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III. Multiple Regression Analysis

The variables that were consldered in this
multiple regression analysis were:-
(a) The dependent variable
- the measured dally surface change.
(b) The independent variables -

(1) The dally income of short-wave radiation.

(11) The dally mean relative humidity at 1.2 metres.
(111) The daily mean temperature at 1.2 metres.

(iv) The daily mean vapour pressure at 1,2 metres.
(v) The daily mean pressure.

(vi) The dailly total of precipitation.

(vii) The daily mean wind speed at 1.2 metres.

(viil) The daily mean cloud cover,

These eight independent varlables were selected
in a number of combinations in an attempt to find that
combination which gave the hlghest correlation with the
measured surface change.,

(A) Results

The programme used, orders the independent

variables as to thelr positlon within the regression

equation,and gives the multiple correlation coefficient

and 'F' value for each step.

1. The First Selection

The first variable entered into the regression
was rainfall (see table 4 s 2A). This gave a multiple
correlation coefficient of 0.326 which was not significant
by the 'F' test ;t either the 0.5 or 0,01 levels. The
multiple correlation coefficient (ad justed for the degrees
of freedom), increased to O.Ubo with the introduction of
the total incoming short-wave radlation into the regression

equation, and by the °F?! test.this was found to be
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TABLE 4 s 2A

THE ORDER OF SELECTION AND THE COBRRELATION COEFFICIENTS
OBTAINED IN THE FIRST SELECTION OF THE MULTIPLE
CORRELATION PROGRAMME ‘

Variables Correlation Level at which
Entered Coefficient Significant
A+Pr 0. 326 Not significant
A+Pr+Si 0. 4ko 0. 5
A+Pr+Si+4Pa 0. 453 0. 5
A+Pr+S1i+Pa+4T 0. 616 0. 01
A+Pr+Si+Pa+T+C 0. 642 0. 01
A+PT4S14Pa+T+C4U 0. 692 0. 001
A+Pr4Si+Pa+T+C+U+Hp- 0. 681 0. O01

1

The symbols used represent:

A - Ablation - daily mean. .
Pr - Precipitation = dally total.

Pa - Atmospheric pressure - daily mean.
T « Temperature = daily mean,

U - Wind Speed -~ dally mean.

C = Cloud Cover - dailly mean.

R - Net Radiation = dally total.

Si - Short-Wave Radiation Income - dally total.
Hp - Relatlve humidity - dally mean.

These apply to Tables

L 3 2A,

4 3 2B and 4 1 2C.
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significant at the 0.5 level.With the introduction of
the‘daily pressure values the ad justed multiple correl-
ation coefficient increasing once more to 0,453, which

was only significant at the 0.5 level,

The fourth step in the regression iﬁtroduced the
daily méan temperature, and this increased the ad justed
multiple correlation coefficient to 0.616, the correl-
ation becoming significant at the 0.01 level. A further
increase in this coefficient to 0.642 was achieved by the
vintroduction of the dailly mean cloud cover, and yet a
further increase to 0,692 by the introduction of the daily
mean Wind speed. Both these last two coefficlents were
significant at the 0,01 level, and in the latter case at
the 0,001 level, However, the introduction of the last
variable humidity (measured in %) reduced the coefficient
to 0,681, |

A further selection using the same variables as
those Just desCribed,with the exception that vapour pressure
valuggyﬁged in the place of the relative humidity values,
gave the same results as the first selection up to and
including the introduction of the wind speed values,
‘However, with the itroduction of the vapour pressure values,
the multiple correlation coefficient decreased to 0.679,
a slightly smaller value than that obtained by the

introduction of the relative humidity values,

2, The Second Selection

In this selection (see table 4 : 2B) the net

radiation values were used in the place of the inconing
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TABLE L4 ; 2B

THE ORDER OF SELECTION AND THE CORRELATION COEFFICIENTS

SELECTION 2.

Variables Correlation Level at which
Entered Coefficient Significant
A+Pr 0. 326 No significanc‘e
A+Pr+Pa 0. 45 0. 5
A+Pr+Pa+T 0. 630 0. 001
A+Pr+Pa+T+U 0. 648 0. 001
A+PT+Pa+T+U4C 0. 678 0. 001
A+Pr+Pa+T+U+C+Hp 0. 681 0. 001
A+Pr+Pa+T+U+C+Hp+R 0. 671 0. 01
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short-wave radiatlon values, all other varlables remain-
1ng as they were in the first selection. Rainfall was
again the first varlable selected by the programme and
gave the same multiple correlation coefficient as in the
first selection. Pressure was selected next, giving a
multiple correlation coefficient of 0,415, which was
significant at the 0.5 level, The introduction of the
temperature values in the third step increased the
correlation coefficient to 0,630, The next three
variables to enter the regression (wind speed, cloud cover,
and relative humidity) increased the multiple correlation
coefficient by only 0.033 (to 0.681) and the last variable
to enter the regression, net radiation; reduced the

coefficient to 0.671.

3. The Third Selection

In this regression the varliables used were atmos-
pheric pressure, temperature, wind speed,.cloud cover,
relative humidity and incoming short-wave radiation. all
entering the regressloﬁ in the order given (see table 4:20).
The ad justed multiple correlation coefficient for this
regression attained a value of 0,518 (significant at 0.01)
by the second step with the 1ntroduction‘of the.temperature
values, With the introduction of the wind speed values
in the third step, this coefficient was 1increased to 0,619,
which was significant at the 0.001 level. The addition
of cloﬁd cover and relative humidity increases the adjusted‘
multiple correlation coefficient still further, to 0.674,
while retaining significance at the 0,001 level, It is not
until the last step with the introductlon of the incoming
short-wave rédiation values, that the level of significance

decreased to 0.01, and the ad justed multiple correlation
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TABLE 4 : 2C

THE_ORDER OF SELECTION AND THE CORRELATION COEFFICIENTS

SELECTION 3.

Variables Correlation Level at which
Entered Coefficient Significant
A+Pa 0. 278 Not significant
A+Pa+T 0.518 0. 01
A+Pa+T+U 0. 619 0. 001
A+Pa+T+U+C 0. 669 0, 001
A+Pa+T+U+C+Hp 0. 674 0. 001
A+Pa+T+U+4+C+Hp+S1 0. 665 0. 001
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coefficient reduced to 0,665,

L, The Fourth Selection

There was only one other selection whlch gave
multiple correlatlon coefficients that were significant
at the 0,01 or 0,001 levels, This was thevcombination
of relative humidity, temperature and wind speed, These
gave an ad justed multiple correlation coefficient of

0,543 which was significant at the 0,01 level,

IV, Implications.

The results presented in this chapter indicate
that there 1s no apparent combination of variables that
will give a high correlation with the daily measured
surface change. The highest correlation that was
achieved (0.692 in the first selection), although statist-
ically significant, 18 not hligh enough to enable a
relatively accurate estimate of the surface change to be
gauged by Jjust obtaining values for the more easily

measured meteorologlical variables,

The results obtained, however, do suggest that
there are some variables to whlch the surface change is
more s8ensitive, For example, the introduction of the
temperature values appears ﬁo increase the multiple corr-
elation coefficlent considerably (e;g..in the first
selection, this coefficlent 18 increased by 0,163; 1in
selection two it 1is increased by 0.215, and in selection
three 1t is increased by 0.240 - all these increases
resulting from the introduction of the temperature values).

As well as suggesting that some variables are more

significant in temmsof the measured surface change values
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than others, the results also suggest that moderate
correlations are possible with a number of combinations
of various variables, In the first selection, a corr-
elation coefficient of 0,692 was obtained from the com-
bination of 8ix of the seven variables consldered. By
removing just one of these variables (incoming short-wave
radlation) a correlation of 0,681 was obtained in
selection two, and by yet another deletion (precipitation),
a correlation coefficient of 0,674 was obtained, This
suggests that the inter-relationship between the meteor-
ologicael variables as measured 1s complex, with the
relative importance of each in relation to the rest being

varilable,

The data for these regressions were used in the
units in which they were measured, with the exception of
the relative humidity which in one selection was computed
in units of vapour pressure. The results presented in the
last paragraph of sub-section 1I A (1) of this chapter
pertalning to the difference in the correlation coefficient
obtained by using relative humidity and then wvapour
pressure would tend to suggest that if these meteorological
variables used in this regression 'analysis were in different
units to those actually used, the correlations may have
been considerably changed for it is evident from this
sub=-gection that a change in the units used to express
water vapour conteht of the atmosphere brought about a
difference (although light in the particular case under
discussion) in the degree to which the measured variables

correlated to the measured surface change. Tuede et al (1970)
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undertook a regression programme in an attempt to
correlate certain meteorological variables with the
discharge of water from a number of glaclers. From the
analysis that was undertaken, it becameevident that

', ... the products of temperature and precipitation, or
temperature and wind speed, were the most important to
describe the water discharge. As the third term the air
temperature appeared in all regression equations'. (Tuede
et al 1971 p.106). It was also found in this study that
the incoming radiation showed very little correlation
with the discharge (a situation evident in the present
study). This study obtained multiple correlation coeffic-
ients for the above comblnations as high as 0.90; however

to achleve this 1t was necessary to weight the variables.

If the assumption is made that the stream discharge
from a glaclier can be equated with the measured surface
change values, from the previous discussion in this section
it might be concluded that had the values used in the

' present study been welghted, much higher correlations may
have resulted, for there is the suggestion in the correl-
ations obtained that temperature plus rainfall, pressure,
and wind speéd, when correlated against the surface
change give proportionally higher correlation coefficients
than those obtained by any'other combination of variables.
(For example, temperature when combined with rainfall and
pressure gives a correlation coefficient of 0.630 which,
after the introduction of three more variables, only

increases to 0.681.)
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Tuede et al (1970) also used slightly different
units to those used in the present study (e.g. the wind '
speed variable was expressed in daily run of wind by
Tuede whereas in the present study, mean daily wind speed
totals were used) reinforcing the suggestion made earlier
that had the variables compared in the present study been
expressed in other units, the correlations may have been
dlfferent. However, 1t 18 not possible to say in what
direction this change, 1f any. occurred, in the correlation

coefficients could take place,

V. Summary

The surface change values do not appeaf to be
particularly sensitlive to any one variable or any one
combination of variables, Only when a comparison is made
between the daily heat input and the daily heat sink, does
there appear tb be a significant correlation. However, as
no correlations were undertaken with the variables
weighted in any way, it cannot be concluded that the
surface change for any one period can or cannot be eval-
uated by Jjust measuring a number of the more easily
measured meteofological variables., The analysis undertaken
suggests that relationéhips exist between the variables
compared, but a more sophlsticated technique than that
used would be needed to unravel the complex interdependence
of the meteorological variables to enable the surface
change to be calculated without becomihg involved with the

‘ intricaciles of the energy balance approach.
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CHAPTER
5
CONCLUS ION

Previous studies of the energy balance at the
surface of a glacier have shown that the relative import-
ance and magnitude of the various sources of energy can
and do vary considerably over both time and space, It
has become evident from previous work that a complex
relationship éxists between the climatic parameters, and
this relationship affects the magnitude and direction of
the relevant heat fluxes at the glacier's surface.

This present study has endeavoured to evaluate the
flux of energy to and from the surface of one small New
Zealand glacier in an attempt to gain a greater under-
standing of the conditions conducive to the removal of
mass from that glacier's surface, It must be emphasised
that the results obtained are only applicable to that
portion of the Ivory Glacier studied and only for the time
period of thelstudy itself. This does not mean however
that this study was purely an academic exercise in the
application of theory to reality, for from this study has
been gained a measure of the contribution to, and the.
effect of, the various climatic elements as they relate to
the existence of the Ivory Glacier,

The relative contributions of the energy balance
components to the total energy input at the surface of
the Ivory as given in Chapter Three, indicate that over

the period between January 5 and February 14 the major
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source of energy was radiation, with sensible heatwas
next in importance and the latent heat the least import-
ant (discounting the heat input from precipitation which
over the total period was negligible). However when
daily totals were considered, it was discovered that the
relative contribution of the energy balance componeﬁts
varied considerably and radiation in this case was not
always the major energy source,

The change in the relative contribution of these com=-
ponents was not due solely to a change in the magnitude of
jﬁst one, but rather to a change in all three, and on iso=-
lated occasions during storms to four{(with the inclusion
of the heat input from rainfall), This would suggest that
a relationship exists between the general weather para-
meters and the energy flux, a relationship that is evident,
at least theoretically, when the equations used to calcu-
late the energy balance components are considered.

The accuracy of the energy balance calculations can
only be gauged from actual measurement of the mass loss
from the surface of a glacier. Chapter Two involves a
description of the methods used and the results obtained
from such an uhdertaking within the present study and
although the qualitative analysis undertaken revealed
little to indicate the reésons for the large spagial and
temporal differences in the surface change values obtain-
ed, itkdid never the less produce suggestions such as the
possible importance of storms (i.e. rainfall) in account-
ing for the high rates of surface change measured on some
days. Of more importance however was the comparison

between the heat sink (calculated from these surface
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change values) and the heat input, for from this compar-
ison it was discovered that overall there was a greater
heat input than loss. This suggested that either, the
values for the respective fluxes were in error or that
evaporation was taking place which was not being accounted
for in the calculations of the heat sink, The assump-
tions used to calculate the heat sink would suggest that
the latter case may be the more correct, especially as
the loss of mass associated with the discrepancies in‘the
two totals (if assumed to be unaccounted fo;?;vaporative
loss) would only account, at the most, for 0,2 cm water
equivalent.

The possibility or error in the calculation of the
energy balance terms cannot be discounted, for a number
of basic assumptions were made which could affect the
results of the calculations, especially if the actual
meteorologicél conditions over the glacier differed from
the assumed conditions, and it is highly likely that this
occurred,

The attempt to find significant, meaningful corre-
lations between any one or combination of the standard
meteorological parameters and the measured surface change
was unsuccessful, However there were suggestions in: the
results obtained that by 'manipulation' of the units in -
which the parameters were expressed and/or by weighting
the parameters, more significant relationships may have
been discovered. By considering the apparent cdmplexity
of the inter-relationship between the meterological
parameters that is suggested by both the qualitative and

quantitative analyses undertaken in this study, this lack
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of correlation is not surprising - this lack of corre-
lation however has a positive side as well as a negative
side for its very occurrence could well be perceived as
the justification for the adoption of the energy balance
approach.

FURTHER RESEARCH

The one study undertaken on the Ivory Clacier shbuld
only be the beginning of a continuing study of the energy
balance over this glacier, for to evaluate the contribu-~
tions of the energy sources much more data is needed en-
compassing the whole spectrum of weather conditions that
occur in this area,

The effect that rainfall has on the surface change of
the Ivory has only been touched upon in this dissertation
and this could be an area for future research, especially
if some means were developed to accurately gauge the temp-
erature of the rain water.

Short period intensive studies would be of great
value because they would enable a greater understanding
to be gained of the fluctuations in the relativebimport—
ance and magnitude of the heat fluxes both diurnally and
at an even smaller time scale,

There is also a need to obtain more accurate measure=-
ments of the surface change and to obtain actual values
for the amount of mass lost to evaporation. In fact the
possibilities for study on thé Ivory Glacier are almost

endless,
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APPENDIX I
Sensible Heat Flux - solution for terms
(after Longeay (1969, p.91).
4T
H= ,~.Cp. Kh. (a2 + /7).

where _
/2. 18 the density of dry air at constant pressure.
Cp. 1s the specific humidity of air at constant pressure.
Kh. is the coefficient of eddy conductivity.
/7. 18 the dry adlabetic lapse rate.

assume Kn = K

m.
where ’ (2)
Km is the coefficient of vertical transfer of momentum.
. w2
Km = Uz K~. Z.
Z
In ;6 (3)
where
Uz is the wind speed at helight z.
2

K~ is Von Karman®s constant.
Zz 1s the height above the surface.
Zo, 1s the roughness length.

Substituting equation (3) into equation (1) and ignoring
" since this number 1s negligible we get i-
H é/.). CP. Uz- Kio Z QE,

In 3 dz. (&)

All the terms in equation (4) can be measured except Z
continuing the assumption of neutral stability.
Then from logarithmic law
log Zg = Uy = log 2y - Uj . log 22

U2 -1y (5)

where
Un is the wind speed at height n
log is the common logarithm (base 10).
Substituting equation (5) into equation (4) we get
H= ACp. U,. K, Z. aT

4 — 1 Taz
1n |antilog (“2. log z1— Uy - log zz)
uz - ug (6)
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Solving for 1limits Z, and Z2 to avold specifying boundary
conditlons at the surface
E = 0o, Cp. U2, K2, (T - T1.)
1n 22 ° 1n z2

Zo zy (7)

where

1n is the natural logarithm (base 2.718).

For given periods at time 1n EE + 1n fz can be treated

Zo z1
as a constant and Cpajﬁ and K2 may be treated as
constants. Thus ' '

C = Cp. K2
in 22° 1n 22 '
Zo z1 ; (8)

Then H= C.Up. (Tp - T). (9)
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