn 1.0, bath 

a t the 5% level. 

• Js' 

1/( 
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FIGURE 7.20 

Calcula~d~ Runpff versus Observed Daily Runoff. 

Ali Sites, with lO = 0.005 m from 29/04/73 to 09/05/73 
and J lO = 0.015 m from 10/05/73 to 15/05/13 
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Calculated Daily Runaff versus Observed Daily Runoff . , 
J1Site 'D', with ,zo = 0.005 from 29/04/73 to 09/05/73 ! 

~·zo = 0.0~5-from 10/0-5/73 -i~ Ù/OS/73 : 

,~ , 

,:, . 

/ 
/ 

/ 
• / 

/ 
/ 

/ 

• 

• 
/ 

/ 

/ 
/ 

~ 1 
• Zo = 0.005 1 

o Zo = 0.015 

FIGURE 7.21 

0~~~--~~-------4--------~31~-------L----~--~--------~6i, 
1- 2i 1 1 4: , 

1 Calculated Daily Melt in cm : 
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Calculated Daily Runofl versus Observed Daily Runoff: 
;. 
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Calcufated Daily Runoff in cm 1 

21 

FIGURE 7.22 

• Zo = 0.005' 
o Zo ~ 0.015) 
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FIGURE 7.23 

Predicted Daily Runoff versus Observed Daily Runoff 

Site 'F' , with lO ~ 0.005 from 29/04/73 to 09/05/73: 

• 

- 1 

lo = 0.015 from 10/0S/73 to lS/0S/73 i 
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/ 
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/ 
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• Zo = O.OOS! 
o .!..o = O.OlS: 
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, 
/' 

",0 1L------'"1-----"2-" ------.1-1----, -4"":":_----"'"'S,e-------'6 
~ ~. ! 
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Calculated D~ily Runoff in cm of Mel,t ' 
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FIGURE 7.24_ 

o 

Calculated Daily Runoff versus Observed Daily Runoff Site '(;'. 
". 1 

Zo = 0.005 from 29/04/73 to 09/05/73 

zo!l: 0:015 trom 10ï05/73 to 15/05/73 

• 

3i 

1 
• lo =0.005 1 

o lO =0.0151 

Calculated Daily Runoff in cm of Melt 1 
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• v 

Site ' F' 

.Y 0.07 + L 19X 7.18 

~ 
r 0.83 

\ 
2 

0.69 r = 

cre == 0.93 cm 

N 17 

The regression constant dQe,.<; not- differ significantly from zero, 

~nd the regression coefficient does not differ significantly from 1.0, 

bath at the 5% level. 

Site 1 G' 
r 

y 
0.

657 7.19 

r == .81 

2 .66 r 

cr 0.73 cm 
e 

-

N 17 

/he constant (.a') diff~rs significantly from zero at the level, 

~t the coeffLckent (b) does not differ significantly fràm 1.0 at the 

5% level.· 

Taking the example of site 'D' (Figure 7.21), it can be seen that 

, \' 'th th th 
on daysfl tvhere previously va lues were underestimated (MarIO , 11 ,12 ), 

the energy balance no\V overpredicts for Nay IOth, 11 tlÎ~ and 12
th

• On 

site' E' ,'F' ~and 'G', the patterns vary, but in aIL cases, correspondence 

• betwee~l observed and computed 'mel t is much improved. Figure (7.20) shows 

, 
the overall predlction for aU forest sites. This diagram, when compared_ 
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with Figure 7.9- Shows a quite dist,inct improvement, with the best 

• 
fit line almost coipcident with the 1:1 Hne,' and a 'lm.er standard 

'0 

error of the estimate. 

The estimate of z = 0.015 m is only an approximati~n, and was 
a 

- adopted simpOly to demonstrate that a rough-éning of the snow ~ 

\ 
substantially reduçes the hysteresi,s on a11 sites. The adoption of 

t~o roughness lengths for the period before and after the first 

emergence of vegetation i5 clear1y unrea1istic. The roughness 'of the 

surface dGeS not ::hange in this 

value of approximately .005 m 

fashion, but wou1d i~ase from a 

~arly in the se~in response ta 

baring of patches of ground and to the emergence of'bushes. The 

the 

figure of .015 m was chosen beCBuse it is the best estimate that can De 

made with availahle data. The use of this figure in re-estimatjng the 

energy balance estimate shows that the chaqge in z is probably a major 
o 

contributor,~o the bad estimation late in the season. 

Some of the plots still show a loop similar ta the original; but 

not as wide. This persistent underestimation late in the season can 

probably be attrihuted ta the effects 'of bare patches of ground and 

vegetation on the radiation balanc'e near the ground. A commonly seen 

paenomenon on a snow surface is the"melt- cups" around, trees, snows takes 

a~~ protruding v~getation. This localized meltin~ i8 'c3used largely 

b; radiation beipg abéorbed by the abjects protecting through the snow-

pack, which then re-radiate causing intensified melt in the Immediate vieinity. 
" '. ,;J 

This intensification of radiation melt is not 8ccounted for by the regression 

" model used ta esfimate radiation ln the present study, sluee the net 

radiometers were alway8 placed over an unbroken snow surface. 

.... '. 
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From th~ foregoing discussion, it can be seen that although the 

predictions of daily melt using the heatflow model are good,\there 

are uncertainties in' sorne areas. The first atfects the turbulent ex-

- changes, and is the lack of data collected.on surface roughness changes. 

This lack e~phasizes the importance of measuring the factors influencing 

the turbulent exchanges, in particular changing surface roughness. The 

second uncertaint~ ~ the lack of knowledge of how the HR versus (Q+q) 

regression lines mig~t change with temperature, vapour pressure, and 

with differing surfa,ce conditions due 'to the penetration of plants. 

Finally, the exact value of the observed daily runoff is difficult ~o 

\ 

fix accurately. There i5 sorne uncertainty involved b~cause of the ex-

tremely pr~tracted recessions suggested by ~wo independent methods of 

analysis. 

". , { 

/ . 

\ 
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CHAPTER 8 

APPLICATION OF THE THEORY~OF SNmVMELT RUNOFF 

Equati.on 4°.18 describes the vè10city \Vith which a parcel 0 

water of constant flux (v ) percolates vertically downwards in a snow-
o w 

pack. 

where 

or we 

at t 

where 

With 8 constant v , 
w 

dz () = C' dtv w 

may write 

f dz = C' f 

z = C't 

= 0, z = 0, and so 

l' 

!!=quation 4.18 reduces, to .... ···~/ 
_ ..... _ ... _._-_._ ................ --.... -

--/" ........ / 
~~~ ...... -

dt 

+ Cil 

Cil = 0 

J., 
t = 0 r,epresents the time at which the flux v leaves the surface 

so 
1/n 

w 
) 

zo 0. rPw

• 

• g . k' l ( n-1) v . t w n 
~ 

, ' 
This equation describes the depth of penetration of a parcel 

constant volume flux (v) at any time t. Field evidence gi~en 
w 

Co1beck and Davidson (l9?2) suggests that n = 3 for snow. 

• <l'o. 

8.1 " 

" 

" 

( 

t " 

o , 
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• 0 

Thus Éq ua ti.oCl. 8.1 reduces to 

,-

k' ]1/3.
v

, ' z 3 [p~ • g • 2/3 
-

·0 t Il e 
8.2 

, 
The fl ux pla t e's des.cr ibed - 1,n ·Chapter 5 owere ins taped, in order to 

, ~ / 
J 

. .,g.et an estimate,o-f permeability for the unsaturated layer (k'). 

Fr~m ,Equation '8.2, we ~lnow/h?t' t~me of travel i-s related to snow 
1 • 

, 
dep·th', flux rate, and ;l'nOW permeability and porosity. 

/ F 
For a constant 

" flux rate, depth and porosity, t is 
" \ 

Suppose we take the falling limb of 

a function of pe,rme~bility ~l:te~. 

the wave of surface melt, a-td id,en-
\ .' -

tif Y the departure time ..of various flux levels (see Figure, 8.1), and 

then. from the flux-plate d~ta derive their time of arriv}ll after ttB-

versing the depth of snow" over the flux "platE!. 

l .. , t~ ", g .' kj 
log 3 

f.l 1 

/ 

2/3 log v w 

If we now p.loj: 
l • 

agal"Ust 
- _.-... 

log(v ) we obtaitl 8 lit'lear rela­
w 

tfonship', The slope of the line i8 2/3, and the int~rc-ept on the 

ordinate of thiS graph at an obcissa value of 

3 
P 'g'k,' 

gives the va lue of the expression -Jll.W __ _ 

f.l 

later in this secti on., we can compute 

log v 
-. w 

1/3 -1 
'0 

~ 

= O(v ';" 1) 
'W 

As detailed 

is known, and 

8,3 

thus substituting in the intercept value, we will obtain a value for k' , 

Unfortunately, the fl,ux plate data were too tfÎc~nsistent to use. In 

many cases the meltwater wave apparently rcached the flux plate before 
\ 

it left the surface. The éauses of this failure are not obvious, but 
;", ~ Q 

the flux platé' in q~estion was installed in a pit and it seems that 

o 0 

o " 

.. 

, 
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Application of t,he Flux Plate Data 

"Snow Surface 

. ' 
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, 
mcltLng of Lh~ expos~d, faç~ of the ~iL mdy have cuntribuL~J water [0 

the flux plaLe. ln addlt.lOn, errors may have bcen cBused by ttle undcr-
, 

estimation 'of the surlélce flux. Thlh w,ould 1ead to a bad estimate of 

departure tlrn~b, and lnconslstencles ln the data. In the absence of a 

medsureù value for permeabi1ity, a value had [0 be assumed [rom the 

Ilterature . There are many estimates of permèabiLity avai1ab1e, but 

few are applicable to the type of' snm.; found during the thaw at 

Scheffervi Ile" 

!"Wi th pa~,e 
three estjmates of permeabi1ity ard available for snow 

sizes like 'those in the unsaturatéd portion of the 

S-che,f fervi 1 ~e snowpacks. They are 

k' 
, 

5.0 X 
. -6-
10 cm 

2 
(8 him izu, 197 0) 

" 

17 .'9 10- 6 2 - l' 
k' == X cm (Kl1roiwa, 1968) 

k' 45.0 X . 10- 6 2 
(Ishida and Shimizu, 1955), ,\ cm 

Of t~ese the Shimizu (1970) estimate seems ta apply hest ta the 

Schefferville area, the snow in bath areas having similar crystal 

si~es. A consideration of these relative crystal size (see Table 8.1) 

led to the adoption 9f an unsaturated layer permeabilit (k') of 
;~ -6 2 

<6,.0 X 10 cm. rh o:rder of the 

saturated layer (ks ) reference ta the crystal sizes (Tabl 8.1) shows 

that the crystal size in ~he sat'urated la~er' is aPpr'OXima:e\y. three _ 

time~ that in the unsdturated layer. \ 

It may be ,hown (Todd,1959) by dimensional analysi, th~t\perme~i1ity 
\ \ \ ~-

is proport1.onal ta the square of part}-c!le diameter, sa that 
\ \ 
\ 

-\ 

where \ 
( 

( 
, d 

le' 

C
3 

u 

é' cl. 2 
3 11 

a constant 
\ 

mean crystal size.in the unsatura 
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i 
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• 

Time 
Measured 

--
" 

08/05/73 

'E r 
l, 

1200 h 

, 
08/05/73 \ 

09/05/73 

1300 h 

1 

Distance 
Downs1ope 

10 . 
20 

30 

40 \ -

, 10" 
" 

20 

30 

40 

10 

20 

30 

40 

10 

20 

30' 

40 

" 

Crystal Size 
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\ 
Table 8.1 

------ -

Crystal Size Crystal S lze 
in the in the 

Saturated Unsaturated Thickness , -
L~yer Layer Sato Layer 

(nm) , (mm) (mm) , 
- 1 \ 

3-10 3-7 10 1 
) , , 

1-3 2-7 8 1 

. 
2-10 2-3 v 5-8 i . , 
3-10 " 51 3-10 \ 

1 
\ 1 , , 

2-7 1-3 2-7 r 

"3-7 0.5-2 15 

1-3 0.5-2 25 

3-7, 7-3 27 

3-7 2-5 0 

0.5-2 1-4 7 

0.5-2 1-3 0 

1-3 1-3 15 

2-11 ", 2":10 8 

1-5 1-3 o , , 
1.::6 1-4 0 

1-9 2-4 0 

12 

20 

20 

~, 
-------.. ~-~ .... -~-~---

and Saturated Layer Thicknesses 
~ 
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\ 
.' S~mlldrly, Ln 'the saturaled layer, \le Lan \.;rit" 

where 

d' s crystal diameter in th~ saturdtcd layer 

or 
k d s 2 d 2 s 

(~) kï -- == 
cl} 

1 
1 

since d s 3 X cl II or. 

== .9xk' 

using k' == 6 X 10- 6 cm2 
this gives a value of 

for the permeabi1ity of the saturatecl layer. 

Application of the model ta a- fierd case 

In the cas~ of s~te 'A' on the tundra on Nay l6
th

, 1972, we t~ave 
(from measurement) the following parameters: 

denslty ( ps) 0.422 gm/c.m 
3 snow =: 

-l... 

mean ~now d~;pth (z) ::: 100.9 cm 

siope tength (L ) ::: 8530 cm 
s 

slope lnci ikli:l tion(p) == 4.4
0 

• 

Figure 8.2 shows the hourly compl,lted surfac.e melt in cm/hr ~or-

site 'A'. The total melt for the day \vas 3.55 cm. The ~'.wavê·rÎof surface 
1. __ _ 

flux starts at , 1100 EST, peak\s at 140QEST •• and .. 'ééases at 0300' EST of 
1 • 

the following day. 

/ 

/ 
1: 

, 
1 

,-
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Equat{on 8.2 shows that for 'a con~ant flux v
w

' the speed with 

-
which a parcel of water penetra tes vertically into the snowpack can 

be determined if 0 and k' are known. • e The previous1y mentioned estima te 
, -6 2 

of 6.0X lq 'cm was used for'k' . To derive the effective porosity 0 , . , e 

let us consider a unit volume of the snowpack contaihing on1y its irre-

ducib1e wat~ contént,(see Figure 8.3). Total mass in the unit is 
'f , 

equivalent to the snow den'Stty (p) 
s }j 

or 

3 
cm = • 422 X 1 gm 

0..422 gm 
,1 

mass of water and mass of ice 

= 

where 
3 

Ps snow density = 0.422 gm/cm 

ice density 0.917 .gm/cm 3 
(at OOC ) Pi = 

P density l gm/cm 
3' 

= water = w 
j 

Swi irredJcihle saturation-- for snow 

Swi was assuméd to he 8% (Colbeck: pers. comm.) 

Therefore 

0.422 0.08 0 (1- 0) (0.917) 

or 0 t9

! 
and, since 0e 

l-Swi) • 0, 0e 0.544 . 
" 

... 

We can now compute the rate with whicp the fluxes ,of wat~ lèaving the 

svrface travel down into the snowpack. The 
{- .. 

single constant, and Equation 8.2 gives the ., 

of.wate~ with a given flux rate. ~ 

term [ PWIJ."g ] reduces to a 

ve~tical velocity of a parc:~ 

.. 

""" '(, , 

\ 
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FIGURE 8.3 

Water held at irredu~jble saturation' 
"(Pore space -un~v~ilabie for ffow). i 

\ 
'\-. 

+-__ -+-_~ Ice Crystals. 

Scale' 

2mm 

Pore space available for flo.w. J 

Section of Snowpack at Irreducible Saturation t 

.. 
f 

) 
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Figure 8.2 shows the computcd surface flux for May 16 th 1972 

for site 'A' on the tundra. Using this diagram, the departure1 ~i{T1es 

from the surface 'of various,dlscrete levels of flux are derived. Fo~ 

L 
example, from Flgure'B.2, a flux of 0.025 cm/hr left the surface at 

1006 ES~, one of 0.05 cm/br at 1015 EST, are of 0.100 cm/hr ,at 

1021 ,EST, and sa oh. These departure times are derived for ,bath the 

rising and falling limbs of the graphs of computed surfa~e flux. 
~-

next step lS ta plot, for each flux level, the line describihg the 

The 
-/--

1 \ 

rate of vertical travel of the flux downwards' from the surface. 

In Figure 8.4, the horizontal axis i8 t~m~...,_and the vertlcal axis 

is depth, with the snow surface at zero . 
J' 

tve knàw th~ departure time of 

. ' 0 

the first flux level (0.025 cm/hr), and its rate of vertical propagation
1 

from Equation 8.2. Thus ~. l:;(fne is drawn o1;'iginating at z = 0 and Ume . " ... 
1016 EST, with'a slope such that arter 1 hour, z = 4:9 cm (since 

.,; 
(dz/dt) for a 0.025 cm/hr flux is 4.9 cm/hr). This process :i!s then 

v w ' •. 
repeated for the later flux levels, with differing times of origln and 

" t 

rates of travelo Sinee the velocity, of vertical tIavel of a flux ls 

related ta its size (Equation 8.3), !ügher fluxes tI;.avel faster than lowe!, 
• J~Y ~ 

ones. Thus the line representing the travel of the~second flux 

(vw = 0.050 cm/hr) will Intersect, the 'line des.cribing\he travel of the 

earlier flux (v, 
w 

O. q25 cm/hr ). .I:his intersection gives rise ta a 

"shock front", which is an instantaneous increase of flux with time. 

Th1s shock front is caused by_the' over-riding of parcelq of flux~bX 

sueceedlng parcels, and is analogous ta a breaking sed wave. The 

ra~e of vertical propagation of the shock front is given (Colbeck.1973) by, 

• • .. l~ .,-. 

-
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, 16/05/72 o 1 Plotted Charact 
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= (
2/3 Ù3 

u+ + u Ü 
dt 8.14 

where 

.<!S. 
dt 

o 

rate of vertical propagation of the shock front (cm/hr) 

u = the lower flux level at the shock front (cm/hr) 

= the higher, later flux "level at the shock front (cm/hr) 

''l'he" values of u Bnd u+ change 'cont\nUOUSIY as the shoc'k front " , 

0 

moves downwards wi th time. At any time, ~ is defined by a flux , 

level,from the current day; s melting, and u by a flux 1evel from 
, 

,the previous day. ,For example, in Figure 8.4, the rate of propagation 

of the shock front a~-z = 101 cm is defined by u from the 
-

previous clay of 0.028 cm/hr, and ~+ Erom ~~ prsent day (vw = 0.435 cm/hr). 

For each suc"cessive u+ value defined where a int~rsects the 

shock front, there is~,value of flux from th previous day which will 
... 

pass through the intersection. This is ~. For intersections of the 
>l li' _. 

shock front ,~:w u+ ,values where a previous1 plotted u_ does not .". 

,pass through the point, a value of u is estima ed from the graph. 

The process of constructing the shock front con 

of melt is reached, in the case of site 'A' on 
1 

me1t = 0.43S cm/hr. After the peak, the 

until 'th,e peak 

tn 
y 16 "peak surface 

slope (dz/dt) des­
v 
w 

cribing the passage of parcels ,of ftux down thro gh the snowpack start 

, ta diverge, since Iater fluxes are Iower,.and the efore siower. Thus 

no shack front i5 generated The end praduct a f this proces,.s 15 sHawn ., 
in Figure 8.4. , .. 

" 'J. il . ~ 

4- ~ 
,~ 

• v 

;:, i!7 

; 

.... 

" 

" 
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To derive the ~ariation of 

horizontal line i5 drawn'at the 

In the present examp1e, for 

was 100.9 cm. Thus a line 

senting the fluxes and the 

, 1 
, 1 

ti~ at any depth z, a 
" ' 

wi th which ~ve are concetneâ. , 

th 
Nay 16 1972, the s l)ow, de p th 

inter5ects the lines repre-

at the_~time ';~f their arrivaI 

at z = 100.9 cm. The times of arrivaI re now read off giving 

Figure 8.2. This completes 

slop~ were infinitely short, this irtput 

represent the slope hydrograph. 

In the second part uf Chapter 
," 

base hydrograph is given by Equation 4.44 

1 
t' 
L 

this equation shows th~t the form of the 

will be given by integrating the 

over a time pePiod equivalent ta the travel 

, ' 
tram the top of the hillside where '-, 

where 
t 1 

L 
= 

t 1 

L 

time 

= 

of. 

L 
J 
C 

s 
hours 

travel'" (hr) 

o 

If a 

the saturâted layer would iJ 

shown that the slope 

.~ 

1 aye r (t(x', t ' ) ) 

satunftéd layer 

C = velocity of flow in 
1 
satur~ted r (cm/hr) 

longth (C'!'~ 
s 

L = length of saturated path or stop 
s r-

. " 
We know from Equation 4.40 

.' f' J 

, , 

.' 

c , 



1 

1 
,1 

1 

• 

a 

and since k 
s 

l, 

C 
's 

:: 54.0 x 10- 6 

-
-154-

----

f) F~~ t3 . k 
w~ s 

fl 0e 

8.5 

for slope 
2 

cm , 'A' • t{ =, 6. 1 hour s , 

The result of integrating the input ta the saturatecl layer ~ver 6.1 hours 

e 

,is shown in Figure S.S. This is the pre'dicted slope-bas,,: hydrograph. 

) 
On site 'A' at this date, the upper third af the .~lope had 1iEtle or 

no snow, sa i t 'is more realistic ta smooth the ir.!put ta the saturated 

layer over 4 hours ra ther than 6.1 hours" The resu1 t of .doing this is 
'~ 

also shown in Figure 8.5. 

The sarne procedure as outlined for si te 'A' was also applied to 

site '.c' on' th.e sarne clay (Figure 8Jj). Using the pararneters shawn 

in Table 8.2, the analysis was applied ta a series of days from the 

. woods 5 ites (F'igures 8.7 tg 8.17). 

Results of the Application of the Runoff Madel 

In arder ta preclict the slope-base hydrographs shawn in Figure 8.5 
~ 

to 8.17, values-for the permeabilities of the unsaturated and the' 
) 

saturated layers of the snowpack had to be assumed. The val).le of the 

permeabi1ity fo~ the unsaturated layer was taken as 6.0 x 10- 6 crn
2

, 

" < 

... 6 ,\ 
and that -'of the -saturated layer as 54.0.. x 10 • < These "t,va value,s affec~~d 

the forrn of the~ predicted hydrograph a great dea1. . 

;; The values of permeab~lity assumed for the uqsaturata,d layer affect-$ 

• 
the rate at which fluxes of \l1ater travel clown through the snowpack. 

The effects of changing the permeability Ion the velocity of vertical 
,4 

travel of a'flux are shown in Table 8.3. ·l'he effects are substantial'" . .. .. 

" 

., 
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1 

and it is easy to see that if Figure 8.4 were replotted using either c, 1 

the reduced or increased permeabiliti.es, bhe resulting predicted flux 

at any level would be greatly changed. 

The rate of vertical tra'.7el of the shock front (~dd ) i8 also " t, 

affected by the, value of permeabillty (from Equation 8.4) as shèwn 
., ' \-

. T bl 83Th h . (ds) d b h . b l 1n a e .. e c ange~. ln dt cause Y'c anges ln permea i ity 

are also very large, atld again woulâ have profound e ffects on the' form of the 

" predicted :n~t at any qepth z. 

Both ( ~) and 
dt 

( dz) arè affected by the astimate of effective 
dt 

porosity, f/J
e 

(see Table 8. 3). Since the estimates of density, and thus 
, \ 

f/J e are qui te precise, the probable limi ts 'vi thin which 0 e could vary 

are relatively small, and thus the effect~ of f/J oh bath (~dd ) and (dz) -, e t dt. v 

are sma11 compared with the effects of changing permeability. 

'" The value assumed for the permeability of the saturated layer-is 

a1so important. It has been noted that the slope-base hydrograph is 
• 

pro4uced by integrating the input to the saturated layer dver a time 
1 , 

period ,equivalent ta the time of tra'J'el through the saturated layer~ .. 

such that (from Equation 8.5 ) 

0~ .' 
L [~L 0 l s se· 8.6 

t • 
= = • hr 

L C P 'g'k .t3" s w s . 1 

The value of t ' will "ary inversely with ks. The eff.ects ofl.this 
L 

~ 

,w 

ar~ tq inc~ease or decrease the time span over which integration ta~es place 

(i.e. the interval t' to t" 
o L 

~ 

in Equation 4.44), As the integration 

in~eTval increases, rates of rise and decline both decrease, and 

hydrographs beCSIJl'2 'l~ss pe'aked. Figure 8.5 shows the eHe.e ts of 1n-
'0 .. 

ereasing the permeability of the snturated layer by 50 percent. 

# -
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(dz/dt)(cm/hr) , , '1 ---- . - -------\ 

1-0.78 

23.00 

50.025 

for Vw .325 

k l ::! 6 x 10-6 

, 

1 Cie (dz/clt) 
- - -

1 .552. 2t>.54 
-

.652 23.00 -' 
i 

.752 19.46 
-- ! 

for U .045, U 
+ 

.325 

(je = ·.652 
l' - ,- -- -- -- r-2 
1 k l

, (cm) d~/dt (em/hr) 

! 
6 X 10- 6 7.20 

6 x 10-6 
15.37 

60 x 10- 6 
33.43 

=JO 

'J ab le (\.3 

. ./' 
.J~JfecLs ai changiot;" permeability 

on rate of proP"1gal~on .of flu.x (~~)v 
VJ 

'--
Effects of c~anging 

rate of propagation 

". ~ 
, 

Effects of chang~ng 

propagation df shock 

porosity on~ 
cl:;; 

of flux (dt)V 
w 

permeability on 

front ( dt) 
dt 

.. 
Effècts of Changing Parameters 
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~ 
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~he hydrograph using 4 hour smoothing has a higher peak, and 

quicker rates of increase and decline than the {> hour smoothed hydrog~aph. 
'-.... 

The gener.el effects of, the parameters discussed is as f6110ws: 

higher unsaturated layer permeabilities give earlier',re r{ipid rates of 

ri se , and pe<';lked hydrographs. Lowet;" val'ues of ks re}iuce\the 'ra~es of 

tise, and delay the time of rise,' Righ values of the saturated layer 

\ 

pet:Jneability give sharper,higher peaks~ and low values of saturated 

layer permeability give flat-peaked hydrographs with slow rates bf ri se 

and fal1. Any hydrograph is produced by a combination of these fac tors 

"" invoiving both the tms'aturated 'and saturated layers. 

The other variable Which affects the form of the hyd:ographs is 
• , 

snow dcpth, this factor controls the time or ri se , and the rates of 

rise and decline. Differences in snow d~pth also have a great effect 

on hydrographs ~roduced by the same surface, input. 

A comparison of Figures 8: 5 and 8.6 shows the effec ts of snow depth • 

On the tundr'a site 'C" Figu.re 8.6 peaks-earlier than 'A', sinee the snow 

depth is much greater on 'A:. The control of snow depth on time~ of peak 

can be seen by comparing Figure 8.5 with Figure 8.7. On 'A' melting 

only commenced at 1100 EST, w-hereas on ~F' 

Despite this 4 hour lead, 'F' still peaked , 
rnelting started at 0700 EST. 

2 hours ~ 'A ,', as a result 
" . 

of greater snow. dep~h. Figure 8.,7 shows hydrographs produced by the same . 
- . 

surfa'ce input at 42 cm depth, 56 cm, and 130 'cm. ~ thre~ hydrographs are 

quite 'distinct, and the 25% depth difference between 42 and 56 cm has a 

substantial effect on t~e,tirning of the predicted hydTograph. 

f • ... 
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A ge/f1eral consideration of differences be t'Veen observed and calculated 
./ 

raph', shm" that predie t'ion i, remarkably good. The wor.t prcdietio", 

''?,::,ur on da~ere the total volume of pre die ted me 1t is mueh lowe r th an 

- the'\se rve d m~ t. In Figure 8.16, the di Herenee he twce n calcula ted mel t 

a'nd ObS~lt is considerable ~alculated i8 30% greater than observed). 

This means that the surf~ce fluxes from which the hyd~ograph ts computed 

are in general 30% too higb. This will lead to overestimation of the rate 

, , 

of travel of aIl fluxes, and also of the rate of propagation of the shock 

'front. From the general remarks made earlier,this overestimate of fluxes 

should cause a more peaked hydrograph,pe~king tao early. This is the case 

i,n' Fig~~.16, although the peak i"S not Significa~t1Y early. In genera1 

the poorer predic tians ,are on days where the pr~dicted volume~, are markedly 
\, 

greater than observed melt. Another case of this l.s Figure 6.11. Not 

only can" the difference. in total volume be'clearly seen, but a1so the 

ear~y rise and excessive1y peaked form. --
A case of bild estimation of flux is .aLsoshown inFigure .8.14. In' . ff .. ' 

this case, calcu1ated melt is too smalI. As was discussed in Chapter 7) 
Y, 

there is so~e evidence -that the estimation of ll'i~atrl.o.v may be corrected 

by using a larger z value in the heatflow equations. Figure 8,.14 shows 
o 1 
i 

the large differences between the two predicted hydrographs using two 

differant surface"fluxes,one with z = 0.005 m, and one With z = 0.015 m. 
o ° 

-

It also shows clearly the much improved rising limb and peak timing pre-

.. " diction of the hydrograph produced using the modified surface flux, 

with z .~ 0.015 m. 
o 

. 
" 

o 
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Figure 8.15 shows the effects of changing the unsaturat~ layer 

-6 2 . -6 2 
permeability frorn 6 x 10 cm ta 1.5 x 10 ~m, a change weIl 

within the range of published values. The effect of thi~ decrease 'can 

be seen in a later "-"time of peak, and a less 'peaked' appearance. 

In the other cases (8.10, 8.17) better results would be obtained if 

the k" value ~ere 'decreased, but there is no' good a priori reason for 

dQtng this. 
o 

Th, form of the hydrographs is thus affected strong!y by volume r 

(and flux) prediction, by snow depth, by the unsaturated layer perm~ability, 

and by saturated layer permeability. Sorne of' these factors, such as snow 

depth and permeability of the unsaturatad layer, hava similâr effeots, 

50 that it is very difficult ta separate the-effects of different 

·parameters. 

lIo\vever, it seems from the excellent \ form predJctiqn on days when 

volume (and flux) predictions arè good, that the model is a good 

description of the processes involved in the formation of snow m~lt 

hydrographs. The arguments outlined above emphasize t~e need'for 

be tter kno~lledge of the snow properties, espeeially permeabili ty, "be fore 

better testLng of the runoff model can'be perfor;ed. 

of a 

Another aspect of the mode~p that it postulates 'the existencê 

~aturated layer at the basÇ" of "the sno~ack. It predicts that 

this saturated layer showed increase in thickness do'wnslope, and also 

'il} 

flue tuates in thickness with Ume at', a point. A, satura~ed layer lwas 

'observed in tbe rie Id', and obset'vations of i t, given in Talle 8.1 confirm 

\~-
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sorne of the predictions of the moBe 1. ·The measurements, both 0:( 

. crys tai size and saturated layer thickness ~re somewhat equivocal, 

siuce both properties are extremely difficuit to measure. Crystal 
,.cV .. 1 

, 
b@undaries are indefinite in bath saturated and unsaturated zones, 

and ,i t is very difficui t to disting~ish between grains and aggregates 

of snow crystals 

the 'depthJof the 

<> 

forming single~grains. It is also difficult to ~easure 

--~ 
sat-llrated layer. The layer is so~times quite distinct 

1 

as a black strip at the snow base 1. but irr other cases the ~dation 

between relatively dry snow and saturated snow.<>is q'uite indlHinct. 

The data do sho,w' however, that the saturated layer. tends to Increase 

to a maximum 

in the day, 

1 

of the day, and then ta decrease later in , . 
to increase with distance dmmslope at any one Ume 

Is what the mode 1 predic ts. 

The overall hydrograph prediction i8 good. Some low melt days on 

deep snowpacks show con~iderable differences betwee~ c~lcul~ed and 
-, 

observed hydrographs, but these are attributabl~ to the lack oi per-.-
meability d'ata. The excellent general similarity hetween the form of 

1 

pr~dicted and observed hydrographs.suggests str~ngly that the model 

ade.quately'explains the mecha~isrrs inyolved in the forming of daily ,... 

mow me 1 t hydrographs. 
\ï--- -

,. 

" 
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Cl!APTER 9 

DISCUSSION OF RESULTS 

Sorne sugge s tians have been' made during the' course of this .aFudy 

as to what m:asurements might kprove the es tirnation of claily or 

hourly snowmelt. Sorne es need tlOt De .so carefully measured -
• \1 

, air temp"erature and our pressure, f;r examp1e, were as weIl de-

fined using a gôod by the .use of an Assman as-

pir ated psychromet~r, an:l total global radiation rneasured with an 

ac tin ograph proved to be extremely close ta values derived from an 

Eppley stlarime ter. In both cas~s, in this s tudy, resul ts of the less 

sophisticated i'hstrument were checked agaiOlst those of the more sophisti-
,0 

~ated one, but resul ts" sugges~ that quali ty of the data was much the 

s ame "in bt;lth cases. 
" 

The mechanical instrumE!nt,s usually give 

a more complete record, si~ce they are simpler and more relia~le than 
• 

electrical equipment. 

The application ~f the r~gress~ Hnes develoI1ed'\etween net 

radiation and global radiation seems to be an excellent technique, 
" 

except during th~!nal stages of melt. Under continuous snow con­

t 
ditions it makès the direct measurement of HR unnecessary. In addition, 

,t~.e ~'versus) (Q+q) Hnes wh}~n used in conjunction with the Garnier 

and qhmura 0 (1968) mapping technique,.makes it possible to map net ... 

ThiS, spatial 'v~riation of ~ proved not ta b,of ,,~reat· im-

:.port~ in 
• 0 ,If)' 

the Schefferville area, but could be extremely impor~ant 

id high radiation conditions. Two variab1e~ concerning thë snow surface 

• 

.' 
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~should receive more -"ttention. One is surface tem~ture. Snow 

surface temperature during the night was approxirnated by wet-bulb 

temperature, using obse~ved ti~s of surface freezing to fix the 
" . \ . 

time when snow surfacE; 'tempera'ture c:.eased to be zero in the evening, 

,and times of firs t observ'ed thaw to fix the~ time the foll'Üwing -day 

when T again became zero. 
s 

Tre other snow sutface variable somewhat neglected in this stùdy 

isthe roughness. The estimate or Zo made by th~ ~ethod of Lettau (1969) 
/-" 

was v~obably gQod, si~ce early predictions of dai1y rnelt were quiter' .. .' 
precise. rhe figure arrived at was the same" as that used by Fohn (1973), 

and was \.;ri thin the usuai ;-ange of figures. The roughness was quali tative ly 

seen to change dllring the ~elt, and asraemonstrat~d previously, probably \. 

accounts for rnuch of the bad prediction of the heatflow mode1. 

--..,.-\, 
Another ~spect of the energy balance which is ill-defined in this 

study is the ripening of the pack. Again, this prob1em could be over-

come.by measuring the snowpack temperatu profile, to give an estimate 

of total pre-melt heat deficit. 

Th~ energy bàIanee approaéh easy to use, 

given usually avaiIable >teoro1o~~ data, and ~though daily .tocals 

show sorne unexplained patterns of over and Qnder-prediction the generai 
"-' ., 0, 

,-. !eve l of explanati~n is good. '1;'he corree tiQns applied -to the turbulent 

exchange terms in order to account for the rnodi.,fying effects of stable air 

lay:rs over the snow ~.s been shown to make a 'gre:t ~l of ~iff~r~nce r 
heatflows} This better estimation of turbulent heatflows is 

-c 
, ' 

. _. 
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, , , 
most important in view of the size of the turbulent exchanges at . 

Schefferville. figure 9.1 shm..rs ,.c~he rela~f L,H and, H 

7 . :11~ __ ~(_ ~ c e 
during two melt periods, one at Schefferville, and one at the 

Central Sierra Snow Laborr1.tory (USACE, 1955), in the Sierra's. Two 

" points should be made in comparing tHe two sets of data. First, 

. ~ ::-\ 
during the initial 6 days of melt at Schefferville the numerical ,/ 

size of HR,Hc and He are similar in patt~rn to the CSSL dat~, , ! 

with radiation dominant. The conditions between day 1 and day 6 
~ ~ 

were conditions of low vapour pressure and temperatur~ and sa the 

turbulent exchanges ~re small. Then,between days 6 and 7, a major 

'disturbance swept up from the Atlantic coast,bringingmasses of 

war~, moist air and windy conditions. This change in conditions 

changes the pr:oport-ions of melt cau'sed by different f~ctors com-
, 

pIe te ly, as can be seeii from Figure 9.1.' It should also be noted 

that the generally low values of radiatiop at Schefferville are 

caused mainly by ~loudy conditions. The second point to be made 

in referenc~ ta the differences between the Schefferville data 

and the CSSL data,is that even though.conditions of melt maY differ 

greatly, either netween areas or in the same area duri~g on~ melt, 

the physical model'is surficiently gen~ral to account for such 
_ ~ r f 

changes. This is an enormous oad~ansage of the physical approach. 

Another aspect of ,the energy balance approach which makes it 

sa useful in application LB that because variations in radiation, and 
~ 

windspeed may b~ defined', the,. spatial variation of energy input to 

the snowpack may also b,e defined with' sorné certa:Ï.nty. These local 

-1 

- ~----- ~-~---------' 
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~ 

variations in energy input to snow at thaw has been the object of 

sorne attention in recent snowmel t li terature (Hendrick and Filgate, 

1972). In ma~y cases, differences may, be very important, eVen 
1 . 

though they were not in the Schefferville situa tion. 

The prediction of hourly rnelt cannot be checked against direct 
. 

rneasurements of runoff, but ~pplication of cornputed melts to runoff 

-
mode 11ing gives good resul ts. In addition the corresponde-nce of da:i;ly 

surns of runoff wiJ:h daily energy balance surns suggests that' the es>timates 

qf hourly within ,relatively narrow ltmits. In any cas~, 

differences timing of surface melt were as i~portant for the routing 

exercise as e differences in volume, and differences in timing between 

sI opes ar~ weIl derined. 

should be taken in developing the energy balance 

definiti~~ surface temperature and rou$hnes&, 

a study of the effects on net radiation of vegetation and bare 

ground showing through,1 the snow. 'This should also include the possible 

effècts of gronnd absorption of radiation througn the thinning snowpack. 

The method used in the study for hydrograph prediction is important 
. , 

bècause it allows thell'prediction of snoWmelt hydr~grlp.hs at the s'ibpe sca1e, 
J • .J-. 

This is an obvious first ste~ in the synth~sis of snowmelt hydrographs 

1 • , 

for larger areas. ~ Th~ rduting model.is physically based, which makes it 

relatively §imple ta assess the importance of various factors in affecting 

the general form of hydrographs generated by claily melt cycles. There Is, 

as mentioned ,8\>ove, sorne uncertainty about the value of the surface fluxes, 
" 

and a1so the value of snow perme~bl1lty Is on1y an estlmate, as is the· 
, \ 

} 

f 

, 1 
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f 

assûmed value of 8% for the irreducible saturation. In addition to 

these indirectly estimated variables, there are sorne assumptions im-

plicit in ~he use of the motlel which are kno",'n not to be true. 

TheSé are~ (a) the assumptidn o.f constant snow depth 

and '(h) the assumpti9n of constant slope . 

Both of these assumptions are made in arder ta simplify the application 
, c 

of the routing model to the field problem. It would be possible to 

incorpora te variations both in snow thickness and in slope angle into 

the model, but this would be complex and time-consuming. Another assump-

tion m~de in the routing of the hydrographs is that flow in the saturatecr 

layer is adequately descr~bed by Darcy's Law. Reynolds numbers computed 

for the velocities of fluid flow encountered in the saturated layer place 

the flowyery near the lakinar/turbulent transition,zopé(Todd D
, 1959). ~ 

. 
Should higher velocities be the case, Darcy's Law would not describe the 

flow adequately,'but an alternative to Darcy's Law is not immediately 

obvious. 

Further improvement in hydrog~aph prediction would come fro 

me~surements of snow propertie& in particula~ measurement of the 

meabili ties of both the saturated and unsaturated layer. The value of k' 
~ 

could he, measured using the flux plate's descr,ibed in this study, ~nd 
, / 

satu'rate'd layer pe:tmeabilitièS possibly from dye tracing. In the case 

of this s tudy, ,infiltration was known to be insignificant, but the aJ?pli-
i 

cation of the routing in other areas would require knowledge of the 

infiltration rate. 
" 

" . " 
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1 
. In conclusion, i't seems, that the/physicallyo b~'3ed models used 

in thfs ]'lork can be used wi th sorne success ta describEt the processes 

involved 'in ~he·gener~tion of snow rnelt hydrographs. Although the 

model does nat explore snch things as phase changes within t.he snow-
-'" 

pack, ~rystal growth or changes in snow crystal structure, the treat­
A 

ment of the snowpack as a porous medium like,other porous media sheds 

a great deal of light o~ the major controis 0 f hydragraph generation, 

and indicates where the emphasis should be placed in further work. 
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