
I 

SNOW-MA SK ING DEP TH I N 

A GENERAL CIR CULATION MO DE L 

By 

ANNA MAY BOYONOSKI 

\ 

A Re search Paper 


Submitted to the Department of Geography 


in Fulfilm e nt of the Requirements 


of Ge ography 4 C6 


Mc Master University 

Apr i l 198 1 



LICENCE ro McMASTER UNIVERSITY 

has been writtenThis 
[Thesis, Project Report, etc.] 

by tA on o NCtH /3o t.l(') f10S kA for 
i'Full Name'( s)) 

Undergraduate course number L.fc,(g at McMaster 
University under the supervision/direction of----- ­

D /2 72.ovS €... 

In the interest of furthering teaching and research, 1/we 
hereby grant to McMaster University: 

1. 	 The ownership of / copy(ies) of this 
work; 

2. 	 A non-exclusive licence to make copies of 
this work, (or any part thereof) the 
copyright of which is vested in me/us, for 
the full term of the copyright, or for so 
long as may be legally permitted. Such 
copies shall only be made in response to a 
written request from the Library or any 
University or similar institution. 

1/we further acknowledge that this work (or a surrogate 
copy thereof) may be consulted without restriction by any 
interested person. 

Signature of Witness, 
Supervisor 

(This Licence to be bound with the work) 



Abstract 

A computer program was written to calculate snow albedos for the 
months of January, March, and May in western Canada. Snow depth 
as well as water equivalent depth data was obtained from snow 
cover records and climatic maps. It was found that for the 
months of January and March, the snow depths were all greater 
than 10 em and so the snow albedo was not a function of the 
surface type rather only the snow cover. For May, howeve r , snow 
depths of less than 10 em were obtained and the albedo beca me a 
function of both the water equivalent as well a s surface type. 
The method of data collection is c riticized primarily because of 
the instances of measurements and methods of measurement. A 1 so, 
the equation in which t he snow albedo is calculated is criticized 
because it only takes into consideration snow dep t h and not other 
important factors such as snow age density and crystal structure. 
However, age, densi t y, and crystal structure are difficult 
measures to obtain data for on a large scale typical of GCMs. 
Good comparison s are made with the snow albedo values of forested 
sites obtained in this study with those in the literature. 
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CHAPTER ONE 

INTRODUCTION 

Surface albedo values of all different land types depe nd on 

ma ny factors s uch as mate r ial compositio n , surface roughnes s , and 

moisture content to name a few (Dickinson, 1983) . When a dding 

snow to land surfaces the resulti n g albedo depends on many other 

different factors including depth of s now cover, as well as the 

type a n d density of v egetation (K u k l a and Robi n so n , 1980). 

Surface albedo is a n importa nt cli matic para meter to be studied 

with respect to the entire Earth- Atmosphere regime . Cli matic 

models such as ge neral circulation models are tools i n which the 

s tudy of the Earth- At mosphere regi me including parameters s u ch as 

albedo are sc r utin i zed on a global scale. It mu st be kep t i n 

m i n d , ho wever , that c 1 i mate mode 1 s prod u c e mode 1 c l i mates . That 

is, they are not necessar i 1 y realistic c 1 i mates t hat ca n be 

readily applied to situations today. The r e are many r e asons for 

this . First, complex relationships exist bet ween the earth a nd 

atmosphere which can not al 1 be accurately prescribed in a model. 

Seco ndly, l ack of observational a nd theoretical data bases ca n 

cause gross errors in estimations of certai n para meters which 

wo u ld l ead to o ve ra l l model deviations fro m r ealit y . Th ird ly , 

t he lack of obser v ational data implies that meaningful 

co mp a ri s on s wit h rea li t y ma y b e dif f icu l t wi th mo d el r es u lts a nd 

so mo d els are t es te d f o r s en s i t ivi t y r at her t ha n f or ac curac y . 

1 
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It is the purpo s e of this paper to firstly calculate snow 

albedos for certain months of the year using a computer program 

especially written for t h is study. These r esults will then be 

examined statistically and discussed in terms of the data 

coIl ect ion methods as we l as with other methods used in 

calculating the snow albedo. 
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CHAPTER TWO 

LITERATURE REVIEW 

Climate models were developed to study global climate by 

both reconstructing and predicting weather and climate. They 

simulate the processes control ling the relationship between the 

circulation of the atmosphere and the energy balance of the 

planet (Natio nal Academy of Science, 1975). General circulation 

models (GCMs) are the most sophisti c ated of all climate model s . 

They are complex three-dimensional computer models, that in 

simplistic terms, contain equations governing the dynamics and 

thermohydrodyna mi cs of the a tmosphere for a finite number of grid 

points. The algorith ms are integrated forward in time from 

predetermi n ed initial boundary conditions unti 1 a model climate 

is generated after a period of 40 or more days of simulated time 

(Williams, 1978). 

GCMs yield an improved understanding of the climate system 

as a whole as well as the i ndividual parameters that contribute 

to the Earth-Atmosphere cl i mate regime. A better understanding 

of the climate system can be beneficial from an economic 

standpoint. For example, predictions of future climate 

scenarios could assist in the development of alternate 

agriculture practices. A lso, these models can be used to monitor 

en vironm ental changes induced by human activity, for example, 

deforestation and the carbon dioxide loading of the earth's 

atmosphere (Washington and Parkinson, 1986). The individual 

parameters that contribute to the Earth-Atmosphere regime can be 

examined in isolation from all others and then re-examined a s 
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they vary in response to one or all parameters (Mclaughl i n, 

!985). One parameter of particular Interest In this study is the 

surface albedo. 

Surface albedo is the shortwave reflectivity of a 

terrestrial surface (Oke, 1978), whereas planetary albedo is that 

fraction of solar radiation reflected by the entire earth and its 

atmosphere as viewed from space (Dickinson, 1983). Surface 

al bedo varies spatially and temporal l y. As well, it depends on 

many factors including mat e rial composition, surface roughness, 

moi s ture con t ent, and the wavelength and incidence angle of 

incoming solar radiation (Dickin s on, 1983, Kukla and Robinson, 

I 9 8 0 ) . Thus, surface albedo is a significan t term in the 

radiation and surface energy balances. 

The net radiation balance is the algebrai c sum of net 

shortwave and net longwave radiation exchange (Oke, 1978). It 

can be written as follows: 

Q* = K (1-o() + L,j, - Lt ( 1 ) 

where Q* is the net al 1-wave radiation, 
K i s the shortwave input to surface (both dire ct and 

diffuse), 
~ is the surface albedo, 
L~ is the incoming longwave radiation emitted by 

atmosphere, and 
~ is the longwave emitted by the surface. 

(Oke, 1978, pg.22) 

According to Oke (1978), the earth experiences a 29% annual 

radiant energy surplus while the atmosphere has an annual radiant 

energy deficit of approximately the same amount. Due to the 

different physical and thermal properties of Earth and its 

a tmosphere, the surp I us and deficit energies cause an i mba 1 ance 

in the system. The proce ss e s of conduction and c onvection are 
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initiated causing the transfer of Earth's surplus into the 

atmosphere to attain thermal equ ilibrium (Oke, 1978). 

The net all-wave radiation flux is the basic input to the 

surface energy balance. The surface energy balance represents 

the combination of convective exchanges to and from the 

at mosphere (Oke, 1978). It can be written as follows: 

Q* = 0H + 0E + OG (2) 

where Q* is the net al 1-wave radiation, 
OH is the upward transfer of sensible heat, 
QE is t he latent heat (of vapourization) transfer, and 
OG is the conduction to or from the underlying surface 

(Oke, 1978, pg.30). 

Accurate su rface albedo prescription is necessary to ensure 

that radiation and energy balances are met. Sensitivity 

experiments, which are a climate model' s response to external or 

internal forcing, have shown models to be very sensitive to 

changes in s urface albedo (Henderson-Sellers and Wilson, 1985). 

There are a 1 imited number of albedo datasets for use in GCMs in 

the 1 iterature. Hummel and Reck (1979), for example, developed 

seasonally-averaged surface albedos for cells 10° in latitude by 

10° by longitude. Kukla and Robinson (1980) developed zonal mean 

monthly surface albedos in 2 
0 

latit udina l belts as well. 

There are a number of approaches used to develop surface 

albedo datasets. Recently, Wilson and Henderson-Sellers (1985) 

deve 1oped a so i and vegetation arch ive for use in climate 

models. Over I 00 at 1ases and map books were used to co nstruct 

the land cover dataset which considers 53 land cover classes. 

The main data source for the soils data was the FAO/UNESCO Soil 

Map of the World. Soils were classified by colour, texture, and 



drainage. Mclaughlin ( 1985) added an archive of terrestrial 

hydrographic features. There were four main map sources used for 

its construction . They were Atlas Mira (1 :250,000 series), 

International Map of the World (1:1,000,000 series), National 

Topographic System Maps of Canada (1 :50,000 -and 1:250,000 series) 

and the Times Atlas of the World (I :5,000,000 plates) . The 

terrestri al hydrographi c dataset provided percentages of the 

fo l 1 owing s urface type s ; salt wate r, fresh water, swamp or 

marsh, salt flats, salt marsh e s , glacier ice, intermittent water, 

and dunes. Both database s have fine resolutions of 1° by 1° for 

the entire globe. They are important tools when used in 

combination with one ano ther to generate model appropriate 

surface albedos and to derive la nd co ver information for model 

hydrology. 

Mclaughlin (personal communication) is constructing a global 

surface albedo dataset using the above and other databases as 

well as albedo values from the existing 1 iterature. A computer 

program was written to generate weighted grid cell albedos for 

all months of the year. T he terrestrial water types of 

Mclaughlin (1985) were weighted as recorded in the dataset while 

the primary and secondary vegetation ty pe s of Wilson and 

Henderson -Se llers (1885) were weighted as two thirds and one 

third respectively of the remainder and soi 1 albedo co nsidered in 

the absence of vegetation (Mclaugh l in, 1985). A simple example 

of how this works is as follows. Suppose there is 50% d ense 

forest and 501. fresh water in a grid cell . The albedo for a 

dense forest in May i s 12.3% and for fre s h water it is 8.0%. The 
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weighting takes 50% of each a lbedo value and adds them together 

because each land surface type covers up 50% of a particular box. 

The new albedo for the box would then be [(0.5)*(0.08) + 

(0.5)*(.123)] = 0.1015 = 10.15'7•. It may differ for each month 

because albedo is latitude dependent. If secondary vegetation is 

involved, primary vegetation is assigned to two-thirds of the 

remainder after the hydrographic features are taken into 

consideration and secondary vegetation is assigned one-third of 

the remainder. When so i 1 s are not covered by vegetation, they 

are considered in the derivation. This dataset provides the 

background albedo (i.e. the snow fr e e land albedo) for all month s 

of the year. Background a 1 bedos are the most usefu 1 format to 

have because snow is often a prognostic vari a ble (a model 

generates its own snow). The relevant surface albedos for this 

study will be taken from that database. 

Albedo values vary seasonally. The presence of snow in the 

mid to high latitudes influences surface albedo. The angular and 

spectral distribution of incoming radiation as well as type and 

density of the vegetation, surface roughness, and variable depth 

of snow cover account for a large range of albedos for snow-

covered lands (Kukla and Robinson, 1980). For example, tundra, 

deeply-plowed farmland, and rocky escarpments have lower surface 

albedos when snow-covered compared to flatlands with little or no 

vegetation. 

An equation referenced in Henderson-Sellers and Wilson 

(1983), which is based on the work of Holloway and Manabe (1971), 

is a standard equation used in a number of some GCMs for 

http:0.5)*(0.08
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calculating the albedo of snow and ice-covered surfaces. It is 

written as follows: 

a~ a(1) + [a(sw) - a(1)]d(sw) l/2 ( 3) 

where a is the albedo, 
a(l) is the snow-free land albedo, 
a ( s w ) i s t h e a l bed o o f d e e p s now ,. a n d 
d(sw) is the water equivalent depth of snow 

( Hender s on-Se 11 ers and Wi I s on, 1983, pg.1796) 

Some models have a(sw) eq ual to 0.6 and others 1 ike the Canadian 

Climate Centre (CCC) GCM have a(sw) equal to 0. 7 (McLaughlin, 

1985). This treatment is simpl i s tic , but seems valid. However, 

sno w -mask ing depth as it relates to s urface albedo can be 

significant for mod e l c 1 i mates and thus, w i l 1 be the focus of 

this thesis. 

Accurate surface albedo databases appear to be important 

when study ing the climate wi th a GCM. For instance, Sud and 

Fennessy ( 1982 ) found that increasing surface albedo in the 

subtropics resulted in the coo ling of the atmosphere. There is 

much room for improvement of existing albedo databases. As 

observa.tionall y and theoretically determined datasets imp rove 

qualitative ly a n d spatially, GCMs wi 11 become even more powerful 

tools for the study of th e climate system (Washington and 

Parkinson , 1986). 
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CHAPTER THREE 

STUDY SITE 

The area of part i cu 1ar i n terest in this study consisted of 

the provinces of British Columbia, Alberta, Saskatchewan, and 

part of Manitoba . More spe c ifically, the area enclosed between 

49 ° and 58 ° N and from 230 ° to 264 ° E was scrutinized (Figur·e 1). 

There were a few reasons for choosing this study area. First, a s 

much data was collected as time allowed. Also, this was an area 

which was felt to repre s ent major land surface types in Canada 

(Table 1). Accurate reg i ona 1 a 1 bedo va 1ues of these different 

land sur· face types are 1 ikely to be important in GCMs. S i nce 

there are specific areas in which the month of May r ecords 

s ubstantia 1 snow covers as we 11 as o ther areas where surfaces are 

bare by spring, the entire area demonstrated enough dichotomy to 

enable useful comparisons of the snow albedo. Specifically, the 

algorithm for the snow albedo which depends on the water 

equivalent being less than one centimetre should be important in 

such situations. 
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TABLE 1A 

PRIMARY VEGETATION TYPES 

LATITUDE 
0 58 57 56 55 54 53 52 5 1 50 
N 
G 230 1 1 6 1 62 1 1 1 l 0 0 0 0 
I 2 3 1 1 1 6 1 1 1 1 1 1 1 1 0 0 0 0 
T 232 6 1 6 1 1 1 1 l 1 1 10 1 0 0 1 0 
u 233 6 1 61 1 1 1 1 l 1 1 1 1 0 1 0 1 0 
0 234 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 0 
E 235 6 1 11 1 l l 1 1 1 1 I 1 0 1 0 I 0 

236 I 0 11 1 1 I I 1 I 1 I I I 35 1 0 
237 1 0 1 0 1 1 I 1 I I 1 1 1 1 3 1 I 0 
238 1 0 10 10 1 1 1 1 1 1 II 3 I 3 1 
239 1 0 I 0 1 0 I I 1 1 I 1 1 1 3 l 3 1 
2 40 1 0 I 0 I 0 1 0 I 0 1 0 I I I 1 I 1 
241 1 0 I 0 1 0 1 0 1 0 1 0 1 1 1 1 1 1 
242 1 0 I 0 10 1 0 1 0 13 II 11 1 0 
243 1 0 1 0 1 0 1 0 I 0 1 3 1 I 1 I I 0 
244 1 0 1 0 10 1 I I 0 13 I I 3 1 I 0 
245 1 0 1 0 1 0 1 1 1 0 1 3 1 1 1 1 1 0 
246 1 1 1 0 10 1 1 40 40 40 40 40 
247 1 1 10 1 0 1 1 40 40 40 40 3 1 
248 I 1 10 I 1 1 l 1 1 40 40 40 30 
249 1 1 1 0 1 1 1 1 1 1 40 40 40 3 1 
250 1 I 1 1 10 1 I I 1 40 40 40 3 I 
251 1 I 11 1 0 11 1 I 40 40 40 40 
252 I 1 I 1 1 I 1 1 I I 40 40 40 40 
253 1 1 1 1 I 1 I 1 1 I 35 40 40 40 
254 I 1 1 1 1 1 I 1 11 35 40 40 40 
255 I I 1 1 1 I I 1 11 I I 40 40 40 
256 1 I I 1 1 1 1 1 1 I I I 40 40 40 
257 I 1 I 1 1 I I 11 1 I 35 40 40 
25 8 1 1 1 I I 1 I 1 I I I 1 I 1 40 40 
259 1 I 1 I I 0 I I I 1 1 1 1 1 40 40 
260 l 0 1 0 I 0 I 0 I 0 I 0 I 0 35 40 
261 1 0 1 0 1 0 I 0 1 0 I I 0 35 35 
262 1 I I 0 I 0 I 1 I 0 I 0 I II 35 
263 1 1 1 0 I 0 I I I 0 I 0 1 0 1 40 
264 1 1 1 0 1 I 1 I 1 0 I 0 I 0 1 0 I 0 
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( 

KEY TO PRIMARY 

NUMBER 

0 

1 


1 0 

1 1 

1 3 

30 

3 1 
35 
40 

61 

62 

TABLE lB 

VEG ETATIONS TYPES ·IN TABLE !A 

CODE 

Open water 
Inland water 
Dense needleleaf evergreen forest 
Open needleleaf evergreen woodland 

Open mixed needleleaf and 
broadleaf, evergreen and dec i duous 
woodland 

Temperate meadow and permanent 
pasture 
Temperate rough grazing 
Pasture and tree 
Arable cropland 
Tundra 
Dwarf shrub 
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CHAPTER FOUR 

METHODOLOGY 

4.1 Snow Cover Data 

Data collection for this study involved obtai ning snow cover 

depth and the water equivalent depth oF the snow cover for 

various sta tions in the st udy area. Snow cover refers to a layer 

of s now on the ground surfa ce . It is sy nony mou s with the total 

accu mul ation of the snow lying on the ground or the total depth 

of all snow on the ground (Potte r , 1965). The snow cover dep t h 

and water equivalent data were availab l e from records publi shed 

by Environment Canada . So me of the statio ns indicated reco rd s of 

over 40 years. However, the most years collected was 22 as data 

previous to that was unavailable at the time of data collection. 

As disc u ssed earlier, t h e study s it e was split in to th e fine grid 

resolut i on of 1° by 1° (Figure 2). Some of these grid cells ha d 

more than 10 stations located in them while others had none. The 

snowfal l records found in the Climatic Atlas of Canada published 

by Environment Canada (1984) were used to obta in data for those 

grid cells wi th out stations in them. If , however, a ee l had 

many stations, the ones with the most years of recorded data were 

used. Also, elevation was an important factor in dec idin g what 

stations to record. McKay (1968) pointed o ut that alo ng a 

specific s lope, elevation and snow co ver are strongly. related 

such that sno w depth increa ses with height. In the mountainous 

terrain of British Columbia thi s factor is espec i al ly important. 

For example, Az ure River and Blue River are two stations located 

The y differ by about 1000in the 
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metres in elevation and experience a difference in snow depth of 

200 em. Thus as many stations per grid cell as were felt to 

provide a fair representation of snow cover depth were collected. 

In the Prairies only one station per grid cell was collected 

because the elevation was generally sirnilar and snow cover 

depths did not differ very much. 

4.2 Background Data 

The snow cover data was collected in 1° by 1° grid c ells 

because they were used in association with the soils and 

vegetation archive of Wilson and Henderson-Se 1 1 ers ( 1985) and th e 

terrestrial hydrographic dataset of Mclaughlin ( 1985). The 

assumption was that the snow depth ob t ained from the station s in 

each grid eel l would represent the snow depth and water 

equivalent depth of the entire box. 

As was discussed in Chapter 2 , snow and ice covered surfa c es 

are calculated in some GCMs using the genera 1 equation based on 

the work of Holloway and Manabe (1971). The CCC GCM uses the 

former e quation and then employs another equation to ca l culate 

the ground albedo. It is written as follows: 

o<G = o(C ( I - J:" C) + o(S J" S 

where c(G is ground albedo, 
o.( C is the minimum annual climatological value of 

ground albedo, 
o<s is the albedo of a snow surface, 
(1 - ~c ) is the measure of the fraction of the grid area 

uncovered by snow, and 
~S is the measure of the grid area covered by snow 

(McFarlane and Laprise, 1985, pg.39). 

The albedo of a surface covered with deep snow is assigned a 

value of 0.70 (i.e. the CC C GCM assigns 0.70 a s the maximum 

albedo value that a snow-covered surface may have). However , 
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upon review of the 1 iterature , the maximum snow albedo in this 

s t udy has been assigned a value of 0.80. Figure Th ree shows the 

s now albedo as a fu nction of wavelength. Grain s i ze generally 

increases with age and so the topmost graph represents the 

freshest snow while progressively older s now is dep i cted in the 

subsequent graphs (Wiscombe and Warren , 1980). It can be seen 

from the top two grap h s that the snow a l bedo in the v isible 

wavelengths (400 - 700 nm) averages aro u nd 0.80. Hum mel and Reck 

(1979) state that the measured surface albedo of freshly fal le n 

snow can be as high as 88% while older snow can have values of 

751. or 1ower. Therefore, the choice of 80% for this study 

appears to be more rea l istic than the current CCC GCM con vention 

of 701•. 

In winter, the CCC GCM assu mes t hat snow covers the entire 

study area, and the albedo value of all grid cells was given a 

value of 0 . 70. When using the equation d i scussed in Chapter Two, 

the water equi valent i s always assigned a value of one so that 

the snow albedo equals 0.70 . In this study, however, there wer e 

cases when the water equivalent was less than one a n d snow 

albedos were the n functions of varying water equ i valents. Thus 

the impetus for collecting the real time data was to test the 

validity of the sta n dard algorit h ms used to calculate snow 

albedos . 

A co mputer prog r am (see Append i x 1) contain i ng these 

algorithms was written for use in t h is study to ca l cula t e surface 

albedos for the months of January, March, and May for t h e st udy 

area. It operate d s i mil ar l y to the progra m expla i ned earl i e r i n 
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Figure 3 

Snow Albedo as a Function of 
Wavelength 
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Chapter· Two. That is , ve getation types as well as hydrographic 

features were considered in the calculation. However, water 

equivalent depth s of snow were incorporated to calculate the snow 

surface albedos. The value of the albedo depended heavily on the 

s urface type. For example, if the land cover information 

suggested a flat, cleared pasture for an entire grid square, 

tot a 1 snow coverage of over 10 em wou 1 d be assumed causing the 

water equivalent depth to be I .0 em. Thus the snow albedo would 

equal 80%. A forest, however, was handled differently because 

co mplete snow co ver can not be assumed. An estimate of snow 

co ver ac t ually seen by incoming solar radiation was needed. It 

was s uggested that 20% s now cover contribution to total forest 

albedo would be reasonable (L af le ur , personal communication). 

Therefore a weighting of background albedo by per cent coverage 

and a weighting of snow albedo by per ce nt co verage was 

performed. 

Of the 53 1and cover c 1 asses constructed in the vegetation 

and soi data archive of Wilson and Hender son-Sellers (1985), 

only 12 are relevant for this study. They are found in Table lA­

lB. Snow albedos of 80% were assigned to the following surface 

types provided the water eq uivalent wa s greater than or equal to 

one; inland water, temperate meadow and permanent pastu r e, 

temperate rough grazing, arable crop land, maize, tundra, and 

dwarf shrub. If the water equivalent is less than and greater 

than zero, equation 3 in Chapter Two wa s used to calculate a new 

albedo. The forested land surface types which included dense 

needleleaf evergreen forest, open needleleaf evergreen woodland, 
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open mi x ed needleleaf and broadleaf (evergreen and deciduou s 

woodland), and p a st ure and tree we re always subject to the 

weighting procedure. Open water was assigned a latitude 

dependent value of 8%. If water equivalents were zero , the eel I 

albedo assumed the back g r ou nd albedo. 

Once the snow surface albedos were calculated for the three 

month s, they were analyzed statistically with respect to the 

background albedos. A two sample, two-tailed t-test was used to 

determine whether the latitudinal albedo means were equal. The 

hypothesis tested was as follows: 

~I = ~2 The snow albedo means are the same as theH0 
background albedos. 

H1 ~ 1 ~2 The snow albedo means are not the same as the 
background albedos. 

Before a t-test can be performed, three assumptions must be met. 

First, the samples are selected randomly. S econd, the 

populat io n s from which the samples are selec ted are normally 

distributed a nd third, the variance s are equal (Norcliffe, 1982). 

The t-test can be calculated in two ways, separately or pooled. 

When the variances are not equal (which was always the case in 

this study), the t-te s t is calculated separately. An F-test was 

u s ed to determine if the variance s were equal or not. The 

hypothe s is tested here wa s as follow s : 

= ~2 The standard deviation of the s now albedo 
means is equal to the sta ndard deviation of 
~ he background albedos 

HI fJ\ = 8 2 The standard deviation of the snow albedo 
means is not equal to the standard deviaton of 
the background albedos. 

The value ofF* was determined as follows: 

]... I­

F* = sAiss where sA is the larger of the standard 
deviations and ss is the smal Jer. 
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This value was compared with a criti c al value of F. F * was 

always greater than the critical value and so the t-tests were 

done separately . The actual t-test was performed using MINITAB. 

The equation for the t-test is as follows: 

where Xt i s the mean of snow albedos 
xz i s the mean of background albedos 
s 1 i s the standard deviation of snow albedo 
52 i s the standard deviation of background albedo 
n 1 is the number of snow albedos ( 3 5 ) . 
n2 i s the number of background albedos ( 3 5) • 

This value is compared with a critical value oft. If t* greater 

than tcrit• the null hypothesis can be rejected. That is the 

means differ (Norcliffe, 1982). 
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CHAPTER FIVE 

RESULTS AND ANALYSI S 

5. 1 Snow Cover Data 

Figure 2 shows the snow station distribution for the study 

area. Most of the stations we re located in the province of 

British Columbia. Saskatchewa n and Manitoba had few station s 

especi a lly in the northern areas. Thi s is illustrated in Figure 

4 where study area is separated into eight regions. The province s 

were split into a northern and southern region. A1 l the southern 

region s have more station s than their northern counterpart. This 

is especially evident for Manitoba and Saskatchewan (only for 

both, one station wa s pre s ent in t he northern region though there 

were 2 3 in the s outhern region). The northern regions did not 

have many as many stations because they are less populated and 

more isolated than the south. Southern British Columbia had the 

most stations followed by Northern British Columbia. Since 

British Columbia is a mountainous area and it is known that snow 

depth varies with elevation it was fortunate that more stations 

were available to collect data from. A better average of snow 

depth and water equivalent depth was likely obtai ned for 

measurements at different elevation s rather than using a single 

station. Southern Saskatchewan and Manitoba did not have as many 

stations recorded as British Columbia but since they are 

relatively flat, snow depths would be more homogeneous than the 

mountainous terrain and fewer s tation s could provide reasonable 

data. 
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Figure 4 


Regional Distribution (and Number) 
· of 

1:10 000 000 

Stations 

UN I TED 

STATES 

N.W. T. 

1. Northern British Columbia 
2. Southern Brit ish Columbia 
3. Northern AI berta 
4.Southern Alberta 
5. Northern Saskatchewan 
6. Southern Saskatchewan 
7. Northern Manitoba 
8. Southern Manitoba 
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Figure 5 displays the number of stations per region along 

with the mean number of years of collected data for this study . 

The northern and southern regions of Alberta and Manitoba showed 

relatively the same mean number of years of collected data. The 

sout hern regions of British Columbia and Saskatchewan had a 

greater number of mean years than their northern cou nterpar t. 

Overal 1 however, the southern regions of Saskatchewan and 

Manitoba sho wed the greatest mean number of years of collected 

data. Even though most stations had 21 years of available data 

some individual months such as January had very few measurements. 

March was the month with the most data for years available. If a 

station had 21 years of recorded data, March would have had 20 

years available while January would have had less t han 5 years. 

The Canadian Climatic Atlas (1984) was used as a supplement for 

those areas without station data. For the months of January and 

March al 1 the areas had a snow cover of over 10 em and a 

corresponding water equivalent of em. The water equivalent 

depths for January and March are found in Tables 2 and 3. Table 

4 contai ns the water equivalent depths for the month of May. 

Many of the stations did not record data for May 1 ikely because 

there was no snow by that time of the year. The mountainous 

terrain of British Columbia recorded values of water equivalent 

greater than or equal to one centimetre. The Climatic Atlas of 

Canada (1984) wa s used again as a supplement for those are 

without stations. It should be noted that the month of May was 

the only month that water equivalent were less than one 

centimetre and that the snow albedo varied from 80% because of 
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TABLE 2 

WATER EQ UIVALENT DEPTHS (em) FOR JANUARY 

LATITIUDE ( N) 
0 58 57 56 55 54 53 52 51 50 
N 
G 230 23.6 28.2 1 . 0 1.0 I . 0 9999 9999 9999 999 9 
I 2 3 1 26.2 1 . 0 1 • 0 l 2. 3 1 • 0 1 . 0 9999 9999 9999 
T 232 2 0.9 23.8 1 . 0 3 5. I 66. 1 1 . 0 1. 0 1. 0 9999 
u 233 26.9 16. 5 1.0 15. 0 3 1. 3 1 . 0 1 • 0 1 . 0 85.0 
D 234 1 6 • 6 6.7 1. 0 9.5 1 I • 3 I. 0 1 . 0 1 . 0 58.6 
E 235 20.3 1 . 0 26.8 1 3 • 4 I. 0 5.2 76. 0 I . 0 86.3 

(£) 236 9.4 32 . 3 27.4 1.0 8.7 I • 0 4.8 42.7 79.7 
237 5. 0 1 . 0 69.5 16.4 1 0 . 6 1 . 0 44.9 33.4 88.3 
23 8 6.0 6.9 1. 0 42.9 40 . 2 30.3 20.8 4.4 45.0 
239 1.0 9.5 1 • 0 53.4 53. 7 66.3 1. 0 15. 9 1 4 . 3 
2 4 0 1. 0 1. 0 1 . 0 1 . 0 39.3 47.6 1 . 0 I 4. 1 I 3 . 2 
241 I . 0 1 . 0 5. 7 1.0 I . 0 38.2 78.4 39.6 28.4 
2 4 2 I • 0 3 • 7 1. 0 6.9 7.6 2 I . 2 3 7.5 54. 0 37.3 
2 43 1.0 I . 0 I . 0 1 • 0 4.9 1. 0 13.3 29. 8 34.2 
244 I . 0 I. 0 I . 0 1.0 I • 0 1 . 0 21.2 24 .4 2 I. 1 
245 1.0 I. 0 6.2 1.0 2 • 5 1 . 0 2.8 22 . 5 45. 2 
246 I . 0 I. 0 1 • 0 4.3 3 .9 3 • 5 I. 0 I . 0 4.9 
247 1 . 0 1 . 0 I • 0 4.3 2 . 5 3.6 I . 0 I . 0 1 . 2 
248 1. 0 5.2 I . 0 1. 0 1 . 0 4. 7 I. 0 1. 0 1. 0 
249 1. 0 1 • 0 I . 0 5.2 1 . 0 1 • 0 1. 0 1 . 0 1. 0 
250 1. 0 I. 0 1. 0 1. 0 1. 0 1. 0 1. 0 1. 0 1 . 0 
251 1. 0 1. 0 I • 0 1 . 0 1 • 0 1 • 0 I . 0 I • 0 1 . 0 
252 5 . 0 1. 0 1 • 0 I. 0 1 . 0 I. 0 1. 0 2. 9 0.5 
253 1.0 1 . 0 1 • 0 1. 0 1 • 0 6. 4 1. 0 1 . 0 0.8 
254 I • 0 I. 0 1. 0 I. 0 4. 0 1. 0 8.6 2 . 0 I. 8 
255 1 • 0 1 • 0 I . 0 1. 0 3. 6 I . 0 2.4 4.0 5. 1 
256 I. 0 I . 0 1 • 0 1. 0 1. 0 1 • 0 1. 0 1. 0 7. 1 
257 I. 0 1 . 0 1 • 0 1.0 1 • 0 1 . 0 1 . 0 3 . 7 3.3 
258 1 . 0 1 . 0 1 . 0 I. 0 5 . 9 1. 0 I. 0 1. 0 I . 0 
259 1.0 1 . 0 l . 0 I • 0 I . 0 I . 0 1 . 0 1 . 0 1 . 0 
260 1. 0 1. 0 I . 0 I. 0 1. 0 1 . 0 l. 0 1 . 0 1. 0 
26 1 1 • 0 1 • 0 1 . 0 1. 0 1 . 0 I . 0 1. 0 1 . 0 4.8 
262 1. 0 I. 0 1 . 0 I. 0 1 . 0 1 . 0 1. 0 1. 0 3.5 
263 I • 0 1 . 0 1 • 0 1. 0 1 . 0 I . 0 1 . 0 4.2 1 . 0 
264 1 . 0 1 . 0 I . 0 1. 0 1 . 0 I. 0 I. 0 1 • 0 1 • 0 
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LATITUDE 
0 
N 
G 230 

I 2 3 I 

T 23 2 

u 233 

D 234 

E 235 


(£) 	 2 3 6 
2 37 
238 
239 
240 
2 41 
242 
243 
2 44 
245 
2 46 
2 47 
248 
249 
250 
2 51 
25 2 
253 
254 
255 
256 
257 
258 
259 
260 
2 6 I 
262 
263 
264 

(N) 
58 

3 7. 0 
4 I . 1 
34.9 
37.3 
23.8 
3 0. 0 
1 3 • 6 
8. 2 
8.4 
1 • 0 
1 • 0 
1 • 0 
1. 0 
1 • 0 
1. 0 
1 • 0 
1. 0 
1.0 
1. 0 
1.0 
I. 0 
1 . 0 
7. 3 
1 . 0 
I. 0 
1. 0 
I • 0 
1. 0 
I. 0 
1.0 
1 • 0 
1.0 
I. 0 
1. 0 
l • 0 

WATER EQUVALENTS (em) FO R MARCH 

57 56 55 .54 53 52 5 I 50 

39.8 I • 0 1. 0 1 . 0 9999 9999 9999 9999 
I . 0 1 • 0 19.9 1 • 0 1 • 0 1 • 0 9999 9999 

3 3. 7 1. 0 54.0 10 5 . 0 1 . 0 1. 0 1. 0 9999 
2 3. 3 1 • 0 37.4 52.2 I. 0 1. 0 I . 0 153 . 6 
6.6 1. 0 1 4. 1 I 3 . 0 1. 0 1. 0 1. 0 98.6 
1 • 0 38.9 1 4 • 9 1 . 0 4.3 1 2 3 • 9 1 0 5 . 6 131.2 

46.2 41. 3 1 • 0 1 2 • 7 1. 0 1. 7 6 7. 5 149. 7 
I • 0 101.8 5 23.6 1 3 • 4 1. 0 66 . 8 54.9 13 0. 0 
8.9 1. 0 53.7 47.6 48.9 3 3. 0 3 .8 62.9 

1 2 • 0 1 • 0 2 9. 1 56.9 89.0 1. 0 1 8 . 8 2 0. 3 
1. 0 4.7 I • 0 71. 3 115.8 I. 0 2 1 • 0 1 8 . 7 
7. 2 8.0 1. 0 1. 0 57.7 114.9 56.8 4 2. 6 
6 . 0 1. 0 1 7 • 3 7.9 24.8 99.8 72. 1 57.6 
1. 0 6.6 1. 0 8.0 6. 4 28.0 43.5 47.5 
1 . 0 8.6 8.2 7.8 5. 4 3 1 . 9 3 6 .8 28.6 
I • 0 1 0 . 5 1 • 0 3. 8 1 . 0 1 • 7 3 5 . 5 70.4 
1. 0 1 • 0 6.4 5. 1 4. 9 1 • 0 1 • 0 7 . 7 
I. 0 1 • 0 8.4 6.6 2 . 7 1 • 0 1 • 0 1. 1 
7.3 1 . 0 1 • 0 4.0 6.3 1 • 0 1.0 1. 0 
1 . 0 1 . 0 7.2 1 • 0 3 . 4 1 • 0 I • 0 1 . 0 
1. 0 1 . 0 1 . 0 1 • 0 1. 0 1 . 0 1 • 0 1 . 0 
1. 0 1 • 0 1. 0 I • 0 I. 0 1 • 0 1. 0 1 . 0 
1. 0 1 . 0 1 • 0 1 • 0 1. 0 1 • 0 3.3 2.4 
1 . 0 1 • 0 I • 0 1 . 0 8. 3 1 . 0 1 • 0 2. 6 
1. 0 1 • 0 1 • 0 6.3 1. 0 4.9 2.4 2.5 
1 • 0 1 . 0 I. 0 5 .3 4.5 3 5. 1 67.6 38.8 
1 • 0 1 . 0 1. 0 1 • 0 1 . 0 3.9 3.5 6.4 
1. 0 1 • 0 1 • 0 6.9 8. 1 8.9 5. 5 3 . 5 
1. 0 1 • 0 7.2 9. 3 8. 1 4.8 4.0 4. 2 
1.0 1 • 0 1. 0 7.9 I • 0 7.8 4. 2 3 . 5 
1. 0 1. 0 1 • 0 1 • 0 1 . 0 5.7 4. 0 1 • 0 
I. 0 1 • 0 1 . 0 1 • 0 1.0 5.9 5.6 5.5 
1 • 0 I • 0 1 • 0 1. 0 1 • 0 6.5 6.0 5. 5 
1. 0 1 • 0 I • 0 1 • 0 I • 0 7.4 6.8 7.4 
1. 0 1 • 0 1 . 0 I. 0 I. 0 6 .3 1. 0 8 . 1 
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TABLE 4 

WATER EQUI VALENT DEPTHS (em) FOR MAY 

LATITUDE ( N) 

0 .58 57 56 5 5 54 53 52 5 1 50 
N 
G 230 23. 0 1 3 . 0 0 . 0 0 . 0 0 . 9999 9999 9 9 99 9999 
I 2 3 I 30.4 0. 3 0. 3 0. 0 0. 0 0 . 0 0. 0 9 999 9 9 99 
T 2 32 2 5.8 49 . 5 0.3 47.0 9 0.3 0.0 0 . 0 0 . 0 99 9 9 
u 23 3 5 2 .8 35 .8 0. 3 3 6 .2 38. 3 0. 0 0. 0 0 . 0 I 4 3 . 1 
0 2 3 4 0. 3 0.3 0. 3 0.0 0 . 0 0 . 3 0.3 0. 3 80 . 9 
E 2 3 5 3 4. 0 0.3 0. 3 2 . 6 0 . 3 0. 3 0. 0 0. 3 147 . 9 

(E) 2 36 I 6 . 8 23. 2 34. 1 0. 0 0 . 0 0 . 3 0.0 6 6.0 0.0 
237 2 . 9 0.8 I 0 9. 2 4 . 2 0 . 0 0 . 3 5 7.9 78. 5 I 3 6. 7 
2 38 0 . 0 0 . 0 0 . 8 6 .9 40. I 42.4 2 4. 5 0 . 0 7 1 . 5 
2 3 9 0 . 8 0 . 5 0.8 74 . 4 39.4 92 . 3 0. 3 0 . 0 I 3 . 9 
2 40 0.8 0. 5 0 . 5 I . 0 74.0 55.9 0.0 8. 3 6 . 4 
241 0.8 0 . 5 8. 1 I . 0 1 . 0 1 0 7 . 7 1 2 5 . 6 49.2 2 5. 0 
2 42 0.8 0. 5 0. 5 1 . 0 1 . 0 33.9 88.6 64 . 5 45.6 
243 0.8 0.5 0.5 1. 0 0. 0 1 . 0 18. 8 1 I . 7 3 2 .2 
244 0.5 0. 5 0. 5 0 . 0 0 . 0 1 . 0 62 .3 27.7 14 . 8 
2 4 5 0.5 0.5 0.8 0 . 0 0. 0 0. 0 0.8 4 3 .8 46. 2 
2 4 6 0.8 0.8 0. 0 0.0 0 . 0 0 . 0 0 . 1 0 . 0 1 • 0 

2 47 0.8 0. 0 0. 0 0. I 0 . I 0 . I 0 . 0 0. 0 3. 6 
2 48 0.8 0 . 0 0. 0 0. I 0 . I 0. 5 0 . 0 0.0 0.0 
249 0. 0 0. 0 0. 0 0. 0 0 . I 0. I 0 . 1 0 . I 0. 0 
250 0. 0 0 . 0 0 . 0 0. 0 0 . 0 0 . I 0. I 0 . 0 0.0 
2 5 1 0.0 0.0 0 . 0 0 . 0 0 . 0 0 . 1 0 . 1 0 . 0 0 . 0 
252 0. 0 0. 0 0.0 0. 0 0. 0 0. 1 0 . 1 0. 0 0 . 0 
253 0. 0 0. 0 0. 0 0.0 0. 0 0. 0 0. 1 0 . 0 0 . 0 
25 4 0. 0 0 . 0 0.0 0 . 0 3.9 0. 0 0. I 0 . 0 0 . 0 
255 0.8 0 . 8 0.8 0 . 0 0. 0 0. 0 I . 1 0.0 0.0 
2 5 6 0.8 0.8 0. 0 0.0 0. 0 0.0 0.0 0. 0 0 . 0 
2 57 0. 0 0.8 0. 0 0.0 0. 0 0 . 0 0 . 0 0.0 0. 0 
258 0.8 0.8 0 . 0 0 . 0 2. 2 0. 0 0 . 0 0.0 0. 0 
2 5 9 1 . 0 0.8 0 . 0 0 . 0 0.8 0.8 0.0 0.0 0 . 0 
260 1. 0 0.8 0.8 0 . 8 0 . 8 0. 8 0.0 0 . 0 0 . 0 
26 1 I . 0 0.8 0.8 0.8 0 . 8 0.8 0. 0 0.0 0 . 0 
2 62 I . 0 0 . 8 0.8 0.8 0 . 8 0.8 0. 0 0.0 0.0 
2 63 I . 0 0.8 0.8 0.8 0.8 0.8 0. 0 0. 0 0 . 0 
2 64 1 . 0 1.0 0.8 0.8 0.8 0 . 8 0 . 0 0 . 0 0.0 
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this. However, this change wa s not entirely due to the value of 

the water equivalent. Notice that the background albedo often 

c hanged on a monthly basis. 

5.2 Albedo Values 

The background a 1 bedo va 1ues for January, Mar ch and May, 

ca 1cu 1ated by the method described In Chapter Two, are found in 

Tables 5 to 7. Using these values, as well as the water 

equivalent values in Tables 2 to 4, the snow surface a lbedos were 

calculated by the method described in Chapter Four . Result s are 

found in Tables 8-10. AlI three months demonstrated higher 

albedos when snow covered the surface. Tab le I 1 shows the 

results of statistical t-tests performed on the first two 

latitudinally-averaged rows (58 °N and 57° N with all longitudes 

averaged). Only the two north most latitude bands were examined 

because during the month of Ma y water equivalents equal led zer o 

more often and this trend increa sed southward. To ce nt i nue 

testing further south would hav e only evaluated the difference 

bet ween two non-snow albedos. Before t-tests were performed, the 

variances tested nof equal and so s eparate t-tests were uti I i ze d. 

All the t-tests indicated that the sno w albedo mean s and th e~ 

background albedos were significantly different. 

The first two l a titudes represented most of the values of 

water equivalent that were non- zero . Some were equal to o n e and 

others were in between. The results of al 1 tests indicat ed that 

adding snow was statistically significant. That is, adding s now 

to a surface caused a signi f icant change i n the surface albedo 
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TABLE 5 


JANUARY BACKGROUND ALBEDO ( 'lo) 


LATITIUDE (N) 
0 58 57 56 55 54 53 52 5 1 50 
N 
G 230 17 18 1 8 1 4 14 25 - 1 - 1 - I 
I 231 1 7 1 4 1 4 1 3 1 1 16 25 . 25 - 1 
T 232 1 7 1 4 1 4 1 3 11 11 14 1 6 17 
u 233 1 7 1 3 1 2 1 3 1 4 1 1 1 9 1 3 14 
0 234 15 1 3 12 16 1 4 I 0 24 1 5 1 0 
E 2 35 1 4 I 2 I 3 14 I 3 1 0 1 5 1 7 1 3 

(E:) 236 
237 

15 
1 1 

1 2 
1 5 

14 
1 3 

I 3 
I 3 

1 6 
1 5 

1 5 
1 5 

18 
18 

23 
1 I 

13 
13 

238 I I 1 1 1 3 I 3 I 2 I 6 18 18 13 
239 1 1 1 3 I 3 13 I 3 1 5 18 20 18 
240 I 0 I 0 I 1 1 1 1 2 1 5 I3 I 4 I 3 
241 1 0 11 I 3 1 1 I 1 1 6 16 I 4 1 2 
242 I 0 I 4 1 0 I I 12 1 9 19 I 2 1 0 
243 1 0 I 0 1 1 II 1 3 I 5 20 13 1 0 
244 I 0 I 0 I 4 11 13 1 3 18 1 1 11 
245 1 0 1 2 1 2 13 1 6 1 5 1 5 13 1 1 
246 I 0 1 0 1 4 16 1 7 1 7 15 1 6 20 
247 1 0 1 0 1 3 16 I 7 1 7 1 6 18 16 
248 11 1 2 13 16 1 7 16 I 7 18 16 
249 I 1 1 3 1 3 1 6 1 7 1 6 I 6 18 18 
250 1 3 1 1 13 1 7 1 7 1 5 1 6 23 18 
2 51 1 2 13 1 5 1 6 1 7 1 5 15 2 1 18 
2 52 1 3 1 4 1 3 1 4 15 I 5 I 5 1 5 18 
253 15 I3 1 2 I 4 20 1 5 1 5 1 5 16 
254 1 4 1 4 1 3 1 4 20 1 5 1 5 1 5 I 6 
255 1 4 I4 1 3 I 4 14 1 5 1 5 I 5 1 5 
256 14 I 4 13 1 4 13 1 5 1 5 15 1 5 
257 1 7 1 6 1 3 1 3 13 1 5 1 5 1 5 1 5 
258 15 1 5 1 4 1 4 1 2 14 1 7 I 6 I 5 
259 14 13 I 4 13 I 7 I 7 I 7 I 7 I 6 
260 12 11 1 0 11 14 1 5 18 16 I6 
261 I3 13 1 1 1 1 23 18 I 7 I 9 1 6 
2 62 12 1 I 13 I 2 1 5 2 3 1 6 18 1 5 
263 I 2 13 1 3 I 3 1 1 1 0 1 4 1 7 I 5 
264 1 0 1 1 I 1 1 4 12 1 2 1 1 1 2 1 2 
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TABLE 6 

MARCH BACKGROUND ALBEDO Uo) 

LATITUOE ( N) 
0 58 57 56 55 54 53 52 51 50 
N 
G 230 I 7 18 I 7 14 1 1 1 2 - 1 - 1 - 1 
I 2 3 1 1 7 1 4 1 4 13 1 0 1 1 12 12 - 1 
T 232 1 7 1 4 1 4 1 3 I 0 1 0 10 1 1 I 0 
u 233 1 7 13 1 2 13 1 2 1 0 19 1 0 1 0 
0 234 1 5 13 12 1 5 13 1 0 24 1 2 1 0 
E 235 1 4 1 2 13 1 3 1 3 1 0 1 4 1 5 I 0 

(£) 236 1 5 12 13 13 1 5 1 5 18 23 I 0 
237 1 1 1 4 13 1 3 1 5 I 5 18 I 1 1 2 
238 1 1 1 1 1 3 1 3 1 2 1 5 18 18 13 
239 1 1 13 1 3 1 3 1 3 1 4 1 8 20 18 
240 1 0 10 1 I 1 1 1 2 1 5 13 13 13 
241 1 0 1 1 1 3 1 I 1 1 1 6 1 6 1 3 1 2 
242 1 0 1 3 1 0 1 1 I 2 1 9 19 11 1 0 
243 1 0 1 0 1 1 1 1 1 3 1 5 20 l 3 1 0 
244 1 0 1 0 12 1 1 1 3 1 3 18 1 1 1 1 
245 1 0 1 2 1 1 13 15 1 5 1 5 1 3 1 1 
246 I 0 1 0 13 1 6 1 6 1 6 15 1 6 20 
247 1 0 1 0 13 1 6 1 6 1 6 1 6 1 8 1 6 
248 I 0 1 2 13 15 1 6 16 16 18 1 6 
249 1 1 1 2 13 15 1 6 1 6 1 6 18 18 
250 1 2 1 0 1 3 1 5 16 1 5 1 6 22 18 
2 5 1 I 2 1 0 1 3 1 5 1 6 1 5 1 5 2 1 18 
252 I 3 13 1 2 1 2 I 5 15 1 5 I 5 18 
253 1 2 12 1 2 13 20 1 5 1 5 1 5 1 6 
254 13 1 3 12 1 3 20 1 5 1 5 1 5 1 6 
255 1 3 I 3 1 2 13 1 4 1 5 15 1 5 15 
256 1 2 1 2 12 13 13 1 5 I 5 1 5 1 5 
257 1 2 1 2 1 2 12 1 2 1 5 1 4 1 5 I 5 
258 1 3 1 3 1 2 1 2 1 1 1 3 1 6 1 6 15 
259 1 3 1 I 1 3 1 1 1 2 1 2 1 6 1 6 16 
260 1 1 1 0 1 0 I 0 1 1 I I 15 16 16 
261 1 0 1 I I 1 I 0 12 1 1 1 5 I 5 1 6 
262 1 1 1 0 I 2 1 0 1 1 1 2 1 4 18 15 
263 1 1 1 1 1 2 1 1 1 0 I 0 I I I 2 1 5 
264 1 0 1 0 I 0 13 1 1 I 0 I 0 1 1 1 1 
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TABLE 7 

BACKGROUND ALBEDO MAY (9o) 

LATITUDE ( IV) 
0 58 57 56 55 54 53 52 51 50 
N 
G 230 I 7 18 I 6 1 2 12 8 - 1 - 1 - 1 

I 23 1 1 7 14 1 4 12 I 2 I 1 8 8 -I 

T 232 I 7 I 4 14 I 2 12 1 1 11 I I 7 

u 233 I 7 I 2 12 I 2 I 2 1 3 20 1 2 1 0 
D 234 1 4 I 2 12 I 4 12 12 25 14 12 
E 235 1 3 12 12 1 2 I 2 1 2 1 7 l 6 1 0 

(£) 236 14 I 2 I 2 1 2 I 4 I 5 l 5 24 1 I 
23 7 I 2 14 I 2 12 I 5 1 5 I 7 I 4 1 3 
238 12 I 2 I 2 I 2 12 1 4 17 I 7 12 
239 1 2 I 5 1 2 I 2 1 2 13 1 7 20 l 7 
2 40 I 2 1 2 1 2 I 2 13 14 12 I 2 12 
241 I 2 1 2 I 4 I 2 I 2 1 5 1 5 1 2 1 2 
2 42 12 I 5 12 I 2 12 18 19 12 12 

243 I 1 I 1 12 I 2 1 2 1 5 I 9 14 1 2 
244 12 I I 1 1 I 2 I2 1 2 1 7 13 12 

245 1 1 13 1 1 14 1 3 1 3 1 5 I 5 I2 
246 1 2 l l 12 I 5 1 6 16 16 16 I 9 
247 I 2 I I I 2 1 5 I 7 I 7 I 7 l 9 1 7 
248 1 2 I 2 1 2 1 3 I 7 1 7 I 7 I 9 l 7 
249 1 2 I 2 I 2 I 3 I 7 I 7 I 7 I 9 18 
250 I 2 I 2 l 2 I 3 I 6 1 6 1 7 22 I 9 
251 1 2 12 I 1 I 3 16 I 6 I 6 2 I I 9 
252 1 2 I 2 I I I 1 I 5 I 6 16 I 6 19 
253 1 I I 2 I 2 I I I6 I 6 I6 I 6 I 7 
254 I 2 I 2 12 I I I 6 I 6 16 I 6 17 
255 1 2 I 2 I 2 I 2 I 3 I 6 I 5 16 16 
256 I 2 12 I2 1 I 1 3 16 I 6 I 6 I6 
257 1 0 I I 1 2 12 1 I I 3 16 16 16 
258 I I 1 2 1 2 I 2 I I I 2 I 6 I 7 I 6 
259 1 2 12 1 2 I 1 1 I I I I 6 1 6 1 7 
260 I 2 I 2 12 I 1 I l I 1 13 1 6 16 
261 1 1 I 2 12 I I 9 1 0 13 I 2 I 6 
262 I 2 12 1 2 II I 0 9 1 2 I 6 16 
263 1 2 1 1 1 2 I 2 1 1 1 1 1 I 1 2 1 5 
264 1 1 1 I 1 1 1 2 12 1 1 11 1 2 12 
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TABLE 8 

SNOW ALBEODS FOR JANUARY (9o) 

LATITUDE 
0 58 57 56 55 54 53 52 5 1 50 
N 
G 230 29 .6 80.0 8 0 . 0 27.2 27 . 2 8. 0 8.0 8.0 8. 0 
I 231 29.6 80.0 2 7. 2 26. 4 2 4 .8 28.8 8. 0 8. 0 8.0 
T 232 80.0 80. 0 27 .2 26 .4 24.8 24.8 27.2 8. 0 8. 0 
u 233 80 .0 80.0 25.6 26.4 27.2 24.8 3 1 . 2 26.4 27.2 
D 234 28.0 26.4 25 .6 28.8 2 7. 2 24. 0 35.2 28.0 24.0 
E 235 80. 0 25.6 26.4 27 .2 26.4 24.0 28.0 29.6 26.4 

(r) 236 
237 

28. 0 
24.8 

25.6 
28.0 

27.2 
26.4 

26.4 
26.4 

28.8 
28 .0 

28.0 
28.0 

30.4 
30.4 

34.4 
80.0 

26.4 
26.4 

238 24.8 24.8 26.4 26.4 25.6 28.8 30.4 80. 0 80.0 
239 24.8 26 .4 26.4 26.4 26. 4 28.0 30.4 80.0 80 . 0 
2 40 24.0 24.0 24.8 24.8 25.6 28.0 26.4 27.2 26.4 
241 2 4. 0 24.8 26.4 24.8 24.8 28.8 28.8 2 7. 2 25.6 
242 2 4. 0 2 7. 2 24 .0 24.8 25.6 3 1 . 2 31. 2 25. 6 24.0 
243 24. 0 24.0 24.8 24.8 26.4 28.0 32. 0 26. 4 24.0 
2 44 24.0 24.0 27.2 24.8 26 .4 26.4 30.4 80.0 2 4. 8 
245 24. 0 25.6 25.6 26 . 4 28.8 28.0 28 .0 26.4 24.8 
246 24.0 24.0 27.2 28.8 80.0 80.0 80.0 80.0 80.0 
247 24.0 24. 0 26.4 28.8 80.0 80.0 80.0 80.0 80.0 
248 24.8 25.6 26.4 28.8 29.6 80.0 80.0 80.0 80.0 
249 24.8 26.4 26 .4 28.8 29.6 80.0 80. 0 80. 0 80.0 
2 50 26.4 24.8 26.4 29.6 29.6 80 . 0 80.0 80 . 0 80.0 
251 25.6 26 .4 28.0 28.8 29 . 6 80. 0 80.0 80.0 80.0 
252 26.4 2 7. 2 26.4 2 7.2 28.0 80. 0 80.0 80 . 0 80.0 
253 28.0 26.4 25.6 27 . 2 3 2. 0 28.0 80. 0 80.0 71 . 8 
254 27.2 27.2 26.4 27.2 32 . 0 28. 0 80.0 80. 0 80.0 
255 27.2 27 . 2 26.4 27.2 27.2 28.0 80.0 80.0 80 . 0 
256 27.2 2 7.2 26.4 27.2 2 6 .4 28.0 80 . 0 80.0 80.0 
25 7 29.6 80. 0 26.4 26 . 4 26 .4 28.0 28.0 80.0 80.0 
258 28.0 28.0 2 7. 2 2 7.2 25 .6 27.2 29 . 6 80 . 0 80 . 0 
25 9 27.2 26.4 27.2 26.4 29.6 29 . 6 29.6 80 . 0 80.0 
26 0 25.6 24.8 24. 0 24.8 27 . 2 28.0 30.4 28.8 80. 0 
261 26.4 26.4 24.8 24 . 8 34.4 80. 0 29.6 3 1 . 2 28.8 
262 25.6 24.8 26.4 25.6 28.0 34.4 80 . 0 30.4 28.0 
263 25.6 26.4 26.4 26.4 24.8 2 4.0 2 7. 2 80. 0 80. 0 
264 24.0 24.8 24 . 8 27.2 25 .6 25.6 24.8 25 . 6 25.6 
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TABLE 9 

SNOW ALBEDOS FOR MARCH (?a) 

LATITUDE (N') 
0 58 57 56 55 54 53 52 5 1 50 
N 
G 230 29.6 80.0 80.0 27.2 24.8 8.0 8.0 8. 0 8.0 
I 231 29.6 80.0 27.2 26.4 24. 0 24.8 8. 0 8. 0 8.0 
T 232 80.0 80.0 27. 2 26.4 24.0 24.0 2 4. 0 8.0 24.0 
u 233 80.0 80.0 25.6 26 .4 25.6 24 .0 3 1 . 2 24.0 24.0 
D 23 4 28.0 26.4 25.6 28 .0 26 .4 24 . 0 35.2 25.6 24.0 
E 235 80.0 25.6 26.4 26.4 26.4 24 .0 27.2 28.0 24.0 

(f) 236 
237 

28.0 
24.8 

25.6 
27.2 

26.4 
26.4 

26.4 
26.4 

28 . 0 
28.0 

28.0 
28.0 

30 .4 
30.4 

34.4 
80.0 

24.0 
25.6 

238 24.8 24.8 26.4 26 .4 25.6 28.0 3 0. 4 80.0 80.0 
239 24 .8 26.4 26.4 26.4 26.4 27.2 3 0. 4 80.0 80.0 
240 24 . 0 24. 0 24.8 24.8 25.6 28.0 26.4 26.4 26.4 
241 24. 0 24.8 26.4 24.8 24.8 28.8 28.8 26.4 25.6 
242 24. 0 26.4 24.0 24.8 25 .6 3 1. 2 31. 2 2 4.8 24. 0 
243 24.0 24. 0 24 .8 24.8 26.4 28.0 32.0 26.4 24.0 
244 24.0 24.0 25.6 24.8 26.4 26.4 30.4 80.0 24.8 
245 24.0 25.6 24.8 26.4 28.0 28.0 28.0 26.4 24.8 
246 24.0 2 4 .0 26.4 28.8 80.0 80.0 80.0 80.0 80.0 
247 24. 0 24.0 26.4 28.8 80.0 80.0 80.0 80.0 80.0 
248 24.0 25.6 26.4 28.0 28.8 80.0 80.0 80.0 80.0 
249 24.8 25 . 6 26.4 28.0 28.8 80.0 80.0 80.0 80.0 
250 25.6 24.0 26.4 28.0 28.8 80.0 80.0 80.0 80.0 
251 25.6 24. 0 26 .4 28.0 28.8 80.0 80.0 80.0 80.0 
252 26.4 26. 4 25.6 25 .6 28.0 80.0 80.0 80.0 80.0 
253 25.6 25.6 25.6 26.4 3 2. 0 28.0 80.0 80.0 80.0 
254 26.4 26.4 25.6 26.4 32 . 0 28.0 80.0 80.0 80.0 
255 26.4 26.4 25.6 26.4 27. 2 28 .0 80.0 80.0 80.0 
256 25.6 25.6 25 .6 26.4 26.4 28.0 80.0 80.0 80.0 
257 25.6 80.0 25.6 25.6 25.6 28.0 27.2 80.0 80.0 
258 26 .4 26.4 25.6 25.6 24.8 26.4 28.8 80.0 80.0 
259 26. 4 24.8 26.4 24.8 25.6 25.6 28.8 80.0 80.0 
260 24.8 24.0 24. 0 24.0 24.8 24.8 28.0 28.8 80.0 
261 24.0 24.8 24.8 24.0 25.6 80.0 28.0 28.0 28.8 
262 24.8 24 .0 25.6 24.0 24.8 25.6 80.0 30.4 28.0 
263 24.8 24.8 25.6 24.8 24.0 24.0 24 .8 80.0 80.0 
264 2 4.0 24.0 24.0 26.4 24.8 24. 0 24.0 24.8 24.8 
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TABLE 1 0 

SNOW AL BEDO FOR MAY (fo) 

LATITUDE (N') 
0 58 57 56 55 54 53 52 5 l 50 
N 
G 230 29.6 80.0 1 6 . 0 1 2 . 0 12 . 0 8.0 8.0 8. 0 8. 0 
I 2 3 1 29.6 50.2 2 1 . 2 1 2 . 0 1 2 . 0 1 1 . 0 8.0 8.0 8.0 
T 232 80.0 80.0 2 1 . 2 25.6 25.6 1 2 . 0 1 1. 0 8 . 0 21.6 
u 233 80.0 80.0 19. 5 25.6 25.6 1 3 . 0 2 0. 0 1 2 . 0 24.0 
0 234 2 1 . 2 19. 5 19. 5 1 4 . 0 1 2 . 0 1 9 . 5 3 1 . 0 21 . 2 25. 6 
E 235 80.0 19. 5 19. 5 25.6 1 9 . 5 1 9 . 5 1 7 . 0 23.0 24 . 0 

(f) 236 
237 

27.2 
25.6 

25 . 6 
25.4 

25.6 
25 . 6 

1 2 . 0 
25.6 

14. 0 
1 5 . 0 

2 2 • 1 
22 . 1 

15. 0 
29.6 

35.2 
80. 0 

1 1 . 0 
26 . 4 

238 1 2 . 0 l 2 . 0 23 . 8 25.6 2 5 .6 27.2 29 . 6 1 7 . 0 80.0 
239 23.8 23. 7 23.8 25.6 25.6 26.4 23.9 2 0. 0 80. 0 
240 23.8 21.6 21.6 25.6 26.4 27.2 1 2 . 0 25.6 25 . 6 
2 4 1 25.6 2 1 . 6 27.2 25 . 6 25.6 28.0 28.0 25.6 25 . 6 
242 23.8 24.2 2 1. 6 25.6 25 . 6 30.4 3 1 . 2 25.6 25.6 
243 2 3. 0 20.8 2 1. 6 25.6 I 2 . 0 28.0 3 1 . 2 27.2 2 5. 5 
2 44 2 1 . 6 20.8 20.8 I 2 . 0 1 2 . 0 25.6 29.6 80 . 0 25 . 6 
245 20.8 22 . 5 23.3 1 4 . 0 13.0 1 3 . 0 26.3 28 . 0 25.6 
246 23.8 23.0 1 2 . 0 1 5 . 0 16. 0 1 6 . 0 36.2 1 6 . 0 80.0 
247 23.8 1 1 . 0 1 2 . 0 19. 1 36.3 36.3 1 7 . 0 1 9 . 0 80. 0 
248 23.8 1 2 . 0 1 2 . 0 1 7 . 2 21. 0 62 . 0 I 7 . 0 1 9 . 0 1 7 . 0 
249 1 2 . 0 1 2 . 0 1 2 . 0 1 3 . 0 2 1 . 0 36.3 36.3 38.3 18 . 0 
250 1 2 . 0 1 2 . 0 1 2 . 0 1 3 . 0 1 6 . 0 36. 2 36.9 2 2 . 0 19 . 0 
251 1 2 . 0 1 2 . 0 1 1 . 0 1 3 . 0 I 6 . 0 36.2 36.2 2 1 . 0 1 9 . 0 
252 1 2 . 0 1 2 . 0 I I . 0 I 1 . 0 1 5 . 0 3 6. 2 36 . 2 1 6 . 0 19 . 0 
253 I I . 0 1 2 . 0 1 2 . 0 1 1 . 0 16 . 0 16 . 0 36.2 1 6 . 0 1 7 . 0 
254 1 2 . 0 1 2 • 0 1 2 . 0 I 1 . 0 28 . 8 1 6 . 0 36 . 2 1 6 . 0 1 7 . 0 
255 23.8 23.8 23.8 1 2 . 0 1 3 . 0 16. 0 80.0 1 6 . 0 16 . 0 
256 23 . 8 23 . 8 I 2 . 0 1 1 . 0 1 3 . 0 16. 0 1 6 . 0 1 6 . 0 16. 0 
257 2 2. 1 70.8 I 2 . 0 1 2 . 0 I 1 . 0 13. 0 16 . 0 16. 0 16. 0 
258 2.3 . 0 23.8 1 2 . 0 1 2 . 0 24.8 I 2 . 0 1 6 . 0 I 7 . 0 I 6 . 0 
259 25.6 23.8 1 2 • 0 I 1 . 0 23. 0 23 . 0 16. 0 I 6 . 0 I 7 . 0 
260 25.6 23.8 23.8 23. 0 2 3. 0 23.0 1 3 . 0 I 6 . 0 16 . 0 
261 24.8 23.8 23.8 23. 0 2 1 . 3 7 0.6 I 3 . 0 1 2 . 0 16 . 0 
262 25.6 23 . 8 23.8 2 3. 0 2 2. I 2 1 . 3 I 2 . 0 I 6 . 0 16. 0 
263 25 . 6 23 . 0 23 . 8 23.8 23.0 2 3 . 0 1 1 . 0 1 2 . 0 1 5 . 0 
264 24.8 24 . 8 2 3. 0 23 . 8 23.8 23 . 0 1 I. 0 1 2 . 0 12 . 0 



35 


value, even in May. It should be noted that a test was not 

performed on the significance of the water equivalent being 

between zero and one be c ause the backgr o und albedos varied 

between the months concerned. There were too few instances when 

the background albedo remained the same for the three months 

involved in this study for a t e st to b e performed. 
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TABLE 11 


RESULT S OF THE STATISTICAL TESTS 


58 N LATITDE (ALL LONGITUDES) 

JANUARY Number Mean Standard F* Fer it 
deviation 

snow 35 30.61 15.44 
albedo 39.73 1.68 
backgroun 
albedo 

35 12.77 2.45 ( -¥<' ) (c.r~f 

MARCH 

snow 35 3 0. 08 15.58 
albedo 48.94 1.68 
background r- 41 r 	ru--.t
albedo 35 12. I I 2.2 3 

MAY 

snow 35 26.68 1 7 . 4 2 
albedo 93.13 1.68 
background 35 12.49 1. 81 

( .It 	 f ( c..n+
albedo 

5 7 N LATITUDE (ALL LONGITUDES) 

JANUARY 

snow 35 33.55 1 9 • 2 7 
albedo 107.32 1.68 
background 35 12.66 1. 86 r: lf 	) (c..~+albedo 

MARCH 

snow 35 3 3 . 0 1 19.49 
albedo 128.77 1.68 

I 1. 86background 35 	 I. 72 ( '* I r".. -:t­
albedo 

MAY 

snow 35 33.5 19.80 
albedo 190.3 1.68 
background 35 1 2 • 3 4 1 • 44 l::'li ...... r: . 
albedo 	 t l"u,_f 

t* tcrit 

6.75 2.03 

-f. ~ I ten-+ 

6.75 2.03 

.{: ~ ) ca ~t 

4.79 2.0 3 

../::_~ f Cv~t 

6.39 	 2.03 

..f:.* I t.;,r-c.t 

6.40 	 2.03 

-t.* I tc.~ ~t 

4.42 2.03 

t~) tcr,__f 



37 


CHAPTER SIX 

DISCUSSION 

Before discussing the albedo results, it is necessary to 

discuss the snow depth and water equivalent depths. More 

specifically, it is important to describe the accuracy of the 

data from the record s themselves. Snow data measurements have 

been questioned by Goodison (1981) and Potter (1965) among 

others. The depth of freshly fa 11 en snow is measured by a 

standard snow ruler at a number of representative points and the 

average of these is recorded to the nearest 0. 2 em. The water 

equival e nt is generally obtained by dividing the snowfal 1 amount 

by 10. Principle climate stations, as well as some ordinary 

stations, are equipped wi th Nipher Shielded Snow Gauges where the 

actual water equivalent of the snowfall is obtained by melting 

the contents of the gauge . This method is more accurate than the 

former s i nee the depth of fresh 1 y fa l 1 en snow and its water 

equivalent can vary primarily as a function of temperature. 

Problems occur however, in obtaining compatible measurements 

either when using different methods of measurement at a single 

site or when using similar equipment at different sites with 

varying exposures {Goodison, 1981). Further, Potter ( 1965) 

recognized problems with snow cover measurements due to the fact 

t hat many of the principle observing stations are located at 

airports where it is difficult to obtain a representative series 

of measurements. Most airport sites are exposed rather than 

sheltered or forested ·consequently redistribution by wind leads 

to errors in measurement. 
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When dealing with a 1° by 1° grid cell the actual area 

i nvo 1ved is sever· a 1 thousand square kilometres. One or two 

stations with collected sno w depth data per grid does not 

represent the snow depth of the e nt ire area for reasons discu ssed 

above as well as the fact that th e area i s - s imply too large for 

one measurement to be representative even if the landscapes are 

similar. Most climate models have even larger grid resolutions. 

For example, the CC C GCM uses a grid resoluti on of 5.5 latitude 

by 5.6° longitude. Hummel and Reck (1979) developed a global 

surface albedo model in which albedos are given f o r elements 10 

on a side . These l arger cells in crease the are a involved 

immensely. Sno w depth , as a result, would not be handled as 

r igorously as it was in this study which involved the collection 

of recorded data from stations in a 1° square cell. Also, many 

areas had poor representation of snow stations . The methodology 

is questionable because of the inadequate collection of snow data 

for many areas in the study. 

The addition of snow has been shown to significantly change 

the albe do values. The depth of snow cover is an important 

influence on the snow a lbedo (Kukla and Robinson, 1980). Once 

the snow reaches a certa in depth or accumulates a certain 

thickness, the effects of the underlying surface become 

n'e g l i g i b l e. This depth however is dependent on other factors 

such as age and grain size radius. For example, 20 em of fluffy 

new snow with grain radius 50 um becomes semi-infinite at 2 em 

while 50 em of old melting snow with grain radius 1000 um becomes 

semi-infinite at 20 em (Wiscombe and Warren, 1980). In composing 
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a mode l for spectral albedo of snow, Wiscombe and Warren (1980) 

adjust for the grain size for deep snow and liquid equivalent 

depth for thin snow. Age and grain size radius are difficult 

measurements to obtain on both s ma 1 1 and large seal es and as a 

result many models do not account for such Factors. For example , 

in this study 10 em of snow cover was assumed to produce a semi-

infinite cover for both January and Mar c h. Ten centimetres, 

however, does not seem 1 ikely to cover all natural surfaces to 

the point of becoming semi-infinite unless it is freshly fa llen 

sno w. Equation 3 in Chapter Two calc ulate s a new albedo value if 

the water equivalent is between 0 and em because the snow 

surface is thin and the effects of the underlying surface come 

into play. So me surface albedos in May (Table 10) were 

calculated this way. 

Snow albedo depends on factors other than those previously 

mentioned. Angular and spectral distribution of incoming 

r~adiation as well as type, density, and roughness of vegetation 

also influence the snow surface albedo. The influence of the 

zenith angle can be seen by the different monthly background 

albedos. However, there are very few albedo measurements of 

snow-covered forest in the 1 iterature to allow for comparisons to 

the value s obtained in this study. Hummel and Reck (1979) have 

assig ned a snow albedo 0.36 to 0.47 to coniferous forests with 

snow. In this study evergreen forests have an albedo of 0.25 to 

0. 3 0. However, these va 1ues may be 1ower because hydrographic 

features are taken into consideration. Mixed coniferous and 

deciduous forests have a winter albedo of 0.345 according to 
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Hummel and Reck (1 979) while this study calculates a value of 

0 . 28 to 0.32. Lack of other values, however, prevent further 

comparisons even though the above mentioned compare favourably. 

In summary, it has been found that the records of snow depth 

data are suspected to be inaccurate due to the errors involved in 

measuring snow depth. Further, using one of two stations of 

recorded data per grid eel 1 is not a representative depth of the 

e ntire cell The presence of snow has been shown to be 

significant in changing the albedo values. Depth of snow 

strongly influences albedo, however, other factors need further 

study. Ag e and grain siz e a re important influences, but they are 

difficult to obtain and unrealistic for GCMs at present. The 

albedos of s now covered forests obtained in this study seem to 

agree fairly well with those of Hummel and Reck (1979). 
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CHAPTER SEVEN 

CONCLUSIONS 

The purpose of this paper was to examine snow albedo values 

determined using real time snow depth and water equivalent depth 

data. The accuracy of data from snow record s has been questioned 

by Goodison (1981) and Potter (1965). Errors in the measurement s 

may have 1 ed to inaccur a te snow d ept h records. Also, the 

assumption that the dat a from one or two stations per gr id eel 1 

is repre se ntative of the entire grid cell may be invalid 

considering the large area involved and the possible errors fr o m 

measur e ments themselves. However, for certain months of the 

ye a r, suc h as January this assumption may be valid. This i s 

espec ially true when equations s uch as the one in Chapter Two 

limit the effect of snow depth. Months in which snow depth is 

usually grea ter than 10 em such as January (as evidenced by both 

the data collected from the stations as well as Climatic Atlas 

(1984)) ended up assuming an albedo equal to whatever was 

previously assigned except when weighting procedures were used 

(In this study snow albedo equals 80"/.). The general feeling was 

that in May, more careful depth measurements were needed because 

there are many areas with less than 10 em of s now on the ground. 

The depth of snow co ver is an important i nf I uence on the 

snow albedo. If the snow cover becomes thick enough, the effects 

of the underlying surface become negligible. The actual depth in 

whi c h this occurs depends on such factors as grain radius and 

age. Newer snow , whi c h usually has a smaller grain radius , 
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requires less depth to become semi-infinite than does older snow. 

It is stressed that age and grain radIus data are d i ffi cu 1 t to 

obtain on both large and small scales and are usually Ignored in 

most models. In this study, for example, snow depth was the only 

factor used in determining the snow albedos. The snow depth was 

given an arbitrary value of 10 em in which the snow albedo would 

not change even if the snowpack became thicker. Age and graIn 

radius were not taken into consideration and so the snow albedo 

results obtained in thi s study may not be accurate, but are 

likely more realistic than what most GCMs resolve. This is the 

perhaps one reason why climate models give model climates. 

Incomplete and/or hypothetical treatment of important factors 

lead to unrealistic results. On the other hand, some factors may 

very well be difficult, if not impossible, to obtain pertinent 

data about on a large scale. It is hoped that future works wil 1 

see databases improve as a result of better observational data 

as well as more sophisticated theoretical techniques a nd global 

climate models wil 1 produce realistic c li mates. 
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