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the relationship between syneptic-scale atmospheric - -

. - ‘\.gg < e . vy /// -
circulation and glacier m;g%'balance. OBjective/synoptic
. oo T : P . PR o
typing techniques are applied to glaciometeorological data
from Peyto Glacier, Alberta and Sentinel Glacier,ABritiSh

1

Columbia, and to climatoiogicai‘data from’nearby Weatherf

i
results are affected by the scale amd degree of generality

; -

stations. The second obJective is to determlne whether/the/’

of the synoptic patterns used in the analysis. Two scales of

500mb synoptic weather maps are,analyzed and compared. One

is smalleri,t Wlth hi ,h—wave-numbl‘e?r' atterns; the other iS
- I+ g = p
v .-

largef.with more gener4l eirguﬁatioﬁ;patterns. The third

objective is to identify sources of error in the model  and --*.

the: effect these errors have'on the results.
- ' y :
:The results can be summarized in terms of the three

—

bbjectiyes. First, the mass bdlances of Peytovand;Sentinel

:Glaciefs‘are shown to beareiaéed,to the 500mb synoptic’

patterns passing over the area. Synoptic ‘types with cyclonic

curvature favor glacier accumulation, while anticyclonic

types 1nhibit build-up of the reglonal snOWpack. Ablation 1is

suppressed by synoptic types assoc1ated with cloudy days

iii
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anH/of(}ég/temperatures, and is enhanced by types associated
S P -

;;'

i_sed to analyze the climate -mas:s balance relationship do

'affect«the results. Findings suggest that both the

//// ; cunulation and ablation of Sentinel:Giacier atelcontrolled
/// - /////by high—uavenunber synoptic patterns.‘Conversel;, Peyto
:" r/}/fh (ClakierIaccumulation,is.nore cioseiy related.to large scaie
'fh L isy?ﬁbtic patterns,?suggesting that much of the shont

R iy . o - /
" wavelength variability imbedded in the long wave atmosphfric

/
¥

flow may‘be danpened by the rough topography of,the Canadian

&~

Cordillera. ' Ablation is predlcted poorly by both -

synhptic—scales at Peyto. Third much of theévariability in

the synoptic climatological model appears to'be the result

fﬁ%ﬁ‘ | of errors introduced by methods used'in this thesis and of -
problems inherent to the objective classiflcation technique.
Elimination of these errors would %&pbabl}?strengthen the
statistical relationship between glaciex mass balance and

synoptic-scale circulatién.

witb'warm,:sunny days. Second changes in the synoptic—scale

o
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f;‘
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1. Introdpctibh

"

Scientists have longﬁbelieved.that the atmospheric
envitSnment controls the extent and behavior of glaciers
"(Figure 1.1). Glacier-climate research is plentiful, but has

focused 6n either detailed g}éro* to local-scale

g;

relationships occurriﬁg over shert periods of time (seconds
to hours) or generalized global-scale atmospheric patterns

accounting for long-term glacier changes (decades to

’

millenia; Radok and Watts, f975). Few glaciological studies
P ’ - . : ~ : P
"~ have been done onm the middle ground bgtwe?n thesé two

extremes of the atmospheric continuum; that is, meso- and
synoptic-scales with periods of days to years. One reason

- 2
for the paucity of research has been the.lack of suiqak}e
. .

analytical tools making possible the linkage of glacier

fluctuations to the atmospheric circulation. Recent advances*

<

in the field of synoptic climatology now provide the
: o . -
methodology needed to make these associations.

In reéogqitiop of the need to fill this gap in the
ﬁnderstanding of giacier—climate systems, one goél of the
Canédiaﬁ contribution to the International Hydrological
Decade, 1965-1974, was to lihkrthe synoptic-scale
atmospheric circulation to the mass bélanc; of a’giacier

&

(Loken, 1970). Although’% few studies have applied the
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syndpg\ climatological apﬁxoach to glacier maﬁ% balance In
_, g Woou s |
~the. Can%Fian Hfgh Arctic (Jacobs, e% al, 1973 Alt, 1975 {
- P
1978 197&'*),L there are no copparable studies on glacierif%d
areas of the bopographicai%y more complex Canadian
Cordillera. In gpis thesis,fﬁ%synoptic climatologﬁiof two
R o LR E :
'mountain glaciers in southwestern Canada is presented The
‘results»o? the-%ynoptic climatology are used to\demonstrate
the relationship between'observednvariations ih mass balance
and thetatmo&pheffc cirgulation over Q%e regior.
. B =~< - . ' < - T ) %
» Because of the rapid progress in synoptic %
‘- "B 3
climatological methodology .and the central role it plays in
% . . o - ..
-this thesis, synoptic climatology is briefly reviewed .in the
- : 4
present chapter. Objectives of the study are then discuseed‘
and?ﬁfinally, an outline of the thesis iS‘presented. P
i.lqReview of synoptic'climatology " . é%
- - T : o %

Synoptic ¢limatology is'égncerned with ungengtanding .
] 5 1 .

. ) T
local or regional climate by examining the relatioﬁship

_between local weather elements and the c1rculation of the

atmosphere over that,area. Barry and Perry (1973) recognize

7
T had

two stages in any synoptic climatology:

1. categorization of features of the atmospheric
circulation; Sl - Y *
2. assessment of the relationship of tbese categories with
- j ) . & ) T

i

L

.
¢

i
FeE T

e

o
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-local weather elements.

Much of qhg work in synoptic climatology has been
directéd f&wards th;‘formulati;; of effec;ive syndptic type
categories. Although there is a wide range of research
dealing with this topic, the resulting classificqﬁion
teéhn{queé can be grbyped undervthe headings of éubjective
and objéctive proFedures.

Subjective classification procedures can be subdiviaed
into kiﬁematiC’énd static views of the weather map (Baffy
"and Perry, 1973). Kinematic methods sﬁﬁjectively categorize
airflow, storm traéks or other dypaéig features of weather\
mo&ément. Subjectfye typing of the static weather map
involves the identification of characteristic patterns of
atmospheric préssure fields, suéh as the'relative positions
of pighs andllows.

There aré two major problems with gquective typing
techniques. First, althouéh some subjectively derived
classifications are weii established with accepted criteria
for the determination of synoptic‘tyfes,‘such as the surface
airflow—type catalog for the British Isles (Lamb, 1972),
most subjecti;e classifications are unique, with typing
criteria derived only for the research at hand.
Consequently, the results of one study afe not’easily

compared to the findings of another. Second, atmospheric

features are continuous in time and space, so that the



EY

identification of synoptic type bdundarieq must be

arbitrary. Even when clearly defined criteria are apﬁlied,»

fepli@ation of type categories and tipéﬁmeﬁber fréquencies
. -~ ST

is difficult since the Judgement of any two inﬁ%strgators 3

El =

o i I

will differ. 2. . ks -

- ) . . o
Because of the problems associated with subjective

procedures, the development and_applicétiSn of objecéive
classification techniques is the most important advance in
synoptic climatology in the last few year%C(Barry,'l980).,An;

objective synogﬁic'climatology takes ad%%;tage'o; the large
< . . - /
data handling c;pacity of mddggpicompupérs, allowing the
machine'to determine(statistically,sig&lar ;nd significgnt
synoptic groupings. When based on staﬁdardized criteria and
data, results can be replicated and studies can be compared.
Since standardized data are easily analyzed by computer
métﬁods, gridded climatblogical data sefs, like those
prepared by the Nétional Center for Atmosphefic Rééearch.
(NCAR; Jenne, 1975) are ideally suited tb objective Synoptic'
typing (Bérry, 1980).

Thrée main types of objective classification techniques
have been.developé& and applied: the correlation method
(Lund, 1963; Suckling and Hay, 1978; Singh, et al., 1978;
Overland and Hiester, 1980), vﬁriable reducing procedures
(Christiansen and Bryson, 1966; Kutzbach, 1§67, 1970; Dixon,

L N
et al., 1972; Blasing, 1975; Rogers, 1978; Ladd and



Driscoll, 1980) and the sums of squares tecEEiqug
(Kirchhofer,\1973; Barry and Keen,‘1978; Moritz, 1979;
Bradiey’and England, 1979; Keen, 1985). The %%rrelafioh
mgﬁhod ané‘variable reducing procedures typiéally classify
60% to 80% of the maps analyzed, although Petzold (1981) has
developed a'techniqge to improve significantlyrthe .
percentage of maps ciassified by the correlétion'method. The
sums of squares techniquie 1is an‘improvemené‘over tHe above
- techniques, typicaliy categorizing more than 90% of the
weather maps. Due to the better catégorizatéﬁ performance
re;ord of the sums of squares technique% this method is used
with NCAR data in'thé present: thesis. h

The second stage in a synoptic climatology, evéluation
of.the relationships of synoptic type caiégories wifh localj
Weathervelemepts; has led to many diverse studies. In |
southwéstern Canada, synoptic climatologies have been
concerned with spatial distributions of ;recipitation
(Walker, 1961), vertical distributions of precipitation
(Fitzharris, 1975), solar radiation regimes (Suckling and

Hay,‘1978), frequencies of major avalanches (Fifzharris,

1981) and glacier katabatic winds (Stenning, et al., 1981).
*'\ -

Studies specifically relating synoptic processes to glacig?/
mass balance have been carried out for areas of Europe

(Hoinkes, 1968), the Canadian Arctic (Jacobs, et ii\v 1973;

N,

Alt, 1975, 1978, 1979), the southern Indian Ocean (Raaok and
’ ~

AN
.



Watts, 1975) and Alaska (Fahl, 1975). None of the

glacier-climate studies use an objective synoptic typing
. . *\\
methodology.

1.2 Objectives

The study hqg three interrelated objectives. The first
1s concerned with the physical environment, the other two
with synoptic climatological methodology..

;p accordance with the goals of the Canadfan o :
contribution to the International Hydrological Decade, the
first objective is to étudy the relationship betweeﬁ
synoptic-scale climate aﬁd the mass balance of two éouthwest
Can;dian glaciers. To do this, a chain of atmospheric scales
of activity, from thé synoptic—scale totthe local-scale,
must be linked to accumulation anq ablation at‘these
glaciers-(Figure l.i).IObjective synop;ic climatological
techniques will be appli;d to this problem.

The secondrobjective is to determine whether changes in
the’scale and ghe degree of generality of the synoptic
patterns analyzed affects the results. Suckling and'Hay
(1978) hypothesized that their objective synoptic - LIA
climatology of southwestern Canada would be improved 1if mgfe

detailed synoptic-scale patterns were used. To test this

hypothesis in the context of the present work, two scales of

/\

Eecaie W
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synoptic weather maps are analyzed/and compared: One 1is
smaller Qith’high—wavenumber pat;erns; similar in scale to
the synoptic weather maps used by Bradley and Englgn&
(1979)..The other is larger with morg general cirEuléti;h
patterns, similar in scale to the work of Suckling and Hay
(1978). These weather\maps are deéignated;Smallgrids and
Biggrids, respectively, in Figure 1.1. ?

Thé‘third objecfive is to iqepgify sources of error in °
the synoptic clima;ological methgdolog§ and the effect these
errors have on the results.iobjective synoptic climatélogy
is a relafively new field of research; many of its
weaknesses»are unknown or unstudied. For example, Bradley
and England (1979) have suggested thét>intern;1
(within-type) variation of the Kirchhofer sums of squares
classification technique may havé affected theif results and
is worthy of further study. Thus, within—p?pe variation i{
‘investigated here, along with other problems inherent in the

sums of squares classification technique or in its

application in this thesis. : ' .

1.3 Organization of the sfudy

After a discussion of the physical setting and of the
data to be used {(Chapter 2) and of the analytical techniques

appliéd to these data (Chapter 3), the three main analytical

r



-

" chapters (4, 5 and 6) are presented.:In chapter 4, a general

| ~
synoptic climatology links local-, meso- and synoptic-scales

of climate to one another. As mentioned above, two synoptic )
scales of atmospheric activity are analyze& and compared. In
Chaéter S5, the nature and strength of the relatioﬁsﬂip
between glacier mass balance and climatological
characteristics of both synoptic scales are analyzed.

Chapter 6 follows with a look at the sources of error in the
synoptic climatological model and their éffects on the
resulfs. The thesis concludes with a summary of the results

and suggestions for further reéearch (Chapter 7).

!
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- 2. The Study Area and Data

The relationéhip.of southwestern Caﬁada to the mid—latitude
belt of westerly winds is presented in tﬁis chapter. Within
that context, the glacierized areas of the Cordillepa,?of
which Peyto ahd Sentinel Glaciers are believédyto be
representative, are discussed, Finally, the data used to
rélate synoptic-scale circulation to glacier mass balance

are introduced.

2.1 Climatological setting
\

¢
% The climate of the southwestern Canadian Cordillera is
dominated by the westerly flow of maritime airstreams

- o A El
(Bryson and Hare, 1974). The nor?h%rly portion of this flow

‘crosses the Pacific Ocean from Asia and. is most prominent tn

o
5

the winter, while the southern portion is,assbciated with -

the Pacific Anticyclone and is most prominent in summer.

Northern Pacific westerlies are cool, with a near-moist

adiabatic lapse rate and .a high moisture content through a

. considerable depth. The warm summer anticyclonic airstream

is stable and arrives at the British Columbian coast with a
g -

are

shallow moist layer. L A
Eastward travelling cycloﬁif disturbances embedded in

the westerly flow bring heavy precipitation to the

10
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: o} c :
southwestern coast of British Columbia. The core area

affected by‘the storms vafiés from about 459N in the winter
ﬁonths to about 54°%N in summer. The cyclones aré)usually
near the peak of their development upon ;eaching coastal
British Columbia, especially in%wihter; hence the disturbed
nature of the climate (Hare aé Hay, 1974). Summer cyclones
are less freqqent and vigorous, and several warm
anticyclonic spells may be expected during the summer
months. The net result of the.intense cyélonic activity and
the rugged topography of the Coast Mougtain Range {s large
annuai deposits of snow that, because of sudden orographic
.uplifp and frictional drag associated with the change from’
ocean to land surface, increase dramatically with elevation
(Walker, 1961).

After a storm strikes the Coast Mountains, the
mid-tropospheric trough aésociated witﬁ the surface frohts}H
usualiy continues éastward across the Cordillera. Althoﬁéh’
it is difficult to follow surface fronts across the complex
topography of the interior, the passage of a system shows
itself in the observed weather (Hare‘and Hay, 1974). A front
may produce little or no precipitation in the deep valleys
or upland plateaus, but the higher mountain ranges (the
Purcell, Monashee; Selkirk; Cariboo and. Rocky Mountains) do

receive heavy falls of rain and snow, especially in winter.

Summer convective storms are common in all interior areas



e L
' =
. experiencing a mid-tropospheric disturbance. )

)

2.2 Gléciolqgical setting

Each year, heavy winter snowfalls blénkg§ most‘upland
areas of the “Canadian Cordillera. In fhose locations where
altitude or topography 1limit the amount of energy available
for melting of the snowpack, excess accugulation has led to

the formation ¢of mountain glaciers. ;

3

During the International Hydiological Decade (EEQ),

five glacierized mountain basins were studied on an’
-east-west transect from the Rocky Mountains to the Coast
Range in southwestern'Canada'(Ostrem, 1966). Of these, Peyto
and Sentinel Glaciers (Figure 2.1) received>tﬁe most intense -
‘glaciélogical and meteorological study due to their
accessibility aﬁd to their presumed repreéentativeness of
nearby glaciers. Summaries of the IHD prégraﬁs at, and basic
data for, Peyto and Se;tinel are given by Young and Stanley

(1976) and Mokievsky-Zubok and Stanley (1976), respectively.

2.2.,]1 Peyto Glacier

¥

‘ .

Peyto Glacier is influenced by a relatively continental
climate. It is located in the Waputik Ranges of the Rocky

Mountains of Alberta at 51940°N latitude, 116°35’'W longitude

(Figures 2.1 and 2.2). Peyto has an area of approximately
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13,4 square km, ranges in altitude from 2100m to 3200m

a.s.l. and has an average slope of 13°, It is a major outlet

“for the Wapta Icefield.

The basic mass balance program at Peyto Glacier
r
involved monitoring mass balance changes at 38 stakes on the

glacier and extrapolating these point measurements to the

whole glacier (Young, 1976). An approximate fixed date -

measurement system was used (Anonymous, 1969), with wintef
balance usually being measured in mid to late May and anntal
balance in mid to late September. Accounting for errors in
measurement and errors in the extrapolation algo%ithm, a
conservative standard error of estimate for winter and
annual balances: in the abiation zone of tﬁe giacier is 0.02m
water equiyalent (Young,_1981). In the acéumulation zone,
conservative standard errors of estimate are‘0.03m for

winter balances and 0.05m for amnnual balances..lz’tb 2% of

the area of Peyto Glacier was lost during the IHD, but .no

account of the change was taken in the calculation of mass

balance (Young, 1977). Specific accumulation, ablation and
annual mass balance results are shown in Figure 2.3.

- During the summér months of the IHD, a meteorological
station was maintained at Peyto Glacier base camp, located
on a lateral moraine at 2200m a.s.l. and dbéut 100m from the
glacier. Weather conditions at the base camp appear to

reflect local-scale conditions for the basin as a whole.
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Young (1977) has performed a fgctof énalysis on theﬁll
meteorologicél variables rog;inély monitored at Peyto. Not
unexpectedly, approximately 70% of{the total variance in
these data 1is describgd by a temperature factor and a
precipitation factor, thereby sugéesting that common dag;y
temperature and precipitation data are useful measures of

Peyto’s meteorological environment.

2.2.2 Sentinel Glacier

Sentinel Glacier 1is 1océted at 49954°N latitude,
122°59°W longitude in the Coast Mountains of British
Columbia (Figureé 2.1 aﬁd 2.4). The maritime climate of the
fegion prodices winter snow cover'on.ﬁhe glacie; that

usually exceeds 9m at higher elevations;rThe rei?fiyely
small, uneven glacier covers about 2 équére km, £anges from
1550m to éiOOm a.s.l. and hés an average gradient.of 1}0.
The constantly diminishing surface area thrbughéut the IHD
was not accounted for in mass balan;? calculations.

The combination of steep gradie;ti small area,rpeavy. 
snow cover and variability in surface topogréphy pre;ent
difficulties in assessment bf mass balance at Senti;el
Glacier (Mokievsky—Zubok, 1973a, 1974). However, three
methods of mass balance determination consigstently produced

similar results (Mokievsky-Zubok, 1973b). Standard errors of

estimate are not given for Sentinel, but are probably

R
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greater than those of Peyto Glacier because of measurement
proBlems andfhigh accﬁmnlation and ablation totals.
Approximate fix;d datés for winter balapces (mid May) and -
annual -balances (1é£e Septembef ﬁo eariy October) were used,
Mass balan;e results are presented in Figure 2.3. |

A meteorological program similar to the one at Peyto
Glacier was carriédAout. Thé main base camp weather station
is located at ISSQm a.s.l. and abbgt 400m downvalley from
the glacier. Like Peyto, a principal components analysis
suggests the expected association between glacier meit and
temperature and precipitation events 1in fhe basin (Fégarasi

and Mokievsky-Zubok, 1978)..

2.3 Data -

The primary goal of synoptic climatological research is

to associate local climate with atmospheric circulation. In
this study, eleﬁents of the mass balance and clégate of
feyto Glacier and Sentinel Glacier are compared to
objettively determined synoptic-scale featurés of
circulation over southwestern Canada. Mass salance, daily
mean temperature and daily precipitation data from the 9
glaciological years (I October 1965 to 30 September 1974) of
the IHD programs at Peyto and Sentinel are used to represent

local conditions. Unfortunately, the meteorological data
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ffom the glaclers are for warﬁ seasoné‘only;and the length
of record varies from year to year. Therefore, it 1is
nécessary to use weather data from nearby meso-scale LR
stations (Figure 1.1) to represent the meteorolog}gélﬂ
environment of the glaciers (Young, 1977). Dailf ggmpérature
 and ppecipitation/data from Banff and Lake Louise, Albérta @
(Figure 2.2) and Alta Lake and Garibaldi, Britisﬁ Columbia
(figure'2.4) are linked to the data from the glaciers and-
used thrbughout the analysis. For association with these’
‘ground—Based data,. dail& 1200 GMT synoptic-scale 500mb
pressuré grids are compiled from the 1977-point Nétional
Meteofolqgical Center (NMC) grid of the Northern Hemisphere
p}oduced by NCAR (Jenne, 1975). The mid-tropospheric 500mb

pressure surface is used because it is above the topographic

influence of the Cordillera of southwest Canada.

e
-
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3. Analytical Technidues
In this chapter, the'analytical techniques uséd in Chapters
4 and 5 are described.-The objective synoptic type
classificafion procedure igidiscussed, followed.in turn by’
crosstabulaton and multiple_linegr fegression technidu;s. In
the .latter section, special attention is given4to the
procedure known as ridge regressibn. The chapter concludes
with a note on the choice of significanée levels used in the

linear regressions.

3.1 Synoptic type clagsification procedure

The objecéive technique prbposed by Kirchhofer (19%3)
is used to classif& the'synoptié types.:This approach has
also been employed by Barry and Keenm (1978), Moritz (1979),
ﬁ;adley and England (1979) and Keen (1980) for areas of the
ﬁor;h American Arctic.

The claséification procedure 1is fpplied to two data
sets éqmpiled from NCAR 1200 GMT 500m£>éata. First, a
synoptic-séale set of 27 contiguous NMCkgrid points is used
to synthesize 30 equally spaced points of latitude and
longitude (Smallgrids; Figure 3.1). Then, a lagger, more
generalized synoptic-scale set is created in which every

other grid point from an 11 by 10 section of the NMC grid is

21
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extracted to produce another 30-point matrix (Biggrids;

Figure 3.2). Latitude and longitude are not considered for

Biggrids. By using 5 by 6 matrices for both Smallgrids and

Biggrids, the same computer aigorithm 1s applied'to both
data sets, thus facilitating comparison &f the resulting
climatologies for each:synoptic-scale.

To épply the Kirchhofer technique, the gridded pressure

data sets are first normalized using the z-transformation:

(xi - X) _
Z, = ——m (3.1)
i
s
where Zi = normalized value of grid point i;
X, = data value at grid point i;
x = mean of the N-point grid; .
s = standard deviation of tﬁé grid.

E
Each normalized grid is compared to all other grids by the

sums of squares equation:

N
S = El(zai =2y | (3.2)
where S = Kirchhofer score;ﬂ.
Zai = normalized grid~V£§ie of pointdi on day 4&;
Zbi = normalized grid value of point i on day b;
N = number of data points.

7
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It is.possible for a comparison of any tw§ grids to generate
a low S value, denoting overall statistical similarity, and
yet have widely varying ﬁétterns in specific sectors of the
map. Therefore, to ensure fattern similarity in all areas of
the grids, subscore valﬁés for each row and column of the 5
by 6 matrices are calculated using Equationw3;2. ?\Q

Grids are considered similar if S<15 (in other words,
Q.SN) and row and column scorestsR and SC <1.O§R'and NC’}a,
where NRand Ncequals the nnmbgr of boints in the row or
éolumn, respectively. Previously ciled studies using the
Kirchhofer method (such as Moritzg 1979) have used
threshblds‘for S of 1.0N and for row and column scores of
1.8NR and 1.8NC. In the present work, however, the
relatively stringent thresholds proyide greater similarity
within characteristic synoptic patterns while providing a
- comparably high percentage of classified days and a
manageane numbe{ of patterns.

'bue to comﬁﬁter storage limitations (see below) and
cost c%nsiderations, it is necéssary to use a sample of Fhe
days of the 9-year study period. When dealing with an_/j
infinite population, sample size is determined (Dixon and

Leach, 1978):

2
n = & | (3.3) -

where n required sample size;

z = confidence level z-score;

v = expected variability of the sample standard deviation
relative to the sample mean;

¢ = confidence limits.
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The present study sets the confidence level at 957,

confidence limits at + 2%, and estimated variébility at 507,

so that:

*

1.96%50 2

n = ( > ) = 2401

Because 2401 is a large proportion of the population of the

3287 daily grids of the study period, an adjusted sample can

be obtained (Dixon and Leach, 1978): %‘
e
(- n : B
n 1T (/M) (3.4?
- 2401
1 + (2401/3287) /
b = 1387 ] | :

4 years of the étudy period includes approximately 1460
grids and is therefore taken as a suitable sample size. The
glaciological years 1 October to»30 September 1965-66,
1966-67, 1969-70 and 1973-74 are chosen as the 4 sample
years following a subjective assessment of the massrbalance’
characteristics of Péyto and Sentinel Glaciers (Table 3.1).
It is assumed that the widest range of synoptic weather
p;tterns occured during these years.

87 of the 3287 daily grids are eliminated because of

missing or bad data in the NCAR 500mb data set. 39 of the

o
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deleted days come from the’4 sample years, leaving 1424
sample grids for analysis. The algorithm used to determine
Kirchhofer scores requires:

n(n - 1) _

3 (3.5)

space =

1424%1423
2

1,013,176

where space = number of bytes in central memory.

The computer faciiity used for the analysis imposes a 1.6
million byté memory limit per user, thereby restricting the,u‘~
number of sample years available for treatment to 4 in most
cases. ‘

S,vS and SC values are calculated for every pair of
grids in the sample. If,tge previously mentioned threshold
requirements are met, the pair of grids is considered
significantly similar and the S val}e is entered into
memory. The daily grid wbe the most S values associated
with it_is—designated Keyday l: That keyday is then removed
from the anaiysié along with all grids associated with the
keyday and all éays associated with those days. This process
is ' repeated to determine subsequent keydays until all days

are classified into m groups of 5 days or more. Remaining

days are termed "unclassified."



29

In the final step, S, SR and SC values are again -
calculated, this time for each of tﬁe m keydays with each
day of the total population (3200) of daiiy gridg. The
lowest significant Kirchhofer score is recorded }or each
daily grid, with the associated keyday denoting the synoptic
type of the day. Bééause it is possible for any day to be
significantly related to more than one keyday, dayé
misclassified by early removal during the keyday
determiqétion‘proceduré described above are reclassified.
Results of the synoptic typé classification appear in
Appendices I‘and I1 énd are summarized in Sections 4.2 and

4.3,

3.2 Crosstabulation

A crosstabulation i; a joint»frequency distribution of
cases according to two or more classificatory variables
(Nie, et al., 1975).’These joint frequency distributions can
be analyzed by the chi-square statistic (Siegel, 1956;
Blalock, 1972) to determine the statistical independence of
the variables. éowever, chi-square does ndt tell the
investigator how strongly the variables are related. The
strength of the association must be analyzed by one of a

number of specialized measures which describe the degree to

which the values’ 0of one variable predict or vary with those
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‘of another.lThe cho{ce—qf measure used is detérmined by
sample size, table size and data level. |
Asymmetric lambda (Ab) is a qeasune of a;sociatioh’fyr
crosstabulatlions based on nominal—leyel datg (Mueller, et
El-; 1977)-‘This‘étafiétic measﬁres the pgféentagé
imprgvement in prediction ©#f the value of the dependent
variable given knowledge of the value of the indeﬁendént;
variable. Aéymmetric lambda is calculated. (Nie, et al.,

1975):

- Imax fC - max fR

A, = - (3.6)

N - max fR

where Zmax fC sum of the maximum values of the cell frequencies

in each column; : .
» -
max fR = maximum value of the row totals; ° -
N = number of cases. -

—

C

The maximum vglue of lambda is 1.0, whichvoccurs when each
independent variable category can be‘predicted by each
categ&ry of the dependent variable. 4 vaiue of zero
indicates no improvement in pfediction is affp{ded by
knowiedge of the independent variable. A crosstabulation
using chi-square and asymmetric lambda is performed in
Section 4.4 of this thesis to determine the nature and

strength of the relationship;between Smallgrids and Biggrids

| ;R\y/
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synoptic types.

’

3.3 Multiple linear regression

{
in the following chapters. In several cases, the normally

Multiple linear regression analysis is used extensively

stfaightforward ordinary least squares estimation technique
is complicated by a lack of independence among the predictor

variables (collinearity).

j} Consider the standard multiple regression model:
y = XB + ¢ : ' (3.7)
where y = critérion variable vector;

X = vector of true regression parameters;'BO is the regression

constant and Bi (i =1,2,...,k) are the partial regression

coefficients;
€ = Vector of error terms. T B
Let:
B = R_lg (3.8)
where B = least squares estimate of B;
- Toy - . . .
R ! = (XX) ! = inverse of the correlation matrix of predictor
T L
variables; X = transpose of X; =
T .
g = X'y = vector of correlation coefffcients between y and

< =g

‘each X variable.

-”%WJW

“*
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The difficulties arising from correlated predictor variables =

are a direct result of the average distance between B and B.

Specifically:

~ T ~ - B
L2 = (8B -8) (B-8) (3.9)
whererL2 = measure of goodness of fit of .the estimated regression

coefficients (Jones, ]972).

If B is near B, then L? is small and the fit is good. A

large L? denotes a poof fit. Hoerl and Kennard (1970a) have

o

shown that:

E(L?) 0% trace(R })

'
o2z (1 - Ai) (3.10)
i=1 ' g :

where E(Lz) éxpected value of Lz;

0,2

variance of ¢;

A "i"th eiéenvalue of R.

i

Inrother words, as the predictor variables become
increasingly correlated, Ai becomes smaller, L2 gets larger
énd é will be farther from B. Therefore, ffoﬁfthe above it
can be demonstrated/that ordinary least squares estimates
f;om correlated prédictor variables may be too large in
absolute value and may even have the wrong sign.

Additionally, the 'least squares solution may be unstable
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with replicate.-samples producing widely differing regression

coefficients. s &

One solution to the problem of correlated predictors is

ridge regressionA(Hoerl, 1962; 'Hoerl and Kennard, 1970a,
. :

1970b; Jones, 1972; Stope and Conniffe, 1973; Smith and
Goldstein, 1975). In ridge regression, instead of unbiased
least squares e§timates, the fitting criterion stresses
minimum mean square deviation between true and estimated
regression coefficiengs. Although the new coefficients
minimize L2, thus decréasing mean squgfes, error sums of
squares must be allowéd to increase slightly. Biased

°

estimation is done by adding a small constant to each of the

diagonal elements :

g% = (R + KI) lg ‘ (3.11)

where B* = ridge estimate of B;

€
-

K=a cqhsgant within the range 0.0 < K < 1.0;

s

I ="1dentity matrix. -

=

The ridge trace, a plot of K against é*,‘is used to
determine the best estimate of é} and the nature of the
.relationships among thé variables.‘The following
hypothetical ridge regressions and their ridge traces
(Figures 3.3 and 3.4) illustrate use ;f the technique to

remove correlated predictor variables from the full
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(after Jones, 1972).
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Figure 3.4. Hypothetical ridge trace of correlated predictor variables

(after Jomes, 1972).
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regression model (after Jones, 1972).

In Figu?e 3.3, there are no correlations 'between
variables and the coefficient values vary little with K.
Because this is a stablé situation; ridge regression is not %
needed and the uncorrected least squares coefficients at K =
0.0 are good estimates of B . In Figure 3.4, the predictor
variables are étrongly correlated and the regression
coefficients are sensitive to changes in K. Variable 1 has a 4:;“\
high negative coeffic#ent value at K = 0.0, but reQersesb E%
signs and stabilizes as K increiées. Variable 2 starts Qith
a ;tronély positive coeffic}ent;balue, but decreases to
near-zero values with increasing»X, Variable 3 is relatively
stable.

Figure 3.4 demonstrates that ordinary least squares
estimates (K = 0.0) for Variables 1 .and 2 are not reliable-
‘because of collinearity. However, as K increases, their
ridge traces stabilize. In this thesis, when two va;iables
are collinear, the weaker predictor is removed from the
analysis. The rapid movement of Variable 2 to the zero-1ine
as K increases suggests that it does not hold its predictive
pow;r (Hoerl and Kennard, 1970b) and is therefore a suitable
choice for removal. After Variable 2 is removed, another
ridge regression is run With;just Variables 1 and é to check

the presuméd stability of the remaining regression

coefficients (not shown).

e’
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In the present thesis, a technique for applying the
stepwise linear }egression computer program BMDPZR (Dixon
and Brown, 1979) to ridge regression as suggeﬁted by Hill
(1975) is used. The ridge traces are constructgﬁ by

A

computing B* for several values of K, with emphasis on those

values less thamn K = 0.3. BMDP2R is also used for ordinary

least squares regression.

3.4 Significance levels : ‘ -

In hypothesis testing, Type I errors occur when a
researcher rejects a null hypothesis that, in fact, is true.
Type II errorsvtake place when a null hypothesis is accepted
that, in fact, is'false. It is traditionally argued that
Type I and Type II errors are minimized by setting rejection
levels at a "happy medium" pf;0.01 to 0.05. Thus, much of
the scientific literature reports experiments with results
that are.significant at the 0.01 or:%.OS levels.
Unfortunately, automatic use of these conventional
significance levels can set artificial 1limits that largely
ignore the character of the data set and the practical
consequences of the research design. |

Skipper, et al. (1967) question the conventional wisdom

that Type I and Type II errors are best avoided by the use

of 0.0l and 0.05 significance levels. They demonstrate that
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there are no stgndard significance levels that are
satisfactory for all statistical tests. The authors al;o,
show that in any case it 1s impossible tobminimize Type {%///ﬁ
and II errors without increasing thernumber of observations
recorded. Based on the above, they recommend that
significance levels should be adjusted as research demands
and that the level of significance sﬁould be reported to the
reader. In support éf their views, Labovitz (1968) suggests
¥
criteria for selectiﬁg significance levels, including the
use ;f relaxed levels of éignificance when sample sizes are
small.

In Chaéter 5 of the present thesis, hypothesis testing
of the linear regressions is épplied to situations with
extremely smalleampI; sizes (N = 6, 7-or 8). Strict
adhe*rence to conventional sigéificance levels 1is
inappfopria#e: the small sample sizes promote a tendency

towards committing Type II errors. Furthermore, relaxed

4,

levels of significance are in order because of the bias ~.

towards Type II errors and because of the exploratory natﬁ?e

of the analysis. Therefore, shifting significance levels are
used, with results reported at the 0.001, 0.01, 0,05, 0.10

and 0.20 levels of significance. Data that are not

significant at the relaxed 0.20 level are listed as '"not

significant." - -

{\
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4. General Synoptic Climatology

&
Results of the synoptic type classifications are reported

and basic associations between pressure patterns and the

climate of the Peyto and Sentinel Glacier areas are
discussed in this chapter. The relationship between

Smallgrids and Biggrids synoptic types is also analyzed.

"First, an analysis of glacier seasons and meso-scale data

selection is carried out.

4.1 AMalysis of seasons and selection of meso-scale data

-

Climatological and>glaciological analyses generally use
fixed-length seasons or key months to repfesent seasons.
Howeﬁer, interannual variability in the length, first day

and last day of a season are important elements of the

climate that affect glacier mass balance. Therefore, in this

‘thesis the natural seasons at Peyto and Sentinel Glaciers

are used for analysis.

| To establish the natural glacier seasons, arbitrary
cut-offs must be established that mark the end of oﬁe season -
and the beginning of anothsr. Here, Winter is defined as
that period where all mean daily temperatures at the glacier

meteorological statiom are below 0°C, while Summer mean

F o
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daily temperatures are always above freezing. The shoulder
.seasons, Fall and Spring, are thqse\peridds when mean.daily
temperatures fluctuate above and below o°c.

‘ ;
Since temperature records at Peyto and Sentinel

o

.. 7o ‘ L
Glaciers are incomplete, daily temﬁérature data from nearby

‘ 1

meso-scale stations (Figure 1,1) are uéed to esfablish
season cut—off dates. Stepwise linear regression shows fﬁat
daily maximum temperaturesbfrom Banff and Alta Lake enter
first into the regression equations én& explain more than
80%Z of the variation in mean daily temperatures at Pey&o and
Sentinel Glaciers, respectively (Tables 4.1 and 4.2).4An
anélysis of variance (not shown) demonstrates that
subsequent entries into the r;gression‘do not add
significantly to the variance explained by daily maximum
temperature at Banff and Alta Lake.sting the equations
derived from the first step of these regressions, daily mean
teﬁpe;atufes andlglacier seasons for Peyto and Sentinel can
be predicted.

Tables 4.3 and 4.4 list the resulting natural glacigr
seasons. Cross-checking fhese dates with cases where -
seasonal transitions were récordéq atjthe glacier
meteorological stations findsapredicted dates are usually
accurate: within approximatelyji 1 day. Inspection of the

4}tables reveals that Peyto Wfiierf are generally much longer

I
A
than Peyto Summers, wheread Sumper is the dominant season at

iy

4~
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Table 4.1. Regression analysis of the relationship of warm season mean daily

temperégure at Peyto Glacier with temperatures at Banff and Lake Louise.‘ All

data are considered as a single group for significaﬂce testing.

CRITERION VARTABLE: Peyto Glacier mean daily temperature

PREDI CTOR CUMULATIVE R?* REGRESSION
VARIABLE R? CHANGE COEFFICIENT
Banff Tmax 83.4 83.4 0.385 -
Banff Tmin 86.9 3.5 - 0.177
Lake Louise Tmax 88.1 1.2 . - 0.212
Lake Louise Tmin 88.3 0.2 . 0.101

/ ;E - (y-intercept) -6.984

F observed = 1891.74 o
F critical (at 4 and « degrees of freedom and with o = 0.001) = 4.62

o

7
f

- Table 4.2. Regression analysis of the relationship of warm season mean daily

temperature at Sentinel Glacier with temperatures at Alta Lake. All data are

considered as a single group for significance testing.

A

CRITERION VARIABLE: Sentinel Glacier mean daily temperature

~

PREDICTOR" CUMULATIVE R2 REGRESSION
VARIABLE -~ R? CHANGE COEFFICIENT
Alta Lake Tm 81.5 81.5 0.553
Alta Lake Twin 84.8 3.3 0.259

(y-intercept) -5.602

*

F observed = 2778.83
F critical (at 2 and « degrees of freedom and with a = 0.001) = 6.91
f
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Sentinel. On average, Spring is the longer shoulder season
at both glaciers. Falls at Peytqwclacier are nearly twice
the length and half the variability of those at Sentinel
Glacier. Fall of 1965-66 at Peyto and Summer of 1973-74 at
Sentinel extend beyond the bounds of the study period (1
October 1965 to 30 September 1974) and will not be used in
many of the subsequent analyses. Missing daily maximum
temperature values at Alta Lake during perio&s of 1965-66
and- 1966-67 prevent determination of several seasons at
Sentinel Glacier.

. .
The stratigraphic system of mass balance determination

(Anonymous, 1969) uses natural glacier seasons like those

described above. However, approximate fixed dates were used

to determine the mass balances of Peyto and Sentinel
Glaciers (Young and Stanley, 1976; Mokievsky-Zubok and
Stanley, 1976). Mixing of the two measurement systems
introduces error (Anonymous,‘1969), but is unavoidable in
this thesis unless annual climatic variation is artificially
constrained by using the approximated fixed dates as
seasonal boundaries. Qemonstrating this source of error and
using the most extreme example possiblef the Summer season
began on 18‘April 1967 at Sentinel Glacier (Table 4.4), but
the winter balance was not measured until 31 May 1967.
Considerable xariation in synoptic-scale weather, ablation

and accumulation was possible in that 44 day period. In this



e

45
~,

case, use of the approximé&e fixed date without

consideration of the natural seasons moves ablation season

_8ynoptic type and climate datasinto the Accumulation season

(see Section 5.,1.3). The;meésured winter balance will
probably differ slightly‘from the figure that would have

been obtained usinif}he stratigraphic method. Fortunately,

-

-In all other cases, the dates when winter or annual balances

were measured were much closer to the natu;al season_
tranéition so that discrepancies between actual and measured
mass”ﬁglance data are considered to be smaI; (R.B.Sagar, ;'
personal cqmmunication, after O. Mokievsky%Zubok, March,
1982).,

Choice of the best meso-scale daily precipitation data
is treated in the same manner as temperafure. Stepwise
linear regression reveals that Lake Louise and Alta Lake
daily prgcip}tation better predict warm season precipitation
at the glaciers ‘than data from Banff or Garibaldi,
respectively (Tabless44.5 and 4.6). Disappointingly, only-
about 15% and 502% ofjthe variance in‘precipitation at Peyto

and Sentinel, respectively, is explained by these data.

These low levels of ététistical éxplahation are believed'to

"be the result of the high spatial variability of summer

convective activity in moﬁntainous regions (World

N

Meteorological Organization, 1972). The greater explanation

provided by the Alta-Lake data §uggéstsAthat during summer
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T;ble 4,5. Regression analysié of the relationship of warm season

precipitation at Peyto Glacier with precipitation at Banff and Lake Louise.

14
All data are considered as a single group for significance testing.

- .
-

CRITERION VARIABLE: Peyto Glacier daily precipitatiom

PREDICTOR CUMULATIVE R? REGRESSION

VARIABLE R? CHANGE COEFFICIENT-
, Lake Louise precip. 15.0 15.0 0.307

Banff precip. 20.7 5.7 0.254.

(y-intercept) 0.963

I'4

F observed = 129.83
F criticalr(at 2 and = degrees of freedom and with o = 0.001) = 6.91

Table 4.6. Regression analysis of the relationship of warm season

precipitation at Sentinel Glacier with precipitation at Alta Lake and

LS h

Garibaldi. All data are considered as a siggle group for significance

testing. Iy

L ' v :
' “ _

. - ‘ ?

CRITERION VARIABLE: Sentinel Glacier daily precipitation

PREDICTOR - CUMULATIVE : R? " REGRESSION
_VARIABLE - R? CHANGE - COEFFICIENT
Alta Lake precip. 51.5 51.5 - 1.218 .
Garibaldi precip. 53.6 2.1 7 0.313
T ‘ (y-intercept) 0.332

\

F observed = 574.20 e .

F critical (at 2 and = degrees of freedom and with a = 0.001) = 6.91
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months the Coast Range is influenced“ﬁy the passage of weak
weather fronts that have not ygi'been fragmeﬁéed by the
mountainous terrain of thé interior. It is assumed that the
winter precipitation of both regionspis thg result of
vigorous, deep fronts, fhus providing the spatial coherence
needed to relate meso-scale precipitation to glacier

accumulation. Subsequent analysis supports this assumption.

4.2 Smailgrids analysis

4.2.1 Smallgrids synoptdic types

Table 4.7 summarizes the results of the Smallgrids
synoptic type classification. The 18 synoptic types
recognized account for 93.7% oﬁ?the days in the study
périod. The first eight types account for over 77% of the
days, with higher order types being much,less important in
terms of frequency. Meén Kirchhgéef scores are well below .
the threshold value of 15.0, and Kirchhofer score ;tandard
deviations are relatively small, suggestihg the
classification fit is good. Kirchhofer scorées are related
inversely to frequency, indicating éreater'preésure pattern
diversity in leéss frequent types (Bradley and England,
19795. Thg;keyday Aaps for each ofwtﬁg 18 synoptic types are
shown in fiéures 4.1 to 4.3. A catalog of synoptic types for

all 9 years of the study is presented in‘ﬁppendix I.
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Table 4.7. Summary of the Smallgrids-synoptic type classificétion,

1 October 1965 to 30 September 1974.

TYPE

o~~~

18
UNCLASSIFIED
MISSING DATA

FREQUENCY

RO

24,
14.

) =
NWOONNKFEFONKERNKMERN®DNN®D
e e e s e s e & e e w e e e e e e
OANOOWNOANOOUNONODOWHE LWL NN

N

9

&
MEAN KIRCHHOFER
. > - SCORE

OO WOONOORNOL S
e e s s e s & » & 8 8 s & e e & »

FPOOVUWEEPNYNNWANN,~DVDO WL

A

KIRCHHOFER SCORE
STANDARD DEVIATION

WA WWLWNWWWLWNNNNDNDNDNDNDRN
L T
O’\N\I\D,&.&JUJG)O\NNJ-\(DLH\D\I\IO;.J-\
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Y iFesr Keoyday 2 - 10MovE9

Figure 4.1.

500mb pressure distributions on Smallgrids Keydays 1 to 6.
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Keyday 12

Figure 4.2, 500mb pressure distributions on Smallgrids Keydays 7 to 12.



Keyday 14

Kuycay "7 15 4M 66 Keyday 18 26Apr§7

Figure 4.3. 500mb pressure distributions on Smallgrids Keydays 13 to 18,
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4.2.2 Synoptic type frequencies

An index of seasonal differenceé in synoptic type
frequencies. is computed (Moritz, 1979):

L

(4.1)

where f = mean seaso;;}\percentage frequency‘pf synoptic'type i in

season j or k;

=z
]

number of synoptic types.

The relative size of Af denotes the deéree of difference in
thi synoptic type regimésjgf‘the‘pefiods being compared. Af
is used to compare the seasonal, synoptic tyﬁe ?egimes of
Peyto and Sentinel Glaciers and the rflétive
season-to-season regime differences at gaéh gla;ier.

Because season length and time of occurrence varies
between Peyto and Sentinel, the seasonal Sﬁ;llgrids synoptic
type regimes at each -glacier also vafy. Table 4.8 shows that
although Winter type regimes at Peyto ;nd Sentinel are
similar, Falquegimes are quite different., Spring and Summer
synoptic type regime differences are moderate, but are
‘sufficiently 1érgevto warrant the differentiation of Peyto
and Sentinel in subsequent analysis.

Af provides insight into the nature of the

season—to—seasog’g%allgrids synoptic type regime differences

P,
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Table 4.8. Relatlve seasonal differences (Af) between the Smallgrids

synoptic type fré&uency regimes at Peyto and Sentinel Glaciers.

2l

| o af
Fall 31.8 ' S
Winter 6.6 .
Spring 17.3
Summer 13,5‘V

.




at each glacier (Table 4.9 and.4.lb). At ?eyto, the Fall
synoptic type regime is distinct, with the fransition from
Summer to Fall Regimes being most pronounced (Figure 4.4).
At Sentinel, the Af pattérns are similar to those of Peyto,
with the exceptipn of the sharper différence befween Fall
and Winter reg}me;. These data, ﬁaken with the brevity of
the Fall season ;t eachvglaéier (Tables 4.3 and 4.4) suggest
that thg arrival of winter is aerp£ i; southwestern Canada.
Harmon (1971) states that autumn is a period of considerable
variability in the atmosphgric circulation of the Northern
Hemisphere, with changing 1atitudin;1 and longitudinal
dist:ibutions of”hegt sources leading to an intensification
of the westerlies. Af calculations also suggest that Spring
is a time of atmospherié variability over the study aréa,
again agfeeing with Harmon (1971). Based on the above Af‘
compérié%ns, subsequent analyses'are straéified by glacier,
season when appropriate. |

“Smallgrids synoptic type frequencies are summarized in
Tables 4.11 and\4.12,‘re§pectively. Type 1 1s the
preponderant circulation pattern in all seasons, but is
least dominant in Winter. Types 2, 3, 4, 5, 6 and 8 are-all
imbortant annually, but change the order of their frequency
rankings with season and region. For example, Type 2 is the
second most dominant pattern in most seasons,‘but Iype 4 isq

second most frequent at Peyto in Spring and Sumﬁ;i\and at

b9

-
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Table 4,9. Relative seasonal differences (Af) of the Smallgrids synoptic

type frequéncy regimes at Peyto Glacier.

Fall

Winter '

Spring

Summeg\

Fall Winter Spring Summef‘
0.0 !
33.5 0.0
38.2 34.5 0.0 .
38.9 25.9 24.1 0.0

Table 4.10. Relative seasonal dif%ergnces (Af) of the Smallgrids synoptic

4
©

type frequency regimes at Sentinel Glacier.

Fall
Winter
Spring

Summer

1 ¥
}
1

N 3

‘ Féll Wintér . Spring Summer
0.0 '
45.7 0.0-

136.6 26.9 0.0
33.0 22.0 162 . 0.0



- T/
~—
Y
\
¢ ’
50r
X,
'.0' \‘
o'. “;
o ® : .
40 o %, 7 Peyto,\ #
% . o
. W
'~ % V4 Ol
'y, * _Q , 'O
\No = e o o 5 N\, 7/ Rd
,“‘ \\ ’/ z [ -
30F Y N 4 o
~s “ \ /’ "0
< \\ / o*
’b.. \ / .'o
A f g ’... \, '.0
L)
..... "'0 .
4
20 ..Q... .0'
Sentinel
10F
3 Il N 1 - . A
F/W W/Sp Sp/Su Su/F

Figure 4.4. Smallgrids Af comparisons for consecutive seasonal pairs at

Peyto and Sentinel Glaciers (after Moritz, 1979).
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Table 4.11. Smallgrids synoptic type frequencies at Peyto Glécier\in mean

) Y
days per season,

<

ANNUAL : FALL WINTER SPRING SUMMER

Type Days Type Days Type Days Type Days Type Days
1 88.6 1 12.0 1 36.4 1 11.6 1 26.8
2 51.9 2 5.4 2 27.0 4 7.3 4 13.9
4 38.3 6 5.2 5 15.6 2 5.9 2 13.3
6 29.9 5 3.2 4 14.4 6 4.9 6 8.0
5 26.3 3 2.5 6 12.2 3 3.6 3 7.6
3 23,8 4 a.5 3 10.3 8 3.4 8. 6.3
8 17.4 8 2.2 8 5.6 15 2.9 5 4.8
16 9.8 16 1.6 16 4.4 12 2.7 7 3.0
15 9.6 12 1.5 10 4.1 5 2.4 9 2.8
12 9.1 15 0.8 15 3.9 16 1.5 10 2.7
7 7.2 14 0.6 7 3.3 14 1.0 11 2.7
10 7.2 "18 0.4 12 3.3 9 0.9 16 2.3
9 6.3 9 0.2 14 3.0 13 0.9 15 2.1
14 6.2 7 0.1 -9 2.5 18 0.7 12 1.7
11 4.2 10 0.1 11 1.4 7 0.5 14 1.6
18 2.9 11 0.0 18 0.8 10 0.2 18 1.1
13 2.2 13 0.0 13 0.4 17 0.2 13 0.9
17 1.0 17 0.0 17 0.2 11 0.1 17 0.7
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, e

/Egﬁie 4.12. Smaligrids synoptic type frequencies at Sentinel Glacier in

/ mean days per season.
A .

ANNUAL ' FALL WINTER SPRING , SUMMER
Type Days Type Days Type Da&s Type Days Type Days
1 88.6 1 7.9 1 29.0 1 11.1 T 1 39.6
2 51.9 4. 3.1 2 22.4 2 6.2/ 2 20.9
4 38.3 6 2.5 5 13.1 4 6.2, 4 18.1
6 29.9 2 2.1 4 10.4 6 3.9 6 13.6
5 26.3 3 1.6 - 6 8.7 5 3.5 3 10.0
3 23.8 8 1.2 3 8.0 3 3.4 5 9.3
8 17.4 5 0.9 8 4.1 8 2.4 8 8.6
16 9.8 10 0.6 16 3.9 12 2.2 16 4.9
15 9.6 16 0.5 15 3.4 15 2.2 15 4.7
12 9.1 12 0.4 10 2.9 7 1.2 12 4.1
7 7.2 15 0.4 7 2.4 9 1.0 7 3.4
10 7.2 14 0.2 14 2.4 16 ‘1.0 14 3.3
9 6.3 18 0.2 9 2.0 14 0.8 9 3.1
14 56.2 7 0.1 12 2.0 10 0.5 11 3.0
11 4,2 9 0.1 11 0.9 11 0.2 10 2.9
18 2.9 11 0.1 13 0.4 13 0.2 18 2.6
13 2.2 13 0.0 18 0.4 17 0.2 13 1.0
17 1.0 17 0.0 17 0.1 18 0.1 17 0.1
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" Sentinel in the Fall. Less frequent, highergﬁrdgr synbﬁtic

o .

types are not important on average, but can be signif1cant iy

"factors in any given glaciologicalfjgar-

4.2.3 Smallgrids climatologital éhar%cteriétics’i o

In ?he following, keyday mdpé are.analyzed and climatic

e

data from each meso-scale station are stratified by LW
Smallgrids éynoﬁt}b\gype to detgrmine'the climatic
characteristics of each circulatfon,pattérn; Regional

alrflow, temperature and precipitation characteristics of .

=

the Smallgrids types are discussed. .

The predominant 500mb airflow over Peyto and,Sentine‘r

Glaciers on the Sméilgrids ;ynoptic type keydays is

‘presented in Table 4.13. Westerly flows are most common,

confirming earlier work demonstrating that marine or
’ EEN
modified marine air dominates the climate of both glacier

regions (Walker, 1961). Inspectién of the keyday méps also

suggests that in general the least frequent, higher orderstdp
synoptic typgs have merid;onal airflow, wheréas‘lower order
types are more likely tol;e zonal in'naturé; ® .@

- The Smallgrid synoptic types are ranked in order of

increasing mean daily maximum temperatures (Tables 4.14 and
4.15). Above average temperatures are generally associated
with south ‘to southwesterly 500mb flows, such as Types 1 and

4, or with atmospheric ridging, such as Type 7. Cold
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synoptic type and Peyto Glacier season.

= ANNUAL FALL
Type Tmax Type Tmax
17 19.1 7 18.9
4 12.4 4 13.9
1 '11.5 1 13.5
8 1.5 9 12.5
7 11.1 15 11.8
15 0.4 18 11.1
18 - 10.2— 6 11.0
6 9:5 8 10.7
11 8.6 14 <10.6
9 8.2 3 210.0
12 7.8 2 9.9
'3 7.7 12 7 7.6
10 6.5 5 7.1

13 6.5 16 6.3

2 5.7 10 2.8 °
14 4.2 11 —Za
16 . - 3.5 13 —
5 -1.3 17 _—
x 8.6 x 1I.1

WINTER

. SPRING

61

Table 4.14. Mean daily maximum temperature (Tmax) at Banff by Smallgrids

~

SUMMER
Type Tmax Type Tmax ° Type - Tmax ™"
4 2.2 . 17 16.1 7 . 23.6
15 2.2 8 13.4 1 23.3
17 2.2 4 13.1 17 23.0
1. 1.7 15 12.9 8 22.2
127:7 1.3 1 12.5 10 22.2
6 0.5 6 11.5 4 22.1
18 0.4 7 10.8 15  21.1
8 -l1.4 12 9.7 6 20.5
7 -1.5 9 9.1 9 20.4
3 2.2 3 8.7 11 20.4
2 2.6 16 7.9 3 20.0
10 -3.4° 2 7.8 2 19.2
14 .. =5.1 14 7.5 18 18.5
9 -6.5 18 7.3 12 18.0
16 -6.5 10 6.7 16 17.8
13 -9.1 13 4.7 13 17.6
5 -9.2 5 4.6 14  16.9
11 -12.7 11 2.8 © 5 15.8
. S -
X x 10.7 x 20.9

L1



Table 4.,15. Mean daily maximum temperature (Tmax) at Alta Lake by

Smallgrids synoptic type and Sentinel Glacier season.

ANNUAL FALL WINTER SPRING
Type Tmax Type Tmax Type Tmax Type Tmax Type max

17 18.5 7 10.4 17 4.4 14 12.3

7 17.3 1 9.5 15 3.6 15 9.8

9 14.7 6 9.0 7 3.2 2 9.2 14
6 13.4 9 8.3 1 2.7 6 9.2

15 13.0 4 7.8 4 2.5 7 8.7

1 12.5 18 7.8 18 2.2 9 8.7 10
4 12.3 2 7.6 6 2.0 18 8.3 2
14 122 10 7.0 3 1.5 16 8.2 4
11 11.1 15 7.0 12 1.0 4 7.7 15
18 10.9 3 6.9 2 0.1 1 7.6 17
2 10.7 14 6.9 8 0.0 5 7.5 11
12 10.5 12 6.6 10 -0.4 12 7.5

8 10.4 16 6.0 16 -2.6 11 6.9 3
13 10.0 8 5.9 14 -2.7 3 6.4

3 9.7 11 4.4 9 -5.0 8 6.3 12
10 9.0 - 5 -1.1 5 -5.2 10 - 5.8 16
16 7.3 13 -— 11 -8.0 13 5.8 18
5 5.9 17 —— 13 -8.3 17 5.3 13
x 11.4 x- 8.4 X 0.5 x 8.0 X .6

rs
¢

FOWHEREFRFENOYOWNNNDGL-
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-synoptic types can be the ré@ult of northerly airflow

trajectories over water (T&pe'Z) or land (Type 5), or of the

3

superposition of an atmospheric %rough (Type 16) or cold low
(Type .13). Rankings do change* from season to season, but
most synop;ic types maintain their relgtive position above
or beldw the seasonal mean. Notable exéépﬁibns‘occur,
however. In Winter, Type 18¥ a cold low.p;f;ern, ad;egts
relatively warm ma;ine aif over cold .land surfaces, ;
producing siightly above average temperatures. In Summer,

temperatures associated with this type are well beleow the

mean because cool marine air is advected over relatively

- warm land. These ‘temperature reversals are especially

evident at Séntinel; where the proximity of the glacier fo
the Pacific Ocean does not provide fhe time needed for
modification of the marine air. 7
feﬁperature rénking discrepancies between glaciers
usually can be explained in terms of relationshig§ to

, o
8ynoptic-scale features of circulation. For example, in

Summer, Type 14 is associated with a ridge of high pressure

: ,and above average temperatures at Sentinel Glacier, while it

%s associgted with 500mb low pressure and low temperatures
gt Peyto Glacier. Notable discrepéncies in the shoulder
season rankings may be caused bf smali sample size and time
of occurrence. In Spr{ng, Type 17 is the warmest type'at

Peyto Glacier, whiie it is the coldest at Sentinel Glacier.

7
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This is the result of a few late Spring occurrences of this
type éf Peyto and only one early season occurrence at
Sentinel.

Smallgrids synoptic types are also ranked in terms of
the relative precipitation totals of each glacier season
(Tables 4.16 and 4.17). At Peyto, six types (1, 2, 3, 4, 5
and 8) are associated with about 74% of the annual total.
Only five types (1, 2, 3, 4 and 8) are needed to account for
nearly 85%7 of the annual precipitation at Sentinel. For the
most part, these figures reflect the frequency with which
the types occur. However, important characteristics of the
synpptic types, such as trough and ridge position,
precipitation efficiency and tgmperature, may affect
accumulation and ablation at each glacier.

Differences between seasonal prgcipitatidn percentages
for Peyto and Sentinel Glaciersvoften can be attributed t&x
their positions relative to synoptic—scale troughs énd
ridges. For example, higher seasonal-precipitation
percentages are associated with Type 1 at Sentinel because
it lies closer to the zone of maximum vorticity advection
and upward vertical motions ahead of the trough than does
Peyto (see Figure 8 in Harmon, 1971; after O’Connor, 1963).

Precipitation efficieﬁcy refers to thevamount oqu
precipitation brought to an area by a given synoptic type

relative to its frequency (Bradley and England, 1979). It is
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Table 4.16, Percentage of total precipitation (P) at Lake Louise by

Sﬁéllgrids synoptic type and Peyto Gldcier season. Expected precipitation
is 5.6% per type. Asterisks indicate types that are efficient bearers

of precipitation.

ANNUAL FALL WINTER SPRING SUMMER
Type P pe P Type P Type P Type P
1* 28,1 1* 37.0 1* 36.6 3* 15.3 1 14.
3 11.6 8*  14.7 3% 12.4 4% 13.9 4% 13,
2 10.7 - 3% 9.2 2 11.7 1 11.6 2% 12,
T4 9.8 16% 8.4 4 8.5 8* 9.6 3% 9
8* 7.4 6 8.3 8% 6.2 2 6.6 5% 7
5 6.3 2 7.1° 5 6.1 12% 6.3 - 8x 6
6 4.7 5 5.2 6 5.1 16% 4.9 12% 5
15% 4.6 10* 2.8 10* 4.5 5% 4.3 16% 4
10%* 3.0 12 2.6 9% 2.1 6 2.4 6 3
16* 2.9 4 2.2 7 1.6 9* 1.8 11%* 3
12%* 2.8 18 0.3 11* 1.5 15 1.6 18% 3
14% 2.3 9 0.1 16 = 0.9 13 0.7 13% 2
9 1.7 7 0.0 12 0.8 18 0.7 10 1
11#* 1.7 14 0.0 13% 0.3 10* 0.5 9 1
18% 1.0 15 0.0 14 0.3 11* 0.5 15 0
7 0.9 11 —_— 15 0.2 7 0.0 7 0
13% 0.8 13 -— 17 0.0 14 0.0 14 0.
17 0.0 17 — 18 0.0 17 0.0 17 0
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Table 4.17, Percenéage of total precipitation (B) at Alta Lake by

Smallgrids synoptic type and Sentinel Glacier season. Expected
precipitation is 5.6Z per type. Asterisks indicate types that are
. ' .

-

efficient bearers of precipitation.

COOCRAVOWRDOOWLNOR N

ANNUAL " FALL . WINTER ! SPRING SUMMER
Type P Type P - Type P Type P Type P
1*  46.9 1*  65.4 1*  49.7 1* 54.4 1* 30,
4% 16.1 - 8% 10.6 2  ’11.8 4% 22.2 4% 21,
3% 7.7 4 8.7 4% 11.8 8% 5.6 8% 14,
8% 7.3 6 5,2 3% 8.6 3 5.2 3* 10
© 2 6.8 3 5.0 ° 6 5.8 2 2.6 6 - 3
6 4.8 16 1.3 10%* 4.3 12 1.8 16 2
10* 3.3 2 0.9 8% 4.0 10* 1.7 2 2.
16 1.4 - 10 0.7 16 1.2 -6 1.6 18% 1.
5 0.8 5 0.4 5 0.6 16 1.5 11* 1.
12 0.7 7/ 11 0.4 7 0.6 17* 1.2 10 1
7 0.5 12 0.4 9 0.5 15 0.6 12 1
18 0.5 7 0.4 15 0.4 7 0.2 5 Q.
-9 0.4 18 0.3 12 0.3 5 0.1 13% 0
11 0.4 15 0.2 11 0.1 11 0.1 9, 0
15 0.4 9 0.0 13 0.0 9 0.0 15 0.
13 0.2 14 0.0 14 0.0 13 0.0 7 0
17. 0.1 13 -— 17 0.0 14 0.0 14 0
1 0.0 17 —_— 18 0.0 18 0.0 17 0.

st
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calculated:

Ry = ;ﬁ * 100 : - (4.2)
1j :
where Rij =~precipitation efficiency index of %ype i in pe?iod js
?ij = percentage of thertotal precipitation of type i in |
period j; " Cf
fij = percentage type frequency of type i in period j.

A synoptic type that occurs 10% of the time and delivers 10%

of the period’s precipitation scores an R value of 100. In

—

this ;hesis, a synoptic;type is considered an efficient
bearer of precipitaﬁionrif R)}OO (Tables 4.16 and 4.17). For
example, Type 1 i: efficient in all seasons at Septinel and
in the‘Fall and Winter at Péyto{ dn the other hand, Type 2,
is never effiéient at Sentinel and only in Summervaf Peytp.“
This agrees with,previous-findings (Harmqn, 1971) that ar;as;
of séuthwegterbyfflgw between ;'trougp and the next |

o
downstream rngE receive above normal precipitation, while

-

areaS'of'nbeﬁwesterly flow between a ridge and thé next
downstreaﬁ:;nough receive subnormal pfecipitation.
Efficien;j-gagings also'suggést that the presence or absgnqé
of igﬁfeguently occurfing, efficient synoptic types cén be‘

important to the interannual climatic variability of an

area, For instance, Type 13,18 relatively rare, but brings

a
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héavy precipitation to Peyto in all seasons of occurrence.:
K

In summary, efficient precipitation bearing Smallgrids types

are usually associated with southwesterly cyclonic fqu

(Types 1, 3, 4, 8 and 10) or cold lows (Types 11, .13 and

18).

*

Wheﬁ temperature and precipitation characteristics are
taken together, the occurrence of certain types are seen to
be ippo£tant to glacier mass balance. Fo; example, in Summer
at Peyto, Type 5 is associated with below average
temperatures énd precipitation efficiency, thereby
suppressing ablation. In Fall, Types 16 and 8 bring cool,
temperatures and large quantities of precipitation to Peyto
and Sentinei, respectively, to help initiate the ﬁew
accumulation season.‘Likewise, Type 3 at Peyto and‘Type 8 at
Sentinel bring relativély large snowfalls in Spring to
prolong accumulation. The appearance of a persistent Type 15

ridge brings very dry, warm conditdons to both glaciers,

thus adding very little to annual accumulation.

4,3 Biggrids analysis

4.3.1 Biggrids synoptic types

The results of the Biggrids syggptic type
=

‘classification are summarized in Table 4.1&3 8 synoptic

types adcounting for 94.5Z of the 3287 days are identified.
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Table 4.18. Summary of the Biggrids synoptic type classification, 1 October

1965 to 30 September 1974, . ( %
!
N
TYPE FREQUENCY MEAN KIRCHHOFER KIRCHHOFER SCORE
. (%) SCORE STANDARD DEVIATION
1 60.0 5.5 2.5
2 12.0 7.0 2.6
3 7.2 7.3 2.8
4 7.8 7.6 2.7
5 3.3 8.4 2.4
6 2.9 v//////’ 8.4 2.6
7 10.6 10.5 3.7
8 0.7 9.7 3.5
UNCLASSIFIED 2.9 —a —
' 2:6 — D

MISSING DATA



70

The first 4 types account for 87.0% of the days. Type 1,
with the lowest Kirchhofer score and standard deviation, has

the best statistical fit, while Types 7 and 8 have the

¢

vgreatest internal diversity. Keydays for the.Biggrids

synoptic types are shown in Figures 4.5 to 4.8, and a

&

catalog of Biggrids typés for the study period igipresgntedk

4

in Appendix II.

4.3.2 Synoptic type frequencies

Relative differences between Biggrids synoptic type
" regimes at Peyto and Seﬁtinel Glaciers (Table 4.19) are not
as great as those of Smallgrids (Table 4.8). This is at
least in part a result of the diminished”detail‘in the 8
Biggrids ;}noptic types. Additionally, because Af is only a
vrelative index, it is difficult to determine whether the
regime differences warrant differentiation between glacier
fegions in subsequent analysis. In ofdér to keep the
Biggrids analysis in line with fhat of Smallgrids and to
determine if regional differentiation is, in fact,
justified, Peyto and Sentinel Glacier data are analyééd
separatelylfor Biggrids.
Although season-to-season synoptic regime differences
at each glacier are more discernible (TaBles 4,20 and 4.21),
observed Af values are not eadsily explained. For example,

. v Fall and Spring are not distinct seasons, as is the case for
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Keyday 2, 30Mar§7

2

Figure 4.5. 500mb pressure distributions on Biggrids Keydays 1 and 2.
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Keyday 4.160c169

Figure 4.6,

Keyday 3. 28Nov 65

500mb pressure distributions on Biggrids Keydays 3 and 4.
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«Keyday 5,185ep66
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Table 4.19. Relative seasonal differences (Af)rbetween the Biggrids synoptic

2

type frequency regimes at Peyto and’ Sentinel Glaciers. .

-

_Af
Fall - [ 18.9

A . Winter 5.9 -
‘ Spring 12.8

_ - Summer 11.0

s

€

Table 4.20. Relative seasonal differences (Af) of the Biggrids‘synoptic type

frequency regimes at Peyto Glacier. . .

, Fall Winter Spring Summercf’“-.»’fJ. ‘
Fall 0.0 -
Winter 23.6 . 0.0
Spring - 40.0 24.5 0.0 )
x Summer 23.8 . 20.4 29.9 0.0

Table 4.21. Relative seasonal differences (Af) of the Biggrids synoptic type

frequency regimes at Sentinel Glacier.

Fall " Winter ;Spring Summer
Fall 0.0
, Winter 28.0 0.0
Spring 12.2 25.2 0.0
Summer 25.9 27.1 16.9 0.0



Smallérids (Tables 4.9 and 4.10). Furthermore, a plot of
_consecutive Eeasonal pairs (Fféufé 4.9) reveals no shq;b'
contrasts in seagonal regimes relative to those of [
Smallgrids (Figure 4a4).;Again, thése patterns mé§ possibly
be attributed to the results of the Biggrias classification
“proceduré3 whefe much of the variation in the data 1is
suppfesséd, and not neceséarily to physical phenomena.
Tightened S, SR and S-C threshold values (Section 3.1) would
increase&the number of synoptic tfpés and mighthbring Qut
the expe;ted distinctions in Fall and Spring regimes. As
5 With<Smailgrids, the Af values of Tables 4.20 and 4.21 are
sufficiéntly large go allow stratification by glacier season
when appropriate.

A‘summary Af Biggrids synoptic type frequencies shows
an overwheiming preponderance of Type 1 in all seasons .
(Tables 4.22 and 4.23). Types 2 and 4 are of modérate
importance in each season, thle Type 3 is only important in
Winter. Type 5 frequencie; increase modestly in Suqmer at

both glaciers, as does Type 6 in Winter aﬁifeyto. Types 7

and 8 are rare.

4.3.3 Biggrids climatological characteristics

Inspection of the 500mb patterns on the Biggrids

synoptic type keydays shows the importance of westerly
E B ‘}

marine airflow over Peytovéid Sentinel Glaciers (Table
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Table 4.22. Biggrids synoptic tyﬁe freﬁuencies at Peyto Glacier in mean days

per season,

-

ANNUAL " FALL WINTER" B SPRING SUMMER
Type Days Type Days Type Days Type Days Type Days
1 213.3 1 25.0 1 97.1 1 27.2. 1 68.0
2 42.7 -2 8.2 3 16.0 2 6.8 2 13.4
4 27.7 4 2.0 2 15.8 4 6.3 4 ’9.3‘
3 .25.6 3 1.8 S4 10.4 3 5.7 5 7.8
5% 11.7 5 0.9 6 4.8, 6 2.1 6 3.4
6. 10.3 6 0.1 5 1.8 5 1.7 3 1.7
g8 2.5 7 0.1 7 1.6 8 0.8 8 1.3
7 2.1 8 0.0 8 0.6 7 0.4 7 0.0

< 3

Table 4.23. iﬁiggrids synoptic type frequencies at Sentinel Glacier in mean

days per season.

© ANNUAL FALL ' WINTER  SPRING SUMMER

Type 'Dazsn ¢ Type ’Days: » Type “Dazs Type Days Type Days
1 213.3 1 12.4 1 78.1 1. 26.1 1 98.6
2 42.7 2 4.2 3 12.0 2 7.0 2 23.3
4 27.7 3 2.0 2 9.6 4 4.5 b 17.1
3 25.6 4 1.1 4 8.4 3 4.1 5 7.7
5 11.7 "5 0.6 6 4.0 5 1.2 3 5.6
6 10.3 6 0.6 7 1.3 6 1.2 6 4.0
8 2.5 7 0.1 5 1.1 8 0.8 8 0.9
7 2.0 8 0.0 8 0.6 7 0.5 7 0.3
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4.24). Type 1 displays a high zonal index flow, whereas
Types 2 and 3 fé;:esent increaéed oscillation 1in ;he upper
westerlies. Types 4 through 8 illustrate low éonal index
s;tﬁations ﬁith meridional exchange of ¢qld and warm air. In

Types 3 through 8, Peyto and Sentinel sit under transitional

areas between upper level cyclonic and anticyclonic flow,

L
e

tﬁug making considerable temﬁerature and precipitation
diversity witﬁin types a possibility.

Despite this potential gource of error, clear
relationships between synoptic types and temperature are
evident (Tables 4.25‘and 4.26). Type i westerly con&itions
bring moderate temperatures to the Peyto and Sentinel. areas.
This type 1s associated closély with the seasonai mean
temperatures because of itsﬂhigh frequeﬁcy and its zonal
flow (Harmon, 1971). A northwestely trajectory maintains
cool conditions at the éiacieré during all Type 2
situations, while southwesterly flow, sometimes reinforced
by ridging, keeps Type 3 temperatures above average. Because
Peyto and Sentinel are positioned under two connectiné
ridges and experience southerly airflow oﬁ Type 4 days,
tem%eratures are relatively warm. Althoqgh Types 5 and 6 are
usually warm, reversals of form may possibly be explained by
slight seasonal pressure pattern shifts from the keyday
"mean" positions, as suggested above. Type 7 cold lows

generally advect cold air into the Peyto and Sentinel
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Table 4:24.

the Biggrids“ﬁynoptic,type keydays.

7

Predominant 500mb airflow over,Pe}Ebiénd?Sengﬁnel Glaciers on
e . =

TYPE

W NNV s WN

.,

EYTO

W
Nw

- SW

S?
N
W
w?
N

S
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: *
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rot
4
F
7
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Table 4.25. Mean daily maximum temperature (Tméx) at Banff by Biggrids

e

synoptic type and Peyto Glacier season,

[

?

© W = N &~ O o

ANNUAL FALL WINTER SPRING SUMMER
Type Tmax Type Tmax Type Tmax Type Tmax Type Tmax
5 17.1 3 14.6 6 2.0 3 14.6 3 24,
4 12.0 5 13.4 5 1.9 4 13.3 b 24,
6 10.6 4 129 3 1.0 7 12.3 5 22,
1 8.4 7 12.2 4 -0.1 6 11.3 6 22,
8 8.4 1 11.9 1 -2.1 5 .11.0 1 21.
3 7.3 2 8.0 2 -3.6 1 9.7 8 17.
2 6.3 6. 5.6 7 -4.0 8 9.3 2 16.
7 0.3 8 _ --—- 8 -15.5 2 8.4 N
X 8.6 x 11.1 x -1.6 x  10.7 x 20.9
N

Table 4.26. Mean daily maximum;ggmperéfare (Tmax) at Alta Lake by Biggrids

synoptic type -and Sentinel Glacier season.

ANNUAL - FALL ’ WINTER SPRING SUMMER -

Type. Tmax Type Tmax ' Type Tmax Type Tmax Type Tmax

4 15.0 7 11.1 6 4.2 4 10.4 4 22.3
5 14.2 5 9.2 3 2.1 3 .9.6 3 21.0
6 11.7 1 9.0 5 1.8 7 8.3 1 20.4
1 11.5 6 8.4 4 1.1 2 7.9 6 19.9
2 9.6 3 7.9 1 0.5 6 7.6 5 16.9
3 9.6 4 7.7 2 2.6 1 7.5 2 15.2
8 9.4 2 6.4 7 2.9 5 6.4 8 8 14,k
7 4.1 8 - 8  -6.4 8 4.4 7 13.3
X 11.4 X 8.4 X 0.5 "% 8.0 X 19.6
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- 4
%

’

regions, and Type 8 is associaﬁed.;ith outbreaks of -Arctic
wl

air.
~a

The Biggrids precipitation summaries are dominated by
Type 1 (Tables 4.27 and 4.28). Although inhpart this
reflects, frequency, high efficiency qatings mean’

Jébnsistently high precipi;ation totals dare associated with

Tiy 2
H g A
. 5

Type 1 ‘at both glaciers. Om\the'other hand, Type 4 is
usual%y very dry.‘Other_Biggrids synoptic tybes‘ére not as
consistent as Types 1 and 4 in ;heir'precfpitation

characteristics. Type 2 is relaﬁively dry in Winter, but

[

quite wet:i; Summér. Type 3 is an gfficient bearer of
prec;pifation during Sentiﬁe} Winteré, while it 1is
inefficiept at Peyto. Type 5 has low absolute totals iﬁ
Wintér, butJLs‘an important contributof»to Summer totals.at
both glaciers.-bue fo positive efficienc& ratings, Types 6,
7 and 8 are important to the precipitation of.some seasons,

As iﬁ thé case Qf Smallgrids synobgic types, Biégrigs
preciﬁitation statiséics’can usually be ex?lained‘in'terms '
of mid-fropospheric wave patperns. For e#ample, Type 1 days
at Peyto and Sentinel are associ;ted with moistv
southwesterly cyclonic flows, upwardrvértical motion and
maXximum vorticity advection ahead of the méin tréugh axis.T
On the other hang, Tyge,Z days are associated with

divergence and shhs%ience of relatively less moist

northwesterly flows behind the main trough axis.

-
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Table 4.27. Percentage of total seasonal Precibitation (P) at Lake Louise by"

%

Biggrids synoptic type and Peyto Glacier seasen, Expécted;precipitation is

il

I%fﬁ% per type. Asterisks\indiéate t&pes that are efficient bearers of

precipitation. -
-8

ANNUAL FALL . WINTER

Type P Type P Type P
1% 68 .4 1% 66.3 1* 79.5
2 10.7 2%  26.8 3 7.5
5% 5.4 3% 4.5 2 “ 4.9
3 4.6 5 1.7 6% 4.4
6% 3.4 4 0.7 5% 1.8
4 3.1 6 0.0 8% 0.9
8* 1.4 7 0.0 4 0.6
7 0.2~ 8 -— 7 0.0

Table 4.28. Pércentage of total seasonal precipitation (P) at Alta Lake by

Biggrids synoptic type and Sentinel Glacier season. Expected precipitation
—

is 12.5% per type. Aéterisks indicate types that are efficient bearers of ¥

precipitation,

ANNUAL ) FALL WINTER SPRING SUMMER
N #

Type P Type P Type P Type - P Type: P
1* 70.3 1*  64.9 1* 75.0 C1*  69.4 1*  66.0
3% 8.9 T2 14.2 3% 11.4 2 6.9 2 13.5
2 8.4 3% 9.1 2 6.1 6% 5.5 5% 9.9
5% 4.2 6* 5.9 6 2.3 4 5.3 4 3.0
6% 3.2 5% 2.7 4 1.9 3 5.0 3 2.4
4 2.4 4 1.6 5 0.8 8% 3.2 6 2.0
8% 0.9 7 0.0 8% 0.7 5% 2.6 8% 1.0
7%, 0.6 8 - 7 0.5 7% 1:1 7 0.0
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4.4 The relationship between Smallgrids and Biggrids

Table 4.29 shows the results of a crosstabulation of
‘Smallgrids and Biggrids synoptic types. Although'ﬂb cléar
relationships emerge upon inspection of the contingency

v

table, a chi~square analysis of the first six rows. and

~

golumns suggests that observed frequencies are no£ chance
variations. However, using asymﬁefric lambda to measuré the
ability tb predict Smallgrids types given,knoﬁieage'of the
Biggrids type frequencies shows only a 2.87% improvement in
prediction. No impr;vement is found using Smallgrids to
predict Biggrids types. Thérefore, there is clearly very
little direct statistiﬁal relationéhip between the two
synopticltype'ciassifications used in the_presegt study.

The above results are due to the filtering of data
during  the compilation\of Biggrids, -when approximately 73%
hof the original 110 data points weré removed. Consequently,
a great deal of smail—sc le synoptic variation may take
place over southwestern Canada without these’changes being
evident in the Biggrids types. Bigg;ids are related to the
long wave pattérns‘of the Northern Hemisphere, while

Smallgrids are high-wavenumber, migratory perturbations

imbedded in the Biggrids flow.
rd

-
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Table 4.29,

:gﬁba;ing Smailgrids and Biggrids symoptic types.

o - BIGGRIDS

i
SMALLGRIDS - 1 2 3 4 5 6 7 8 UNCLASSIFIED
’;} 1 5646 41 87 41 19 34 0o 2 7

2 2 329 70 26 19 2 9 0 3 8
3 143 34 7 I 14 10 0 3 0
4 167 19 42 52 21 14 5 4 19
5 137 55 4 16 2 4 24 0 11

6 178 33 25 17 3 9 ki 0 6 -
7 41 2 8 9 0 1 o ) 1
8 70 24 9 9 29 3.2 6 3
9 47 3 4 1 0 i) 0 1 0
10 ¢ 49 6 2 1 3 4 0 0 0
11 25 7 0 0 & 1 0 1 0
12 31 32 2 5 .41 2 0 5
13 ' 11 0 0 4 0 0 0 2 2
14 /23 4 3 15 0: 0 1 0 10
15 27 12 9 28 1 0 1 0 9
16 50 25 1 3 2 2 3 1 0
17 6 0 1 2 0 0 0o 0 0
) 18 6 4 2 9 1 0 0 0 3
UNCLASSIFIED = 59 22 2 24 3 2 0 0 10

o ..'; ’ ‘:1 %
: . b
5
5
. ~ﬁ

x® observed* = 253.02

x? critical (at 25 degrees of freedom and & = 0.001) = 52.62 *

lb (Smallgrids dependent) = 0.0287

Ab (Biggrids dependent) = 0.0000 : -~

* Due to the presence of many expected values <5 in the high order
synoptic types, x2 was only calculated for Smallgrids and Biggrids

Types 1 to 6.
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4,5 Summary

General synoptic climatolqgies of Peyfo and Sentinel
Glaéiers using Smallgrids and Biggrids synoptic type

classifications were presented in this chapter. Although the

.

resulting data are sufficiently detailed for the analysis of

.glacier mass balance with synoptic type characteristics tp

MR

follow in bhapter 5,va few generalizations can be deriJ%&i
from these resuits.

The relati&e differences between seasonal synoptic tybe
regimes at Peyto and Sentinel Glaciers are much greater fbr
Smallgrids thgn for Biggrids. Also, relative
season—to—se?éon differences at each glacier are more
clearly discriminated by Smallgrids than Biggrids synoptic
pre frequenciesi Thelgreater detail provided by the 18
Smallgridg.types'relative to the g”Biggrids types accounts
for these results. Nonetheless, it has been demonstrated
fghat Bigg:ids temperature and precipitation characteristics
are physically reasonable when‘str%ﬁified.

Featuresrpf synoptic-scale circulation identified by
botg Smallgrids and Biggrids gyndptic types influéqce the

climate of southwestern Canada.‘Airflow trajectories,

isobaric curvaﬁ@r@vand positions of troughs and ridges of
s v

the 500mb synoptfﬁﬁtypes appear to be directly related to

the temperature and precipitation characteristics of -the
Peyto and Sentinel Glacier areas.

LI S
=

o

I
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No direct statistical association exists between -
Smallgrids and Biggrids synoptic types. The generaliiation
imposéd on the data during compilafion ofrBiggrids
eliminiﬁed nmuch of the high—wavenumbér'synépticéécale
informationw6§n§ained in Smallgrids. Howevér,rit is 7
d;monstrated-ih Chapter{S that Biggfids, as wellﬁas’
Smallgrids, are useful in predicting elements of mass

balance at Peyto and Sentinel.

=



5. The Relationship between Glacier Mass Balance and

Synoptic Type Charaeteristics

5.1 Introduction

e

In this chapter, the,first two thesis objectfves are

addressed. The first objective 1s to determine the

+

association betweeen glacier mass balance aﬁd“SYnoptic—scaler

circulation in southwestern Canada. This will be aéhieved’by

I

an examination of qhe nature and strength of the oy <

re;ationsﬁips shown bf winte;;bglance and'by Summer
temperature with some "sifiple climatological characteristics
of the synoptic types. The second objective is to détermiﬂe>
the effect that changes in the information lével and scale .
of the synoptic features have bnvtzg'results. A- comparison
of Smallgrids and Biggrids syno?ticitype characteristics £§
used for this purpose. Before the main'anflysis, the~‘ ’
criterion variablés_ﬁwinfe; b;lance and Summer mean daily
maximunm temperatureéfithe preéictor variables (the‘synoptic
type éharacteristio&vfrequencies),‘and,thg seasons to be.

<

analyzed-are introduced.

%

7

5.1.1 Criterion variables: winter balance and SummfT

+

temperature

Annual glacier mass balance is a simple combination/ of

annual accumulation and annual ablation. Annual accumulation
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i
consists of the solid precipitationrentering a glagier ﬁasin
duringka mass balance year, including direct snowfall, wind
drifted snow and avalanching. Up to 15% of the annual
accumulation on a typical mﬁuntain glaéi;r Ean bé attribufeﬁ

to drifting and avalanching (Kotlyakov, 1973). F&rathe
purﬁoses of the présent study; this percentage is unknoén ’
but cbns{E:red to be'st;blé ovgrftime ghd proportiogal to
~the annual snowfall of the region. Annual ablation consists
of the mass lost from the giacier duting the mass baiance
year, inciudiﬁg'ice and s;ow'melt; gxapo;ation, wind

drifting and cai{iné (see below). .

The measures annual accumulation and annual ablétion
are not used in the present study. Part of the snow ‘
accumulation on a glécier may‘have:been.removed by melting,
-evaporation or wind prior to measurement. Likewige, snow
falling during the ablation period alters the melt rate and
is part of the aﬁnual accumulation, although it is not
counted as such. Thpg, measured accumulation and ablation

differ from the "true" annual 3ccuﬁu1ation and ablation .

totals. These measured quantities are denoted winter balance

and summer balance (Anonymous,, 1969). All values are

presented in meters of water equ#valent averaged over the
- . - " ‘ b

' - ~) £
entire glacier area,

Winter balance measurements from Peyto and Sentinel

Glaciers are used as the criterion variables representing
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'

annual accumulation in the regression analysis of Section

5.2. Mass lost to melting, evaporation and wind drifting is

considered‘negligi$le (Ostrem and Stanley, 1969).

Choice 6f n appropriate variable of variables to
repfésent eitg;i "true"™ annual ablation or meagured sﬁﬁmer
balance is ﬁot stfaightforward.aEnergy for annual ablation
-is:pfovided by a cémple{ combination of énergy gources that

change over time and space (Patersom, 1969). Synoptic types

are not directly linked to annual ablation, but do affect
~N

the components of the energy balance (Vowi‘nckel\and'Orvig,a

1969, 1971; Alt, '1975, 1979). At Peyto, Féehn (1973) has

moﬁitored the energy balance over a snow surface, while

“

Derikx (1975) and Munre and ‘Davies (1977, 1978) have‘done 50

over- ice. Munro and Young (1982)7havé modelled net shortwave
fadiatioﬂVOVer the eqtire Peyto basin fo; july and August’,
1978. No 5uch studies have‘been implementéd at Sentinel;
Bec;use the ene;éy balgﬁceiis difficult and costly to
measure or médei,‘the above étudies are‘%ll short-term apdf
therefore of little use to the pre;edt résear;h.
y?Iortunately, temperature can be used to représent the
variables of the energy balance and estimate ann;al ablation
(Braithwaite, 1981). Models of summer balance using
.meso~scale temperature data have beén developed by Hoinkes

Y
and Steinacker (1975), Braithwaite (1977) and Tangborn

(1980). All such models use a form of melting degree day to

L



~

91

"describe the totél,energy input for ablation. In addition,
adjustments for the surface conditions (i.;. preéencg or
absence of snow over ice) can be included (Hofnkes.and
Steinacker, 1975). ;

Basedlon the above, a multiple lirear regression of

. 3

sumﬁgr balance iith Banff arnd Alta Lake Summer. mean daily
maximum te?perature, Summer season length and &inter balance
are presented‘in order to identify potential criterion
variables to represent-annual ablation (Tables 5.1 and 5.23.,
Summer temperature and length of,thé’Summer are included
because togal melting degree days for atsummgr balance
season can be expressed as a function Af'the segsonal mean
temperature and the number of days availablg for meitiﬁg.
Winter balance serves as .a rough descfiptqr of tﬂe glacier
surface: high;winter}balance totals iﬁpiy a prolonged period
of high surface albledo and relatively low melttratés; while
loﬁ totals have a éonvérse association. At Peyto, Summer

temperature and season length together explain 50% of the

variance in summer balance. Annual changes iﬁ the winter
balance account for 10%Z of the qfélained variance. At
Sentinel, season length explains over 58 of the variénce,
while temperature accounts for an additional 212; for a
total of 79%. Winter balance does not enter the equation. ~
Therefore, melting degrée dgys, expressed as a function of

~e B .
Summer temperature and season length, are very important in



o

'.‘""{-t_ \J\fJ ‘ - 92
. »

IS

Table 5.1.. Stepwise linear regression of Peyto Glacier summer balance witﬁv”f.f

Banff Summer mean daily maximum temperature, Summer length and winter”

\

, balanc;e.

CRITERION VARIABLE: Peyto Glacier summer balance -  _ -

* L
¥

s

PREDICTOR CUMULATIVE R? , REGRESSION
VARIABLE - R? CHANGE COEFFICIENT
temperature 39.7 39.7 0.358

winter balance 53.9 14.2 --0.634

length 64.2 10.3 . " 0.013 e

(y-inteércept) -6.261

F observed .= 2.98 )
F critical (at 3 and 5 degrees of freedom and with a = 0.20) = 2,25

Table 5.2. Sﬁepwise linear regression of Sentinel Glacier summer balance

EYG

“with Alta Lake Summer mean dafiy maximum tggperature‘and Summer length. The

F-level of winter balance is'too low for inclusion.

A

-

CRITERION VARIABLE: ' Sentinel Glacier summer balance

PREDICTOR CUMULATIVE RZ REGRESSION
VARIABLE | - R? CHANGE COEFFICIENT
length  * 58.8 58.8 0.033
temperature 79.7 20.9 0.374

(y-intercept) -9.500

F observed = 7.87

F critical (at 2-and 4 degrees of.§reedom and a = 0.05) = 6.94
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predicting summer balance at Sentinel, but only moderately
so at Peyto. ) A .,

Of the three variables teéted abbve, maximum
temperature at Banff and Alta Lake is used as the criterion
‘variable to be predicted by changes in the'freqdencies of
Afhe‘synoptic type characteristics. Summer season lsngth is
impiicitly related to the synoptic type frequencies;
inclusion of this variable would provide redundant
information and 1s not necessary. Summer synoptic types do
not control the winterrbalancevof-the previous season and
must, K be excluded from the analysis. Only the Summeér
temperature component of summer bélance can be ;nflueqced by

synoptic type frequencies.

5.1.2 Predictor variables: synoptic type characteristics

wfrequencies ; -
2
E . -

K Due to degrees of freedom limitations, miltiple linear

+

regression cannot be carried out if: - 5
Y.,
P > N-1 (5.1)°
where P = number of predictor variables;

N = number oficases of the criterion variable.
A ' .

In this study, the m synoptic types (P) exceed the (N - 1)

seasons available for analysis in nearly eve;y situation.

e
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1

Thus, the synoptic types must be cbllapsed into

climatologically reasqpable groups. The frequencies of

e

certain synoptic type chafacteristics,‘based on criteria ~
extablished by Bradley and England (1979), are used\for this
purpose; Wet synpoptic types are-thése types associated wifﬁ
more precipitation than the expected amount in a given
season.\Any Smallgrids type providing more than 5.6% (Tagles
4.12 and 4.13) and any Biggrids type providing more than

fﬁ.SZ'(Tgbles 4.23 and 4.24) of the seasonal total

precig}tation are considered wet. For\gxample, fogvPeyto

.«Sméilgrids Winters, Types 1, 2, 3,4, 5 and 8 are wet

synoptic types (Table 4.12). Dry types are those with

seasonal totals below 5.6% for Smallgrids and 12.5% for

Biggrids. As explained in Section 4.2.4, efficient bearers
of precipitation are types associated with larger seasonal
precipitation totals than their relative frequency of

occurrence{ Inefficient bearers of precipitation are 9 28

associated with lower seasonal precipitation totals than

-

their relative frequencies. Efficient synoptic types are

asterisked in Tables 4.12, 4.13, 4.23 and 4.24. Cool and

warm types are synoptic types that fall below or above the

seasonal mean daily maximum temperature (Tables 4.10, 4.11,
4,21 and 4.22). For example, for Sentinel Smallgrids
Summers, Types 1, 2, 4, 6, 7, 9, 10, 14 and 15 are warm

synoptic types (Table 4.11). Physical reasons for the
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climatological characteristics?ofgthe synoptic types were

BN

presented in Sections 4.2 and 4¢3,

5.1.3 Accumuiatibn and Summer seasons

In_the following sections, Accumulation and Summer

season synoptic type characteristics will be analyzed. Pilot
regressions (not shawn) tested annual winter balance with
Finter synoptic type characteristics and with AcCumulation
séason type characteristics (a simple additivé‘combinatioq
of Fall, Winter and'Spring type characteristics
frequencies). Accumulatioh.season synoptic types provided
consistently stro;ger\statistical éxplanation than did thé
Winter season)dama. Similar pilot studieﬁ using Summer fhd
Ablation seaéon data (an additive combination of Spring,
Summer- and Fall type characteristics and a weighted
R combination of seasonal mean daily maxipum tempe;atﬁres)
\Efound Summer temperature was far better predicted by Summer

synoptic type characteristics than Ablation season

temperature was predicted by Ablation season synoptic types.

-
5.2 Winter balance

:Regression analyses;of Peyto and Sentigg} Glacier
winter balance with Accumulation season Smallgrids and

Biggrids synoptic type characteristics frequencies are

. .
k2 x>
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3
-

.carried out here. Each situation, Peyto Smallgrids, Sentinel

Smallgrids, Peyto Biggrids and Sentinel Bigg;ids,‘is

analyzed separately.

5.2.1 Peyto Smallgrids

Table 5.3 shows simple correlations of Peyto winter
balance with Smallgrids synoptic type characteristics. Wet,

efficient and cool synoptic types are positively correlated

-with winter balance, while dry, inefficient and warm types .

are negatively correlated. The gﬁgéngest correlation 1is
between cool synoptic types éﬁd winter balance; the weakest
is between inefficient types and the criterion variable.

It appears that! the ideal way t§ determine the total
variance in winter balance provided by the synoptic type
characteristics frequencies is by ﬁultiple linear:.
regression. Such an analysis for thauPeyto Smallgridé data
(Table 5.45%§pggests‘that 98% o?uthégexpléined variance 1is
accounted for by four synoptig‘ty@éichéracteristics.
Howeverj the regression coefficient of jhe’ékficient
predic£or'variable h;s a sign that is opposite in directizh
to that--of the simple r of Table 5.3. This sﬁurious result
is caused by severe cdglinearity in the predictor variable
set (Table 5.5). The corréiation matrix of these variables
$hows extremely high positive correlafions among wet,

efficient and cool synoptic types. Dry, inefficient and warm

%

/
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Table 5.3. Simple two-variable regressions of Peyto Glacier winter balance

with Smallgrids synoptic type characteristics.

CRITERION VARIABLE:: Peyto Glacier winter balance

~

PREDICTOR F F SIGNIFICANCE

VARTABLE r r? OBSERVED  CRITICAL* yEyEL
wet : 0.5501 30.3 2.60 2.07 . 0.20
dry . -0.5076 25.8 2.08 2.07 0.20
efficient 0.5806 33.7 3.05 . 2.07 - 0.20
inefficient —0.LQ3Q; 1.1 . 0.06 e not significant
cool 0.7110 50.6  6g13 - 5.99 0.05
warm ~0.5321 28:3 2.37 2.07 0.20

* At 1 and 6 degrees of freedom.
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Table 5.4, Stepwise linear regression of Peyto Glacier winter balance with

98

Smallgrids sypoptic type characteristics. All data are considered as a
Y N .

Ao

single group forqéignificzﬁée testing.- The F-levels of the wet and dry

: synoptic types‘arevtoo low for inclusion.

¥

CRITERION VARIABLE: Peyto Glacier winter balance

PREDICTOR
VARTABLE

cool
warm

ine cient
efficient

F observed-= 44.37

ﬂ;.{;
CUMULATIVE R? REGRESSION
R? ‘ CHANGE COEFFICIENT
50.6 50.6 _ 0.041
75.1 24 .5 -0.008
82.8 7.7 -0.020
98.2 15.4 -0.029

w?ﬂy—interéept) 3.834

F critical (at 4 and 3 degrees of freedom and o = 0.01) = 28.71

T

R

<
wad
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Table 5.5. Correlation matrix of Peyto q1acier.AccumulaEion season
i
Smallgrids synoptic type characteristics.
g .
WET DRY EFFICIENT INEFFICIENT COOL WARM
WET " 1.0000
DRY -0.3290 1.0000
EFFICIENT 0.9412 -0.4290 1.0000
INEFFICIENT -0.2231 0.7867 0.0026 1.0000 _
COOL . 0.8803 -0.0986 0.8382 0.4084 1.0000
" WARM. -0.0462 0.3978 -0.1185 6.2923 - -0.0520 1.0000
l\
2
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‘fﬁéfnoptic types are also positively correlé;ed, especially ~

drY'and inefficieg&ktypes.

The—netbresult of this nonindependence is shown at K =

0.0 in the ridge trace of Peyto winter balance w@th the six

predictor variables (Figure 5§J).;Jhe reéression coefficient

of the cool synoptic types is too high, whereas the

efficient type also starts out very high and with the wrong
i o .

&

sign. Wet types sﬁbw erratic coefficient behavior and are
indistinguishable'from the efficient types at higher values
of K. The inefficient variable 1ose§'predictive power as it

approaches a coef;fficient value of zero. The warm type trace
# o .
is relatively stable, and the dry type does not enter the

equation until K = 0.02.

FigureHS.Z(demonstrates the behavior of the variable

coefficients whenwweQJQnd dry synoptic types are removed

ffom the éﬁalysis. It appears that the éqrrelations between’
the cool and effibiéntAvariables and between the warm and.
inefficient variables résult'in oﬁly siightly dampened
coefficient instability over the full regres;ion model. If
efficient and inefficient type variables are removed, but .
wet and dry'tyﬁes are allowed to remain, the resulting ridge
trace (not shown) is virtualiy identical to Figure 5.2.
Removal of.all but cool and warm synoptic type
characteristics from the ridge regression results in stable

traces (Figure 5.3).

LT
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Figure 5.3. Ridge trace of Peyto Glacier winter balance with Smallgrids

cool and warm synoptic types.
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Based oﬁ these résults, a stépwise linear regression
entefing just the ;ool and warm Smallgrids synoptic type
characteristics explains 75%Z of the variance in Peyto
Glacier’s winter balance (Table 5.6). This may be called‘ak

"minimum reliable estimate"” of the explained variance. For

example, some of the warm/wet and warm/efficient synoptic

types, such as Winter Types 1, 4 and 8, méke positive
contributiOnsvto accumulation and account for some of the
unexplained variance but are,removéd because of collinearity
withfthe'cool predictor variable. Unfortunately, present
regression techniques do not provide for the decomposition
needed to so?t out collinear variables. A statistically
significant example of this source of unexplained variance
in the‘present model is presented in Sectionm 6.1.3.

Peyto Smallgrids cool synoptic types“éxplain 50%Z of the
variance in winter balance. Thgse pressure patterns either
have'northerly airflows or bring cool poiar air into the :
area. Cool-types include many important wet and efficien;
synoptic types, thus explainming much‘of the collinearity.
Types 2 ana 5 are wet pattern; with qortherly airflow
trajectories, whergas Types 10, 11 aﬁd 13 are efficient cold
log patgerns pumping cool unstable air into the region. Cool
‘Téie 3 brings maritime polar qir ;o Peyto with wet and
efficient moisture bearing proﬁefties; ﬁeaning thatfit'

occurs often and brings heavy precipitation when it does.

%

—t
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. Table 5.6. Stepwise linear regression of Peyto Glaciér winter balance with

Smallgrids cool and warm synoptic types.

AN

CRITERION VARIABLE: Peyto Glacier winter balance

PREDICTOR CUMULATIVE R? - REGRESSION
VARIABLE R? CHANGE COEFFICIENT
cool - 50.6 50.6 0.015
warm R 75.1 24.5 -0.013

(y-intercept) 1.484

F observed = 7.55

P critical (at 2 and 5 degrees of freedom and with a = 0.05) = 5.79
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’

Smallgrids warm synoptic‘typés explain 25% of thg
variance in Peyto winter balance. They inélude the @arm/wet-_
and warm/efficient types mentioned abd?é%&%??ks 1, 4 and 8),
each associated with damp éoutherly airflow. It would bel
more appropriate to group these three types with:positive
contributors to winter balance and not with negative
contributors. More important to IQWféccumulation‘toFals are
the dry and/or inefficient warm tyégs associated with
'prom;nent ridges over Peytol(Types 6, 7, 15 and 17); Some‘

years, such as 1969-70, have a sharp increase in these fﬁdge

S
types and a conc?pitant ddcrease in all moisture bearing

synoptic types.

5.2.2 Sentinel Smallgrids

Positive correlations exist between Sentinel Glacier

winter balance and wet, efficient and cool Smallgrids
~

synoptic type frequencies (Table 5.7). Negative correlat\ions

2

are seen between winter balance an&"dry, inefficient’and
warm synoptfc types. Although cool and warm types were the
most highly correlated for Peyto Smallgrids, they .are very
weak predictors at Sentinel.

The stepwise linear regressioq for SentinelAémallgrids
produces an outlier seen in the residual plots and congirmed-
by the Dixon Criteria outlier test.for small samples
(Younger, 1979). One assumption of the linear regression

S
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Table 5.7. Simple two-variable regressions of Sentinel Glacier winter

balance with Smallgrids synoptic type characteristics.

4/ fﬁgﬁ%?ITERION VARIABLE: Sentinel Glacier winter balance

‘(; ~T
:3?
, PREDICTOR |
?VARIABLE r
wet 0.6320
dry -0.5796
efficient 0.7338
Iinefficient< -0.5260
cool 0.3086
warm -0.2181

F

F

SIGNIFICANCE
r? OBSERVED  CRITICAL* LEVEL
39.9 3.33 2,18 0.20
3356 2.53 2.18 £ 0.20
53.8 5.83 4,06 0.10
27.7 1.91 ——— not significant
9.5 0.53 ——— not sigﬁificant
0.25 -—— not significant

4.8

* At 1 and 5 degrees of freedom.

Fa Ty

T

b
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model 1is tﬁat all residual terms are normaliy distributed;
an outlier is a residudl value significantly beyond éhe
range of the normal di;tribution, As a result, the yeé:
'1967-68 is removed from the analysis, decreasing the already
_limited degrees of freedom by one. The results of the:
subsequent regression show a high percentaéé of explained
variance, but also reveal coefficients of the wrong sign fof
inefficient and wet synoptic types (Table 5.8). InspeétiQn
of the correlation matrix of predictor variables suggests
collinearity (Table 5.9).

Because of the limited degrees of freedom available;.a
full model ridge regression 1s not possible. Thus, the
weakest predicto;s, cool and warm synoptic type o
characteristics, are removed. The ridge trace for the
remaining variables‘shows strong collinearity ﬁetween

efficient and wet types and between inefficient and dry

Vftfpegﬂ(Figure 5.4). Wet and inefficient synoptic types
reverse Eigns and the absolute coefficient va;ues at K = 0.0
are mﬁchAtop_high. The weaker predictors, inefficient and
wet types, érp removed'resulting in a stable fidge trace of
the efficient‘ané dry synoptic types (Figure 5.5). A
stepwise lineaf“regression of Sentinel Glacier winter
balance with efficient and dry type characteristics explains
80%Z of the variance in the data (Table 5;10).'This is the

only case in which the set of best predictor variables does
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Table 5.8, Stepwise linear regression of Sentinel Glacier winter balance

with Smallgrids synoptic type characteristics.. Datakfor the year 1967—68
are removed becaﬁse the residual value violates the normality assumption
of the linéar’regression model. Ali remaiﬁing data are considéred as a.
‘single group for significance testing. Only'thé first four variables are
entered due to degrees of freedom limitationms.

\

CRITERION VARIABLE: Sentinel Glacier winter balance

PREDICTOR ' CUMULATIVE R2 REGRESSION
VARIABLE o R? CHANGE COEFFICIENT
efficient 59.3 59.3 0.103
dry 80.0 20.7 -0.074
inefficient 94.4 14 .4 0.082
wet 100.0 5.6 -0.025

(y-intercept) -5.201

F observed = 480.5 .
F critical (at 4 and 1 degrees of freedom and with o = 0.05) = 224.6

!
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Table 5.9. Correlation matrix of Sentinel Glacier Accumulation éeéson

Smallgrids synoptic type characteristics.,  Data for the year 1967-68 are .

removed.
WET DRY EFFICIENT INEFFICIENT COOL WARM
WET 1.0000 _
DRY -0.6403 1.0000
EFFICIENT = 0.4364 -0.1772 1.0000
INEFFICIENT -0.3525 ° 0.6382 -0.6576 1.0000
COOL 0.4743 0.3016 0.5069 0.1667 1.0000
WARM . -0.7981  -0.2532 -0.2190 0.0755  -0.6859 1.0000
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Table 5.10. Stepwise linear regressfgﬁ'd} Sentinel Glacier winter balance

with Smallgrids efficient and dry synoptic type charécterisﬁieéfV Data for

i

the year 1967-68 are removed. ' ' ’ -
CRITERIOﬁ‘VARIABLE: Sentinel Glaéier winter balance
PREDICTIOR _ CUMULATIVE R? REGRESSION
VARIABLE R? CHANGE. COEFFICIENT
efficient” 59.3 . 59.3 0.050
dry 80.0 - 20.7 -0.026 .

(y-intercept) 1.408
'

F observed

F critical (at 2 and 3 degrees of freedom and with a = 0.10) = 5.46
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not form a wet/dry, effitient/inefficient-or cgpi/varm
couplet. A ’

Nearly 60%Z of the_varianée‘in Sentinel winter bélance
is explained by efficient bearers of precipitation. Each of
the impbrtant efficient types (1, 3, 4, 8 and 10) has a
southwesterly éyclonic component to its airflow allowing {t
to pick up moisture over the Pacific before reaching
Sentinel. In some cases, Types 1, 4 and 8 advect moist
subtropical air into the area that, when combined with
upward vertical motions and vorticity maxima, produce very
heavy precipitation.

Approximatelyvéoz of the variance in winter balance is
explained by Sentinel dry type charactefistics. Expecially
important to years with low accgmulation totals are those
types with northerly flows (Types S5, 9, 14, 15 and 17)Aand

- those with. 500mb ridges over Sentinel (Types. 7 and 15).
- £

-

> -

5.2.3 Peyto Biggrids

’ N By

Simple régressions of Peyto winter balance produce

strong positive correlations with Biggrids wet, efficient

%

and cool synoptic type characteristics and strong negative

correlations with dry, iﬁ}fficiént and warm types (Table
5.11). Stepwise linear regression shows that just three
variables explain nearly 97% of the variance in the data,

)

but results in a regression coefficient of the wrong sign
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Table 5.11. Simple two-variable regressions of Peyto Glacier winter balance

with Biggrids synoptic type characteristics.

)
P
i
-

!
CRITERION VARIABLE: Peyto Glacier wintef/%alance

-

PREDICTOR F F - SIGNIFICANCE
VARIABLE T r? OBSERVED CRITICAL* LEVEL
wet 0.6813 46.4  5.20 3.78 0.10
dry ~0.8744 76.5  19.49 13.75 0.01
efficient 0.5997 36.0 3.37 2.07 0.20
inefficient -0.5365 28.8 2.42 2.07 0.20
cool 0.7261 52.7 6.69 5.99 0.05
warm  ~  -0.7065 49.9  5.98 3.78 0.10

* At 1 and 6 degrees of freedom.



for the wet synoptic type characteristic (Table 5.12).
Again, cause for tﬂis problem is seen in the correlétion
matrix of predictors whiqh displays extremely high positive
and negative correlations aﬁoQg the,variqbles (Table 5.13).

A full model ridge regression sho&s considérable
instability in all predictor variables (Figure 5.6).
Efficiént and dry predictors have ﬁery high coefficient
vélues at K = 0.0; but both 1osé'power quickly.4Cool types
aléo decrease in predictive power. Inefficient and warm
types do not‘ente; the regression equation until K = 0.02
and'K = 0.04, respectively. Wet synoptic type
characteristics reverse signs and develop the highest i
positive coefficient valde. This is unexpected because thé
Pearson product-moment correlation of cool types with
accumulation is greater than the r value for wet types with
accumulation (Table 5.11). Inefficient. type fredictdrs have
the wrong sign at' K = 0«6,/5ut bééome negative as K nears
1.0 (not shown in Figure 5.6).

A Ridge regression of Peyto winte; balarice with wet, dry,
cool and;warm synoptic types ghowé contiﬂued instability
(Figure 5.7). Wet and cool types are obviously coilinear, as
;re dry and warm types. Wet and warm types. still have tﬁe
wfong sign at K = 0.0, although bofh quickly stabilize near
K = 0.1. Wet and . dry types appear to be the best predictors

and produce a stable ridge'trace when cool and warm synoptic
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Table 5.12. Stepwise linear regression of Peyto Glacier winter balance with

Biggrids synoptic type characteristics. All data are considered as aksingie

group for significance testing. The F-levels of the efficient, cool and

warm synoptic types are too low for inclusion.

CRITERION VARIABLE: Peyto Glacier winter balance

PREDI CTOR CUMULATIVE R? REGRESSION
VARIABLE R? CHANGE COEFFICIENT
dry 76.5 . 76.5 -0.047
efficient 90.2 13.7 0.018
wet 96.8. 6.6 ~0.008

(y-intercept) 5.283

F observed = 40,5

J

F critical (at 3 and 4 degrees of freedom and a = 0.01) = 16.7



Tab1e75.13. Correlétion matrix

s&noptic type éharacteristics.

118

of Peyto Glacier Accumulation season Biggrids

o

WET "DRY EFFICIENT INEFFICIENT CO0OL WARM
WET 1.0000
DRY . -0.9225 1.0000
EFFICIENT 0.9821 -0.8829 1.0000
INEFFICIENT -0.8167 0.8419 -0.8670 1.0000
coor.” 0.8752 . -0.8724 . 0.8724  -0.7891  1.0000 |
WARM : -0.5196 0.6716 -0.4992 0.5467 -0.8279 1.0000
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Figure 5.6. Ridge trace of Peyto Glacier winter balance with Biggrids

synoptic type characteristics.
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. . ; . ,
types are removed .(Figure 5.8). Stepwise linear regression

of Peyto winter balance with Biggfids wet and er syﬁoptic
type characteristicsrexplains nearly 87% of the variance in
winter balance at the 0.0l significance level (Table 5.14).

The Peyto Biggrids results demonstrate one important
aspect of ridge regression in the analysis of highly |
correlated predictor Qariables. The dry synoptic type is
clea}ly the most important (negatively correlated) variable;
Simple r vilueg suggest that the most important positively
cofrelatedqy@;iable is the..cool synoptic type. Stepwise
linear regreésion of all synoptic tybe characteristics
suggest that another negatively correlated predictor, the
inefficient type variable, shoui& be included in the

] . . ?
predictive equation. Only by‘ridge regression is it possiblé
to discover that the best possible uncorrelated set of
predictor variables incluées dry-with wet, and not cool or
inefficient synoptic types.

767 of the yariance in winter balance at Peyto 1is
explained by the dry Biggrids synoptic types. Dry Type; 2, 3
and 4 are importaqt in terms of frequency and are also
ineffiﬁient bearérs of precipitation, meaning relatively
little precipitation is delivered by these flow patterns.
Type 2 is associated with subsiding northwesterly flow,
while Type 4 days place a ridge of high pressure over Peyto

Glacier. Type 3 finds Peyto just at that point in the long

=N
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Figure 5.8. Ridge trace of Peyto Glacier winter balance with Biggrids

wet and dry synoptic types.



123

Table 5.14. Stepwise linear regression of Peyto Glacier winter balance with

Biggrids wet and dry synoptic types.

CRITERION
VARIABLE

dry
wet

F objerved = 16.72
F critical (at 2 and 5

CUMULATIVE *
R2

76.5
87.0

degrees of freedom

i

R? REGRESSION

CHANGE COEFFICIENT
76.5 -0.039
10.5 0.010
(y-intercept) 6.147
0.01) = 13.27

and with a =
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wave pattetn where anticyclonic vorticity decreases are
accompénied by upper level conv;rgence and cdnsequent
downward vertical motions. This contrasts with the position
of Type 3 over Sentinel where negative rgicity is still
increasing and accompanied by upper lev:j\}ivergence and
attendant.upward vertical motions.rThus, Peyto experiences)
inefficient precipitation under Tyfé 3 rggfﬁés, :hereas
Sentinel receives heavy precipitation from this type.q
Type 1l is not only wet, but also efficiegt and cool.

112 of the variance in winter balance is explained by this

type; the. only Biggrids type in the wet category.

5.2.4 Sentinel Biggrids

Regression analysis of Sentihel.Glacier winter balance

'with the Biggrids synoptic,type characteristics produces

poor results. Simple regressions of accumuiation with each
of the predictor variaﬁles result in low r values (Tablé
5.15) All have the expect}d sign, but only the dry type
reaches” significance at ;Hé,0.20 lgvel. Stepwise linear
regression analysis (not shown) finﬁﬁ that no vaiue entered
into the second'step produces a significant addition to the
explanation provided by the dry synoptic type. Therefore,
only 31%Z of the variance in the winter balance at Sentinel
¢lacier is explained by variations in the frfquencies of the

4

Biggrids synoptic type characteristics.:

-+
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Table 5.15. Simple two-variable regressions of Sentinel Glacier winter

balance witk Biggrids synoptic type characteristics.

CRITERION VARIABLE:

Sentinel Glacier winter balance -

'

SIGNIFICANCE

PREDICTOR

VARTABLE r
wet 0.4203
dry -0.5590
efficient 0.2970
inefficient -0.3689
cool 0.3086
warm -0.2181

* At 1 and 5 degrees of freedom.

r? OBSERVED CRI;‘I CAL* ' LEVEL

17.7 1.07 —— not significant
31.2 2.27 2.18 0.20

8.8 0.48 ——— not significant
13.6 0.79 ——— not significant
9.5 0.53 ——— not s}gnificapt

4.8 0.25 — not significant
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The description of‘synoptic flow over Peyto fogbﬁ
fo _".J_;:l

Biggrids dry types given in Section 5.2.3 holds for
Sentinel, with one notable exception.” Type 3 has divergent,
rather than convergent flow over Sentihel, bringing

efficient pr‘ipitati‘on events and a marked increase in
\ | | O ]
3 k)

In three of the four cases studied, a large proportion

Winter season precipitation.

5.2.5 Summary

of "the total variance in winter balance is explained by

<

simple climatological characteristics of the'Synoptic tfpes.
s ,
At Peyto Glacier, 75% of the variance is explained by cgol
and warm Smallgrids‘synoptic types and 87% is expléiqed by
wet and dry Biggrids synoptic types. At Sentinel Glacier,
80% of th; variance in winter ballance can be attributed to
flﬁétua}ions in efficientlhndidry Smailgrids synoptic type
frequencies, In the fourthﬁEége, Sentinel Biggpids, only the
dry synopgiC'type characteristics are significantly
correlated with winter balance, explaining 31%Z of the
variance. It must be emphasized that because of collinearfty
in the prédictor variable sets,lconclusions such as "Peyto
Glacier winter balance is assgciated with Smallgrids(&ool
and warm type characteristics and not with wet, dry,

efficient and inefficient types'" are false. In this example,

cool synoptic types are highly correlated with wet and

o~
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efficient types and necessarily subsume somey, but not all of
i - .

the information in the latter two categories.

In most cases, much of the explained variance in winter

balance appears to be controlled by airflow direction,

moisture content, isobaric curvature, vorticity changes and
vertical motions agsociatedfwith the 500mb patterms. Slight
differences in the spatial and temporal‘relationships of
Peyto and Sentinel to the mid-tropospheric wave patferns
accounts for some of the differeﬁce in wfﬁter balance at

“each glacier.

5.3 Summer temperaturg&-

Regréssipns of Summer mean déily maximum temperature
with the Summer. synoptic type characteristics frequencies

are analyzed in this section. Again, results for Peyto

Smallgrids, Sentinel Smallgrids, Peyfo Biggrids and Sentinel

Biggrids are presented separately.

"5.3.1 Peyto Smallgrids

Simple regressions of Banff Summer mean daily maximum
temperature with Smallgrids synopfic type characteristics
produce disappointing results. (Table 5.16). Wet, inefficient
and cool synoptic types are virtually uncorrelated with

temperature, while the remaining type characteristics show

b



maximum temperature with Smallgrids synoptic type characteristics.

CRITERION VARIABLE:

PREDICTOR

VARTIABLE r
wet 0.0418
dry -0.3929
efficient -0.5265
inefficient -0.0060
cool 0.0922
warm -0.3647

* At 1 and 7 degrees of freedom.

‘ 128
Table 5.16. Simple two-variable regressions of Banff Summer mean daily
Banff Summer mean daily maximum temperature
F F SIGNIFLCANCE
r? OBSERVED ~ CRITICAL* LEVEL
0.2 0.01 —— not significant
15.4 1.28 ~———- not significant
27.7 2.68 2.00 0.20
0.0 0.00 —— not significant
0.8 0.06 ———- not significant
13.3 1.07 —— not significant
-
C )
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weak r values. Unexpectedly, warm synoptic typeé are
negatively correlated with Summer mean daily maximum

temperature. This suggests that thg‘seasona})mean

S
2.

temperature is independent of daily femPerature variationsi?
The only synoptic type characteristic to be weakly
significant and to possess the expected sfén is the
efficient type, accounting for about ZBZ‘OE the variance in
the temperature data. Subsequent stepwise lineér regression
{not shown) added no other synoptic type characteristics to
the efficient type.

Efficient precipitation bearing Smallgrids ngmér types
at Lake Louise suppress ablationm,'at Peyto Glacier.‘These
types fall into three categoriess\Fifst are those  types
associated with 500mb divergence agd\upward vertical motion
ahead of a trough (Types 3, 8, 12 and 16). Next‘are cold | ;
lows (11,13 and 18). Last are types in which predipitation
efficiency is difficult to explain in terms of atmosphéric
flow (T}pes 2, 4 and 5). In each of the last three types,
relatively low pressure is shown due north of Peyto, in the

upper right quadrant of the Smallgrids map, which may

trigger instability in the Lake Louise area.

5.3.2 Sentinel Smallgrids

Simple correlations of Alta Lake Summer mean daily

maximum temperature with the Smallgrids synoptic type
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characteristics (Table 5.17) are much_ stronger than those of
the Peyto Smallg;ids situation. Because efficient types do .
- not have the expected‘negatine sign end inefficient types
are highly eorrelated with dry types (r = 0.9289), a
stepwise linear regresion using éet, dry, cool and warm
synoptic type characteristics 1is presented (Table 5.18).
Resulting regression coefficients display the expected
signs,Jsuggésting that ridge regression is not needed.
However, an analysis of variance (not shown) demonstrates
that tne addition of cool and warm types to the equation
does not significantly improve upon the 95% explanation
provided by wet and dry type characteristics alone.

Dry Smallgrids t&pes, which explain 74% of the variance
in Summer temperature at Alta Lake; enhance ablation at
Sentinel Glacier. In mostrcases, dfy types are inefficient
bearers of precipitation with above average temperatures. In
-a few infrequent cases (cold low Types 11, 13 and 18), dry
t&pes are really cool, efficient bearers of precipitation.
Esnecially important dry types are Typee 2 and 6, each \
occuring frequently with warm temperatures and clear skies.
These two types are both associated with subsidence and
northerly airflow over Sentinel.,

Wet Smallgrids types explain 22Z of tH‘ variance in
Alta Lake Summer temperature and can1be important in

suppressing ablation at Sentinel. These four types (1, 3, 4
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Table 5.17. Simple two-variable regressions of Alta Lake Summer mean daily

-

maximum temperature with Smallgrids synoptic type characteristics.
' .

4///f’ CRITERION VARIABLE: Alta Lake Summer mean daily maximum temperature
PREDICTOR F F SIGNIFICANCE
VARIABLE r r? OBSERVED  CRITICAL* LEVEL
wet ' -0.2993 9.0 0.49 _—— not significant
dry 0.8580 73.6 13.94 6.61 0.05 3
efficient 0.3370 11.4  0.64 ———-  not significant
inefficient  0.6882 47 .4 4.50 4.06 0.10
cool -0.0171 0.0 0.00 ~  --—— ot significant
warm 0.1869 3.5 0.18 ———- not significant

*# At 1 and 5 degrees of freedom.

/
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Table 5.18. Stepwise linear regression of Alta Lake Summer mean maximum

daily temperature with Smallgrids wet, dry, cool and warm synoptic types.

a) All four variables are considered as a single group for significance

testégz. b) Only wet and dry variables. are considered as a single group

for significance testing.

a)

b)

7

CRITERION VARIABLE: Alta Lake Summer mean daily maximum temperature

PREDICTOR CUMULATIVE

VARIABLE R
dry 73.6
wet 95.8
warm 97.9
cool 97 .9

F observed = 23.38

3

F critical (at 4 and 2 degrees of freedom and with o

F observed = 45.83

F critical (at 2 and 4 degrees of freedom and with a

R? REGRESSION
CHANGE _ COEFFICLENT
73.6 0.105
22.2 -0.055

2.1 0.016

0.0 -0.004

(yfintercept) 14.290

19.25

0.05)

0.01) 18.00
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and 8) are a}l aésociated with southwesterly flow an? upward
ver;ical motiqns ahead of a Frough‘of ma%ine éir. Al though
Types 1 and 4 have above average temperatures, ablation 1is
partigllyisuppressed by cloudy skies. Types 3 and 8 are
assocliated with wet, éool Conditipns.

o

5;3.3,Peyto Biggrids

Correlations of Banff Summer mean daily méximum
temperatures with the Biggridsigynoptic type characteristics
aré péor (Table 5.19). Wet, efficient and cool types afe
associated with the expected negative signs, but only dry
types are positively correlated with Summer temperature.
Cool and efficient type characteristics are weakly
significant (297 and 24%Z explained variance, respectively).
Stepwise linear regression (not shown)'only enters the cool
variable intéfghe regression equation, with the F-values of
all other variables being too low for inclusion.

Of the Biggrids Summer pressure patterns advecting cool
air into thg éeyto Glacier area, only Type 2 is importan;.
This relatf&ely frequent type has ‘a northwesterly airflow

that lowers temperatures nearly 5°%C below the seasonal mean

maximum daily temperature.

-
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Table 5.19. Simple two-variable regressions of Banff Summer mean maximum

daily temperature with Biggrids synoptic type characteristics.

CRITERION VARIABLE: Banff Summer mean daily maximum temperatﬁre

- SIGNIFICANCE

PREDI CTOR F F
VARIABLE r r?  OBSERVED  CRITICAL* 'LEVEL
wet ~0.4689 - 22.0 1.97 ———— ' not®significant
dry - 0.1418 3.0 0.14 -— not significant
efficient”  -0.4861 23.6 2.17 2.00 0.20
inefficient -0.0203 -~ 0.0 | 0.00 ——— not significant:
cool -0.5458 29.3 2.97 2.00 '0.20

“warm - =0.0591 - 0.4 0.02 —— not significant

* At 1 and 7 degrees of freedom.

it i

%
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5.3.4 Sentinel Biggrids

"The results of simple regressioné of Alta Lake Summer
mean daily maximum temperature with Biggrids synoptic type
characteristics are presented in Tasle 5.20. Wet, dry, cool
and warm types are associated with the ;xpected sign and are
entefed into a stepwise linear regression (Table 5.21).
Cooi, wet aﬁd dry +types explain 96% of the variance in
Summer temperature;™warm type F-levéls are too_ low for
inclusion. However, the wet predictor’s regression
coefficient has the wrong sign, a result of the high
correlation between wet and eoo0l type éharacteristics (Table"
5.22). A ridge trace (Figure 5.9)‘demonstrates that ,
collinearity prevents the wet and dry variables from
attaining correct signs until K nears 1.0 {ESt showh in
Figure 5.9). The cool predictor coefficient value is too
high at{K = 0.0, while the warﬁ value does not enter the
equatién until K = 0.02. Removal of the weak wet and dry
predictof variables results in ‘a stable trace (Figure 5.10)
and 83% explanation in the tétal variance of Alta Lake
Summer mean daily maximum temperature (Table 5.23).

Biggrids cool Typeé 2, 5 and 8 account for 74Z of the
variance in Alta Lake Summer temperatures. Each is very
cool, with northwesterly airflow trajectories-suppressing
ablation at Sentinel Glacier.'Typq 8 is coolest, with

temperatures nearly 7°C below the mean, followed by Type 2
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Table 5.20. Simple two-¥ariable regreésions of Alta Lake Summer mean
. ‘ -

maximum daily temperature with Biggrids synoptic type characteristics.

~

CRITERION VARIABLE: Alta Lake Summer mean daily maximum temperature

PREDICTOR

VARIABLE T

wet -0.2557
dry 0.2152
efficient 0.2948
inefficient -0.3147
‘cool ~ -0.8618
warm 0.6701

SIGNIFICANCE

r? OBSERVED CRI?ICAL* LEVEL

6.5 0.35 —— not éignificant
4.6 0.24 -—— not significant
8.7 0.48 _— not significant
9.9 0.55 — not significant
74.3 14,43 6.61 0.05
44.9 4.08 4.06 0.10

* At 1 and 5 degrees of freedom.
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Table 5.21. Stepwise linear regression of Summer mean daily maximum

temperature at Alta Lake with Biggrids wet, dry, cool and warm synoptic

types. All data are considered as a single group for é%gnificance testing.

The F-level of the warm synoptic types is too low for inclusion.

CRITERION VARIABLE: Summer mean daily maximum temperature

PREDICTOR CUMULATIVE R2 REGRESSION
VARIABLE ‘%2 ) CHANGE COEFFICIENT
cool 783 74.3 -0.087
wet 92.6 18.3 0.044
dry ' 96.5" 3.9 0.013

, : (y-intercepg? 16.525

F observed = 27.77
F critical (at 3 and 3 degrees of freedom and with a = 0.05) = G.28

/
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Table 5.22 Correlation matrix of Sentinel Glacier Summer Biggrids symoptic

type characteristics.

WET
WET 1.0000
DRY -0.4851
*cooL 0.6668
WARM -0.1482

Y

DRY COOL WARM
1.0000
-0.2580 1.0000
0.7710 -0.4705 1.0000
~ ”\\‘“,



139

@
+ .
“  —
1
:. .’“ warm
z ‘ L—-_-~--
W —_~__-__-
- S e e e e o B . e i e e e W 6
: 0-0 —+ —t + — s o
u ‘ o e i e o e e o e o e e . 7Y
g “ —_-———"-__—-
Q- ‘——_——d-—
o COO/
»
L ol i 1 3 a
0-0 9-1 0-2 03 04 05 06

"

. Figure 5.9. Ridge trace of Alta Lake Summer mean maximum daily temperature

Qith’Biggrids wet, dry, cool and warm synoptic types.
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Figure 5.10. Ridge trace of Alta Lake Summer mean maximum daily temperature

with Biggrids cool and warm synoptic types.
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Table 5.23. Stepwise linear regression of Alta Lake Summer mean daily ™

maximum temperature with Biggrids cool and warm synoptic types.

CRITERION VARIABLE: Alta Lake Summer mean daily maximum temperature.

PREDICTOR CUMULATIVE ‘ R? REGRESSION
VARIABLE ™~ R%’ CHANGE COEFFICIENT
cool 74.3 74.3 -0.048
warm 83.2 : 9.0 0.018

(y-intercept) 18.839

F observed = 9.95

F critical (atv2 and 4 degrees of freedom and with a = 0.05) = 6,94
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(more than 4°C below average) and Type 5 (nearly 3°C below
the mean). .

Warm Biggrid; Types 1, 3, 4 and 6 explain an additional
9% of tzé variance in Summer temperature. In each césé, warm

westerly to southwesterly m?&ine air is advected into the

region by the mid-tropospheric flow.

. 5.3.5 Summary v

It appears that Summer temperatures in the Peyto
Glacier vicinity are poorly ;elated to synoptic-scale
fluctuations, while Sentinel areé Summer temperatﬁres are
associated with changes in synoptic type characteristic
frequencies. For Peyto, only 28% explanatioﬁ in temperature
variance ié afforded by Smallgrids-efficient té?%s}iand just -
297 is provided by Biggrids cool synoptic type
characteristics. On the other hand, Sentinel Smallgrids and
Biggrids synoptic type characteristics both accountrggr
large proportions of the variance %n Alta Lake Summer mean

daily maximum témperature. Nearly 96%Z of the temperature

variance 1is explaineddPy Smallgrids wet and dry tyﬁes, while

RN

more than 837% isrexplained by =a mebination df Biggrids cool
and warm types.

A difference appears to exist between Smallgrids and
Biggrids relationships to Summer temperature. Smallgrids

types suppressing temperature (and presumably ablation) tend

A

©
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to be associated with cloudy, wet conditions. Those iypes
favoring warmer temperatures and ablation tend to be dry,
inefficient and cloud-free. Biggrids is rglated to
temperature strictly by airflow characteristics: cool
synoptic types have northerly airflow tréjectories; warm

days have westeriy to southwesterly flows.

5.4 Summary and discussion

In this chapter, the relationship between simple
climatological characteristics of the synoptic types and
winter balance or Summer mean daily maximum temperature was
analyzed. A summary and discussion of the results of this

analysis in terms of the first two objectives of the thesis

follows.

The first obje¢tive was to determine whether a

.relationship exists between synoptic-scale circulation

patterns and glacier mass balance fluctuations at Peyto and

Sentinel. The results suggest that changes in winter balance

are closely associated with synoptic-scale atmospheric

circulation. Bo Smallgrids and Biggrids synoptic type
AN ) -

characteristics prledict most of the variance in Peyto’s

%

winter balance, while bnaligrids fluctuations relate well to
changes in Sentinel’s winter balance. Climatological

propertie&:6f the 500mb pressure patterms, such as moisture
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source, airflow directiog,;isobaric curyature, vorticity and
vertical motion, account for enhanced or supﬁressed
'acc@m;iation at Peyto and Sentinel. In both Smallgridg and
:Biggrids éituations, cycloﬁig flows favor accuﬁulationh
while anticyclonic flows bring much less moisture to ﬁoth.
glaciers, thﬁs suppré?sing accumulation.,

Interpretation of aﬁnual ablation’is not @
straightforwa}& because of thé diffféulties#%nvglved in
relating the complex energy exchange at atglacfer’sprfaceéto
simple changes in the frequéncy of synoptic type- .
cbaracteristics. However, fluctuatioﬁs;in Summer mean daily
maximum tempefatur;, whiFh together witﬁ season length
roughly makes up the total melt energy (melfiﬂg degreé day;Y
at a‘glécier, are associated with changes in the frequencies
of Smaligridé and Biggrids synoptic type charac?eristibs-at
Sentinel Glacier. A sfrong relationship between synéptic
type characteristics and Summer stemperature is not present
at Peyt;;Glacier. Cloudy conditions under Smallgrids regimes
suppress temperature and ablation, whereas sunny skies raisé
temperatures and enﬂance glacier melt. Biggridé northerly
airflow\types b:ing cool temperatures to southwestern
Canada. S uthwesteriy to westerly Biggrids flow raises
temperagur/s and favors ablation.

More light can be shed on the relationship between

synoptic-scale gtmospherié circulation and glacier mass
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balance at Peyto and Sgntinel when the second thesis
objective is‘examined. That objective seéks to determine
whether changes in the synoptic-scale and level of
information used in the we;ther maps influence the results.,
For winter balahce at Sen%%nel, 80%Z of the variancé‘is

explained by Smallgrids types, while Biggrids only explains

31%. This suggests that Sentinel accumulation may be

, controlled by small-scale, high-wavenumber synoptic

activity. Long wave control on the mass balance of Sentinel

may stil]l be present, however. Evidence on the extent of the

glacier ca.100 yr B.P. (Mathews, 1951) and ca.6000 yr B.P.

:(Mbkievsky—Zubok, 1973a) suggests that Sentinel is in phase

L

with the hemispheric glacier advances of the Holocene
proposed by Denton and Karlen (1977). Therefore, it follows
that if high—wavenumbér typeskdo control the winter balance
of Sentinel, then the smailer scaleshz} synoptic activity
are still co;strainedkby long-term trends in the larger
scales of the atmoséheric circulation. Hasselmann (1976),
Frankignoul and Hasselmann (1977), and Lemke (19775 have
demonstrated that random activity within broéd atmospheric
trends is possible. However, short wave variations within

long wave patferns have not been analyzed using their

methodology.

At Peyto, better explanation of the total -variance in

winter balance is given by Peyto Biggrids (87%) than Peyto

S
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Smallgrids (75%) synoptic type characteristics. If this
difference 1is real and not due to problems in the present
model fChapter 6), then this suggests that the
climatological ,characteristics of Peyto Smallgrids are more
dependent on theAlong wave control of‘Peyto Biggrids than is
t he Séntinel accumulafion situation. Perhaps ffiction
induced by the rough terrain oq the Cordillera dampens some
of the high frequency athE;;:?ic oscillations within the
deep, vigorous fronts crbssing the mountains in Winter.
Thus, upon reaching Peyto, the effect of small-scale
synoptic variation 1s subsumed by the more general long wave
atmospheric flow.

At Alta Lakél 96% of the variance in Summer temperature
is explained by Smallgrids synopti& type characteristics,
while 83% of the variance is explained by ﬁiggrids types.
Using simil;r reasoning to that ;pplied to Sentinel winter
balance, it can be argued ;hat Summer temperature is
controlled more by smaller-scale synoptic activity. Evidence
presented in Section 6.2,2 suggest; that this argument may
be tenable. These results maf be physical manifestations of
the statistical relationship between Smallgrids and Biggrids

-
pointed out dn Section 4.4. Summer temperature
characteristics appear to be related to generalized

large-scale atmospheric flow, while Summer cloud cover is

more specific in location and related to small-scale
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atmospheric perturbations within larger wave patterns:
However, as suggested above, Biggrids airflow is better
related to Summer temperature than it is to winter balance
(83% explained variance for the formef; 317 for the latter).
This suggests that, som;what like Peyto winter balance, high
frequency‘atmospheric activity is dampened over Sentiﬂel
GlacierAin.summer. Iﬁ this i;stance, géneral subgidence of
the eastern limb of the Pacific high appears to inhibit
Smallgrids activity froﬁ>above. This éontrasts with the
topogfaphic effect'thaf seems to constrain the short 'waves
from below in the Peyto casé.

Neither the Smallgrids nor Biggrids synoptic ;ype
"characteristicsVfrequencies seem to be related to Summer
mean daily maximum temperature at Banff (287 and 29%
explained variaﬁcé, respectively),'This.lack of/statistical
explanation in the seasonal mean is difficult to idterpret.

v

Although daily fluctuations in climatological parameters,
such as katabatic winds (Stenning, et al., 1981), appear to
bg related to synoptic weathervpagterns at Peyto, some other-
factor or factors not accounted for in the present synoptic
climatological model must control Summer mééﬁ temperature‘in
the region.

Analysis of just Smallgrids or Biggrids synoptic types
would have resulted in a loss of information. The use of

-

Biggrids alone would have missed the association of Sentimnel

Z
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winter balance and Sdmmer temperature with high-wavenumber

synoptic type fluctuations, which appear to be important to

)

the climate of the region. Conversely, 1f just Smallgrids

had been used, relationships between léfge—scale éynoptic

circulation patterns and Peyto‘winter balance and Alta Lake

Summer temperatures would have been overlooked. Based on

these findings, 1t appears that synopticvclimatoiogisté must
either perform a "double" study, as in this work, or select

for analysis one of a relatively detailed regional approach

“(such as Smallgrids) or a more general synoptic climatology

(such as Biggrids). When choosing the latter course; the
investigator must be aware that he may be sacrificing

information for ‘economy of effort.
- ™

N

-

—pm
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6. Variability of the Synoptic Climatological Model

The nature and the strength of the ref;:ionship between
elements of‘glacier mass balance at Peyto aéﬁ Sentinel -
Glaciers and simple characteristicsvoT the Smallgrids and
Biggrids synoptic types were determined in the previous
chapter. In this chapter, the variability of that éynoptic
climatological model 1is examined;_Specifically,=the third

thesis objective, identification of sources of error in the

model is addressed. To achieve this objective, the explaiﬁed

-and unexplained variance in winter balance is analyzed, »

followed by a similar analysis of Summer temperature. In
both cases, the problem of within~type variation is studied.

In one inétance, the information lost when discarding

collinear variables is demonstrated. Finally, other

-shortcomings of the synoptic climatological approach used in

this thesis are discussed.

6.1 Interannual variability of winter balance

In Section 5.2, four situations were analyzed td
determine the relationship between wipter balance and the .

synoptic type characteristics. It was shown that large

proportions of the variance in winter balance can be

accounted for by just two synoptic type characteristics of

149
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Peyto émallgrids, Sentinel Smallgrids and Pex}é Biggridsf
The total variance of the fourth situation, Sentinel ~
Biggrids, was not explained well by the type |
charactéristics. In the present section; the inQetannual
variability in obéerbed and predicted winter balance of all .

but the Sentinel Biggrids situation is studied.

6.1.1 Peyto Smallgrids ' :

Observed winter balance; predicted winter balance from
the Smallgrids cool and warm synoptic types, and residuals
forgéight winter balance seasons at feyto‘Glacien are
presented in TaBle 6.1. The winter balance totals of

Y]
1968—69, I969—7Q, 1970-71 and 1973-74 are predicted weli by
the regression equation. Relatiyely large residuals in the
remaining years demonstrate that cool and warm type
frequencies alone do.not adequately describe the Wintér
balance. . |

The résiduals of some years can be accounted for fy
within-type variatioﬁ. Table;-6.2 %nd 6.3 show the V

interannual variation in éban grid height, grid intensity,

maximum daily temperature and daily precipitation of the

cool and warm Sméllgrids synoptic types. Mean grid height

may be interpreted as a rough heasure of surface-500mb
atmospheric thickness. Mean éiid intensity is the mean

standard deviation of the 500mb values of the daily grids;
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Table 6.2, Interannual variatign in climatological parameters of the Peyté

Smallgrids Accumulation season cool synoptic types.

ME AN - MEAN MEAN MAXIMUM MEAN

SMALLGRIDS SMALLGREDS’ DAILY - . “DAILY

YEAR  HEIGHT (m)  INTENSITY (m) TEMPERATURE (°C) PRECIPITATION (mm)
1966-67 5458.9 101.7 1.5 2.5
1967-68 5452 .3 . 96.2 0.5 1.6
1968-69 5416.0 90.6 v =2.1 1.2
1969-70  5468.9 88.2 2.0 0.5
1970-71 5449 .7 104.8 -0. 1.0
1971-72 5438.2 101.5 -1.2 1.4
1972-73 - 5488.1 77.5 2.1 2.0
1973-74 5438.4 99.5 1.0 1.4
X . 5451.3 95.0 0.4 . 1.4
s 21.7 9.1 1.6 0.6

Table 6.3. Interannual variation in climatological parameters of the Peyto

Smallgrids Accumulation season warm synoptic. types.

MEAN ME AN MEAN MAXIMUM ME AN
R SMALLGRIDS SMALLGRIDS - . DAILY DAILY

YEAR HEIGHT (m) INTENSITY (m) ‘TEMPERATURE (QC) PRECIPITATION (mm)
1966-67 5423.6 103.3 4.7 2.9
1967-68 5441 .1 106.3 6.2 1.5
1968-69 5417.3 102 .6 4.9 1.5
1969-70 5628.7 95.5 4.0 1.1
1970-71 5440.3 98.3 6.7 1.6
1971-72 5421.7 107.1 5.8 2.5
1972-73 . 5446.0 96.7 6.2 1.0
1973-74 5429.1 98.5 7.3 1.9
X . 5456.0 101.0 5.7 1.8
s 70.6 4.4 1.1 0.7
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that 1is,* a measure of the dispersion of the isobars across .
the map surfacé'(Hbritz, 1979); Much of the underpredicfion
of winter balance in 1966-67 can be attributed to mean daily
precip&t;tion totals) that are well above the eight-year
means in both cool and warm syﬁoptic ﬁype situations.
However, the same reasoning cannot be applied to the other
poorl;ipredicted jears. In 1967-68, both precipitation
figures ;{E/pear the mean. In 1971-72,,wi;tef balance is
overpredicted, But meén daily pfecipitation for warm types
is one standard deviation above the mean; this should ‘lead
to underbrediction. in 1972-73, a somewhaf balanced
situation exists, with mean daily preciéitation for cool
types %eing one standard deviation above the mean, and
precipitation for warm types being more than one standard
deviation below the mean. Possib1e>reasons for the
unexplained vari;tion in this and oéher céses will be
discussed in Section 6.3, T

'Within—type variation can also account for some of the
smallér residuals in years that afe predicted well by the
cool and warm.Smallgrids types: For example, 1969-70 has a
Ner§ léwarequency of cool types and an above average number
of warm types (Table 6.1). These figures lead to a slight
o?erprediction of winter balance. However, the warm,tendéncy

of the season i1s reinforced by increased mean Smallgrids

"heights (especially in the case of the warr types), below
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average grid intensities and low mean daily precipitation

N

figures. All of the above suggest warmer, drier conditions

i‘ ‘than those predicted bgjéﬁe synobtic typé frequencies ’ .

1

J .
witnessed in that year.

—
-

6.1.2 Sentinel Smallgrids

Predicted winter balance and residuals from the
Sentinel Smallgrids efficient and dry synoptic, types f?;
seven wipter balance seasons at Sentinel Glacier are ;hdwn
in Table 6.4. The years 1968-69, 1970-71 and 1971-72 are
well predicted by the efficient and dry types.uThe wintég«
balances of 1969-70 and 1973-74 a}e over—- and
underpredicted, respectively, with these residuals being
attributed to within-type variation (Tables 6.5 and 6.6).
Increased mean g;id heights, weak intensities, warmer and
drier conditions mark 1969-70. Decreased grid heights,
increased intensities, cooler than expected temperatures and
sharp increasés in mean daily precipitation are seen in the -
dry éynoptic types of 1973—7@. Rééidugls for the years
1967-68 and '1972-73 are not accounted for by within-type

~variations. N

v

6.1.3 Peyto Biggrids

Wet and dry Peyto Biggrids synoptic type

characteristics accurately predict the Peyto Glacier winter
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y ) ) .
Table 6.5. Interannual variation in climatological parameters of the

’

Sentinel Smallgrids Accumulation season efficient synoptic types.

MEAN MEAN " MEAN MAXIMUM MEAN

SMALLGRIDS ~ SMGLLGRIDS DAILY DAILY
YEAR  HEIGHT (m) INTERGITY (m) TEMPERATURE (°C)  PRECIPITATION (mm)

1967-68  5409.7° 110. 5.8 e 13.6 ‘
1968-69  5373.2 104. 3.6 10.1
1969-70  5404.6 100.4 3.9 6.1
1970-71  5345.5 102 .4 3.5 8.6
1971-72  5347.6 107.5 3.6 11.1
1972-73  5392.4 98.5 4.0 9.3
1973-74 _ 5358.3 100.0 4.7 11.4

X 5375.9 103.3 4.2 10.0
s 26.7 6.3, 0.8 2.4
)
o~

Table 6.6. -Interannual variation in climatological parameters of the

Sentinel Smallgrids Accumulation season dry synoptic types.

YEAR  HEIGHT (m) INTENSITY (m) TEMPERATURE (°(C) PRECIPITATION (mm)

1967-68 5452.0 95.9 4,2 1.9
1968-69 5386.3 88.6 0.7 2.0
1969-70 54847 90.4 6.4 0.9
1970-71 5378.9" "96.5 1.0 1.7
1971-72 - 5403.0 - 103.1 0.8 2.1
1972-73 5484.8 94,5 5.7 1.4
1973-74 5401.6 105.2 2.1 3.8

x 5427.3 96.3 3.0 2.0

s 45.6 6.1 2.4 . 0.9
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-balénpe totéls of 1968-69 through 1@72—73»(Tabl¢ 6.7). The
underpfediction of 1966~67 1is attFibutable to witﬁin-type
variation: decreased mean heights, iné}eased intensities and
above average daily precipitation characterize both the wet
and dry synoptic types (Tabies 6.8 and 6.9). Tﬂe
overprediction of 1973?74 is‘aséociated at least in part-
lyith slightly greater atmosphé;ic thickneéséé, decreased’
grid intensities, warmer temperatures and drier conditiéns
‘oduring wet synoptic type days. The residuals of 1967-68 o
v>cannot be accounted for by within~type variation. 7
The year 1967-68 is befter predicted by an equation 
baséd on a stepwise linear régression of the cool and warm

P
Biggtids synoptic type characteristics (Table 6.10).
:

e

Although only 562 of the variance in winter balance is
explaiqed by these two types, prediction of this year 1is

accurate. The explanation provided by the stable variables

-

remaining in a ridge regression was called a "minimum
reliable estimate” (Section 5.2.1). It was suggested that

some of the unexplained variance could probably be accounted

for by the variables removed from the analysis. The present

; A
r/qase is a statistically significant illustration of that

‘%;pqint. Some of the unexplained variation iIn each of the
- } = . -
+ cases investigated in this chapter can probably be

attributed to information lost by removal of correlated &

mt’(@#

predictor variables. ~ - ¥
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Table 6.8. Interannual variation in climatological parameters\pf the Peyto
Biggrids Accumulation season wet synoptic types.

\

N\

MEAN MEAN , MEAN MAXIMUM : MEAN

BIGGRIDS BIGGRIDS _DAILY DAILY -

YEAR HEIGHT (m)  INTENSITY (m) TEMPERATURE (°C) PRECIPITATION (mm)

1966-67 5515.4 227.4 - 3.4 3.1 ‘
1967-68 5517.3 211.9 3.5 2.0
-1968-69  5534.5 194.8 2.9 1.6
1969-70 . 5524.5 .206.5 3.6 0.9
1970-71 5520.7 209.3- 1.5 1.5

1971-72 54945 232.5 -0.2 2.4 -

1972-73 5532.0 206.5 3.1 1.9
1973-74 5534 .5 208.5 4.0 1.7
X - 5521\7 212.2 2.8 1.9
s 13.3 12.1 1.4 0.7

/ | —

Table 6.9. Interannual variation in climatological parameters of fhe Peyto

Biggrids Accumulation season dry synoptic types.

MEAN MEAN MEAN MAXIMUM MEAN
BIGGRIDS - BIGGRIDS - DAILY DAILY ,
YEAR HEIGHT (m)  INTENSITY (m) TEMPERATURE (°C) PRECIPITATION (mm)

1966-67 5508.5 204.1 2.3 1.4
1967-68 5512.6 193.1 3.4 0.9
1968-69 5499.2 169.7 0.8 1.3
1969-70 5564 .2 185.8 3.1 0.8
1970-71 5515.8 188.9 6.0 1.5
1971-72 5557.5 172 .4 5.2 0.7
1972-73 5524.9 172.2 5.3 0.4
1973-74 5540.8 187.0 4.9 1.3
X 5527.9 184.2 3.9 1.0
s 23.8 12.0 1.8 0.4
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Table 6.10. Stepwise linear regression of Peyto.Glacier winter balance with

Biggrids cool and warm synoptic types.

CRITERION VARIABLE: Peyto Glacier winter balance. -

PREDICTOR CUMULATIVE R? -~ REGRESSION
VARIABLE R? CHANGE COEFFICIENT
cool 52.7 . -52.7 0.006
warm 56.2 : 3.5 -0.005

(y-intercept) 1.110

F observed = 3.21 A
F critical (at 2 and 5 degrees of freedom and with a = 0.20) = 2.26'
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6.2 Inteérannual variability of Summer temperature

In Section 5.3, four situations were analyzed to
determine the re;ationshipAbetWeen Summer mean Haily maximu?/l
temperature at Banff and Alta Lake and the synoptic type )
characteristics. Large proportions of the variance in Alta
Lake temperatures are explained by just two synoptic type
characteristics of both Sentinel Smallgrids and Sentinel
Biggrids. Explanation of the variance in Banff temperatureé
by Peyto Smallgrids and Peyto Biggrids synoptic types is
poor and not readily explained onm other physical grounds. In
this section, the interannual variability in the observed
and predicted Alta Lake mean daily maximum temperature for
Sentinel Smallgrids and Sentinel Biggrids is‘examined.

<

6.2.]1 Sentinel Swmallgrids

Alta Lake Summer temperétures are predicted accurately
by Sentinel Smallgridé wet and dry synoptic types (Table
6.11). The residuals are not widely dispersed, Qith only
'1967-68 and 1970-7]1 temperatures being one standard
deviation or more away from the means 1970-71 ié slightly
overpredicted, poséibiy due to within-type Gar;ation.ACooler
than average températureg are seen in both wet and dry types
for that year (Tébles 6.12 and 6.13); On the other hand,

although, temperatures are underpredicted for 1967-68, T

within-type variation suggests that-overprediction is in

T
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Table 6.12. Interénnual variation in climatological parameters of the
Sentinel Smallgrids Summer wet synoptic types.
| a
MEAN MEAN . MEAN MAXIMUM MEAN *
SMALLGRIDS SMALLGRIDS DAILY DAILY
YEAR HEIGHT (m) INTENSITY (m) TEMPERATURE (°C) PRECIPITATION (mm)
1966-67 5610.3 93.3 20.7 4,2
1967-68 - 5598.2 - 80.6 18.5 4.1
1968-69- 5604.9 86.3 19.8 4.3
- 1969-70 5618.1 91.2 20.7 1.9
1970-71 5605.2 87.6 18.5 2.9
1971-72 5612.0 84.2 20.3 3.2
1972-73 5599.5 88.0. 19.2- 2.1
x 5606.9 87.3 19.7 3.2
s 7.1 . 4.2 1.0 1.0
=1
Table 6.13. Interannual variation in climatological parameters of the
Sentinel Smallgrids Summer dry synoptic types.
NP
i
MEAN MEAN  © MEAN MAXIMUM MEAN
SMALLGRIDS  SMALLGRIDS  ~ --. 'DAILY ° DAILY
YEAR HEIGHT (m) INTENSITY (m) TEMPERATURE (°C) PRECIPITATION (mm)
1966-67 5654.6 67.1 . 7. 17.7 0.3
1967-68 5653.0 70.9 o« 16.7 0.7
1968-69 5646.1 63.9 o . 16.5 0.8
1969-70 5629.6 82.7 . 16.9 0.5
1970-71 5654.6 69.7 -~ 15.9 1.1
1971-72 _ 5671.2 1.9 . - 19.8 0.7
1972-73 ° 5627.2 75.8 ) 17.7 0.3
x 5648.0 71.7 C17.3 0.6
s ' 15.4 : 6.1 T 1.3 0.3
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order, due to the cépler aﬁd damper than average conditions

of the wet and dri syﬁobqic types. Other synopfic type

cha;acteristicé,'like thbsa‘of Section 6.1.3, do not offer

o

significant improvement in prediction.

6.2.2 Sentinel Biggrids

The predicted Summer temperatures at Alta Léke from the
Sentinel Biggrids cool and Varm synoptic types (Table 6.14)
are mdch m;re variable ghan xhoée predicted by Sentinel

Sﬁallgrids wet and dry types. Relatively large residuals are

-present in 1966-67, 1969-70 and 1970-71.

The underprediction of 1966-67 Summér tempefature ﬁay
be related to the anomaiouélysﬁigh temperatures of the cool,
but not the warm synoptic typés qf that season (Tables 6fl5
and 6.16; see Section 6.3). It is important to note that the
extremely high mean maximum daily tempefature of the
Biggrids‘cool types in 1966-67 is associated with a
significantly ‘below average mean Biggrids height; a
physically unreasonable situation. Howev;r, checking,baék to
Table 6.12, the Seniinel wet Smallgri&s_typesAdisplay the
ekpected above average atmospheric thickness';nd above
éverage temperature values for this year. This case shows
that Biggrids does miss detail that Smallérids types pick
out at Sentinel Glacier. This strengthens the argument fut

forward in Section 5.4 that Sentinel Glacier mass balance is
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Table 6.15. Interannual variaﬁion in climatological parameters of the
Sentinel Biggrids Summer cool synoptic types.
. OMEAN MEAN MEAN MAXIMUM MEAN
BIGGRIDS BIGGRIDS DAILY DAILY .
YEAR HEIGHT (m)  INTENSITY (m) TEMPERATURE (°C) - PRECIPITATION (mm)
1966-67 5703.9 137.7 18.3 . 2.9
1967-68 5713.1 139.8 14.9 3.0
1968-69 5724 .8 - 142.8 15.8 2.6
1969-70 5700.0 145.8° 15.2 1.3
1970-71 5716.6 146.0 _ 14.7 3.8 K
1971-72 v3724.2 134.3 18.1 2.0 y
1972-73 5715.0 136.7 15.1 1.3 )
x 57139 O 140.4 16.0 2.4
s 9.4, 4.6 1.5 0.9
Table 6.16. Interannual variation in climatological parameters of the
Sentinel Biggrids Summer warm synoptic types.
MEAN MEAN MEAN MAXTMUM MEAN
BIGGRIDS BIGGRIDS DAILY DAILY
YEAR HEIGHT (m) INTENSITY (m) TEMPERATURE . (°C) PRECIPITATION (mm)
1966-67 5697.0 155.2 o 20.0 2.0
-1967-68 5715.2 155.4 o 20.6 2.8
1968-69 5701.7 158.2 © 20.9 2.4
1969-70 5716.0 159.7 20.8 1.3
1970-71 5703.9 150.3 , 20.2 1.7
1971-72 5715.8 149.7 20.8 1.8
1972-73 5717.0 146.3 20.2 1.3
x 5709.5 152.7 20.5 1.9
s 16.1 6.6 0.4 0.6

a
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assgciated with smaller climati? scales than Biggrids.

Tables 6.15 and 6.16 show that overpredictiqn éf
1970-71 temﬁerature may be the‘result of cooler and damper
co;} syno;tic types than average. On fhe other hand, the
large positive residual for 1969-70 éanﬁot be attributed to
within-type variations. No-ofher statistically significant
synoptic type characteristics, similar £o those shown in the
Peyto Biggrids accumulaéion casgr(Section 6.1.3),fcan

account for this variation in predicted Summer temperature.

o
P

. ;o ‘c;{-\
6.3 Inadequacies of the synoptic climatologigil model
In the\;zevious seétions of this chapter, it was
"demonstrated that some of the unexplained variance in the
synoptic climétological model developed in Chapters 4 and 5
can be attributed to either within-type variation or, at

least in one case, to explanatory variables discarded

&

~

becau;E of‘collinearity. In the following, sources of error
(une#plained variange) are attributed to the methodology
uséd by the present author and to problems inherent to the
Kirchoffer sumé of éduares classification technique.
Elimination of these sources of errof should result in
strongerrstatiétical relationships between synoptic-scale

weather and glacier mass balance-in southwestern Canada.
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6.3.]1 Error introduced by thelpresent methodology

Some ;spects of the methodology used in this thesis

weakens the relationship between the synoptic types and mass

e

balance at Peyto and Sentinel. The first methodological
. ¢ TT——t

problem suggested.below is probablyvthe most imPoptant
source of unexplained variance iﬁ-this study. Tﬁg others are
relatively minor sources qf error, but should be men;ioned.

Use of. the ?ynoptic type.characteristicq of Bradley ah&»
England (1979) in Section 5.1.2 of the present Fhesis causes
a2 considerable loss in explainéd variance due to
collinearity among thebpredictor variables. Categories based
on physical properties of the synoptic types, such as
cyclonic/anticyclonic flow over the Peyto and Sentinei
areas, would probably elimin?te the ﬁroblems of collinearity
and would result/}p great;r statistical explanation:
Hoﬁever, £hese categories must be subjectively dete;mined
and for that reason are not .applied here.

The mixing of qtfatigraphicvand fixedAdate mass balance
measurement systems Qutlined in Section 4.1 iutrdiuces some
error into the model. This problem cannot be aVoided bec§use
the fixed dafe system, by which the mass balancg data were

3

determined, imperfectly models natural .accumulation and

ablation seasons.

T s
[3

The sampling procedure presented in Sectionm 3.1 also

introduces a small amount of unexplained variation to the
o
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results. For examplg, 2.6%2 of the Smallgrids days are
missing. Altﬁ?ugh most of these missing d;ys are evenly
distributed t;rOughéut the study pkriod, one netable
exception occurs ipn the Fail qf 1972-%}, where 27%Z of the
days are'miésiqg (Appengzﬁ I). This may affect the results
slightly. The solution to the above pfbbiep is to S R ;iﬁs
sﬁbjectively type the_miséing days after estabyishiﬁg éhe
objective synoptic type keydays. Thié i; not done in the
prgseﬁt study bec;use the scales oflthé‘synopfiq cﬁgrts .T'
" available for subjective interpretation do not match théj
~ Smallgrids and Biggrids synoptic-gcales and/or COnt;ur
intervals and would intraduce subjectivity into the

objective classifications~. . B
o . ’

A temporal prOBlem affecting the results of this study

1s caused by the relatidnship between the syho;tic hour

chosen fo»représent Smallgrids and Biggrids and the time £ZE>
when ground-based data are measured. In the present study,
. B L - J H .
1200 GMT SOOmb’ﬁressure surfaces are used with daily

precipitdtion and daily maximum temperature. Both of these

Y
i

paraﬁetgrs are\meaéured loca11§ at:approxiﬁafely QpOO GMT.u I;?
Pfeéipitagiph is in phase with the synoptic types: tﬁe - -
Vpressdfé_pattefns are associated with the precipitapibnho£A; 
the 12 ﬂo;ﬁsvprecgedihg gnd the 12 houré follo&ing»}he fypg."
This makes the unexplained variance in acé%bglat;‘n soméwhét

dependent on the nature of the intertype transifion
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cfrequencies and type pereistence (E&fitz,.1979). Fo; .

i E - ’ T - 5 “
temperature, .the use of 1200 GMT synoptic types means that
lﬁthe“fypee'and temperatures are 180° out of pheee; In

eséence,ﬁthewtypes are "predicting" the maximum température

of the following 24-hour period. The effecté of serial

eorrelatign;{Moritz, 1979) and the use of seasonal averages
. R “u « . ¢

‘qmelidfates\this source of error in the temperature data.

Because a choice had to be made between elther temperature

‘ﬂor précipitation being out- of phase with the synoptic types,

temperature was chosen as the lesser of two evils.

>

-

6.3.2 Error introduced by the objective classification

The strength of the relatidnship between the 500mb
~patterns and glac?ef mass balance is we;kened by
shoftcomingsvbuilt into ehe kifchhofer sums of squares
classification techpique:.?he first three sources of error
@escribedzkélow may be ihﬁé:taet to 511 syneptic
ciimatolegies. The last two pfobably do not acco;nt for much
funexplaiﬁed‘variance. t »

Even  with avefage condigions from representative areas,
_subsynoptic spatial resolution ef the‘medel is not fine
v‘enough toyaécount for 511 possible local- ‘and meso-scale

-

variations. For example, af therloeal-scale; topographic

influences are importan{. The configuration of the landscape

vsurfounding the glacief‘baeiﬂ’chanﬁelﬁrlocal winds, which
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determine accumulation'patterns, and controls .shadows, which
affect the energy balance. At the meso-scale, precipitation
patterns within mountainous regions are quite variable,
especially in summer. As an-illustratioﬁ of this point, it
was determiqed in Section 4.1 that precipitation data at
Lake ﬁéuise and Alta Lake expléin only 157 and 50% of the
variance in Peyto and Sentinel daily precipitation,
respectively. Thus, variability in loéél- and ;eso-scale
data can only be avoided if perfect correlations between
glaciometeorological data and nearby meteorological stations
are found, or if year round weather oﬁse;Qations are taken
at the glaciers.

The two synoptic scales used in this study are probab;y
not the optimal sqales for analyzing the relationship |
betweep mass balance and atmospheric cifculation. The
results are dependent on the resolution of the data. For
instance, it is possible that more explanation in the
variance. of Sentinel’g winter balance couid Be aff&fded by
500mb data with resolution finer than Smallgrids. Overland
and Hiester (1980) have nétéd when using gridded data sets,
like thése of NCAR, it is possible to miss high-wavenumber
features of circulation important to the climate of a
region. Presently, theresis no technique for optimizing the.

scales gﬁed in 2 synoptic climatology. The investigator must

rely upon an understanding of the research problem, follow
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convention and/or use iﬁtuition torseleét the scale and data
to be analyzed. -

Within-type variability is a poteﬂtial source of error
in any synopticAclimatology. Although there are many ways -‘in
which the problem may arise, the folloyiné suggests one
possible cause for some of the within-type variation
identified in Section 6.1 and 6.2. The precise location of
thejmean inflection point in a troﬁgh or ridge can change
frém year to year (Keen, 1980). Slight alterations in the
location of this:point can affect the horizontal and
vertical motions over an area and, thereforerhits climate.
This problem is not great in large-scale WeatHer maps with
relatively fine resolution and many synoptic types (e.g.
Smallgrids). In cases where small-scale maps with
generalized data and few synoptic categories are used, this
kindrof variation can be a major source of error. For
example, with average conditions foa Biggrids Type 1, both
the Peyto and Sentinei areas experience heavy precipitation
because of increésing negative vorticity, divergence and
upward vertical motions in the middle troposfhere. A shift
of the main trpugh and ridge system a few hundréd kiL9meters .
to the west.would give Sentinel the same conditions but
reversé those over Peyto to-decrgased ahticyclonic
vprticity, convergence and subsidence. Such a case‘appearg

to have happened in 1973-74. At Peyto, wet type frequencies

¥
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(Table 6.7) "skyrocketed" because of a dramatic increase 1in
the number of Type ]l days. However, ;infer—balance was near
- . »
dverage and 1s overpredicted by the modelvbecause of higher
mean Biggrids;heights, decreased intensities and warmer
temperatures inAthg wet types (Tabie 6.8); At the same time,
s - .
Sentinel experienced its largest winter balance of the- IHD,
some 357 above the nine year average. Increased cyclonic
activity apd shifts in the mean positions of long wave
troughs and ridges are often related to the occurrenc; of
anomalbus sea sufface temperatures. This has been studied
exéensively by Namias (197§}“ﬂﬂd otﬁers;
| Another way in which the s;;bidng procedure of Section
3.1 introduées unexplained varia;ce into the results is
related to dayé not classified by the sums of squares.
’technique. For Smallgrids, 3.7% of the days were
unclassified. Most of the Smallgrids unclassified days are
rahdomly distributed‘throughout the 9—g1aciological yeérs of
the study.vHowever; the months of May and June have several
unclas;ified days which aré not evenly digtributed (Appendix
I). This two month period averages 3.0 uﬁclassified days in
each of the four sample years, but averages 6.8 unclassified
days iq each of the remaining 5 years of the study period.
This may represent a missing,’élbeit minor synoptic type

which may change the explained variance by a percentage

point or two.
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Another temporal problem may affect most synoptic
climatologies. Because the mean duration of his 21 synoptic-
" types was about 35 hours, Moritz (1979) ﬁas suggested. that
the 24-hour synoptic period might be too short to define;
synoptic types. Unfortunétely, all ‘data collection is based
on the 24-hour day, so that this source of.error might be

difficult to correct.

6.4 Summary

In man; cases, a large proportion 6f the interannual
variability in the elements of the mass balance of Peyto and
Sentinel Glaciers can be explained by simple %limatological
characteristics of the Smallgrids'or Biggrf&sfsynoptic

variation, information lost by the removal of collinear

i

types. Unexplaiﬁed variance can be attributed tof{ithin—type

explanatory variables in the regression analyses, or other

inadequacies inherent both in the Kirchhofer sums of squares .

technique or in its application in the present research.

[y

@



i 7. Conclusions

It has 1ong‘been assumed that glacier behavior and the
circulation of the atmosphere are related. Attempts .to link
qualitatively annual mass balance *‘to synoptic-scale
afmospheric fluctuations have been promising. The present
thesis makes a quantitative examination of the relationship
between synoptic-scale climate and glacie; mass balance in
the Cordillera of southwescern Canada. In this chapter, the

results of the study are summarized, followed by suggestions

for further research.

7.1 Summary éi the results

The results can be summarized in terms of the three
original objectives. first, the mass balances of Peyto and
Sentinel Glaciers arevshown to be related to the
synoptic—-scale climate of southwectern Canada. Because a
large proportion of the variance in winter balance 1is
explained by the climatological characteristics of the
synoptic types, it is apparent that theHSOOmb syaniic
patterns passiné over the area control accumulation totals.
Synoptic types with cyclonic curvature‘over the Peyto and
Sentinel areas favo; accumulatiofi, whereas types with
anticyclonic curvature inhicit’Build—up of the regional

~ v
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snowpack. However, ablation seems to be only‘partiaily
controlled by synoptic-scale weather as expressed by the

500mb patterns. The total energy available for ablation, as

-

éxpressed by melting degree days derived from Summer mean

-

maximum daily temperature and the length of th$ Summer
season data, only explains 50% of the variance in summer
- .

balance at Peyto Glacier and 807 at Sentinel. In turn, the
synoptic type characteristics explain less than 30% o?nthe
variance in melting degree days at Peyto. At Sentinel, most
of the variance in total'melt energy‘(98z and 83% for
Smallgrids and Biggrids, respecti?ely) is explained by the
synoptic type characteristics. As expected; ablation appears
to be suppressed(by synoptic types associated with cloudy
days (Smallgrids) and/or lower temheratures (Biggrids) at
botg glaciers. Ablation is enhanced by types associated with
warm, sunny daxs.

Second, changes iﬁ the scale of, and level of
information presénted by the synoptic types used to analyze
the climate-mass ba}gnce relationship do affect the reéults.

t

Sentinel Glacier winter balance is‘predicted well by the
S;allgrids synoptic type cﬁéracteristics (80Z%Z explained
v;riance) and not by Biggrids types (31Z explained
variance).,B;ggrids synoptic type characteristics are more

closely related to Sentinel summer balance (837 explained

variance in Summer temperature), but again not as closely as
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Smallgrids types are related to summer balance (98%
explained variance in Summer temperature). This suggests
that Sentinel mass balance is controlled by high-wavenumber
synoptic-scale patterns. On the éther hand, Peyto Glacier
winter balance is better predicted by Biggrids than
Smallgrids synoptic type characteristics (812 and 752
explained variance, respectively). Apparently, much of the
short wavelength variability within the long;wave
atmospheric flow is dampened by the rough toLography of the
Canadian'Cordillera. Summer temperatures in the Peyto area
are poorly predicted by both Smallgrids and Biggrids
synoptic tyﬁés (28% and 29% explained variance,

-

respectively).

Third, unexplained variance in the synoptic
climatological model may be the result of errors introduced
by the met@odology us,ed bydthe present author and of
problems inherent to the Kirchhofer sums of squares
classification technique. Elimination of these errors from
the model would probably increase ;he level of explailned
variance and strengthen thelstafistical relationship between %
glacier mass balance and synoptic-scale c%rculétion. Sources
of unexplained variance attributable to the methodology
include information lost by‘removal of correlated predictor
variables in the regression analysis, mixing of

stratigraphic and fixed date mass balance measurement
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systems, failure to type subjectively missing dayé in the
synoptic type catalogs, an nonsynchroneity of daily maximum
temperature and synoptic tyie occurrenke. The first problem,
use of the climatdlogical characteristics ;f the synoptic
types as suggested by Bradley and England (1979), is
probably not the ideal manner in which to aggrégate the data
and regults in considerable lost explanation due to
collinearity amqng’the variableé. Perhaps divisions based on
physical properties of the éynoptic typeé, such as
cyclonic/anticyclonic flow, would bé more appropriate and
Qéuld avoid the problem; of collinearity. Tﬁe last three

methodological.problems do not appear to introduce much

unexplained variance into the model.
S

‘Sources of unexplained variance inherent to the sums of

squares classification technique ipclude subsynoptié—scale
resolution, identification of the p;ecise synopfic—scale
‘necesSéry to beét analyze.the data, wiéhiﬁ—type variation,
inf&mation lost to unclassified days in the synoptic
catalog, and the 24-hour time f%ame imposéd on the data. The
last two sources of error do_noE)seem érave, but the fi;st
three/may be important sourcesvofmerror in an& s;ﬁoptic
Vclim%tology. Use of Smallgrids and Biggrids iq the presént
study partly circumvents problems causéd by choice,of

synoptic—-scales. Subsynoptic-scale resolution can only be

avoided by using glaciometeorological data that is truly

o

.
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representative of its region. Altﬁough-Peyto ;nd Sentipel
are bresumed,to be fepresentative of the glaciers in their
areas, glacier repgeséntativeness is a difficult problem yet
to be resolved for éﬁy glacierized area. Within-type
variation was inveéstigated iﬁ terms of the synoptic type

characteristics used in this thesis, but a more exhaustive

treatment of this source of error should be undertaken.

7.2 Suggestions for further research

Many possibilities for further research are suggested
diréttf§ or indirectly by this thesis. Several of these are
discussed below under the:headings of glacier-climate
research, synoptic climatological research and regression

techniques.

7.2.1 Glacier-climate research

Although relationships between the circulation of the

atmosphere and glaciers have long been assumed, much basic

" research needs to be done. For example, Lamb (1968) suggests

that the po;itions of centers of atmospheric activity, such
as long wave troughs and ridges anaicjclogenetic regions,
ﬁarticularly are important to glacigr mass balance and
therefore warrant study. The pf%gené.study has confirmed

that synoptic-scale features are related to mass balance in
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southweftern Canada. However, the épecific mechanisms
linking glaciers to large-scale climaté can‘only be

suggested by synoptic climatological technfque; and}must be
investigated by detailed atmospheric studies éuch as Fhat of

Keen (1980) in the Canadian High Arctic. Quantitative

‘assessment of glacier-climate relationships, as carried out

in Chapter 5 of the present Study, was beyond the seép@ of
Keén's reseérch. A&plication of this methodology to £he
present data might uncover relationships among centers:of
action, atmospheric patterns and glaqier mass balance.”

As an offshoot of the large-scale atmospheric résearch
suggested above, a study“of the effect that blocking
episodes and cold lows have on glacier mass balance in
southwestern Canada éhould be useful. The present study
shows that persistent synoptic-scale ridging is related to
dry winter month;. Such synoptic types may well be a form pf
classical blécking activity (Rex, 1950; Treidl, et al,
1881). In tbe case of cold lows, Walker (19615 states that
in some areas of British Columbia, over 50Z% of the summer
precipitation is associated with such features. Thus, it is
possible that the appearance of persistent atmospheric
glocks or cold lows during the winter and summer seasons
could determine the nature of those seasons. Furthermore,

the appearance ‘of these features during transitional periods

could prolong or abruptly end glacier accumulation or
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ablation.

A glacﬁer-climaté problem that has not been handled for
mountainous regions is the relationship between the energy
balance at the glacier surfaee_and synoptic-scale weather.
It might be possible to modify the work of Vowinckel and
Orvig (1972) and Alt (1975)‘to mod;l sfnoptic energy budgets
;tAPeytvor Senginel Glaciers. The results of such modelling
would help fill the gaps in our knowlege of atmospheric

/;}rculatigﬁ-surface linkages made evident in the present

study.

7.2.2 Synoppic climatological research

‘Synoptic climatology is a rapidly expanding field of
study. Several szsible areas of further research are
suggested by this thesis.,

- An extension of the present study backwards and

~ forwards in time is desirggle. Unfortunately,rdata sparsity

places restrictions on such an extension. The NCAR 500mb
data set Tuns only from 1946 to the present, so that 1946-47
is the eafiiest glaciological year that could be typed.
Banff and Lake pouise temperatﬁre and precipitéﬁion data
extend back well beyond tﬂat year and continue to the
present?\Alta Lake data begin in.1950 and gxtend only to
mid-1976. Perhaps most importantly, although mass balance \TES

data for Peyto and Sentinel exist to the present,



5 182

measurement programs only started in 1965-66.

Extension of the methodology of this thesis to the
pre—}246/period may be possible-by thé integié;;qn of many
data sources and modelling based,on the resuit;ibf»thq
present work. However, gréat care must be taken when using
recent weather types to characterize previous weather
regimes. Gribbiq and Lamb (1978) point out that some
atmospheric patterns of the Little Ice Age may not be seen
today.'Similarly, atmospheric configurations common today
may have been relatively rare or absent in the past.

Little is known about the within-type fluctuationé of
objective classificagions over time. For example, if
within~type trends exist over time, they must be identified
and methods for detrending the data must be established.
This 1is ngt thought to be a prob;em in the short time frame
of the present research, but cgE?Z'be critical to studies
based on longer periods, such ‘as thap'of Bradley and England
(1979) which uses NCAR data b;ck to%i946. This sort of
within-type varia}ion might be another severe limitation on

the applicafion of present-day sy;;;>ic typés to the Little

Ice Age.

-
—

Another issue Brought forward by this thesis involves
determination of the optimal synoptic-scales used in a
synoptic climatology. Additionally, it has been suggested

that the density of pressure surface data presented on a
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weat¥er map can influence the results. Basic reséarch on
scale and data optimization techniques would be very useful.
The results 6f synoptic climatologica; research are
hindered by the problems of subsynoptic-scale resolution
detailed‘in Section 6.3. Also, relationships between
objectively determined synoptic types and largg-scale
atmospheric phenomena, such.as'staqging waves; are not
clear. This suggests that basic ?esearch:inrthe association
between synoptic types and all other scales of atmospheric

activity is needed.

7.2.3 Regression techniques

Regression analysis is qften misused, with one of the
most severe violations of the regression model being the
handling of collinear data. Ridge regfzssion is applied in
the present study to eliminate correlated predictor
variables. The technique can also be useq’to remoxs the
effect of the correlations and still retéin some of tHE
predictor variables eliminatgq in this study (Hoerl and
Kennard, 1970b). A slight increase in the expdained variance
would result. However, using ridge regression in this manner
requires a great deal of subjectivity and would make results
difficult to replicate. For that reason, this variation of

the ridge regression technfque was not used in the préesent

thesis. Objectification of this part of the ridgé



- 184

4

regresssion model is needed. Alternatfvely, creation of an

-

objective regression technique that would permit inclusion

of additional correlated predictor variables and increase

explained variance would be useful.

~7.2.4 Kecapitdlation

Basic studies are needed on many aspects of
glécier—clima;e research, synoptic climatological research
and statlstical techniques used with synoptic climatgtogies.
No single study can resolve the questions posed by the
pfesent thésis. Only step-by—step_soiutions to each of the:
suggested research problems can clarify glacier-climate ¥

relationships in southwestern Canada.

4
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APPENDIX I:

SMALLGRIDS SYNOPTIC TYPE
CATALOG FOR THE GLACIOLOGICAL
YEARS 1965-66 TO 1973-74
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GLACIOLOGICAL YEAR 1968-69
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APPENDIX II:

BIGGRIDS SYNOPTIC TYPE
CATALOG FOR THE GLACIOLOGICAL
YEARS 1965-66 TO 1973-74
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GLACIOLOGICAL YEAR 1970-71
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GLACIOLOGICAL YEAR 1972-73
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GLACIOLOGICAL YEAR 1973-74
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