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Abstract

A computer proaram 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 cm and so the snow albedo was not a function of the
surface type rather only the snow cover. For May, however, snow
depths of less than 10 cm were obtained and the albedo became a
function of both the water equivalent as well as surface type.
The method of data collection is criticized primarily because of
the instances of measurements and methods of measurement. Also,
the equation in which the snow albedo is calculated is criticized
because it only takes into consideration snow depth and not other
important factors such as snow age density and crystal structure.
However, age, density, and crystal structure are difficult
measures to obtain data for on a targe scale typical of GCHMs.
Good comparisons 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 depend on
many factors such as material composition, surface roughness, and
moisture content to name a few (Dickinson, 1983). When adding
snow to land surfaces the resulting albedo depends on many other
different factors including depth of snow cover, as well as the
type and density of vegetation (Kukla and Robinson, 1980).
Surface albedo is an important climatic parameter to be studied
with respect to the entire Earth-Atmosphere regime. Climatic
models such as general circulation models are tools in which the
study of the Earth-Atmosphere regime including parameters such as
albedo are scrutinized on a global scale. It must be kept in
mind, however, that climate models produce model climates. That
is, they are not necessarily realistic climates that can be
readily applied to situations today. There aré many reasons for
this. First, complex reiationships exist between the earth and
atmosphere which can not all be accurately prescribed in a model.
Secondly, lack of observational and theoretical databases can
cause gross errors in estimations of certain parameters which
would lead to overall model deviations from reality. Thirdly,
the lack of observational data implies that meaningful
comparisons with reality may be difficult with model results and

so models are tested for sensitivity rather than for accuracy.



It is the purpose of this paper to firstly calculate snow
albedos for certain months of the year using a computer program
especially written for this study. These results wiil then be
examined statistically and discussed in terms of the data
collection methods as well as with other methods used in

calculating the snow albedo.



CHAPTER TWO

LITERATURE REVIEW

Climate models were developed to study global climate by
both reconstructing and predicting weather and climate. They
simulate the processes controlling the relationship between the
circulation of the atmosphere and the energy balance of the
planet (National Academy of Science, 1975). General circulation
models (GCMs) are the most sophisticated of all climate models.
They are complex three-dimensional computer models, that in
simplistic terms, contain equations governing the dynamics and
thermohydrodynamics of the atmosphere for a finite number of grid
points. The algorithms are integrated forward in time from
predetermined initial boundary conditions until a model climate
is generated after a period of 40 or more days of simuiated time
(Witliams, 1978).

GCMs vyield an improved understanding of the climate system
as a whole as well as the individual parameters that contribute
to the Earth-Atmosphere climate 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. Also, these models can be used to monitor

environmental 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 isoiation from all others and then re-examined as



they vary in response to one or all parameters (McLaughlin,
1985). One parameter of particular interest in this study is the
surface afbedo.

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
albedo varies spatially and temporally. As well, it depends on
many factors including material composition, surface roughness,
moisture content, and the wavelength and incidence angle of
incoming solar radiation (Dickinson, 1983, Kukla and Robinson,
1980) . Thus, surface albedo is a significant term in the
radiation and surface energy balances.

The net radiation balance is the algebraic sum of net
shortwave and net longwave radiation exchange (Oke, 1978). It

can be written as follows:

Q* = K (1-«¢) + Ly - 1} (1)
where Q¥ is the net all-wave radiation,
K is the shortwave input to surface (both direct and
diffuse),

« is the surface albedo,
Ly is the incoming longwave radiation emitted by
atmosphere, and
LT is the longwave emitted by the surface.
(Oke, 1978, pa.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

atmosphere, the surplus and deficit energies cause an imbalance

in the system. The processes of conduction and convection are



initiated causing the transfer of Earth’s surplus into the
atmosphere to attain thermal equilibrium (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

atmosphere (Oke, 1978). It can be written as follows:
Q* = Qy + Q + Qg (2)
where Q* is the net all-wave radiation,

Qy is the upward transfer of sensible heat,

Qg is the latent heat (of vapourization) transfer, and

Qg is the conduction to or from the underlying surface
(Oke, 1978, pg.30).

Accurate surface 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 surface albedo (Henderson-Seilers and Wilson, 1985).
There are a limited number of albedo datasets for use in GCMs in
the literature. Hummel and Reck (1979), for example, developed
seasonally-averaged surface albedos for cells 10° in latitude by
10° by longitude. Kuklia and Robinson (1980) developed zonal mean
monthly surface albedos in 20 latitudinal belts as well.

There are a number of approaches used fto develop surface
albedo datasets. Recently, Wilson and Henderson-Sellers (1985)
developed a soil and vegetation archive for use in climate
models. Over 100 atlases and map books were used to construct
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. MclLaughlin (1985%) added an archive of terrestrial
hydrographic features. There were four main map sources used for
its constfuction. 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 (1:5,000,000 plates). The
terrestrial hydrographic dataset provided percentages of the
following surface types; salt water, fresh water, swamp or
marsh, salt flats, salt marshes, glacier ice, intermittent water,
and dunes. Both databases have fine resolutions of [ by 1° for
the entire globe. They are important tools when used in
combination with one another to generate model appropriate
surface albedos and to derive land cover 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 literature. A computer
program was written to generate weighted grid cell albedos for
all months of the vyear. The terrestrial water types of

MclLaughlin (1985) were weighted as recorded in the dataset while
the primary and secondary vegetation types of Wilson and

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

third respectively of the remainder and soil albhedo considered in
the absence of vegetation (MclLaughlin, 1985). A simple example
of how this works is as follows. Suppose there is 50% dense
forest and 50% fresh water in a grid cell. The albedo for a

dense forest in May is 12.3% and for fresh water it is 8.0%. The



weighting takes 50% of each albedo 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 = 16:15%:. 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 soils are not covered by vegetation, they
are considered in the derivation. This dataset provides the
background albedo (i.e. the snow free land albedo) for all months
of the year. Background albedos are the most useful format to
have because snow is often a prognostic variable (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 anguliar 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 eqguation referenced in Henderson-Sellers and Wilson
(1983), which is based on the work of Holloway and Manabe (1971),

is a8 standard equation used in a number of some GCMs for
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calculating the albedo of snow and ice-covered surfaces. [t is
written as follows:

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

—

where a 5 the albedo,

a(l) is the snow-free land albedo,

a(sw) is the albedo of deep snow, and

d(sw) is the water equivalent depth of snow

(Henderson-Sellers and Wilson, 1983, pg.1796)

Some models have a(sw) equal to 0.6 and others like the Canadian
Climate Centre (CCC) GCM have a(sw) equal to 0.7 (McLaughlin,
1985). This treatment is simplistic, but seems valid. However,
snow-masking depth as it relates to surface albedo can be
significant for model climates and thus, will be the focus of
this thesis.

Accurate surface albedo databases appear to be important
when studying the climate with a GCM. For instance, Sud and
Fennessy (1982) found that increasing surface albedo in the
subtropics resulted in the cooling of the atmosphere. There is
much room for improvement of existing albedo databases. As
observationally and theoretically determined datasets improve
gqualitatively and spatially, GCMs will become even more powerful

tools for the study of the climate system (Washington and

Parkinson, 1986).



CHAPTER THREE

STUDY SITE

The area of particular interest in this study consisted of
the provinces of British Columbia, Alberta, Saskatchewan, and
part of Manitoba. More specifically, the area enclosed between
49° and 58° N and from 230°to 264°EFE was scrutinized (Figure 1).
There were a few reasons for choosing this study area. First, as
much data was collected as time allowed. Also, this was an area
which was felt to represent major land surface types in Canada
(Table 1). Accurate regional albedo values of these different
land surface types are likely to be important in GCMs. Since
there are specific areas in which the month of May records
substantial snow covers as well as other 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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Figure 1 STUDY AREA
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TABLE 1A

PRIMARY VEGETATION TYPES

LATITUDE :
0 58 517 56 55 54 5.3 52 51
N
G 230 11 61 62 11 It 0 0 0
I 231 11 61 11 Il 11 10 0 0
T 232 61 11 14 11 10 10 0
U 233 sl () 11 11 11 10 10
D 234 10 11 11 11 11 10 10
E 235 6l 11 11 11 11 10 10
236 10 11 11 11 11 11 35
237 10 11 11 11 11 11 31
238 10 10 11 11 11 Il 31
239 10 10 )| 11 11 11 31
240 10 10 10 10 10 11 Yl
241 10 10 10 10 10 11 11
242 10 10 10 10 13 11 11
243 10 10 10 10 13 11 11
244 10 10 11 10 I3 11 31
245 10 10 11 10 13 11 11
246 11 10 11 40 40 40 40
247 11 10 i 40 40 40 40
248 11 11 11 11 40 40 40
249 11 11 11 11 40 40 40
250 11 10 11 11 40 40 40
251 11 10 11 11 40 40
252 11 11 11 11 40 40
253 11 il 11 1l 40 40
254 11 11 11 11 40 40
255 11 11 11 11 40 40
256 11 11 1 11 40 40
257 11 11 11 11 35 40
258 11 Il 11 11 11 40
259 11 10 11 11 11 40
260 10 10 10 10 10 35
261 10 10 10 10 10 35
262 11 10 11 10 1 11
263 11 10 11 10 10 ]
264 11 11 11 10 10 10

10
10
10
10
10
10
31
31
11
11
10
10
10
10
40
31
30
31
31
40
40
40
40
40
40
40
40
40
40
35
35
40
10
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TABLE 1B

KEY TO PRIMARY VEGETATIONS TYPES -IN TABLE 1A

NUMBER

0
1
10
11
13

30

31
35
40
61
62

CODE

Open water

Inland water

Dense needleleaf evergreen forest
Open needleleaf evergreen woodland
Open mixed needleleaf and
broadleaf, evergreen and deciduous
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 obtaining snow cover
depth and the water equivalent depth of the snow cover for
various stations in the study area. Snow cover refers to a layer
of snow on the ground surface. It is synonymous with the ftotai
accumulation of the snow lying on the ground or the total depth
of all snow on the ground (Potter, 1[965). The snow cover depth
and water equivalent data were available from records published
by Environment Canada. Some of the stations indicated records of
over 40 vyears. Howevér, the most vyears collected was 22 as data
previous to that was unavailable at the time of data collection.

As discussed earlier, the study site was split into the fine grid

a o

resolution of 1 by 1 (Figure 2). Some of these grid cells had
more than 10 stations located in them while others had none. The
snowfall records found in the Climatic Attlas of Canada published

by Environment Canada (1984) were used to obtain data for those
grid cells without stations in them. If, however, a cell had
many stations, the ones with the most years of recorded data were
used. Also, elevation was an important factor in deciding what
stations to record. McKay (1968) pointed out that along a
specific slope, elevation and snow cover are strongly related
such that snow depth increases with height. In the mountainous
terrain of British Columbia this factor is especially important.
For example, Azure River and Blue River are two stations located

in the same grid cell (52°N, 119°W). They differ by about 1000



SNOW STATION D\STR\BUT\N

Figure 2 : . é““ )

I><I><’
P

X

<o)

-+

° [x|\ e

e | < |?®
P
Fo

N
3%
o ol ¥
Al
il
==
=
£
Yo
2P
5
i
)
e
A

[x
X IM[ ﬂ.ﬁ\
4
BV
]
s
MEIES
[ o]
B
| %
|

i

ST

o [ ]
[ ] [ ] s

o® o. ° pi
— @ | 3

® e S
- -
( ] ° ><.7<

130W



15

metres in elevation and experience a difference in snow depth of

200 cm. 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 similar and snow cover
depths did not differ very much.

4.2 Background Data

The snow cover data was collected in 1° by 1° grid cells
because they were used in association with the soils and
vegetation archive of Wilson and Henderson-Sellers (1985) and the
terrestrial hydrographic dataset of MclLaughlin (1985). The
assumption was that the snow depth obtained from the stations in
each grid cell would represent the snow depth and water
equivalent depth of the entire box.

As was discussed in Chapter 2, snow and ice covered surfaces
are calculated in some GCMs using the general equation based on
the work of Holloway and Manabe (1971). The CCC GCM wuses the
former equation and then employs another equation to calculate
the ground albedo. It is written as follows:

O<G =°(C(1 '-(S:(:) +O(SQCS
where (; is ground albedo,
o< C is the minimum annual climatoliogical value of
ground albedo,
0(5 ia the albedo of a snow surface,
a - $c)is the measure of the fraction of the grid area
uncovered by snow, and
<¥5 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 CCC GCM assigns 0.70 as the maximum

albedo value that a snow-covered surface may have). However,
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upon review of the literature, the maximum snow albedo in this
study has been assigned a value of 0.80. Figure Three shows the
snow albedo as a function of wavelength. Grain size generally
increases with age and so the topmost graph represents the
freshest snow while progressively older snow is depicted in the
subsequent graphs (Wiscombe and Warren, 1980). [t can be seen
from the top two graphs that the snow albedo in the visible
wavelengths (400 - 700 nm) averages around 0.80. Hummel and Reck
(1979) state that the measured surface albedo of freshly fallen
snow can be as high as 88% while older snow can have values of
75% or Jlower. Therefore, the choice of 80% for this study
appears to be more realistic than the current CCC GCM convention
of 70%-

In winter, the CCC GCM assumes that 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 discussed in Chapter Two,
the water equivalent is always assigned a value of one so that
the snow albedo equals 0.70. In this study, however, there were
cases when the water equivalent was 1less than one and snow
albedos were then functions of varying water equivalents. Thus
the impetus for collecting the real time data was to test the
validity of the standard algorithms used to calculate snow
albedos.

A computer program (see Appendix 1) containing these
algorithms was written for use in this study to calculate surface
albedos for the months of January, March, and May for the study

area. It operated similarly to the program explained earlier in
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Chapter Two. That is, vegetation types as well as hydrographic
features were considered in the calculation. However, water
equivalen£ depths of snow were incorporated to calcuiate the snow
surface albedos. The value of the albedo depended heavily on the
surface type. For example, if the tand cover information
suggested a flat, cleared pasture for an entire grid square,
total snow coverage of over 10 cm would be assumed causing the
water equivalent depth to be 1.0 cm. Thus the snow albedo would
equal 80%. A forest, however, was handled differently because
complete snow cover can not be assumed. An estimate of snow
cover actually seen by incoming solar radiation was needed. It
was suggested that 20% snow cover contribution to total forest
albedo would be reasonable (Lafleur, personal communication).
Therefore a weighting of background albedo by per cent coverage
and a weighting of snow albedo by per cent coverage was
performed.

Of the 53 land cover classes constructed in the vegetation

and soil data archive of Wilson and Henderson-Sellers (1985),
only 12 are relevant for this study. They are found in Table 1A-
1B. Snow albedos of 80% were assigned to the following surface

types provided the water equivalent was greater than or equal to
one; inland water, temperate meadow and permanent pasture,
temperate rough grazing, arable crop land, maize, tundra, and
dwarf shrub. [f the water equivalent is less than 1 and greater
than zero, equation 3 in Chapter Two was used to calculate a new
albedo. The forested land surface types which included dense

needlieleaf evergreen forest, open needleleaf evergreen woodland,



open mixed needleleaf and broadlieaf (evergreen and deciduous
woodland), and pasture and tree were always subject to the
weighting procedure. Open water was assigned a latitude
dependent value of 8%. [f water equivalents were zero, the cell
albedo assumed the background albedo.

Once the snow surface albedos were calculated for the three
months, they were analyzed statistically with respect to the
background albedos. A two samplie, two-tailed t-test was used to
determine whether the latitudinal albedo means were equal. The

hypothesis tested was as follows:

Ho * M} = Mp The snow albedo means are the same as the
background albedos.
Hy ¢ 4y = M2 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. Second, the
populations from which the samples are selected are normally
distributed and third, the variances 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-test is calculated separately. An F-test was
used to determine if the variances were equal or not. The

hypothesis tested here was as follows:

2
Ho 91

1]

52 The standard deviation of the snow albedo
means is equal to the standard deviation of

% ,the background albedos
Hy : O O, The standard deviation of the snow albedo
means is not equal to the standard deviaton of
the background albedos.

The value of F* was determined as follows:

F* = s;/sg where sp is the larger of the standard
deviations and sg is the smaller.
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This value was compared with a critical 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 x; is the mean of snow albedos
x> is the mean of background albedos
sy is the standard deviation of snow albedo
s» is the standard deviation of background albedo
ny is the number of snow albedos (35).
ny is the number of background albedos (35).

This value is compared with a critical value of t. If t* greater
than teorjts the null hypothesis can be rejected. That is the

means differ (Norcliffe, 1982).
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CHAPTER FIVE

RESULTS AND ANALYSIS

5.1 Snow Cover Data

Figure 2 shows the snow station distribution for the study

area. Most of the stations were located in the province of
British Columbia. Saskatchewan and Manitoba had few stations
especially in the northern areas. This is illustrated in Figure

4 where study area is separated into eight regions. The provinces
were split into a northern and southern region. All the southern
regions have more stations than their northern counterpart. This
is especially evident for Manitoba and Saskatchewan (only for
both, one station was present in the northern region though there
were 23 in the southern 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 obtained for
measurements at different elevations 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 stations could provide reasonable

data.
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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
southern regions of British Columbia and Saskatchewan had a
greater number of mean years than their northern counterpart.
Overall however, the southern regions of Saskatchewan and
Manitoba showed 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
yvears available while January would have had less than 5 vyears.

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

those areas without station data. For the months of January and
March all the areas had a snow cover of over 10 cm and a
corresponding water equivalent of | cm. The water equivalent

depths for January and March are found in Tables 2 and 3. Table
4 contains the water equivalent depths for the month of May.
Many of the stations did not record data for May likely 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) was 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 3
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{cm) FOR MARCH

WATER EQUVALENTS

{N)
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TABLE 4

WATER EQUIVALENT DEPTHS (cm) FOR MAY

(N)
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LATITUDE
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this. However, this change was not entirely due to the value of
the water equivalent. Notice that the background albedo often

changed on a monthly basis.

5.2 Albedo Values

The background albedo values for January, March and May,
calculated by the method described in Chapter Two, are found in
Tabtes 5 to 7. Using these values, as well as the water

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

calculated by the method described in Chapter Four. Results are
found in Tables 8-10. All three months demonstrated higher
albedos when snow covered the surface. Table 11 shows the

results of statistical t-tests performed on the first two
latitudinally-averaged rows (580N and 57°N with all lTongitudes
averaged). Only the two north most latitude bands were examined
because during the month of May water equivalents equalled zero
more often and this trend increased southward. To continue
testing further south would have only evaluated the difference
between two non-snow albedos. Before t-tests were performed, the
variances tested nof equal and so separate t-tests were utilized.
All the t-tests indicated that the snow albedo means and the
background albedos were significantly different.

The first two latitudes represented most of the values of

water equivalent that were non-zero. Some were equal to one and
others were in between. The results of all tests indicated that
adding snow was statistically significant. That is, adding snow

to a surface caused a significant change in the surface albedo
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LATITIUDE ()

Mmoo A—oZ0

230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

58

17
17
17
17
15
14
15
11
11
11
10
10
10
10
10
10
10
10
11
Jid
13
12
13
I5
14
14
14
17
LS
14
12
13
12
L2
10

57

18
14
14
13
13
12
12
15
11
13
10
11
14
10
10
12
10
10
1.2
13
11
13
14
13
14
14
14
16
15
13
11
13
11
13
11

JANUARY BACKGROUND ALBEDO (7o)
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TABLE 5

56

18
14
14
)i
12
13
14
13
13
13
11
13
10
11
14
L2
14
13
13
L3
13
15
13
12
13
13
13
13
14
14
10
11
13
13
11

55

14
13
13
13
16
14
13
13
13
13
11
11
11
11
11
13
16
16
16
16
17
16
14
14
14
14
14
13
14
13
11
11
12
13
14

54

14
11
11
14
14
13
16
15
12
13
12
I
12
13
13
16
17
17
L7
17
17
17
15
20
20
14
13
13
12
17
14
23
15
11
12

53

25
16
11
11
10
10
15
1.5
16
15
15
16
19
1’5
13
15
17
17
16
16
15
15
15
15
15
15
15
156
14
17
15
18
23
10
1.2

52

=]
25
14
19
24
15
18
18
18
18
13
16
19
20
18
15
15
16
L7
16
16
15
L5
15
15
15
15
15
17
17
18
17
16
14
11

51

25
16
13
15
17
23
11
18
20
14
14
12
13
11
1.3
16
18
18
18
23
21
15
15
I'5
15
15
15
16
17
16
19
18
17
12
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TABLE 6

MARCH BACKGROUND ALBEDO(%)

LATITUDE (N)

0 58 57 56 55 54 53 52 51
N

G 230 17 18 17 14 1 12 =8 -1
I 231 17 14 14 13 10 i i2 P2
T 232 17 14 14 13 10 10 10 i
U 233 17 13 12 13 12 10 19 10
0D 234 15 13 12 15 13 10 24 12
E 235 14 12 § 4 13 13 10 14 i5
(E) 236 15 12 13 13 15 15 18 23
237 11 14 13 13 i5 15 18 I
238 11 i 13 13 12 15 18 18
239 11 13 13 13 13 14 18 20
240 10 10 i 11 12 15 13 13
241 10 I 13 i1 i1 16 16 13
242 10 13 10 i P2 19 19 11
243 10 10 11 il 13 i5 20 13
244 10 10 12 i 13 13 18 11
245 10 12 i1 13 15 15 5 13
246 10 10 13 16 i6 16 15 16
247 10 10 13 16 16 16 16 18
248 10 12 13 i5 16 16 16 18
249 11 12 13 15 16 16 16 18
250 12 10 13 15 16 15 L6 22
251 12 10 13 i5 16 15 {5 21
252 13 13 12 12 15 i5 15 15
253 12 12 12 13 20 15 i5 15
254 13 13 12 13 20 15 15 15
255 13 13 12 13 14 15 15 i5
256 12 12 12 13 i3 i5 15 15
257 12 12 12 12 12 15 14 15
258 13 13 12 12 I 13 16 16
259 13 1 13 1 12 12 16 16
260 11 10 10 10 1 1 15 16
261 10 I I 10 12 Il 15 15
262 11 10 {2 10 i 12 14 18
263 11 11 12 I 10 P10 T 12
264 10 10 10 13 I 10 10 i



LATITUDE(N)

0
N
G
[
T
U
D
E

(€)

230
231
232
233
234
235
236
2317
238
239
240
241
2427
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

58

17
17
17
17
14
13
14
1.2
12
12
12
12
12
11
12
11
12
1:2
12
12
12
12
12
11
1.2
12
1.2
10
11
12
12
11
12
12
i1

57

18
14
14
12
12
12
12
14
12
15
12
12
15
|
11
13
11
Il
12
12
L2
12
12
12
12
12
12
11
12
12
12
12
12
11
11

56

16
14
14
12
12
1:2
12
12
12
12
12
14
12
1.2
it
11
12
12
|
12
12
11
11
12
12
1.2
12
I2
12
12
12
12
12
12
11
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TABLE 7

55

12
12
12
12
14
¢
12
12
12
12
12
12
12
17
12
i4
15
15
1.3
13
13
13
11
11
11
12
11
12
12
11
11
11
11
12
12

54

12
12
12
12
12
12
14
15
12
12
13
12
12
12
12
13
16
17
17
17
16
16
15
16
16
13
13
11

1
1
1

N o= O O =

1
1
1

53

8
11
11
1.3
12
12
15
15
14
13
14
L5
18
15
12
13
16
17
17
17
16
16
16
16
16
16
16
13
12
11
11
10

i ¢

1
1

BACKGROUND ALBEDO MAY (%)

52

-]

8
11
20
25
17
15
17
17
17
12
15
19
19
17
15
16
1
17
17
17
16
16
16
16
L5
16
16
16
16
13
13
|2
11
11

51

11
1.2
14
16
24
14
17
20
12
12
12
14
13
15
16
19
19
19
22
21
16
16
16
16
16
16
17
1é
16
12
16
12
12

15
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LATITUDE

Mmoc-H—=ozo0

230
23
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

58

29,
29.
80.
80.
28.
80.
28.
24.
24.
24.
24.
24.
24,
24.
24.
24.
24,
24.
24,
24.
26.
25,
26 .
28.
217.
27.
2.
29.
28.
27.
25,
26.
25,
25.
24,
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57

80.
80.
80.
80.
26.
25,
25
28.
24.
26
24 .
24,
27.
24,
24.
25,
24.
24.
25.
26.
24.
26.
27
26.
27
27.
27.
80.
28.
26.
24.
26.
24.
26.
24.
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TABLE

8

SNOW_ALBEODS FOR JANUARY (%)

56

80 .
27
2
25,
25
26 .
27.
26.
26.
265
24,
26.
24 .
24,
27 s
25.
2.
26.
26
26.
26 .
28.
26.
25.
26.
26 .
26.
26.
27 .
27.
24.
24.
26.
26.
24.

DT ONNIDDEPPIITDDODADdMBEIMICNOONDODDDDDIBENDMEIIONNOOD

55

217.
26
26.
26.
28.
27.
26.
26.
26.
264
24.
24.
24.
24.
24.
26.
28.
28.
28.
28.
29
28.
27
27.
27
27.
27
26.
2 Tow
26.
24.
24,
254
26.
27.

NDOODTDBDBNDINNMNONNDOT DD XD DEDDDNEELDLIN

54

27 .
24,
24.
27.
r2of
26.
28.
28.
25
26,
25
24.
25,
26.
26.
28.
80.
80.
29,
29
29,
29,
28,
32 s
32
27.
26.
26.
255
2'9.
2.
34.
28.
24.

25.

N ODBDNTADDBENOODOOCTTOTONTOOXAEADOTIIOIDDOITOSTENNOTN

53

8.
28.
24.
24.
24.
24.
28.
28.
28.
28.
28.
28.
31.
28,
26.
28.
80.
80.
80.
80.
80.
80.
BO.
28.
28.
28.
28.
28.
27.
29.
28 .
80.
34.
24.
25.

O AOOANOOO OO0 OO0 MONDMOCDOOOEE A DO

52

8.
8.
27.
3.
35
28.
30.
30.
30.
30.
26.
28.
3.
3i2 «
30.
28.
80.
80.
80.
80.
80.
80.
80.
80.
80.
80.
80.
28.
29,
29,
30.
29,
80.
27.
24.

NOODMONONOOOQOOOCOoOOCOoOOoOLoLOOOoOhhoNIEAEMEMMMONNNODOC

34.

27
275
25.
26,
80.
26
80.
80.
80.
80.
80.
80.
80.
80.
80.
80.
80.
80.
80.
80.
28.
31.
30.
80.
25.
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O DN OCOCOODO OO0 OO PPODDIITNNODOOMNIITODDOOCO

50

27.
24.
26.
26.
26.
80.
80.
26.
25
24,
24.
24.
24.
80.
80.
80.
80.
80.
80.
80.
71.
80.
80.
80.
80.
80.
80.
80.
28.
28,
80.
25,
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LATITUDE(V)
0 58
N
G 230 29.
I 231 29.
T 232 80.
U 233 80.
D 234 28.
E 235 80.
£) 236 28.
237 24.
238 24.
239 24,
240 24.
241 24.
242 24,
243 24,
244 24.
245 24.
246 24,
247 24.
248 24.
249 24.
250 25.
251  25.
252 26.
253  25.
254 26.
255 26.
256  25.
257 25.
258 26.
259 26.
260 24.
261 24.
262 24.
263 24,

264

24.

COROCXDBDEDIITNNLELDOOADDTITNNDOO0COODOOCD OOV OOODODOOND

57

80.
80.
80.
80.
26.
25
25 .
27,
24.
26
24.
24.
26.
24.
24.
2.5
24.
24.
25
25
24.
24.
26.
28
26.
26:
255
80.
26.
24 .
24,
24.
24.
24.
24,

OO WDOOLOORBELIMEINLOOONNNOODODNOODDTODDIONVNOITOADDODODOO

TABLE 9
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SNOW_ALBEDOS FOR MARCH(7.)

56

80.
2
27«
25.
25,
26,
26.
26.
26 .
26.
24 .
26,
24.
24.
25.
24.
26,
26 .
26.
26.
26.
26.
25,
254
25.
25 .
25.
254
25 .
26.
24.
24.
25.
25.6
24.0

OB DDEDIMDIMDIDMNDDITTODDDEIMAEDMMIITONND

DVOCOOCHTOONDIEEDNITODODOCOXDTTDDNOIDEBDDEMMODMDMIMIN

26.

54

24.
24,
24,
25
26.
26
28,
28.
25
26.
25
24.
25.
26.
26 .
28.
80.
80.
28.
28
28
e8.
28.
32,
32.
21
26.
25
24.
25.
24.
25,
24.
24.
24,

DO DNVNODOCO DD OCOOEADDOTDIIDDTTOODDDITTOO D

53

8.
24.
24,
24.
24.
24,
28,
28
28.
27,
28
28
31.
28,
26.
28.
80.
80.
80.
80.
80.
80.
80.
28.
28.
28.
28.
28.
26
25,
24.
80.
25
24.
24.

OO MAMDOOOOOODDODOOOOONONIODONODOOOD DRI

52

8.
8.
24.
3 «
35
27,
30.
30.
30.
30.
26.
28.
3is
32.
30.
28 .
80.
80.
80.
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80.
80.
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80.
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80.
27.
28.
28.
28.
28 .
80.
24 .
24,
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24,
25,
28.
34,
80.
80.
80.
26.
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24.
26.
80.
26.
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80.
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50

24,
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24.

24

24,

25

80.
80.
26,
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TABLE 10

SNOW_ALBEDO FOR_MAY (%)

LATITUDE (i
0 58 57 56 55 54 53 52 51 50
N
G 230 29.6 80.0 16.0 12.0 12.0 8.0 8.0 8.0 8
I 231 29.6 50.2 21.2 12.0 12.0 11.0 8.0 8.0 8
T 232 80.0 80.0 21.2 25.6 25.6 12.0 11.0 8.0 21.
U 233 80.0 80.0 19.5 25.6 25.6 13.0 20.0 12.0 24.
D 234 21.2 19.5 19.5 14.0 12.0 19.5 31.0 21.2 25.
E 235 80.0 19.5 19.5% 25.6 19.5 19.5% 17.0 23.0 24.
£) 236 27.2 25.6 25.6 12.0 14.0 22.1 15.0 35.2 11.
237 25.6 25.4 25.6 25.6 15.0 22.1 29.6 80.0 26.
238 12.0 12.0 23.8 25.6 25.6 27.2 29.6 17.0 80.
239 23.8 23.7 23.8 25.6 25.6 26.4 23.9 20.0 80.
240 23.8 21.6 21.6 25.6 26.4 27.2 12.0 25.6 25.
241 25.6 21.6 27.2 25.6 25.6 28.0 28.0 25.6 25.
24?2 23.8 24.2 21.6 25.6 25.6 30.4 31.2 25.6 25.
243 23.0 20.8 21.6 25.6 12.0 28.0 31.2 27.2 25
244 21.6 20.8 20.8 12.0 12.0 25.6 29.6 80.0 25.
245 20.8 22.5 23.3 14.0 13.0 13.0 26.3 28.0 25.
246 23.8 23.0 12.0 15.0 16.0 16.0 36.2 16.0 80.
247 23.8 11.0 12.0 19.1 36.3 36.3 17.0 19.0 80.
248 23.8 (2.0 12.0 17.2 21.0 62.0 17.0 19.0 17.
249 12.0 12.0 12.0 13.0 21.0 36.3 36.3 38.3 18.
250 12.0 12.0 12.0 13.0 16.0 36.2 36.9 22.0 19.
251 12.0 12.0 11.0 13.0 16.0 36.2 36.2 21.0 19.
252 12.0 12.0 11.0 11.0 15.0 36.2 36.2 16.0 19,
253 11.0 12.0 12.0 11.0 16.0 16.0 36.2 16.0 17.
254 12.0 12.0 12.0 11.0 28.8 16.0 36.2 16.0 17.
255 23.8 23.8 23.8 12.0 13.0 16.0 80.0 16.0 16.
256 23.8 23.8 12.0 11.0 13.0 16.0 16.0 16.0 16.
257 22.1 70.8 12.0 12.0 11.0 13.0 16.0 16.0 16.
258 23.0 23.8 12.0 12.0 24.8 12.0 16.0 17.0 16.
259 25.6 23.8 12.0 11.0 23.0 23.0 16.0 16.0 17.
260 25.6 23.8 23.8 23.0 23.0 23.0 13.0 16.0 16.
261 24.8 23.8 23.8 23.0 21.3 70.6 13.0 12.0 16.
262 25.6 23.8 23.8 23.0 22.1 21.3 12.0 16.0 16.
263 25.6 23.0 23.8 23.8 23.0 23.0 11.0 12.0 15.
264 24.8 24.8 23.0 23.8 23.8 23.0 11.0 12.0 12.

. PO
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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 because the background 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 test to be performed.
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TABLE 11

RESULTS OF THE STATISTICAL TESTS

58 N LATITDE (ALL LONGITUDES)

JANUARY Number Mean Standard F* Ferit
deviation

SNOW 35 30.61 15.44

albedo 39.73 1.68

backgroun 35 12.77 2.45 ¥ g

albedo F & eey

MARCH

SNOW 35 30.08 15.58

albedo 48.94 1.68

background o ¥ 20

albedo 35 12.11 2.23 FE7 Fet

MAY

SNOW 35 26.68 17.42

albedo 93.13 1.68

background 35 12.49 1.81 ) .

- i 1l F*T Ferc

57 N LATITUDE (ALL LONGITUDES)

JANUARY

sSNow 35 33.55 19.27

albedo 107.32 1.68

background 35 12.66 1.86 C¥ N fck

albedo Ak

MARCH

SNow 35 33.01 19.49

albedo 128.717 1.68

background 35 11.86 1.72 F¥ 7 F nct

albedo

MAY

sSnow 35 33.5 19.80

albedo 190.3 1.68

background 35 12.34 1.44 —w

albedo | 7fiﬂ&

t*

6.

6.

4.79

6.39

Terit

75 2.03

+¥5 &wﬁ=

75 2.03
'E\é 7 ten L

2.03

¥ vt

2.03
‘é* 7 é:(k';&“i*‘%

6.40 2.03
¥ 5 Lot

4.42 2.03
t ¥ > ‘E‘(L!’L"f”
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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 records themselves. Snow data measurements have
been questioned by Goodison (1981) and Potter (1965) among
others. The depth of freshly falien 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 cm. The water
equivalent is generally obtained by dividing the snowfall amount
by 10. Principle climate stations, as well as some ordinary

stations, are equipped with Nipher Shielded Snow Gauges where the
actual water equivalent of the snowfall is obtained by melting
the content§ of the gauge. This method is more accurate than the
former since the depth of freshly fallen 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
that 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 ¥ by lo grid cell the actual area
involved is several thousand square kilometres. One or two
stations.with collected snow depth data per grid does not
represent the snow depth of the entire area for reasons discussed
above as well as the fact that the area is simply 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 CCC GCM uses a grid resolution of 5.5  latitude

by 5.6 ° longitude. Hummel and Reck (1979) developed a global
surface albedo model in which albedos are given for elements 10
on a side. These larger cells increase the area involved
immensely. Snow depth, as a8 result, would not be handled as

rigorously as it was in this study which involved the collection

1 square cell. Also, many

of recorded data from stations in a
areas had poor representation of snow stations. The methodoliogy
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 albedo values. The depth of snow cover is an important
influence on the snow albedo (Kukla and Robinson, 1980). Once

the snow reaches a certain depth or accumulates a certain

thickness, the effects of the underlying surface become

negligible. This depth however is dependent on other factors
such as age and grain size radius. For example, 20 cm of fluffy
new snow with grain radius 50 um becomes semi-infinite at 2 cm

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

semi-infinite at 20 cm (Wiscombe and Warren, 1980). In composing



a model 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 small and large scales and as a
result many models do not account for such factors. For example,

in this study 10 cm of snow cover was assumed to produce a semi-
infinite cover for both January and March. Ten centimetres,
however, does not seem likely to cover all natural surfaces to
the point of becoming semi-infinite unless it is freshly fallen
snow. Equation 3 in Chapter Two calculates a new albedo value if
the water equivalent is between 0 and 1 cm because the snow
surface is thin and the effects of the underlying surface come
into play. Some 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
radiation 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 literature to allow for comparisons to
the values obtained in this study. Hummel and Reck (1979) have

assigned a snow albedo 0.36 to 0.47 to coniferous forests with

SNOwW. In this study evergreen forests have an albedo of 0.25 to
0:.30. However, these values may be lower 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 (1979) while this study calculates a value of
0.28 to 0.32. Lack of other values, however, prevent further
comparisoﬁs 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 cell is not a representative depth of the
entire cell. The presence of snow has been shown to be
significant in changing the albedo values. Depth of snow
strongly influences alibedo, however, other factors need further
study. Age and grain size are important influences, but they are
difficult to obtain and unrealistic for GCMs at present. The
albedos of snow 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 records has been questioned
by Goodison (1981) and Potter (1965). Errors in the measurements
may have 1led to inaccurate snow depth records. Also, the
assumption that the data from one or two stations per grid cell
is representative of the entire grid cell may be invalid
considering the large area involved and the possible errors from
measurements themselves. However, for certain months of the
vear, such as January this assumption may be valid. This is
especially true when equations such as the one in Chapter Two
limit the effect of snow depth. Months in which snow depth is
usually greater than 10 cm 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 cm of snow on the ground.

The depth of snow cover is an important influence on the
snow albedo. If the snow cover becomes thick enough, the effects
of the underiying surface become negligible. The actual depth in
which this occurs depends on such factors as grain radius and

age. Newer snow, which 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 difficult to
obtain on both targe and small scales and are usually ignored in
most models. In this study., for examplie, snow depth was the only
factor used in determining the snow albedos. The snow depth was
given an arbitrary value of 10 cm 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 this 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 impossibie, to obtain pertinent
data about on a large scale. [t is hoped that future works will

see databases improve as a result of better observational data
as well as more sophisticated theoretical techniques and global

climate models will produce realistic climates.



REFERENCES

Dickinson, R. E., 1983: Land surface processes and climate -
surface albedos and energy balance, Advances in Geophysics,
25, pp.305-353.

Dickinson, R. E., J. Jagar, W. H. Washington, and R. Wolski,
1981: Boundary subroutine for the NCAR Global Climate Model,
NCAR Tech. Note TN-173-1A.

Goodison, B. E., 1981: Compatibility of Canadian Snowfall and

Snow Cover Data, Water Resources Research, 17(4), pp.893-
900.

Henderson-Sellers, A. and M. F. Wilson, 1983: Surface albedo
data for climate modelling, Rev. Geophys. Space Phys.,

21(8), pp.1743-1778.

Holloway, J. L. Jr. and S$S. Manabe, 1971: Simulation of climate
by a global general circulation model, Mon. Weather Rev.,
99, pp.335-370.

Hummel!, John R. and Ruth A. Reck, 1979 ; A global surface albedo
model, J. Appl. Met., 18(3), pp.239-253.

Kukla, G. and D. Robinson, 1980: Annual cycle of surface albedo,
Mon. Weather Rev., 108(1), pp.56-68.

McFarlane, N. and R. Laprise, 1985: Parameterization of Sub-Grid
Scale Processes in the AES/CCC Spectral GCM., Report No. 85-
12 CCRN 17, Canadian Climate Centre, Atmospheric
Environmental Service, pp.70.

McKay, G. A., 1968: Problems of Measuring and evailuating
snowcover, in, "Snow Hydrology: Proceeding of Workshop
Seminar", Canadian National Committee for the International
Hydrological Decade, pp.49-62.

MclLaughlin, R. S., 1987: Spectral albhedo datasets for use in the
cCC GCM, Dept. of Geography, McMaster University, in
preparation.

MclLaughlin, R. S., 1985: Hydrograghic data for terrestrial
surfaces in Northern Canada: Applications to existing albedo
modelling strategies, B.Sc. (Hons.) thesis, Trent

University, pp.106.

National Academy of Sciences, 1975: Understanding Climatic
Change A Program For Action, National Academy of Sciences,
Washington, 239pp.

Norcliffe, G. B., 1882: Inferential Statistics for Geographers,
Hutchinson and Co. Ltd., Great Britain, 263 pp.




aa

Oke, T. R. 1978: Boundary Laver Climates, Meuthuen and Co. Ltd.,
New York, 372pp.

Posey J. W. and P. F. Clapp, 1964: Global distribution of normal
surface albedo, Geofisica International, pp.33-48.

Potter, J. G.s 1965 Snow Cover, Climatological Studies Number
3, Dept. of Transport, Meteorological Branch, Canada, 69pp.

Sud, Y. C. and M. Fennessy, 1982: A study of the influence of
the surface albedo on July circulation in semi-arid regions
using the GLAS GCM, J. Climat., 2, pp.105-125.

Washington, W. M. and C. L. Parkinson, 1986: An Introduction to

Three Dimensional Climate Modelling, University Science
Books, California, 422pp.

Willtliams, J., 1978: The use of numerical models in studying
climate change, in, "Climate Change", Gribbon, ed.,
Cambridge University Press, 280pp.

Wilson, M. F. and A. Henderson-Sellers, 1985: A global archive
of land cover and soils data for use in general circutation
models, J. Climat., 5, pp.119-143.

Wiscombe, W. J. and S. G. Warren, 1980: A model for the spectral
albedo of snow. I. Pure snow, J. Atmos. Sci., 37, pp.2712-
2733.

The Climatic Atlas of Canada, Series no. 2, Precipitation, 1984,
Environment Canada.

Snow Cover Data 1964-85. Environment Canada.



APPENDIX ONE



e PKI;);,RAM ANNQSND“
; h«ﬂﬁ Tﬁs SNOW=o g




AT

27

S

»
Casbb Vi ML id HOY

YTIZSi3 ik 7137 2AMoM
DIRATHO 1T ImAH

-~




/{/ﬁ Aﬁt’T/(///]

059210012

3

URBAN DOCUMERT TION CENTRE
RESEARCH UniT Fudt UHBAN STUDIES
McMASTER UNIVERSITY

HAMILTON, ONTARIQ

A\





