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ABSTRACT 

Measurements made on Casement Glacier during the summers of 1965, 
1966 , and 1967 revealed time-variations in the horizontal component of 
the surface velocities. The summer velocities were greater than the 
IIwinter ll velocities. The magnitude of the summer velocities varied 
from year to year, but was always greater than t:.2 winter velocity. 
These changes in surface velocity correspond to changes in the basal 
sliding velocity as measured in an ice tunnel along the margin of the 
glacier. 

The mass budget of the glacier for the glaciological year 1966-1967 
was determined to be -235 ±46 x 109 kg. Discharge and budget measure
ments were calculated for two sections of the glaCier, between lines 2 
and 3, and between lines 8 and lines 9, 11, 12, and 13 (Fig. 3). The 
mass budget of each section was negative, being -8.4 x 10 9 kg and -9.1 
x 109 kg, respectively. 

Englacial velocities were calculated at each of the stakes for 
which the ice thickness had been determined by gravity and the surface 
velocity by surveying . Using these velocity data, the vertical com
ponents of the surface velocity, the longitudinal ice thickness profile, 
the trajectory of a layer of ice was calculated from line 14 through 
line 2. The estimated travel-time for this motion would be approximately 
140 years. ' 

Two short-term heat -balance studies, of four days duration each, 
were conducted on the glacier in 1967. The contribution of each com
ponent of the heat balance equation was computed, first, using the 
assumption that the variation of the wind speed, temperature, and vapor 
pressure follows the power law, and later, recalculated assuming a 
logarithmic variation. The calculated results were compared with the 
observed values of the ablation during the corresponding periods. The 
values determined by the power law fit the observed ablation data better 
than those calculated from the logarithmic law. For the two studies, 
the relative contributions of QR (radiation), QA (sensible heat), QL 
latent heat), and Qp (heat from rainwater) were 65, 19, 15 and 1 per cent, 
respectively. 

Investigations were made in an ice tunnel on the variations in 
slip rate and the mechanics of basal sliding. Basal sliding at the 
point of observation in the tunnel was a continuous process; there was 
no jerky, stick- slip movement and any observed jerky movement on the 
surface probably resulted from fracture and shearing of the surface iC e . 
The rate of sliding is affected by changes in the quantity of lubri
cating water at the bed and most of the observed annual, seasonal, and 
diurnal changes in surface velocity result from changes in the quantity 
of free water at the bed of the glacier. Artificial obstacles were 
placed on a bedrock knob and the mode of flow of ice around them examined. 

ii 



It was determined that the critical size at which the contribution of 
regelation slip equals that of plastic flow is between 1 and 2.5 cm. 
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CHAPl'ER I 

INTRODUCTION 

Location of the Field Studies 

The field studies described in this report were conducted on Case
ment Glacier, which is northeast of Muir Inlet in Glacier Bay National 
Monument, southeast Alaska (58 Q57' N, 135°57' W) (Figure 1). The Case
ment Glacier system has an area of about 200 km2 with m!w! basins at 
elevations between 1200 and 1700 m. The terminus, which is presently 
at an elevation of 60 m, is located 6.7 km northeast of Muir Inlet, 
where at the beginning of the present century it joined Muir Glacier 
(Figure 2). 

Glacial History of the Region 

The glacial history of Muir Inlet has been studied intensively by 
members of the Institute of Polar Studies, The Ohio State University 
(Goldthwait, 1963; Taylor, 1962; Price, 1964; Haselton, 1966; Goldthwait 
and others, 1966; McKenzie, 1970). The sequence of events from late 
Wisconsin time to present is fairly well understood and can be summarized 
as follows: 

1. Before 10,400 years B.P . the ice fronts in Muir 
Inlet had retreated at least as far back as their 
present positions. Although no outwash gravels 
from this recession have been found, marine de
posits, the Forest Creek Formation, accumulated 
in Muir Inlet. 

2. About 10,400 years ago, the ice may have read
vanced depositing what Haselton (1966) has called 
the Muir Till. The extent of this advance and 
the validity of the Muir Till has been questioned 
by McKenzie (1970). The feature on which Haselton 
based his suggestion may have been a local advance 
of Casement Glacier only. 

3. About 7,500 years ago the climate warmed, resulting 
in the retreat of the ice fronts past their present 
terminal positions. Tree stumps of 7,000-2,000 
years B.P. have been recovered from beneath the 
present-day retreating ice fronts. This warm inter
val (called the Hypsithermal) lasted about 5,000 
years during which Muir Inlet and its tributaries 
were filled to sea level with outwash (Goldthwait, 
1963) . 
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Fig. 2 - Map of Muir Inlet area showing the retreat of the 
ice front of Muir, Casement, and associated glaciers 
at 10-year int ervals s i nce 1880. The contour interval 
on the topograpby i s 500 ft. (from Goldthwait and 
others, 1966). 
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4. At the beginning of Neogl acial time (2,700 years 
B.P.) the ic e front started to advance again. The 
date of the advanc e of the ice front past given 
point s has been determined by radiometric a ge de
t erminations on sampl es of wood from trees that were 
over-ridden. A sample f r om a log near the present 
front of Casement Glacier gives an age of 1,400 ± 120 
years B. P. (Haselton, 1966 ). During Neoglacial time, 
the glaciers f rom Muir Inlet oscillated repeatedly. 
The maximum extent , r eached about 300 years ago, is 
marked by a large t erminal moraine just south of 
Bartlett Cove (Fi g. 1). 

5. Since the first recorded sighting in 1794 (Vancouver, 
1801), the ice front in Glacier Bay has retreated 
about 75 km, approximat ely 15 times faster than most 
other retreating North American glaciers (Lawrence, 
1958) . 

6. As the ice fronts retreat, flora and fauna re-establish 
themselves on the deglaciated land in a sequence deter
mined by a field party from the Institute of Polar 
Studies (Goldthwait and others, 1966 ). Outwash streams 
are once again filling the arms of Muir Inlet, this 
time with post-Little Ice .Age deposits. 

Retreat of Casement Glacier 

The earli est published map of Casement Glacier (Wright, 1887), shows 
the gl acier to have been confluent with Muir and Adams Glaciers, with an 
ice thickness of about 300 m near the present shore line of Muir Inlet, 
Between 1892, the time of the first detailed map of Muir Inlet (Reid, 
1896), and 1907, when another map was made by the International Bound
ary Commi ssion, Muir Glacier retreated 13 km. By 1911 Casement Glacier 
had become separated from the retreating ice cliff and ended on land . 
A number of photographs showing the position of the terminus are avail
able from that time to the present (Martin, 1911; U. S. Navy, 1929; 
Wright, 1931 ; Field, 1941; U.s.C.G.S., 1946 and 1948; Loken , 1956 and 
1958; Price, 1962 and 1963; Post, 1965). Figure 2 shows the position 
of the terminus of Casement Gl acier at 10-year interval s since 1880 . 
Goltbwait (1966 ) gives the annual rate of retreat as 30, 95, 98, 113, 
and 24 m/yr in successive decades from 1910 to 1960. However, because 
of areas of stagnant ice, proglacial lakes, proglacial drainage, and 
other reasons, the rate of retreat varies from point to point, and at 
S::JIlle points it may be double that for others during the same interval. 
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Objectives of the Study 

As can be seen in the section on the glacial history of the region, 
the retreat of the glaciers in the Muir Inlet area is well documented . 
One of the most important problems which remained was to determine the 
causes of this retreat, by assessing the mass and heat balances of a 
representative glacier in the area . Consequently, a three-year program 
was begun in the summer of 1965, the objectives of the study listed in 
the original proposal being as follows: 

1. To assess the mass balance of the glacier by 
measurement of the annual accumulation in the 
neve basin, ablation over the length of the 
glacier, and the surface velocity at a number 
of points on transverse lines across the 
glacier. 

2. To determine velocity profiles by measuring 
the variation with time of the inclination of 
holes drilled to the bottom of the glacier at 
a number of points in both the ablation and the 
accumulation areas. 

3. To examine the ice near the bottom of the 
glacier, as exposed in the walls of a tunnel, 
to gain information on the mechanism of move
ment of the glacier on its bed. 

4. To study the hydrology of water in the ice and 
on the outwash beyond the ice by the saline dis
persal method. 

5. To establish meteorological stations at various 
elevations on the glacier and at points on the 
rock adjacent to the glacier and to carry out de
tailed micrometeorological studies. 

As a result of difficulties encountered in the field, the original 
program was altered so as to derive the maximum data which might be 
valuable in the study. However, all of the topics will be 'discussed in 
this report so that future investigators may avoid the problems encount
ered by the writer. 

In addition to the original objectives, a number of secondary ob
jectives were developed. Among them were: 

1. Measurement of the ice thickness by gravimetric 
methods. 
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2 . Evaluation of the relative contributions of each 
component in the heat balance equation. 

3. Preci s e measurement of basal sliding rates in the 
ice t unnel to determine if the basal slip process 
is continuous or intermittent and to determine if 
t here is any diurnal variation in slip rate . 

4. Observation of the mode of flow of ice around ob
st ac l es placed on one bedrock knob exposed in a 
t unnel under the glacier . 

Selection of the Glacier 

Because it i s not physically possible to study all of the glaciers 
in a region, it b ecomes necessary to select one or more as representa
tive of the glaciers in t hat region . The results obtai ned from an in
tensive mass-bal ance study on carefUlly selected representative glaciers 
can then be extrapol at ed over the entire glacierized region. 

¢str em and Stanley (1966) listed certain crit er ia upon which the 
selection of glacier s f or mass-bal ance studies made during the Inter
national Hydrologi cal Decade was based . The primary purpos e of their 
glaciologica l i nvesti gations was to determi ne the mass balance of the 
glaciers . Although the mass-balance study was only one aspect of the 
overall program on Cas ement Glacier, the considerations they applied 
for the sel ection of glaci ers for their investigat ions are applicable 
to wider studies also . They are as follows (¢strem and Stanley, 1966) : 

a. The gl acier must have a well-defined catchment area 
and the degree of glacierization must be as high as 
pos sible so that the meltwater stream depicts condi
tions on t he glacier rather than conditions on the 
surrounding t errain . 

b. The si ze of the glacier should be comparable with 
al l glacier s i n the area of study but small enough 
to be fUlly examined by a 2-3 man party . (The upper 
l i mit of such an area is probably 10-15 km2 ). In 
special ca ses , when great economic interests are 
involved , i t mi ght be possible to have more people 
invol ved in the field measurements and thus a larger 
gl acier area could be examined. 

c. The range i n altitude between the glacier tongue and 
the upper firn area should be as lar ge as possible, 
or at least cover the main part of the range for the 
gl aciers in the area under study. 
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d. The glacier should be drained by a single meltwater 
stream with local conditions favorable for dis
charge measurements close to the glacier snout. 

e. The glacier should have relatively easy access so 
that it will be feasible to visit it throughout 
the year without the extensive use of helicopters, 
etc. Easy access should, however, not be over
emphasized; an ideal glacier should not be omitted 
and replaced by another less suitable for reason 
of accessibility alone. This question must be de
cided for each particular glacier depending on 
available resources. 

f. The glacier should have few crevasses as they make 
the work unnecessarily risky for observers and may 
restrict proper observations to only a small area. 
However, if a representative glacier has a great 
number of crevasses the value of this point must 
also be considered in each particular case. 

g. The glacier should be situated in an area for which 
reliable maps and good air photographs are avail
able or can be readily obtainable shortly after in
vestigations have started. All accumulation and 
ablation measurements must be plotted on maps, and 
the scale of 1:10,000 is generally most suitable for 
this purpose. A contour interval of 10 meters will 
be appropriate for the glacier surface, 50 meters 
will be sufficient for the surrounding area. The 
map must cover the entire catchment area above the 
site of the river observations. 

Points "e" and "g" do not apply to the Casement Glacier study, and 
on four other points Casement Glacier does not meet ¢strem and Stanley's 
requirements: (a) it does not have a well-defined catchment basin, 
being formed by the merging of at least seven smaller tributaries, 
several of which share a common catchment area; (b) although it is 
comparable in size with the other main glaciers in the area, such as 
Muir, Riggs, and McBride Glaciers, it is more than ten times the maximum 
recommended size; (d) the glacier is not drained by a single meltwater 
stream, so the measurement of the mass balance in terms of the discharge 
was not possible, and (f) the glacier's surface is disrupted by three 
major icefalls and numerous minor ones, rendering travel on the glacier 
difficult and hazardous. Recommendation (c) is the best satisfied, as 
the range in altitude from the terminus to the top of the firn basins is 
about 2,000 m. 

However, despite these disadvantages, Casement Glacier was chosen 
for the investigation because the glacial history of the region is well 
known and because of the excellent logistical support available from the 
U. S. National Park Service. 
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Classification of the Glacier Type 

According to Ahlmann's morphological cl assification scheme for 
glaciers (Ahlmann, 1948, p. 61), Casement Gl acier is a dendritic valley 
glacier, as it is confined to a definite path and occupies a valley 
system. Casement Glacier is temperate according to another of Ahlmann's 
classifications, because the ice is at the pressure-melting temperature, 
except during the winter when t he top few meters are colder. 

Climate 

The climate of Muir Inlet is cold maritime, as is all of coastal 
southeast Alaska. It is characterized by small diurnal and seasonal 
temperature variations, high humidities, frequent fog, considerable 
cloud cover, and high precipitation. However, some of the adjacent 
mountainous region may be classified as having a cold snow forest climate 
with cool summers. 

Geology 

The bedrock geology of the Glacier Bay region has not been examined 
thoroughly. The most extensive work was done in 1966 by U. S. Geological 
Survey geologists who, with helicopter support, made a thorough reconnais
sance of the bedrock geology of Glacier Bay National Monument. Their 
results have not been published; however, a personal communication with 
preliminary results from the party leader, David A. Brew, provided more 
complete knowledge of the geology around the Casement Glacier. 

The Glacier Bay region is a small portion of the Alaska Coast 
Ranges, which, in turn, are a part of an extensive structD~al province 
that extends from the Aleutian Islands down t hrough the Andes of South 
America. According to Miller and others (1959), the b asic structural 
unit in the Glacier Bay region is the Prince of Wales geanticline which 
is cut longitudinally by northward extensions of the Denali fault system. 
Most of the major glaciated and glacierized valleys and fjords lie 
parallel to these old folds and faults which provided a more easily 
eroded bedrock. 

Most of the rocks in the Glacier Bay region are limestones, 
argillites, and metasediments, ranging in age from Late Silurian to 
Middle Devonian. In some localities these rocks have been extensively 
folded, faulted, and intruded by numerous diabase dikes and sills. 
These structures are frequently well exposed on the steep, glacially 
smoothed walls of the fjords, such as Muir Inlet. 

Four rock types make up most of the bedrock in the vicinity of 
Casement Glacier: granitic rocks, hornfelsed detrital clastics with 
some unmetamorphosed volcanics, detrital clastics, and carbonates. 
Locally, porphyritic phases of granitic intrusions have resulted in 

8 



intense alteration of the adjacent rocks . There are two types of vol
canic units adjacent to Casement Glacier. A body of greenstone which 
has developed fram a volcanic breccia is exposed in Forest Creek, and a 
reddish-weathering unit of volcanic breccia, which may be related to the 
occurrence in Forest Creek, occurs on the north side of Red Mountain. 

Field Logistics 

Logistic support each field season was provided by the U. S. National 
Park Service. Their support included transportation of men, equipment, 
and supplies fram Juneau to Muir Inlet and back aboard the MV Nunatak, 
resupply and mail trips to Muir Inlet, and daily radio communication 
with Park Service headquarters at Bartlett Cove. Fram the shores of 
Muir Inlet, the men and equipment were moved to and fram the campsites 
each season using a chartered helicopter fram Juneau. 

In 1965 the main camp was established on the true right side of 
the glacier 5 km fram the terminus (Fig. 3). During the 1965 season 
most of the work was done on the lower portion of the glacier . In 1966 
the main camp was moved 14.5 km upglacier to a point that afforded 
ready access t o most of the upper portion of the glacier (Fig. 3). A 
tent was also set up at the 1965 campsite to provide a base of operations 
f or work on that section of the glacier. A third camp was established 
in 1966 at the site of the tunnel study. The camp organization in 1967 
was the same as in 1966. 
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CHAPTER II 

ICE MOTION STUDIES 

The major objective of the survey program was to establish and main
tain a triangulation network in order to determine the dist ribution of 
surface velocities over representative portions of Casement Glacier and 
its tributaries. These velocity determinations would then b e used in 
the assessment of the mass budget of the glacier. To achieve these ob
ject i ves , fixed triangulation stations were established on the mountain 
sides from which markers drilled into the ice coul d be surveyed by 
intersection. 

A secondary objective of the ice motion studies was to determine 
the t r ajectory of a particle through the glacier. Origi nally, it was 
intended that this should be done by measuring the variat i on of the in
clination of holes drilled through the glacier to det ermine the varia
tion of velocity with depth, and to combine this wit h a ccumulation and 
ablation r ates to arrive at the desired traject ory. Because the deep 
drill ing program was not successfUl, these cal culati ons had to be made 
by usi ng the englacial velocities calculated from a t heoretical formula 
deri ved by Nye (1952) and the vertical component of t he ice velocities 
(see Chapter VI, Englacial Velocity Profiles). 

Instrumentation 

Kern DKM- 2 theodolites, which can be read di r ectly to one second 
of arc, were used for all of the surveying . During t he fi r st two 
summers, only one instrument was used. However, on many days i n the 
first two seasons bad weather made surveying impossib l e and, to make 
sure the survey was completed, two instruments were used in 1967. 

Triangulation 

Baseline Measurement 

In order to calculate the coordinates of the f ixed stations and, 
from them, the positions of the surface velocity markers, a 1195.050 m 
baseline was laid out on a flat snow surface by the f lat -chaining method, 
using a 100 m chrome-clad steel tape under 15 pounds tension . The loca
tion of the baseline is shown in Figure 4. The measurement was done 
twice, the difference being 0.015 m. The standard corr ections for tem
perature and slope have been made to the measured line . The given length 
is probably accurate to 0.010 m. 

,/ 

To establish a local grid system, the southern end of the baseline 
was given the coordinate values 10,000.000 and 10,000. 000 and the 
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Fig. 4 - Diagram of the triangulation network for 
Casement Glacier. 
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Fig . 5. - Diagram showing the layout of the measured baseline 
( 1-2) and the first two quadrilaterals in the exten
sion of the base line. 
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positions of all the cairns and markers were calculated relative to 
these coordinates. The azimuth of the baseline was estimated from the 
U.S.G.S. map (Skagway A-3 sheet) to be 5°15'. This value is probably 
accurate to ±2° . 

Fixed Stations of the Triangulation Network 

An extensive triangulation network was established during the three 
seasons. Most of the stations were occupied during the velocity surveys. 
The remaining stations were set up so that the entire network could be 
tied together. The coordinates in the local grid network were calculated 
by triangulation using the measured baseline as the first side. 

Stations 17 through 27, excluding 19, (see map, Fig. 4) were estab
lished in 1965. Stations 1 through 12 were set up in 1966 and 1967. A 
temporary cairn, 19, was set up on the ice between cairns 21 and 27 to 
allow extension of the triangulation network past a steep portion of the 
valley wall. 

Triangulation Network Scheme 

The triangulation network (Fig. 4) consisted of eight braced quadri
laterals and nine triangles. They are, in order, from the baseline to 
the terminus: 

1. Quadrilateral 1-3-2-4 
2. Quadrilateral 4-7-8-3 
3. Triangle 4-6-7 
4. Quadrilateral 4-7-8-13 
5. Triangle 7-13-14 
6. Quadrilateral 4-7-5-13 
7. Quadrilateral 13-5-9-12 
8. Triangle 9-11-12 
9. Triangle 15-11-12 

10. Quadrilateral 15-10-16-11 
11. Triangle 16-10-17 
12. Quadrilateral 17-10-18-19 
13. Triangle 18-21-19 
14. Quadrilateral 21-18-20-22 
15 . Triangle 21-22-24 
16. Triangle 22-24-23 
17. Triangle 22-24-25 
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Extension of the Baseline 

Measurement of Angles 

Stations 1 and 2 were set up on the snow at the two ends of the 
measured baseline (Fig. 5). Station 3 was erected on the snow about 
1.6 km west of the midpoint of the baseline. From points 1 and 2, 
cairns 3, 4, 7, and 8 were surveyed. Then, each of the other stations, 
3, 4, 7, and 8, was occupied and all the other stations in the baseline 
extension were surveyed. This work produced two quadrilaterals with 
the measured baseline as the diagonal of the smaller figure. 

From each of the remaining cairns on bedrock, and the temporary 
one on the ice, 19, the horizontal and vertical angles to all the other 
visible cairns were observed. Generally, the angles were taken as the 
means of two sets of measurements (one set of angles consists of both 
forward and reverse pointings), but frequently, more than two sets of 
angles were used in the computations. The maximum acceptable error for 
closure of a round of horizontal angles was five seconds. The averaged 
angles from the two pointings were added and the departure from 360° 
(usually less than ten seconds) was distributed equally among all the 
angles. The mean vertical angles from the two sets of measurements were 
averaged, the difference usually being less than five seconds. 

Adjustment of the Figures 

The misclosures for the triangles in the network were adjusted by 
adding or subtracting one-third of the misclosure to each angle. The 
errors were so small (from one to twenty-two seconds) that weighting of 
the error distribution was not necessary. 

The adjustment of the errors of misclosure in the quadrilaterals 
was done by electronic computer, using a program by Marangunic (1970). 
The program adjusts the angles by the angle-and-side method of Wright 
and Hayford (in Breed and others, 1962) so that the sum of the interior 
angles is 360°. The unadjusted and adjusted angles for each of the 
figures in the network are given in Appendix A. 

Strongest Route for the Extension of the Baseline 

After the triangles and quadrilaterals were adjusted, the strongest 
route through the adjusted network for the extension of the baseline was 
calculated, according to the U. S. Coast and Geodetic Survey method 
(Reynolds, 1928). This method tests the strength of various routes 
through a network by computing the probable error of a triangle side. 
The strongest route is given in Figure 6. 

Calculation of X, Y, and Z Coordinates of the Survey Stations 

The coordinates of the south end of the baseline were arbitrarily 
set at 10,000.000 and 10,000.000. The length of the baseline was 
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Fig. 6 - Diagram showing the strongest route through the 
triangulation network for the calculation of the 
coordinates of the cairns . 
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1,195.050 m and its azimuth estimated to be 5°15'. From this, the coor'
dinates of the north end can be calculated: 

The coordinates of the remaining stations were calculated in the follow
ing manner (using Fig. 7): 

Fig. 7 - Diagram showing how the coordinates of 
the cairns were calculated. 

~l is the azimuth of the known line 
between points A and B 

is the measured angle from BA to Be 
(360° -";:b) 

is the azimuth of the new direction Be 
(= 1:1 ± 180° +1:2) 

1. The distance, D, between any two stations, A and B, 
whose coordinates are known may be calculated from: 

2. The azimuth of the new forward line to the next tri
angulation station Be is obtained by adding the ob
served angle from the reference station at the opposite 
end of the known line to the azimuth of the known line 
AB. 
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3. The distance BC is computed by the sine law: 

BC BA sin1: a 
sin 1:- c 

4. The coordinates of station Care then found by: 

Xc XB f- BC sin -f 3 

YC YB + BC cos 1: 3 

In order to calculate the Z coordinate for each station, it is 
necessary to know the elevation of one of the cairns. For the Casement 
Glacier Survey, the elevation of cairn 4 was determined by helicopter 
altimeter on five round trips to and from sea level during the move-in 
for the 1967 season. This value (1,145 m) was used in the first calcu
lations of the elevations of the triangulation stations. From two of 
the stations, 17 and 24, rays to the summit of Mt. Wright were observed 
in 1965. Substituting the observed angles into the survey program, hori
zontal coordinates and the "height" of Mt. Wright were calculated. The 
calculated height was compared with the known height and the difference 
was attributed to an error in the original elevation of cairn 4. The 
height of cairn 4 was adjusted by the difference (6 m) and new Z coordi
nates were calculated for all the survey stations. Using the adjusted 
value, the two values calculated for the height of Mt. Wright from the 
individual rays are 1,565.74 m and 1,566. 99 m (mean value 1,566.37 m). 

Surface Velocity Measurements 

Aluminum tubes 1.87 cm in diameter and 366 cm long were used as 
survey-ablation markers. Brightly colored flags were tied near the tops 
of the poles to make them easier to see. 

Positions and horizontal velocities were determined for 180 stakes, 
the locations of which are shown in Figure 9. The only stakes for which 
survey data are available for all three seasons are those in lines 2 and 
8a. In 1965 seven transverse rows of stakes were placed in the ice, but 
only six were surveyed twice that summer. Line 8a was not installed 
until 24 August and was, consequently, only surveyed once. In 1966 nine 
new lines of movement stakes were placed in the ice; most of them were 
positioned around the new camp farther upglacier. Lines 1, 3, 4 , 5, and 
6 were not surveyed after the first season, and new lines were added to 
replace lines 4 and 5. In 1967 two more lines, 14 and 15, were added 
to those already existing. 

The positions of each stake were determined by intersection from 
two of the triangulation stations . One set of horizontal angles was 
shot from each triangulation station to the lowest visible part of the 
stake. The vertical angles were shot to the top of the stakes because 
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the surface was constantly lowering and a fixed reference point was re
quired in order to calculate the vertical velocity. 

Calculation of the Coordinates of the Survey Markers 

The positions of the velocity markers were calculated by first using 
the Law of Sines, the measured angles from the two cairns to each of the 
markers, and the known distance between the cairns, to compute the side 
lengths of the triangles (Fig. 8, triangle A-c-8). From cairns A and C, 
the horizontal angles, a and c, to the marker, 8, are measured. Side 
length, L, is known from the triangulation. Side lengths as and Cs can 
be calculated from these equations: 

as = L sin c 
sin( a+c) 

y 

L sin a 
sin( a.tc) 

AIIIiI::::::::-t--------4r--~X 

8 

Fig. 8 - Diagram showing the method of calculating 
the coordinates of the velocity markers by 
intersection from the cairns. 

After the side lengths have been computed, the X and Y coordinates 
of the marker can be calculated from the following equations: 

Xs XA + as sin(a+M) 

Ys YA + as cos(a.tM) 

where M is the angle between the known side and the grid north (Y axis). 

The differences in elevation between the two survey stations and 
the tops of the markers were calculated by the following equations: 
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a tan C - HIC - RC 

where HI i s the hei ght of the instrument and R is the combined correction 
for refr action and the Earth's curvature. The elevation for any survey 
marker was taken as the arithmetic mean of the two computed elevations. 
This difference was almost always less than 0.5 meter. 

Computation of the Surface Velocities 

From the positions of the markers in successive surveys, the magni
tude and azimuth of the surface velocity was calculated, again using 
Marangunic's (1970) computer program. The vertical velocities of the 
surface markers were calculated from a combination of the successive 
surface elevations, as computed from the survey data, and the ablation 
data for each stake. 

Accuracy of the Velocity Data 

The most important question which must be asked about the surface 
velocity measurements is how accurate are the calculated velocities as 
indicators of the surface velocity . . The precision of measurement is 
determined by a large number of factors, some of which are: accuracy of 
the instrument setup, pointing and reading of the instrument, atmospher ic 
refraction, stability of the target , resetting the instrument for re
measurement, and the human error in reading the instrument. 

Location of Fixed Points 

The error in the length of an extended side in a triangulat ion net
work can be determined from the error in the side length from which the 
new length was calculated and the angular errors in the triangulation . 
Clark (1951) gives an equation for computing the standard error, ma , in 
the exit side of triangle ABC (Fig. 7) with the error in side AB, fib, 
and the standard error of the adjusted angles, ma: 

where p is the conversion factor for radians into seconds, 206264.8. 
This equation reduces to: 

( 
mABAB)2 + _23 (mpa ) 2 ma = mBC = ±BC (cot2A + cot2B +. cot A x cot B) 
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starting with an initial error in the baseline of ± 0.010 m and 
taking the standard error for the measurement of the horizontal angles 
as five seconds, the error in the computed length of each extended side 
in the entire survey network was calculated following the calculated 
strongest route through the network. The magnitude of the error in
creases as each successive length is computed from the preceding side. 
The computed errors in the side lengths are small and do not affect the 
calculation of the coordinates of the motion markers. 

Motion Markers 

Errors in the velocity at a motion stake result from errors in the 
calculated positions of the marker and the error due to time lapse be
tween the surveying of the two rays to the marker. 

The error in position depends upon tbe errors in the measurement 
of the angles, the error in the length of the baseline, and the position 
of the markers relative to the baseline. Redundant observations were 
not made in the positioning of the stakes by intersection. An estimate 
of the position errors can be made assuming that all markers were sur
veyed with the same precision. Brecher (1966) determined a standard 
error of intersection of ± 8 seconds by setting up at 11 markers in addi
tion to the fixed stations, thus observing all of the angles in the tri
angles. The computed errors in the sides used for the motion surveys 
are small and can be neglected. The errors in the position of each 
marker, parallel and perpendicular to flow, resulting from these factors 
have been computed. The results are given in Table 1. 

TABLE 1 

ERRORS IN THE COORDINATES OF THE MOTION MARKERS 

11arker No. Error in I~arker No. Error in 
Coordinates Coord ina tes 

X(m) Y{m) X{m) Y(m) 

1-3 .002 .003 7-1 .025 .090 
1-8 .239 .216 7-10 .004 .100 
2-1 .013 .012 8-1 .D06 .044 
2-10 .133 .063 8-13 .034 .001 
3-1 .002 .040 9-1 .021 .075 
3-5 .001 .006 9-13 .011 .013 
3-7 .007 .063 10-3 .002 .C40 
3-9 .006 .061 10-11 .018 .062 
4-2 .006 .032 11-1 .094 .013 
4-9 .0lD .031 11-10 .067 .016 
5-1 .014 .025 12-3 .016 .023 
5-9 .022 .128 12-10 .000 .010 
6-2 .032 .008 13-1 .205 .077 
6-5 .. 064 .018 13-4 .002 .001 
2-1 .009 .027 13-4 .045 .011 
2-9 .389 .034 13-8 .073 .045 
4-1 .154 .071 14-4 .019 .023 
4-8 .143 .075 14-11 .056 .025 
5-1 .015 .057 15-1 .016 .024 
5-7 .055 . 043 15-7 .007 .014 
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The surveying of each row of stakes from the two fixed stations was 
almost always done on the same day. This was particularly true during 
the last summer, 1967, when simultaneous observations were often made. 
Consequently, although some time may have elapsed between the two obser
vations of a surface velocity marker, it was almost always just a few 
hours, in which time the target might have moved a maximum of 5-10 cm 
downglacier. Therefore , no attempt was made to adjust the data for move
ment between the two sets of observations. The time of the observations 
was recorded as days and decimal fractions of days; the mean of the two 
times was used for the velocity calculations. 

The vertical coordinate of the stakes was less accurately determined 
because of atmospheric refraction. However, the mean difference between 
the two calculated elevations for each marker in all of the surveys was 
only 0.4 m. The mean error is one-half of this value. 

Results of the Ice Moti on Studies 

Time Variation of Velocity 

Many workers have noted time-variations in surface velocity, with 
higher velocities being observed during the summer in the ablation zone 
and, often, higher velocities during the winter in the accumulation zone. 
As most of the velocity markers on Casement Glacier were surveyed twice 
each summer, the summer velocities could be determined for comparison 
with the mean annual velocity and the I1winter" velocity, which is taken 
as the velocity for the other months (usually from the end of August one 
year to the beginning of July the succeeding year). Horizontal surface 
velocity vectors are shown for Casement Glacier in Figure 9. 

Meier (1965) states, I1The coupling of a glacier to its bed is a 
most important current problem in glacier flow studies." It has been 
suggested by a number of investigators (Paterson, 1961, 1964; Meier, 
1960; Battle, 1951; Elliston, 1963; Friese-Greene and Pert, 1965) that 
observed daily and seasonal variations in surface velocity are, in large 
part, the result of changes in the basal sliding rate. To date, the 
only direct substantiation of this suggestion has been from observations 
of variations of slip rate in a glacier cave in ¢sterdalseisen, Norway 
(Theakstone, 1967) . 

A summary of the seasonal velocity data from the upper portion of 
Casement Glacier i s presented in Table 2. In general, the summer veloci
ties are measurably greater than the mean annual or winter velocities. 
These results, combined with the results from the ice tunnel investiga
tions (in 1966 and 1967 measurements were made on the rate of basal 
sliding in a tunnel in the glacier; see Fig. 3 for tunnel location), aid 
in the understanding of the causes of the observed seasonal changes in 
surface velocity. 
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Fig. 9 - Diagram showing the horizontal surface velocity 
distribution over Casement Glacier. The vectors 
denote ice speed and direction. 
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Marker 
No. 

9-4 
9-5 
9-6 
9-7 
9-8 
9-9 
9-10 
9-11 
9-12 

10-4 
10-5 
10-7 
10-8 
10-9 
10-10 

11-2 
11-3 
11-4 
11-5 
11-6 
11-7 
11-8 

TABLE 2 

PARTIAL LISTING OF SEASONAL VELOCITIES FROM 
THE UPPER REGION OF THE GLACIER 

1966 Summer 1966-1967 
Vel. (m/yr) Winter Vel. 

(m/yr) 

60.89 56.82 
64.50 58.19 
65.17 59.90 
65.87 60.68 
66.19 60.80 
74.65 60.18 
66 . 30 58.13 
64.48 54 . 83 
61.50 49.06 

97 . 55 89.53 
99.37 91.81 
95.15 86.81 
90.27 81.20 
83.65 75.26 
74.17 64.85 

41.45 33.40 
60.77 50.62 
75.76 59.95 
71.53 62.04 
70.58 63.89 
75.09 64.00 
69.63 62. 35 
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1967 Summer 
Vel. (m/yr) 

56.29 
62.06 
61 .09 
63.24 
63.09 

65.03 
58.66 
52.51 :-

87.25 
88.48 
89.19 
84.60 
79 .97 
69.05 

37.64 
53.56 
61.19 
67.12 
68.08 
66.61 
65.20 



The tunnel observations will be discussed in detail in Chapter VII 
of this report. Let it suffice to say at this point that the observed 
decrease in surface velocity during the winter (a decrease of 14 per cent 
was observed at stake 8-13 only about 100 m from the entrance of the 
tunnel) may be compared with the 20 per cent decrease in the basal slip 
rate in the tunnel. 

The difference between the extreme summer and winter velocities was 
probably considerably greater than the observed 14-20 per cent. The 
"winter" rates include the time from the final survey on 15 August 1966 
to the initial survey on 8 July 1967. This includes at least two months 
of moderate ablation when there was abundant meltwater available for 
basal lubrication, so that the velocity averaged over the whole period 
is probably anomalously high as an indicator of the true winter velocity. 

At almost all of the survey markers, the velocity for the 1967 
summer was significantly lower than for the 1966 summer. A similar de
crease was observed in the tunnel measurements; the mean basal slip rate 
decreased from 2.9 cm/day in 1966 to 2.6 cm/day in 1967. 

The observed decrease in surface velocity from 1966 to 1967 could 
have resulted from three causes: (1) decreased thickness due to abla
tion, (2) change in surface slope, or (3) a change in the quantity of 
lubricating water at the base of the glacier. The mass of a column in 
the upper section of the glacier decreased from 1966 to 1967 by approxi
mately 120 g/cm2 of water ( ph). This represents a loss of from 0.3 to 
2.4 per cent of the mass of a column of ice . Because the velocity is 
proportional to the one-fourth power of the thickness, the estimated 
decrease in thickness could not be capable of producing the observed 
decrease in velocity. A change in the surface slope could produce 
changes in the velocity, but no changes in the surface slope were ob
served. 

Thus, this observed decrease in velocity was almost certainly the 
result of less lubricating water at the base of the glacier in 1967 than 
in 1966. The water is derived from two sources: precipitation and ab
lation. Precipitation records show that during the intervals from the 
initial to the final surveys each season, there was 18.6 g/cm2 of rain
fall in 1966 and 24.8 g/cm2 in 1967. This difference alone would have 
produced results opposite to those observed. However, ablation records 
reveal that, because of an extended period of fair weather in July, 
1966, the ablation in that year between the initial and final surveys 
exceeded that in 1967 by 10-15 g/ cm2

• As a result, the total water 
(from precipitation + ablation) available for basal lubrication was 
greater in 1966 and, consequently, the slip rate was higher (as observed) 
and the surface velocities likewise were higher in 1966 than in 1967. 
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Absolute Vertical Component of Velocity 

The vertical component of velocity , Vz ' is a measure of the abso
lute rate of change of elevation of a layer of ice ; it was determined 
along a longitudinal line relative to a fixed coordinate system. The 
value of Vz was calculated from the following equation: 

where 6E is the difference in elevation of the surface at the times of 
the two surveys, A is the surface lowering due to ablation, and Vd is 
the change in elevation resulting from a surface velocity, Vs ' moving 
down a slope a(Vd = Vs x t x tan a). 

For a typical valley glacier in equilibrium state, the value of Vz 
is positive in the ablation zone and negative in the accumulation zone 
with a cross-over at the position of the steady-state equilibrium line. 
The magnitude of Vz is small at the terminus and at the head of a glacier. 

For Casement Glacier the equilibrium line for steady-state condi-
tion is near line 8. Above this line the values of Vz decrease to a 
minimum of -6.2 m/yr at marker 9-7 and -6.1 m/yr at stake 12-3. Down
glacier from line 8 the values' of V z are less typical. At stake 7-5 the 
value was -13.1 m/yr. This is in a region where the values should be 
positive . The reason for this high value may be that at this point the 
glacier is thinning rapidly as it flows over a second icefall (immediately 
below line 7) and the calculated value of Vd may not be large enough. In 
the region of the glacier between the first and second icefalls, the values 
of Vz are still negative. The values were calculated several times for 
stakes in lines 4 and 5 and appear to be real . No explanation has been 
suggested to account for this anomalous behavior. The values of Vz along 
lines 1, 2, and 3 are positive and reflect the upward mass flux. The 
values of Vz along the centerline of flow are given in Table 3 and are 
presented graphically with the englacial velocities along the centerline 
(see Figure 23, Chapter VI). 

TABLE 3 

VERTICAL VELOCITIES ALONG CENTERLINE 

Stake No. Verti cal Stake No. Vertical 
Vel. (m/yr) Ve l . (m/yr) 

1-4 +16.0 7-5 - 13.0 
2-9 +4.4 8-7 ~ 1.7 

3-4 .,.5.4 9-7 - 6.2 
4-5 -2.8 14-5 -3 .1 
5-4 -1.3 
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CHAPTER III 

ICE THICKNESS DETERMINATIONS 

Introduction 

In order to estimate the thickness of the ice and the configuration 
of the glacier's bed for englacial velocity and mass discharge calcula
tions, measurements were made in 1965 and 1966 of the changes in gravita
tional acceleration along ten of the transverse rows of survey markers 
discussed in the previous chapter . 

Principles 

The gravimeter was first used to measure the thickness of glacier 
ice by Martin in Greenland in 1948. The method is based on the fact that 
ice has a lower density than the bedrock surrounding the glacier. Thus, 
by measuring changes in gravitational acceleration across the surface of 
a glacier, one can calculate the thickness of a slab of ice required to 
produce the calculated Bouguer anomaly after all of the necessary correc
tions have been made to the observed gravity values. 

Field Procedure 

The gravity measurements in 1965 were made using a Worden Master 
Geodetic model gravimeter (instrument 602) belonging to the Department . 
of Geology, The Ohio State University. The gravimeter used in 1966 
was a LaCoste-Romberg instrument (number 41) on loan from the U. S. Army 
Map Service, Washington, D.C. 

In both 1965 and 1966 base gravity stations were established at the 
respective base camps from which the surveys along the rows of movement 
stakes were conducted. For the gravity survey of each transverse row of 
stakes, a bedrock station was occupied at each end. In 1965 the base 
station was reoccupied after the completion of each row of stakes to 
check the instrumental drift. Drift correction did not exceed 0.2 mgal/hr 
and was distributed linearly with respect to the time of observation. The 
LaCoste-Romberg instrument has a very low drift rate and so frequent 
returns to the base station were not necessary in 1966. Most of the 
gravity data from the 1965 'season were collected by Dr. C. Bull. The 
writer was responsible for the field measurements in 1966 and for the 
reduction of all the data. 
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Gravity Stations 

Four gravity traverses at the lower end of the glacier were made in 
early July 1965. The remaining six traverses were made in July 1966. A ~ 
total of 122 stations were occupied, 18 of which were on bedrock. The 
elevations and positions of all the stations on the glacier and some of 
the bedrock stations were determined by intersection from stations in 
the triangulation network. The elevations of the remaining stations on 
bedrock at the ends of the traverses were determined by altimetry and 
their positions estimated from the field data. The elevations of the 
glacier stations relative to each other are probably accurate to ± 0.2 m, 
and the elevations of the bedrock stations are known to the nearest meter 
relative to the ice stations. For the latitude corrections, the relative 
horizontal positions of the stations in the local grid system are probably 
accurate to the nearest 0.5 m. 

Reduction of the Data 

Bedrock and Ice Densities 

The density of the glacier ice was measured in the field to be 
0.9 g/cm3 which agrees with the traditionally accepted value (Seligman , 
1950). The mean of the densities of 15 unweathered samples from the 
surrounding bedrock measured with a Jolly balance was 2.79 g/cm3

, the 
range being from 2.66 to 3.03 g/cm3 (Table 4). These rocks are con
sidered to be a representative sample of the bedrock geology adjacent 
to the glacier. 

Table 4 

ROCK DENSITY DETERMINATION 
FOR GRAVITY DATA REDUCTION 

Number of Range of Mean 
Rock type samples densities dens; ty 

Granite 3 2.77-2.82 2.80 

Syenite 4 2.66-3.03 2.83 

Hornfels 2 2.66-2.83 2.75 

Schist 1 2.88-2.89 2.88 

Marble 5 2.68-2.72 2.72 

15 2.66-3.03 2.79 
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Combined Free-Air and Bouguer Corrections 

A Bouguer correction was calculated for each station, usi ng the 
elevations that were derived from survey data and altimetry done with 
the gravity surveys and a correction factor of 0.1919 mgal/m. This 
factor was calculated from the following equation: 

6g = 0.3086h - 0 . 04185ph 

where 6g is the combined Free Air and Bouguer correction, h is the dif
ference in elevation in meters between the station and one of the bed
rock stations, and p is the density, taken as 2 . 79 g/cm3

• 

Latitude Correction 

A latitude correction factor of 7.17 x 10- 4 mgal/m was calculated 
from the equation (Dobrin, 1960): 

gl = 1.307 x sin ~ mgal/mile 

where ~ is the latitude of the station (taken as 59 ° for all stations) . 
The correction for each station in a given transverse line was computed 
using differences between the Y coordinate value of the station as de
termined from the survey program and the bedrock station. The correcti on 
is negative for stations north of the base and positive for stations 
south of the base. 

Terrain Corrections 

The gravitational effect of the surrounding topography was calculated 
using the Hammer method (1939). The terrain corrections were made from 
zone D to zone J (radius of 6,653.84 m) using topographic maps constructed 
by the U. S. Geological Survey from 1948 aerial photographs (sheets Juneau 
D-6, Skagway A-3, and Mt. Fairweather D-l). The surface elevations in 
the upper portion of the glacier agree fairly well with the 1948 contour 
lines. Where they do not agree, new contours were drawn using elevations 
determined in the velocity survey. A density of 2 . 79 g/cm3 was used for 
the corrections in all compartments. The maximum terrain correction was 
at the bedrock station at the east end of line 1 where the value was 6.35 
mgals. The error on the glacier due to local compartments is small be
cause of the low surface relief. 

Regional Gradients 

There are no data on the regional gravity gradient to permit a 
proper correction of the observed gravity values . Consequently, the 
data were reduced using the technique of Bull and Hardy (1956 ) in which 

29 



the difference in the corrected values of gravity at the bedrock stations 
on opposite ends of each traverse was assumed to be the regional gradient 
and was distributed linearly along t he traverse line according to the 
distance from the bedrock . 

Bouguer Anomalies 

The gravity deficiencies which result from making the required 
corrections to the observed data are not Bouguer anomalies in the strict 
sense in that they are based on relative values of gravity rather than 
on absolute values . However, they will be referred to as "anomalies" in 
this report for the sake of convenience. 

In estimating the ice thickness along each profile, the following 
procedure has been adopted. At the bedrock stations on either end of 
the traverse the ice thickness was known to be zero. The difference in 
the anomalies between these points was attributed to the regional gradi
ent and distributed linearly along the line. The remaining "anomalies!! 
resulted from the assumption that all of the underlying material was of 
density 2.79 g/cm3

. It has been assumed that the deficiency at the 
glacier stations resulted from the lower density of the ice. 

The contribution of gravity, 6g, at a station due to an infinite 
slab of material, thickness h, with density p can be found from the 
following equation (Heiskanen and Vening Meinesz, 1958): 

6 g = 2rrGph 

where G is the universal gravitational constant (6.673 x 10- 8 dynes/cm2 /g2
) 

Solution of this equation for h, letting 6 g = 1.0 mgal, yielded a value of 
14.16 m/mgal. 

Using this factor, the ice thickness at each station was calculated. 
Station gravity and all reduction data are given in Appendix D. The 
maximum gravity deficiency was 30.89 mgals at flag 7, line 8 which yields 
an ice thickness of 437 m. The computed valley profiles are presented 
in Figures 10 and 11. Figure 12 shows the topography of the floor of 
the valley as determined from the survey and gravity data. 

Accuracy of Values 

Errors in the gravity values from which the ice thicknesses have 
been determined arise from two sources: (1) errors in the corrections 
and (2) errors in the basic assumptions. 

There are five possible sources of error in the corrections: (1) 
variations in bedrock density, (2) error in the determination of the 
relative elevations of the stations, (3) incorrect relative horizontal 
coordinates for the gravity stations, (4) errors in the terrain 
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corrections, and (5) error in the determination of station gravity and 
application of the drift correction. 

The bedrock density may vary from place to place because of litho
logic and structural changes, but for the sake of simplification, a 
constant density of 2 .79 g/cm3 was used in all the calculations. An 
error in the density of ± 0 .1 g/cm3 would produce an error of 0 . 30 mgal 
in the Bouguer correction (4 m of ice). 

The errors in the differences in elevation between the bedrock and 
ice stations is ± 1.0 m. This would introduce a possible error of 0.19 
mgal (3 m of ice). 

The relative horizontal positions of the stations on the ice are 
accurate to the nearest ± 0.5 m and those on the bedrock to ± 5 m. Al
though there is a possible error of 2° in the orientation of grid north 
relative to true north, the error in the latitude correction is less 
than 0.01 mgal and is considered to be negligible. 

The terrain corrections are subject to the largest error because 
the rugged topography makes their evaluation difficult. The mean terrain 
correction is 1.58 mgal. Although it is extremely difficult to judge the 
accuracy of the terrain corrections, the maximum error probably does not 
exceed 20 per cent, making the mean value of terrain corrections to be 
in error ± 0.32 mgal (5 m of ice). 

Errors of observation in the determination of station gravity and 
applying the drift correction do not exceed ± 0 . 05 mgal. 

The two basic assumptions which introduce error are: (1) the assump
tion that the difference in relative gravity at the opposite ends of a 
traverse results from a linear regional gravity gradient , and (2) the 
assumption that the ice thickness may be calculated using the infinite 
slab equation. The assumption involved in estimating the regional 
gradient required a maximum adjustment of 1. 65 mgal/kID (along line 13) 
and had a mean value of 1 . 04 mgal/kID. This difference, which was attrib
uted to the gravity gradient, could have been the result of changes in 
the bedrock density or errors in the calculation of the terrain correc
tion at the bedrock stations rather than the gravity gradient. Any error 
introduced by this correction probably does not exceed ± 1.04 mgal. 

Corbato/(1965) has pointed out that the infinite slab formula tends 
to underestimate the true ice thickness. He has computed differences 
which average about 3 mgal between the infinite slab and his three
dimensional model. However , the glacier for which Corbato made his 
calculations was much narrower than Casement and so the error from the 
infinite slab assumption is reduced and will not exceed 0.5 mgal. 

Accepting all the errors as maximum possible, the maximum possible 
error amounts to 2 . 40 mgal which is equivalent to 34 m of ice or about 
14 per cent of the average glacier thickness . 
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CHAPTER IV 

MASS-BUDGET STUDIES 

Because of the myriad of terms used in mass-budget analyses, Meier 
(1962) proposed the adoption of a uniform set of terms to be used in re
porting the results of glaciological investigations. Meier states: 

The difference between accumulation and ablation 
is termed the net budget . This quantity is the vital 
link between the climatic environment and the dynamic 
adjustment of the glacier to that environment; neither 
accumulation nor ablation matter individually. There
fore considerable attention is directed to a knowledge 
of time and space variations in net budget. 

A budget year (used in this report interchangeably with glaciologi
cal year) is defined as that interval between the time when accumulat i on 
of new snow exceeds ablation over the whole glacier and the close of the 
ablation season the following summer when accumulation again exceeds 
ablation. In southeast Alaska, this break between successive budget 
years occurs in late summer or early autumn. Obviously, the beginning 
of the budget year varies from year to year with changes in the climatic 
conditions. The ablation season does not begin at all elevations on the 
same day. Indeed, the snow line migrates up the glacier in the spring 
and back down the glacier in the fall. The most convenient method of 
dealing with this problem is to measure the seasonal mass loss in the 
ablation zone and the seasonal gain in the accumulation zone over the 
span of a glaciological year. 

The net budget of a glacier is determined as the difference between 
the accumulation and the ablation. A positive net budget indicates that 
the accumulation exceeded the ablation; a negative budget results when 
ablation exceeds accumulation; when the ablation and the accumulation 
are equal, the mass budget is considered to be in equilibrium. 

Ablation 

Introduction 

Meier (1962) defines ablation as the material removed from a glacier 
by melting , evaporation, calving , wind erosion , and the loss of snow and 
i ce by avalanches . Calving from Casement Glaci er is restricted to a 
small section wher e the edge of the glacier f orms a dam, impounding melt
water in a small , ice-free tributary vall ey and also along a short por
tion of the t ermi nus where a proglacial lake f orms annually in the spring. 
The amount of ice lost by calving i s negligible compared with losses by 
melting and , theref ore, an as s essment of its mass has not been att empted 
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for thls budget study. The loss by bottom melting is estimated to be 
0.5 g/cm2 /yr and it is not considered in the analysis. The most impor
tant factor in ablation on Casement Glacier is surface melting. 

The amount of snow and ice lost from the ablation zone of the glacier 
in a glaciological year is called the total net ablation. Neglecting 
bottom melting and calving , this can best be determined by measuring the 
lowering of the surface at a large number of points on the glacier. A 
study to evaluate the relative contributions of different meteorological 
factors in melting the ice was conducted in 1967 ; the results are pre
sented and discussed in Chapter VIII of this report. 

Method of Measuring Ablation 

The most common method of measuring ablation is to measure the lower
ing of the glacier surface relative to a fixed marker, usually a stake 
drilled into the ice. The measured ablation is then multiplied by the 
density of the ice or snow to give the ablation in terms of water equiva
lent or mass. Seasonal ablation was measured at each of the survey 
markers shown in Figure 3. 

The marker poles were placed in holes drilled into the ice. The 
height of the pole after insertion into the hole was recorded, as was 
the snow depth, if any snow remained. The pole heights were remeasured 
whenever time permitted later in the season . The holes were redrilled 
whenever more than 2.5 m of pole projected above the surface of the 
glacier. 

Accuracy of Stake Measurements 

The accuracy of total 'ablation measurements depends on the number 
of stakes in the network, the amount of daily ablation, and the type of 
prevailing weather. Schytt (1962) suggests that for reliable ablation 
studies, a stake density of ten to twenty stakes per square kilometer is 
desirable. For Casement Glacier, this would have meant a network of 
about 1 , 500 ablation stakes, a quantity that would have been extremely 
difficult to maintain. The errors involved in stake measurements of 
ablation are discussed in detail in Chapter V of thls report. Probably 
the error in seasonal ablation, as measured by the stake method, is less 
than 20 per cent. Vallon (1968) has pointed out that, when the flow
lines are not parallel, the observed values of ablation will be in error 
unless the effect of the longitudinal strain-rate on the emergence is 
considered. Because of a lack of data on the longitudinal strain-rate, 
corrections for t hls factor could not be made. 
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Accumulation 

Introduct ion 

Winter accumulation on a glacier usually consist s of snow and hoar
frost , snow being the more important on a temperate glacier. The accumu
lation may vary quite considerably over the surface of a glacier. The 
main factors controlling snowfall are el evation, topography of the 
glacier surface, and prevailing wind directions. Normally , snowfall 
increases with elevation. For the same elevation, more snow accumulates 
on a concave surface than on a convex surface. Because of the marked 
lateral variations in accumulation, it is necessary to measure the snow 
depth at a large number of points on the surface of the glacier. 

Method of Measuring Accumulation 

The accumulation measurements on Casement Glacier were made usi ng 
snow pits and snow-depth probes. Ideally, the best results are obtained 
from a large number of snow pits; however, in order to economize time 
and effort, the thickness of the 1966-1967 snow layer was measured with 
aluminum avalanche probes along transverse and longitudinal lines. In 
each tributary that was examined, one snow pit (Fig. 13) , in which a 
density profile was made, was dug in the center of the accumulation 
basin. With the previous summer's crust visible in the pit, the probe 
was rammed into the snow near the pit to get the "feel" of the resistance 
offered by the 1966 summer crust. This was used to determine the snow 
depth at other locations where pits were not dug. Snow-depth soundings 
were-made at 75 m intervals on lines transverse to the flow at the site 
of the snow pit and longitudinally, from the pit to the firn line. 

The locations of the snow pits and the snow-depth profiles are 
shown in Figure 14. Neither time, weather, nor snow conditions per
mitted as extensive a snow-depth survey at the end of the ablation 
season as had been desired. The available data , however, have been 
extrapolated to include the unsurveyed areas of the accumulation zone, 
in order to calculate the approximate mass of the snow remaining in the 
neve basins at the end of the ablation season, the quantity Meier (1962) 
defines as total net accumulation. 

Mass Budget for the 1966-1967 Glaciological Year 

Introduction 

In order to estimate the net budget total , the mass of snow and ice 
lost from the ablation zone in the 1967 ablation season minus the mass 
of new snow left at the end of the 1966-1967 budget year, the glacier 
has been divided into four sections on the basis of elevation (Fig. 15) : 
(1) the section from the t erminus to the first icefall , (2 ) the section 
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Fig. 13 ~ Photo of snow pit dug in 1966 showing technique 
for measuring the variation of snow density with 
depth. 
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bounded by the first and third icefalls, (3 ) the area from the third ice
fall to the firn line, and (4) the areas above the firn lines for each of 
the tributaries. 

Lower Section 

This 30 km2 portion of t he glacier lies between 60 m elevat ion at 
the terminus and 520 m at the first icefall. During the first season , 
ablation was measured at three stake lines (Fig . 3 ). The specific ab l a
tion rates vary quite markedly over this area, according to the thick
ness of the debris cover. In order to calculate the mass lost, the 
per cent of the total area of ice that was debris- covered was estimated 
from the 1965 aerial photographs Then, two ablation rates were calcu
lated, one for debri s-covered ice and one for clean ice, and a weighted 
value of ablation was calculated based on the ratio of the two kinds of 
surface. Complete ablation figures for this section of the glacier are 
available only for the 1965 summer , when the estimat ed total net abla
tion was 150 ± 30 x 109 kg. The ± 30 x 109 kg represents an error of 
20 per cent . At the stakes in line 2 , the total net summer" ablation was 
10 per cent greater in 1967 than in 1965. Assuming that this 10 per cent 
increase can be applied to the whole year, the total net loss from this 
section for the 1966- 1967 glaciological year is est i mated as 165 ± 41 x 
109 kg. 

Second Section 

The second section (28 km2 ) incorporates that portion of the glacier 
between 520 m and 890 m elevation. The seasonal ablation rate applied 
to this section was derived from ablation measurements made during the 
1966-1967 budget year on the stakes in lines 4 and 5 (see Fig. 3). The 
mean rate of 175 g/cm2 (1.75 x 10~g/m2) gives a net loss of 50 ± 10 x 
109 kg . 

Third Section 

The section of the glacier (56 km2 ) between the third icefall and 
t he firn line is relatively flat, with only minor icefalls disrupting 
t he gently sloping surface. The elevation over this portion r anges from 
915 to 1220 m and averages about 1050 m. Using the mean annual ablation 
r ate of 120 g/ cm2 , as determined at lines 8, 9, 10, 11, 12, and 13, the 
loss over this section of the glacier for the budget year 1966- 1967 was 
calculated to be 70 ± 14 x 109 kg. 
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Accumul ation Zone 

The accumulation f or Casement Gl acier collects in seven separate 
cirques and across a divide where the accumulat ion i s shared with 
Davidson Glacier , whi ch f l ows to t he northwest t owards Lynn Canal (Fig . 1 ) . 
The firn line was farther upgl aci er each successive summer . 

The mass of snow r emaining f rom t he 1966-1967 accumulation has been 
estimated from the pit and probe studi es (Figs . 16 , 17) made in early 
September 1967 . On September 11, 1967, a new layer of snow in the accumu
lation zone was thought to indicate that the ablation season was just about 
over, marking the close of the 1966-1967 budget year. It is assumed, 
therefore, that the measured values of snow depth for the calculation of 
the net accumulation are not in error. However, it must still be recog
nized that only a small portion of the accumulation zone was sampled and 
that the required extrapolation is tenuous. 

The mean apparent accumulation in the neve basins is estimated as 
45 g/cm2

. This mean accumulation extrapolated over the catchment basin 
(110 km2

) gives 50 ± 12 x 109 kg total net accumulation. 

Summary 

The total net ablation for the 1966-1967 budget year for Casement 
Glacier was 285 ± 44 x 109 kg , while the total net accumulation was only 
50 ± 12 x 109 kg, resulting in a negative budget of 235 ± 56 x 109 kg. 
The results are summarized in Table 5. 

TABLE 5 

CASEMENT GLACIER, MASS BUDGET 1966-1967 
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Discussion 

The mass budget of a glacier depends upon meteorological conditions. 
A more positive budget can be effected in four ways: (1) increased winter
time accumulation, (2) decreased summer ablation, (3) reduced winter abla
tion, or (4) increased summer accumulation. For any condition, the result 
on the mas s budget would be the same. 

In order to compare the meteorological conditions for the three 
field seasons with the observed position of the firn line at the end of 
each season , the weather records for the nearest reporting station with 
the longest records, Juneau, were consulted. Temperature and precipi
tation statistics of the mean annual summer (May, June, July and August) 
and winter (November, December, January, and February) values are pre
sented in Table 6. 

1958-
67 

1965 

1966 

1967 

TABLE 6 

TEMPERATURE AND PRECIPITATION STATISTICS 
FOR JUNEAU, ALASKA 

Temperature Precipitation 
statistics statistics 

(OC) (mm water) 

Mean Mean Mean Mean Mean 
ann. sum . wint.* ann. sum. 

4.5 11. 1 1.2 1458 431 

4.1 10.2 -4.5 1216 355 

2.9 10.6 -2.1 1482 466 

2.9 11.1 -3.0 1481 395 

Mean 
wint.* 

481 

584 

339 

449 

*Winter statistics were calculated using the Nov. and Dec. data from 
the preceding year. 



The conditions were b est for a balanced budget in 1965. In that 
year the mean summer temper ature was l owest, t he mean winter temperature 
was lowest, and the winter precipi t at i on exceeded the ten-year mean by 
21 per cent. This combination of factors result ed in a firn line 180-
240 m below the elevati on of the fi r n lines of the two subsequent years. 

From the statistics it would b e di ffi cult t o pr edict in which of 
the two succeeding years the firn line would have been hi gher. Winter 
precipitation was hi gher in 1965-1966; temperature was higher in the 
summer of 1967. The effect of increased summer melting in 1967 (at 
line 11 ablation was 10 per cent greater in 1967) due to higher tempera
tures was more than enough to offset the larger amount of winter pre
cipitation during the 1966-1967 winter, resulting in the highest firn 
line of the three seasons. 

Although mass budget changes in a single glacier can be related to 
annual fluctuations of the controlling meteorological parameters, it 
does not necessarily follow that the behavior of neighboring glaciers 
can be predicted. Climatic fluctuations are widespread enough so that 
conditions would change uniformly over a region like Muir Inlet, yet 
each glacier responds differently to changes in regime. This is because 
of the individual morphological differences between the gl aciers. Some 
have very small ablation zones with large catchment basins; others may 
have almost all of their surface area below the firn line. Thus; each 
glacier responds individually, according to its morphology, to fluctua
tions in climate. A classic example of this situation is found near 
Juneau where Lemon Creek Glacier is retreating and Taku Glacier, only a 
few miles away, is advancing because over 80 per cent of its surface 
lies above the firn line (Marcus, 1964). 

Therefore, extrapolation of Casement Glacier mass budget results 
to other glaciers in Muir Inlet is risky because of their large losses 
by calving and bottom melting from contact with ocean water. Certainly, 
a mass budget study is not necessary to recognize that the other glaciers 
have negative budgets; however, to make an accurate assessment of their 
budgets, one would have to study each of them on an individual basis. 

Rate of Retreat of Casement Glacier Related to 
Twentieth Century Climatic Trends 

Goldtbwait (1963) has estimated that between 1892 and 1942 the firn 
line in the Muir Inlet area rose about 300 m. The result has been the 
dramatic retreat of the glaciers in the inlet . The budget conditions 
that are reflected in the behavior of the terminu s are responsive to 
changes in climate. Marcus (1964) has determined that t he climatic 
variables that exert the most influence on the budget of a glacier are 
the thermal effectiveness (number of positive degree days in the ablation 
season) and accumulation season precipitation . Unfortunately, the year
to-year changes of these parameters are not available. In lieu of this, 
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the data fr om the weather station at Juneau (115 km to saQtheast) have 
been used in this analysis. 

The monthly mean temperatures of the threshold months--April, May, 
September, and October--should provide some idea of the thermal effec
tiveness . Marcus (1964) did not find any direct relationship between 
the length of the ablation season and the annual budgets. However , the 
longer the ablation season, the greater the thermal effectiveness, and 
so a warming in the threshold months would both lengthen the ablation 
season and increase the thermal effectivenes s. Marcus (1964) computed 
five-year Iunning means from the temperature data for the threshold 
months. Hi s data were extended so that the graphs included the records 
up to 1967. 

The second important element upon which a glacier's budget depends 
is winter precipitation (Marcus considered this to be the precipitation 
during the period from October through March). The trends in winter 
precipitation over the last 65 years have been computed as five-year 
running means. 

The rate of retreat of Casement Glacier by decades has been deter
mined by Gol dthwait (1966) from a large number of old photographs (see 
gl acial history , Chapt er I). The retreat of Casement Glacier has been 
related to the climatic trends det ermined by Marcus . 

It must be considered that the two factors, winter precipitation 
and thermal effectiveness, do not have the same response times . An in
crease i n thermal effectiveness has an immediate as well as long range 
effect on the rate of retreat of the terminus. Whereas, there is a time 
lag of a number of years for the glacier to respond to changes in accu
mulation . This response time depends on the size of the glacier. For 
Casement Glacier the response time is about 10 years. As a result, the 
behavior of the terminus, when considered as a function of the meteoro
logical conditions for a single budget year or even for a five- year 
period, may not be representative of the effect of the observed set of 
conditions ; but may, instead, reflect the budget conditions from several 
years prior to those of the period of observation. 

1910-1920 

The retreat rate during this period was the second lowest of all 
the decades for which the rate has been determined, 30 m/yr. The clima
tological data show a general decrease in temperatures through this 
period except for a brief interval in the midteens . The winter precipi
tation decreased to a minimum in 1910 and remained low until after 1915. 
However , the threshold month temperatures which were also low tended to 
counteract the effect of the low accumulation. 
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1920-1930 

This interval is marked by a dramatic increa se in the rate of 
retreat from the last decade, from 30 m/yr to 95 m/yr. Climatologi
cally, the reason for this is not readily apparent . There ie an over
all increase in the mean temperatures for the months of April and 
October which should have a negative influence on the budget . The 
winter precipitation did not vary much during the decade . The increase 
in the rate of retreat probably resulted from the increase in thermal 
effectiveness over the decade combined with the low accumulation of the 
previous decade. 

1930-1940 

During this period the temperatures of the threshold months increased 
markedly, while the winter precipitation remained fairly constant. The 
increase in threshold month temperatures would suggest a longer and more 
effective ablation season. Since the precipitation did not increase 
significantly during this nor the previous decade, the retreat rate was 
higher than during the interval from 1920-1930, increasing from 95 to 98 
m/yr. 

1940-1950 

The climatic conditions during the first part of this decade are 
marked by a carry-over of the increases in the threshold month tempera
tures from the previous decade. This was followed by a general decrease 
i n temperatures allover the Pacific Northwest which resulted in the 
advance of many glaciers. However, the effect of the extremely negative 
budgets from the previous decade and the first few years of this decade 
(1940-1950) dominated the behavior of the terminus and the rate of re
treat increased to 113 m/yr . 

1950-1960 

The running means for the temperatures of the threshold months in 
the spring show marked increases during this decade, while those of 
September and October show little variation from the beginning to the 
end of the period. The winter precipitation did not change significantly 
from the preceding decade. This set of conditions would suggest an in
crease in the rate of retreat. However , Goldthwait (1966) has reported 
a mean retreat of 24 m/yr during this decade, the lowest rate for any 
decade since 1910. The reason for this apparently anomalous behavior 
lies in the fact that during the last half of the preceding decade, 
1940-1950, conditions were favorable for less negative budgets. As a 
result of the time lag between a change in budget conditions and the 
behavior of the terminus, their effects were not experienced at the 
terminus until a decade later. Although the conditions during the 
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period from 1950 to 1960 probably did result in a higher mass loss per 
year than in previous years, because of the increased discharge, the 
rate of retreat was decreased . 

1960-1967 

The moving averages of the temperatures during this time interval 
increased for the fall threshold months and decreased for the spring 
threshold months. The winter precipitation increased during this period. 
Although no figure t~s been given for the rate of retreat of the terminus 
from 1960-1967, it is estimated to be between 75 and 100 m/year . This 
increase in the rate of retreat is attributed to the response of the 
glacier to the lean budget years during the last two-thirds of the pre
ceding decade 1950-1960. 





CHAPl'ER V 

SHORT -- TERM ABLATION STUDIES 

Introduction 

Duri ng the summers of 1965 and 1967 ablation at stakes was measured 
daily in an attempt to relate daily ablation rates to meteorological 
conditions . In 1965 ten wooden stakes, 92 cm long and 0.65 cm in diameter, 
were emplaced along the margin of the glacier near the 1965 camp at an 
elevation of 330 m with observations being made of the stake heights on 
most evenings from 3 July to 11 August . A similar study was conducted 
near the upper glacier camp in 1967 at an elevation of 1,050 m; observa
tions were made almost daily from 18 July to 7 Sept"ember. 

Problems in Measuring Daily Ablation 

Daily ablation is usually measured by the surface lowering method. 
In this method, a measurement is taken from the top of the stake to the 
glacier surface, which, because of its irregular topography, is poorly 
defined. To standardize the measurements and eliminate as much error of 
measurement as possible, the ice surface was defined as that surface even 
with the bottom of an ice axe laid across the ice at the stake. The 
accuracy is limited by irregularities on the glacier surface and by ab
lation around the stake. The error in the measured value of ablation 
is taken to be ± 0.5 cm (Keeler, 1964). 

The surfaces produced by ablation are quite different on sunny days 
and cloudy, rainy days . On a sunny day the strong radiation makes the 
surface take on a weathered appearance as the ice melts preferentially 
along the crystal boundaries reducing the density of the surface ice. 
Nobles (1960) refers to this type of surface as I1 weathering rind l1

• Be
cause of the mel ting of the crystal boundaries, the crystals in the sur
face ice can be scraped off easily with an ice axe. 

During periods of wind and rain with low radiation, the small-scale 
relief on the surface is smoothed out and the ice becomes glazed and 
slippery. Structural features such as foliations and fractures once 
again become visible. When a period like this follows a period of in
tense radiation , the measured ablation will be much higher than the 
actual ablation because the less dense I1weat hering rind l1 will account 
for a portion of the surface lowering. Conversely, the measured abla
tion for a day with high radiation following a period of turbulent, 
rainy weather, would be too low, because much of the ablation takes 
place along the crystal boundaries below the surface without lowering 
the surface in true proportion to the actual amount of ablation. For
tunately, during the course of a summer, both kinds of weather occur 
and the errors in measuring the ablation tend to cancel each other over 
longer periods. 
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Results of the Daily Ablation Studies on Casement Glacier 

Lower Glacier, 1965 

There were several extended periods of sunshine during the SUIT@er 
which are reflected in the daily ablation data : 6-13 July, 27 July-l 
August, and 4-9 August. From 6-13 July there were six consecutive days 
on which the mean ablation exceeded 9.0 g/cm2 /day . The maximum observed 
ablation for one day was 12. 8 g/cm2 at pole 10 on 11 July. The mean ab
lation for all the stakes on that day was 11.2 g/cm2 . Even on a day with 
completely overcast skies the ablation was still about 4.5 g/cm2 /day. 
The minimum mean ablation occurred on 3 August when it was 3.2 g/cm2

. 

Upper Glacier, 1967 

In 1967 the three main intervals with strong, direct radiation were 
22-25 July, 3-6 August, and 15-17 August. The maximum mean ablation for 
the whole period was 5.1 g/cm2 on 24 July. The lowest mean ablation 
occurred on 21 August and was 0.4 g/cm2 . 

Relationship between Weather and Ablation 

26 July and 18 August were two days following periods of strong 
radiation. Although there was only weak direct radiation on each of 
these days, the measured ablation was equal to that on days with 10-12 
hours of bright sunshine. On 19-20 August the precipitation increased 
in intensity, but the measured ablation decreased. The measured abla
tion for 15 August, a day with 9.25 hours of bright sunshine, was only 
slightly more than that for the preceding day on which there was no 
sunshine. 

The most general statement that can be made about the complex rela
tionship between weather and ablation is that when weather provides more 
heat energy at the surface of a temperate glacier than it is carrying 
away (positive heat balance), ablation will occur. Unfortunately, 
solving the heat balance equation for the various contributions of the 
different terms is difficult and requires a moderately extensive mete
orology program. It would be more useful if the ablation could be re
lated to a few, easily measured parameters . 

The most obvious index to be considered is air temperature. This 
is an easy quantity to measure and it is commonly regarded as a measure 
of the heat energy in the ground layer of the atmosphere. Figures 18 
and 19 are plots of cumulative ablation against cumulative glacier degree 
days (mean daily air temperature °c = glacier-degree days). From the 
two graphs it is apparent that the relationship between daily ablation 
and air temperature is nearly linear. The relationship between ablation 
and other meteorological parameters is shown graphically in Figures 20 
and 21 . 
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Comparison of the Two Studies 

From the two plots of ablation versus degree days, it can be seen 
that the slopes of the best-fit lines, and, thus, the dependence of ab
lation on temperature, differ at the two locations. The reason for this 
difference in slope is that the combination of the turbulent transfer of 
sensible and latent heat components in the heat balance equation (see 
Chapter VIII, Short-Term Heat Balance Studies) decreases with increasing 
elevation. 

The plots of the deviations from the best-fit straight lines for 
the data show extended periods of positive and negative values. The 
positive deviations correspond to periods with strong radiation and high 
temperatures. The negative deviations occur for periods during which 
there was weak radiation, low temperatures, and precipitation. 

Discussion 

Daily ablation measured by the straight edge-stake method , an abla
tograph, or any other technique measuring ablation as a function of sur
face lowering will be in error. Ideally, the daily changes in density 
of the top few centimeters of ice should be measured so that a more 
accurate density value can be used in the calculation of the mass loss. 
Certainly, the measurement of surface lowering at stakes provides the 
most convenient way to measure surface ablation, but accurate measure
ment of the daily ablation requires a more sophisticated method . The 
most promising technique appears to be the measurement of discharge in 
supraglacial streams. A drainage basin on the glacier's surface is de
limited and the discharge through the stream draining the basin is 
measured as a function of the dilution of a known concentration of salt 
solution. The measured discharge is converted to ablation/unit area. 

There are a number of problems concerned with ablation which should 
be investigated: (1) a convenient, more accurate method for measuring 
short-term ablation should be developed, (2) the mechanics of the abla
tion process of polycrystalline ice should be better under$tood and (3) 
the micrometeorology of the layer of air just above the surface'of the 
glacier should be studied closely in order to better understand the 
exchange of energy at this ice-air interface. 

The investigations of these problems would result in a better under
standing of the ablation processes which would, in turn, aid future 
attempts to accurately measure daily mass losses due to ablation. 
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CHAPTER VI 

ENGLACIAL VELOCITY PROFILES 

Introduction 

In the original proposal for glaciological work on Casement Glacier, 
one of the stated objectives was to drill a number of holes through the 
glacier and repeatedly measur'e their inclination to determine the varia
tion of velocity with depth. These data were to be used for two purposes: 
the calculation of mass throughflow across a given cross section and the 
calculation of the trajectories of points initially on the surface of 
the glacier as they move through the ice. 

Determination of Englacial Velocity Profiles 

Hotpoint Drill 

The drill design developed and used by Dr. R. Shreve (1962), Depart
ment of Geology, University of California, Los Angeles, was adopted for 
the construction of the drills to be used in the deep-drilling program. 
This design employs a nichrome wire heating element wrapped around a 
central copper core. The generated heat is conducted through the copper 
core to the tip which is in contact with the ice . 

Using Shreve's plans, three electrical hotpoint drills were built in 
Columbus for use during the 1966 field season. Two of these drills burned 
out in trying to drill the first hole and the third could not be removed 
from the hole once it had been drilled successfully to a depth of 50 m. 
The three drills for the 1967 season were built under the close supervision 
of Dr. Shreve and were laboratory tested and found to be satisfactory. 
The drilling program in 1967 was more successful; however, the last drill 
was burned out in trying to reopen the holes for the second inclinometer 
survey. As a result, no englacial velocities were determined. 

Computation from Nye's Equation 

Because of the failure of the deep-drilling program to determine 
the englacial velocity distribution, the velocities had to be calculated 
from an equation derived by Nye (1952) based on Glen's flow law for ice 
(1952). This expression for the variation of velocity through a glacier 
is : 

where 
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velocity at depth d 

Do = surface velocity 

a = surface slope 

d depth to the point under consideration 

B constant equal to 0.164 bars yr-1/n 

n constant equal to 3.0 

p density of ice, 0.9 g/ cm3 

2 
g acceleration of gravity, 980 cm/sec 

h ice thickness. 

Mathews (1959) has tested this equation with data from a deep hole in the 
Salmon Glacier and found that his data closely approximate Nye's equation 
for laminar flow. Therefore, it is probably valid to use this equation 
to calculate the englacial velocity profiles using the surface velocity 
data, the ice thiclUlesses from the gravity work, and surface slopes de
termined from the D. S. Geological Survey 1948 maps of the glacier. 

The englacial velocities for all markers for which the ice thickness 
had been determined were calculated by computer, using a program written 
by Marangunic' (1970). The program was designed to calculate the englacial 
velocities at 10 m intervals from the surface to the bottom. The results 
are shown in Figures 10 and 11. 

The accuracy of the calculated englacial velocity profiles depends 
upon several assumptions. The first is that the englacial velocities may 
be calculated from Nye's equation. The fact that observational data 
(Mathews, 1959) fit values calculated from the equation suggests that the 
equation does give a good estimate of the englacial velocities. 

Secondly, the assumed values of the flow law constants, Band n, 
must be considered. Wide ranges of values for these constants have been 
determined, because of their dependence on temperature. However, the 
values used in the equation best fit the present data for the flow law 
of ice at the pressure-melting temperature. Thirdly, the effect of in
accuracies in the values substituted into the equation, for the surface 
velocity, the surface slope, and the ice thickness, on the calculated 
englacial velocities must be considered. The horizontal coordinates of 
the stakes are accurate to ± 0.5 m. Assuming that all of the errors are 
at a maximum, then the total distance moved by the stake for the time 
interval between the surveys would be 1 m. This would produce an error 
of ± 2.5 per cent for stake 12-10 where the velocity was 4 m/yr and less 
than 1 per cent at the large number of stakes where the surface velocity 
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was greater than 100 m/yr. The surface slopes have been estimated from 
the 1948 U.S .G.S. maps of t he glacier and may be in error by ± 20'. This 
error could produce differ ences in the calculated velocity of 15 to 20 
per cent. The largest error comes from the ± 14 per cent error in the 
calculated values of the ice thickness . A change of the value of h by 
14 per cent would greatly affect the calculated values of the sliding 
velocities as the velocity is a function of hn+i. It must be recognized, 
therefore, that the calculated values of the englacial and bottom veloci
ties are but an approximation of the actual values. Recognizing the 
potential errors in the calculated values, they nonetheless had to be 
used for the required calculations of mass discharge and the trajectory 
of an ice layer through the glacier. 

Discussion of Results 

In general, basal sliding accounts for 73 per cent of the observed 
surface velocities. The average shear stress at the bottom was 1.12 bars. 
These values are in agreement with other estimates of basal sliding for 
temperate glaciers . The marked decrease in sliding velocity at the center 
of the glacier across line 8 may be the result of increased bottom fric
tion due to a large bottom load. This decrease occurs beneath a large 
medial moraine on the surface. Other seemingly unreasonable changes in 
englacial and bottom velocity may be the result of an incorrect estimate 
of the surface slope . However, on the whole, the velocities seem reason
able. 

Discharge Relations 

From these englacial velocities, the through-flow across fixed 
cross sections can be calculated and, by combining this with the ablation 
studies, one can determine the mass budget of a given section of glacier 
fairly accurately (see Fig . 22). This technique has been applied to two 
sections of Casement Glacier ; one section is near the terminus between 
lines 2 and 3 and the other section is bounded by line 8 on the down
glacier side and lines 9, 11, 12, and 13 on the upglacier side . For 
each section, the discharge through the lower cross sections and the in
flow through the upper cross sections has been determined by graphical 
integration of the velocity profiles. If the sections were in equili
brium, the mass of ice moving into the section should be equal to the 
discharge plus the ablation . 

Mass Budget of the Lower Glacier Section 

The discharge through line 2 in 1965-1966 is estimated to have been 
31.5 x 109 kg. The inflow into the section is estimated to have been 
41.6 x 109 kg . The ablation over the area between the two lines was 
18.5 x 109 kg. Combining thes e figures, a net budget for this section 
of the glacier may be determined and was -8 . 4 x 109 kg for the year 1965-
1966. This loss would have resulted in a lowering of the surface by 
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llV=V V V IN - OUT - ABLATED 

Fig. 22 - Diagram of proposed study of mass balance of a segment of 
Casement Glacier in which the net ice gain or loss could 
be measured by determining the inflow, the outflow, and 
the surface ablation . 

approximately 2.8 m, a value which agrees fairly well with the value ob
tained from the surface lowering determined in the survey which for this 
section of the glacier averaged 2.3 m. 

Mass Budget of the Upper Glacier Section 

The discharge from this section is estimated to have been 79.0 x 109 

kg/yr. The measured inflow was 99 . 5 x 109 kg, but this figure does not 
include any inflow from the tributary above the tunnel, between cairns 12 
and 13. This ice stream is about one-half the size of the tributary be
tween cairns 4 and 6 for which the inflow was 15.7 x 109 kg. Taking the 
inflow of the unmeasured tributary to be half of this value, 7.8 x 109 

kg, a generous estimate, the net budget of this section ~f the glacier 
was -9.1 x 109 kg. This loss distributed over the 31 km area of this 
portion of the glacier would have produced a lowering of the surface by 
0.3 m. This value is also in rough agreement with the value derived from 
the changes in surface elevation over this section which averaged 0.9 m. 
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Section 

Lower 

Upper 

TABLE 7 

SUM~~RY OF MASS BUDGET DATA FOR LOWER AND 
UPP ER SECTIONS OF CASEMENT GLAC IER 

Inflow Discharge Ablation 
(kg x 109) (kg x 109) (kg x 109) 

41.6 31.5 18.5 

107.3 79 .0 37.4 

Net budget 

(kg x 109) 

-8.4 

-9.1 

Trajectory of a Particle through the Glacier 

The trajectory of a particle through the glacier has been calculated 
using the vertical component of the surface velocity and the englacial 
velocities. Figure 23 shows a longitudinal profile of Casement Glacier 
with the trajectory of points along the centerline drawn in . From this 
it is possible to estimate the travel-time of a given layer of ice, as 
it passes through the glacier. 

Travel- time through the Glacier 

) 

The travel-time for a particle through the glacier from line 14 to 
line 2 has been calculated, using the surface velocities along the center
line of the glacier rather than the englacial velocities. This would 
result in a minimum value for the travel-time· as the englacial velociti es 
are lower than the surface velocities. Using t his method a travel-time 
of 140 years was determined. The travel-time from points high up in the 
accumulation basins of each of the tributaries could easily approach 200 
years. 
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CHAPI'ERVII 

ICE TUNNEL STUDIES 

Introduction 

Basal sliding has been recogni zed since the .late eighteenth century 
as one of the important mechanisms in the movement of temperate glaciers 
(Ll iboutry, 1964) . A numb er of studies have shown that there are annual, 
seascmal, diurnal, and even short-term (on the m:der of minutes) varia
tions in the surface velocities of temperate glaciers. These variations 
reach a maxi mum when considered on a seasonal basis in that the measured 
winter velocity may be 20-50 per cent l ower than the mean annual velocity, 
and the summer velocity may exceed the average by 20-80 per cent, a situa
tion which Elliston (1963) describes for Gorner Gl acier. These observa
tions led to the suggestion that the variations in surface velocity are 
the result of changes in the basal sliding rate ( see list of references 
in section of this report discussing the variations in velocity). 

However , due to the inherent difficulty i n studying this type of 
movement, most ideas have been speculative. Duri ng the past two decades, 
the interest in the mechanics of basal sliding has resulted in the publi
cation of numerous theoretical papers, principally by Weertman and 
Lliboutry, but only a few direct observations have been made. 

Theory of Basal Sliding 

Weertman's Theory 

Weertman (195 7) suggested that two mechanisms, pressure melting 
and plastic flow due t o stress concentration, are responsible for basal 
sliding. Sliding of the glacier results when ice is melted by pressure 
melting on the upglacier side of an obstacle wlrlch is a zone of stress 
concentration . The meltwater flows around the obstacle and refreezes 
on the low-pressure side. The rate of melting and refreezing and the 
resulting ice movement depends on the rate of heat conduction through 
the obstacle . This rate increases wit.h decreasing obstacle size and the 
resulting glacier movement is fast er for small obstacles . The second 
mechanism proposed by Weertman is the enhancement of creep rate or plastic 
flow by stress concentration in front of obstacles . As the size of ob
stacles at the base of a glacier increases, the stress concentration also 
increases, enhancing the creep rate. The existence of both of these 
mechanisms was first verified by the field ob servations of Kamb and 
LaChapelle (1964) at the base of an ice tunnel in the Blue Glacier , 
Olympic National Park, Washington. 

In order to formulate a theory of basal sliding, Weertman (1957) 
original ly considered the movement of ice on a bed with regularly-spaced 
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cube-shaped obstacles , with side length L, separat ed by distance L' . 
Assuming that the ice-bedrock int erface can suppor t no shear stress , 
T, but that one exist s in the ice, acting paral lel to the bed, the aver
age force on an obstacle is TL,2 and the compressive st r ess , ~ , on the 
upglacier face is TL, 2/3L2 . Weertman original l y us ed the one- third factor 
to approximate the hydrostatic stress. In a subsequent r efinement of his 
theory, Weertman (1964) considered i rregul arly-shaped obstacles whose 
dimensions were Lh, Ld, and Ln, the height and s ide lengths in the direc
tion of and perpendicular to flow separated from each other by an RMS 
distance, L'. The more general expression f or the compressive stress ~, 
becomes: 

-rL, 2 
~ == 

The factor one-third was eliminated on the basis of the limited experi
mental data of Kamb and LaChapelle (1964) . 

Basal Slip Due to Pressure Melting 

The slip rate due to pressure melting or regelation can be deter
mined from a knowledge of the difference in pr essure on opposite sides 
of an obstacle of known size. The melting temperature of ice is pres
sure dependent, so that when the ice is at the pressure melting tempera
ture, an increase in pressure will result in melt i ng. The Clapeyron 
equation, 

relates the melting point temperature Tm, i n degrees Kelvin, and pres
sure P, where V1 and V2 are the specific vol umes (l/p) for the liquid 
and solid phases, and H is the molal enthalpy of the phase transition 
(79.7 cal/g for ice). A one atmospher e increase in pressure lowers the 
melting point by 7.7 x 10- 3 °C (7. 6 X 10- 9 °C/dyne cm2 ). 

If the average shear stress acting parallel to the bed is T, the 
distance of separation of the obstacles L', and the obst acle dimensions, 
~, Lp ' and Ld , then the average compressive stress , ~, on the glacier 
face given before will result in a loweri ng of the melting temperature 
by the amount 

where 
6Tm == decrease in melting temperature of the ice 

C == constant, 7. 6 x 10- 9 °C/ dyne cm2 

6P == change in compressive stress given by TL' 2/Lh~ 
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This produces melting on the upglacier face of the obstacles. The water 
flows around the obstacle to the low-pressure zone behind it and re
freezes, liberating heat. This heat energy is then conducted through 
the obstacle at a rate determined by the temperature gradient through 
the obstacle, C6P1d , and the coefficient of thermal conductivity of the 
rock, D. Thus the amount of ice that can be melted in a unit of time, 
assuming that all of the heat is transmitted through the block, may be 
expressed as: 

The "sliding velocity" due to pressure melting may then be deter
mined by dividing the volume of ice melted by the cross-sectional area 
of the obstacle, giving Spm = CT1,2D/Lp1d1hHp. This equation may be re
written, letting 1 be the average dimension of the obstacle (13 = 1h~1d) 
and including a factor to take into account the heat flow that might 
be conducted through the surrounding ice or the water film around the 
obstacle, 0:: 

If the heat flow is confined to the obstacle, 0: = 1, and if not 0: > l. 
Hence the slip rate due to pressure melting is inversely proportional 
to the obstacle size. 

Basal Slip Due to Plastic Flow 

The creep rate or strain rate of ice, E, given by Glen's creep law 
(1955) is: 

E = Bell 

where ~ is the stress, n is a constant equal to 3 or 4, and B is another 
constant equal to 0 . 017 bar-n/yr when the stress is uniaxial, whether 
tensil e or compressive. Although the value of B is temperature dependent, 
calculations show that for the small range of temperatures at the bottom 
of a temperate glacier the value of B is affected very little. 

I t has already been shown that ~ = T1'2/1h~' so that Glen's equation 
may be rewritten as: 

where f3 = 1 if the hydrost atic pressure is not sufficient to prevent the 
formation of a cavity behind the obstacle and f3 = 2 if it is. The 
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velocity due to stress concentration i s then equal to the creep r ate times / 
the distance over which it is effective (assumed to be equal to the size 
of the obstacle). 

Thus, it cen be seen that the larger the obstacle, the larger will be 
the velocity due to plastic flow. 

Sliding Velocity 

In his original paper, Weertman (1957) considered that the sliding 
velocity of a glacier whose bed contains a full spectrum of obstacle 
sizes is determined by those obstacles for which Spm = S f' and that 
only the controlling-sized obstacles hinder the flow. TEis assumption 
is obviously an over-simplification as the smaller and larger obstacles 
also influence the slip rate. 

In light of this criticism, Weertman (1964) refined his theory by 
considering the effect of obstacles, both smaller and larger than this 
controlling size on the sliding velocity. 

The bed of a glacier is made up of a complete size range of ob
stacles, but for convenience of calculation, Weertman considered only 
those sizes whose average dimensions are one order of magnitude larger 
than the preceding size (A is the average dimension of the smallest, 
lOA the next size larger, 100A next, ... , the largest size being 1/10 
the thickness of the glacier). 

The shear stress, ~, transmits a total force of ~A over the bed of 
the glacier of area A. Each size group of obstacles will transmit some 
portion of the total force. The obstacles of the critical size range 
will transmit the largest portion of the force. If the force transmitted 
by obstacles of the size 10iA is given as ~iA, then 

where ~i is regarded as the ef fective shear stress which causes flow of 
ice around obstacles of size lOiA. Since the sliding velocity must be 
the same for every size of obstacle, it follows that 

S = (Spm + Spf)i = (a CTiD/HpLi)(Li2/Li2) 

+ bBLd. (~l.Ld./ ~iLl' )n(L!2/L. 2) n 
l l l l 

where S is the actual sliding velocity and the subscripts give the values 
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of the various parameters for that particular size of obstacle. 

Making some approximations, Weertman solved the above equation for 
Ti in terms of S and substituted the values into the summation, ~Ti = T. 

This reduces to T.= 2.314 TA, wher~ T is ·the total applied shear stress 
and TA is the effective shear stress acting on the controlling obstacles 
when the value of ·~ is equal for all terms (cavities can form behind ob
stacles). The term becomes T = 3.405 T when ~ = 1 for the controlling 
obstacle size, but is equal to 2 for la~ger obstacles. For these two 
limiting cases, it can be seen that the effective shear stress on the 
controlling-sized obstacles is only one-half to one-third of the applied 
shear stress. 

An expression for determining A, the controlling obstacle size, is 
derived by setting Spm = Spf and solving for A. This gives the equation: 

This equation is substituted into another equation which allows the cal
culation of the sliding velocity as a function of the shear stress on the 
bed 

S = 2Spm = 2(aCDbB'Yn-l/Hp~An)I/2hr2/k)(n+l)/2 

where, by setting a r = 1, b = 1, I = Ldi/L~ = 1, n = 3, C = 7.4 X 10- 3 

°C/bar, B = 0.017 bar-n/yr, D = 0.005 cal/oC-sec em, and assigning 
values to T, ~, k, and r as conditions dictate, the theoretical value 
of sliding velocity can be determined. Alternatively, knowing the value 
of S and T, one can calculate the value of r(L'/L), the roughness param
eter, or A, the controlling size. 

Lliboutry's Theory 

Lliboutry (1959) argued that the substitution of realistic values 
for same of the constants in Weertman's equations resulted in sliding 
velocities that were too low. He reasoned that this was a ~esult of the 
unrealistic bed model that Weertman used for his calculations. Lliboutry 
developed his own theory of sliding centered around a bed form consisting 
of a series of obstacles shaped like sine waves (commonly referred to as 
the "washboard" model) with amplitude a and wavelength A. Employing the 
same processes of sliding as Weertman, but using his modified bed model, 
Lliboutry derived an equation which gives the expected sliding velocity: 

Ba [ . 2TbJn 
S = Spm + Spf = 2r2 .f3rrr 
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Taking B = 0.18 bar-yr(-l/h), n = 3, and r = 0.1 (a/>..), Lliboutry found a 
sliding velocity of 4 m/yr, which he considered to be too low. Therefore, 
he suggested that the glacier might not be in intimate contact with the 
entire bed, but rather, that the ice rests only on the cr ests of the ridges 
and that the cavities beneath the glacier are filled with water under 
pressure which would be capable of supporting at least part of the mass 
of the glacier. With this modification, the new equation of the slidi ng 
velocity becomes: 

where z = a rr2(pgh-p), p = the hydrostatic pressure. 

Lliboutry (1968) has recently modified his bed model to include the 
effect of a range of sinusoidally-shaped r idges with several different 
wavelengths and amplitudes, superimposed on one another. 

Comparison of the Two Theories 

Both of the theories appeal to pressure melting and plastic flow 
as the important mechanisms in the sliding process. The main differences 
between the two theories are the shape of the bed model and the existence 
and effect of water under pressure at the bottom of the glacier. 

Weertman (1967) criticizes Lliboutry's b ed model pointing out that 
a glacier bed that is rough in only one directi on is not realistic. The 
point may be made also that Weertman' s bed of blocks is not realistic 
either. The Lliboutry model's strength is that it most nearly approxi
mates the longitudinal variation in obstacle shape and size, but the 
assmuption of wide lateral extension of these bumps is the model's short
coming. The problem is that there is not much known about the roughness 
ofa glacier bed and until that time when more is known about the configu
ration of the beds of glaciers, the controversy cannot be resolved. 

Weertman (1967) also questions the existence of a layer of water 
under pressure as Lliboutry has suggested. In Weertman' s theory the 
water pressure at the bottom is the overburden pressure, and water is 
free to flow along the bed. 

Experimental Results 

Kamb and LaChapelle (1964) conducted laboratory experiments in which 
they pulled l-cm cubes of rocks and other materials through blocks of ice . 
If one assumes that the flow of heat through the cube is one-dimensional 
because the thermal conductivity of the cube is large compared with that 
of ice, then the velocity of the cube through the ice can be calculated. 
Kamb and LaChapelle used the following equation to calculate the velocity: 
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v KC cr 
HpL 

where K is the thermal conductivity of the cube material, C is the slope 
of the pressure-melting point curve 7. 6 x 10- 9 °C/dyne_cm2 , Hp is the 
heat of ice fusion per unit volume, L is the cube edge length and cr the 
compressiv~ stress on the loaded face. 

The agreement of the observed flow rates with the theoretical values 
is not good. Kamb and LaChapelle account for the disagreement by con
sidering the loss of meltwater by leakage along the constantan wire. 
Eash gram of water that was lost removed 80 calories from the regelation 
cycle and so they state that the regelation process was controlled by 
the conductivity of the ice rather than by that of the cube. Why this is 
so is not readily apparent to the writer. 

Drake (1965) conducted experiments on regelation by pulling wire 
loops through blocks of ice. He found that the velocity of the wire 
through bubbly ice was significantly lower than through bubble-free ice 
and suggested that the reason for this behavior was that the water pro
duced in the pressure-melting process drained into the holes in the 
bubbly ice, depriving the regelation system of energy (pressure melting, 
refreezing and release of 80 cal/g, conduction of heat to the face 
where the pressure-melting is occurring). Thus the water layer around 
the wire played an important role in determining the velocity of the wire 
through the ice. Drake also found that the velocity of the wire through 
the ice was not significantly altered by changes in thermal conductivity 
of up to four orders of magnitude. Weertman has suggested that Spm is 
directly proportional to the thermal conductivity of the obstacle, but 
Drake's results indicate that the conductivity is not important in de
termining the pressure melting component of the sliding velocity. 

Field Results 

The most important field studies so far reported have been those of 
Kamb and LaChapelle (1964) and Theakstone (1967). Kamb and LaChapelle 
made the following observations in a tunnel into Blue Glacier, Washington: 
(1) 90 per cent of the observed surface velocity of 1.8 cm/day resulted 
from basal slip; (2) the measured basal slip rate showed marked irregu
larities over intervals of the order of seconds, and diurnal variations 
in slip rate of up to 10 per cent; (3) a layer of regelation ice (0-2.9 cm 
thick), which was both structurally and texturally distinct from the ice 
above it, was observed at the bottom of the glacier; (4) the basal ice 
froze to the bedrock when the overburden pressure was released verifying 
the existence of pressure melting; (5) the regelation layer had a higher 
debris content than the normal glacier ice above it; and (6) at points 
of separation of the ice from the bedrock, needle-like regelation spicules 
formed. 
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In 1961 and 1962 Theakstone made measurements of the surface veloci
ties and the rate of basal sliding in natural cavities beneath the glacier 
psterdalsisen, Norway. At this location along the margin of the glacier, 
basal slip accounted for 60-90 per cent of the observed surface movement . 
From 1961 to 1962 the observed summer surface velocity 50 m from the 
margin decreased from 8.4 cm/day to 7.6 cm/day; the mean basal slip rates 
for the summer also decreased, from 5.6 in 1961 to 4.8 cm/day in 1962. 
The mean slip rate for the 1961-1962 winter was 2.9 cm/day, lower than 
the summer values. Theakstone also reports an increase in slip rate 
during periods with heavy precipitation. Jerky, irregular motion ob
served in the bottom few centimeters, but not recorded a few centimeters 
above the floor, was explained by Theakstone as the result of "stick and 
slip" motion of the basal ice. However, Theakstone suggests that this 
jerkiness is a local feature produced by the jamming of the basal ice 
against the bedrock on the down-glacier side of the cavity and may not 
be typical of the type of movement at the center of a glacier. 

Casement Glacier Studies 

Objectives 

The tunnel observation program was designed to provide basic data 
about the manner and mechanics of basal sliding at the ice-bedrock con
tact exposed in a hand-excavated tunnel. Specific objectives were: (1) 
to determine whether basal sliding is continuous or intermittent, (2) to 
determine if there is any diurnal variation in slip rate and any differ
ence between slip rates on sunny and cloudy days, and (3) to observe the 
mode of flow of ice around artificial obstacles placed on one of the ex
pos ed bedrock knob s . 

Selection of the Tunnel Site 

The location for the tUnnel was chosen carefully, paying close atten
tion to the sharpness of the ice-bedrock contact and avoiding nearby melt
water streams which flow into the tunnel. It was considered of greatest 
importance to find a site at which the ice was sliding over bedrock and 
where the surface velocity was high. Such a location was found in early 
July, 1966 and tunnelling began immediately. The chosen location was 
about 3.5 kmwest oftheupperbasecamp (Fig. 3). 

Excavation of Tunnel 

In 1966 the tunnel was excavated into the front of a small icefall 
(Fig. 24). The drift was approximately parallel to the direction of ice 
flow. After digging the first 10 m, a large cavity beneath the glacier 
was broken into. This cavity, a series of interconnected grooves in the 
bottom of the glacier, was formed as the ice flowed over large bedrock 
knobs. As the ice was flowing rapidly (2.9 cm/day) relative to the clo
sure rate due to the overburden pressure (0.5-2.0 bars, due to 5-20 m of 
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Fig. 24 - Entrance to 1966-1967 ice tunnel in upper Casement 
Glacier, showing position along ice-bedrock contact. 
The tunnel was excavated parallel to ice flow direction. 



ice), the grooves and flutings which were produced in the sole of the 
glacier as the ice slid over the bedrock knobs remained open for some 
distance downglacier. In some places these grooves could be followed 
for 25 m before the grooved ice came in contact with bedrock (Fi?s. 2S 
and 26). 

A second drift was dug at the head of one of the largest grooves 
exposing two bedrock knobs . As the downward slope of the upglacier side 
of the knobs was 30° , the tunnel was extended horizontally rather than 
along the bedrock surface, because a drift following the bedrock contact 
would have filled with water. After tunnelling an additional 18 m, work 
in this drift was halted in order to concentrate the sliding studies on 
the bedrock knobs that were already exposed (see map of cavity and 
tunnel, Fig. 27). In July 1967 the same cavity was re-excavated and 
additional observations made on the mechanics of basal sliding. 

Measurement of Slip Rate 

Method of Measurement 

At the exposed ice-bedrock contacts (Fig. 28), 1.27-cm wooden dowels 
were placed in holes drilled in the ice at 25-cm intervals above the bed 
to a height of 150 cm. An additional dowel was placed at 10 cm above 
the ice-bedrock contact. Reference marks were made in the bedrock for 
determining relative ice velocities and absolute slip rates by measuring 
the displacement from a plumb bob suspended from the top dowel. 

In 1967, two Starrett dial-gauge micrometers were used to measure 
accurately short-term variations in slip rate. These instruments are 
calibrated to 0.001 inch and readings can be estimated to the nearest 
0.0002 inch. Gauge I was mounted on a wooden stand which could be moved 
along a 5-cm x 5-cm wooden beam securely fastened to the bedrock knob 
(Fig. 29). The piston, which is connected to the rack operating the 
gauge, was kept in contact with a 1.27-cm dowel placed in the ice 20 cm 
above the ice-bedrock contact (it could not be positioned any lower be
cause of the debris layer at the bottom of the glacier). Gauge II 
(Fig. 30) was fastened directly onto a rock bolt with its piston in 
contact with a small piece of wood nailed to the end of a dowel that 
had been drilled into the ice 20 cm above the bedrock. The locations 
of the two gauges are shown in Figure 27. 

Results from Measurements of Slip Rate 

Seasonal and annual slip rates 

Between 5 and 28 August 1966 all dowels from 10 to 150 cm moved at 
an average rate of 2 .9 cm/day. In July 1967 the movement of the dowels 
s ince August 1966 was measured. During the time elapsed since the last 
measurement, the mean slip rate was 2.3 cm/day, 20 per cent lower than 

72 



Fig. 25 - View of glacier cave showing part of large groove 
that was produced in the ice at the bottom of 
Casement Glacier where it flowed over the bedrock 
knob seen in the background. The material in the 
left foreground is bedrock with a thin veneer of 
debris. The width of view is about 2.5 m. The flow 
is toward the viewer . 
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Fig. 26 - Photo of groove at the head of which the second 
drift of the tunnel was excavated exposing the 
bedrock knobs for the movement studies. The 
width of the field of view is 3 m. 
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Fig. 27 - Map and cross-sections of the Casement Glacier tunnel and cave. The locations 
of the gauges used to measure the slip rate are indicated on the map. 



Fig. 28 - View of wall of tunnel looking downglacier. 
The dowels were used to measure seasonal 
slip rate. 
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Fig. 29 - Photo of Gauge I. The instrument is fastened to a 
stand which can be moved along a wooden beam bolted 
to the bedrock. The piston of the gauge is placed 
against a dowel that is in the ice. The ice flow 
is from right to left. 

Fig. 30 - Photo of Gauge II. This instrument is fastened to 
bedrock by rockbolts. The numbers on the dial are 
0.01 inch and the marked intervals are 0.001 inch. 
The dowel is drilled 0.5 m into the ice parallel 
to the flow vector which is right to left. Note the 
polished surface on the bedrock knob and the plucked, 
more steeply dipping portion into which the rock bolt 
is drilled. The cubes on the bedrock are 5.0 and 2.5 
cm on a side. 
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the measured summer rate for 1966. At the same location in August 1967 
the mean slip rate was 2.6 cm/day, 10 per cent less than in 1966. 

The observed decrease in mean slip rate from the end of August 1966 
to the end of July 1967 does not reveal the true magnitude of the de
crease of slip rate during the coldest part of the winter, when the 
quantity of lubricating free water would have been a minimum. It i s 
certainly possible that the minimum slip rate during the winter was less 
than one-half of the maximum summer slip rate. 

At surface velocity marker 8-13, located about 100 m from the en
trance of the tunnel , the mean winter velocity was 14 per cent lower 
than the 1966 summer velocity. In fact there was a measurable decrease 
in surface velocity during the winter observed at almost all of the move
ment stakes (see seasonal variations in velocity, Chapter II). The 
per cent decrease is a maximum at the sides of the glacier and a minimum 
at the center where the thickness of the ice is greatest. This suggests 
that as ice thickness increases from the side to the center of the gl acier, 
the role of basal slip becomes less important and englacial shearing be
comes more important . 

Short-term variations in slip rate 

Field observations (Washburn and Goldthwait, 1937; Millescamp, 1956a 
and 1956b; Klebelsberg, 1948; Meier, 1960) indicate that glaciers flow 
in a series of discrete movements with periods of stress build- up (either 
tensile or compressive) preceding each jump. Lliboutry (1965 and 1968) 
and Goldthwait (personal communication) infer that this discontinuous 
movement should also exist at the ice-bedrock interface. On the other 
hand, McCall (1952) has found that during two 12-hour studies of ice
bedrock slip, the movement was continuous. 

To investigate this prob lem, on 7 August 1967 the two dial strain 
gauges were read every minute for a 1.5-hour period. Plots of the read
ings from the two gauges against time indicate that the rate of slip is 
linear (Fig. 31). A more definitive way to test the linearity of a set 
of data is to plot the deviations from a best-fit straight line . 
Figure 32 is a plot of the deviations from the computed best-fit line. 
The curves are basically the same shape, but the deviations at Gauge I 
rarely exceeded 0.0003 inch, the reading accuracy of the instrument. 
Even if the departures from the best-fit line are real, they represent 
only small short-term variations in slip rate and do not suggest stick
slip motion . The slip rate at Gauge I during this interval was 2.34 
cm/day and at Gauge II was 2.98 cm/day. The higher slip rate at the 
site of Gauge II is not fully explained, but may result, in part, from 
plast i c closure of the side drift in which the instrument was located. 
The important observation is that at no time during the 1.5-hour period 
was any discontinuous movement noted . Similarly, during the 24-hour 
study (see below), although observations were not made as continuously 
as during the 1.5- hour study, no jump of the needle on the dial gauge was 
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observed. In the only study (Theakstone, 1967) in which irregular motion 
near the bottom has been recorded, the jerkiness was observed in only 
the bottom few centimeters and the motion was continuous just a few centi
meters above the bed (the exact distance is not specified). Since the 
dowels in the ice were 20 cm above the bedrock, it is possible that there 
was stick-and-slip movement along the bottom, but it seems unlikely. It 
is possible that Theakstone's observations were produced by a local situa
tion and that it should not be considered as representative of the condi
tions at the center of a glacier. The problem cannot be satisfactorily 
resolved until many more observations on the characteristics 9f the slip 
process have been made. 

McSaveney and Gage (1968) have reported diurnal variations in the 
surface velocity of the Franz Josef Glacier. To determine whether there 
is a diurnal variation in slip rate that might be related to the avail
ability of lubricating basal meltwater, it was proposed to spend 48 hours 
in the tunnel during a period with no rain so that the quantity of water 
at the ice bedrock interface could be estimated from the ablation data. 
In this way a clear-cut relationship could be established between the 
quantity of water and the changes in sliding velocity. However, extended 
periods of bad weather during August forced alteration of these plans, 
and the tunnel observations were made when weather conditons on the sur
face prevented surveying. The basal slip was measured in two periods, 
one of 24 hours and the second of 48 hours duration. During the 24-hour 
study the gauges were read every five minutes. When the study started 
at 1300 hours on 10 August 1967, a light rain was falling which slackened 
rather abruptly to a heavy mist at about 0000 hours on 11 August. During 
the 48-hour study, the gauges were read every 0.5 hour. Detailed precipi
tation records were not kept during this period other than the standard 
meteorology observation times at the base camp. The precipitation data 
and the corresponding time intervals are shown together with the movement 
data for the 48-hour study in Figure 33. 

The readings from the 24-hour study show a definite decrease in slip 
rate (Fig. 34) about two hours after the slackening of precipitation on 
the surface. The observed decrease in slip rate probably resulted from 
a decrease in water available for bottom lubrication which would produce 
a thinning of the basal water layer and a subsequent increase in the 
contribution of obstacles smaller than the controlling size. The plot 
of the readings from the 48-hour study (Fig. 33) shows irregular slopes 
which are related to the intermittent nature of the precipitation during 
that period. One aspect of the observations which cannot be explained 
satisfactorily is the seemingly contradictory changes in slope at the 
two gauges during the 48-hour study. The plots suggest breaks in slope 
at about the same times, but in the opposite sense. 

Discussion 

In the tunnel, both in 1966 and 1967, there was no differential slip 
measured in the bottom 1.5 m of ice. Kamb and LaChapelle (1964) observed 
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that a dowel at 1 . 5 m above the bedrock moved 12 per cent faster t han 
one at 0. 1 m. They determined that most of thi s difference occurred as 
uniformly distributed shear except f or two i rregularities in the b ottom 
0.5 m suggestive of discrete shear zones . The ice thickness at the 
point of their observations was 26 m, whereas , in the Casement Glacier 
tunnel, the ice was only 12 m thick at the point of observation. 

The motion of a glacier takes place partly by sliding on its bed 
and partly by continuous distortion within t he ice caused by stresses 
set up by the weight of the glacier . There ar e two stresses acting in 
opposition at the bottom of a glacier : f r i ctional stress and shear stress. 
Shear stress acts to produce movement and frictional stress tends to re
tard it . In a classical model for friction, frictional force, fk' is 
proportional to the thickness of the overlying layer of ice and may be 
found by the following equation: 

where ~k is the coefficient of kinetic friction, N is the normal force 
on the surface, and a is the slope of the bed. The frictional force 
will be a minimum at the sides and a maximum at the center of a glacier , 
where the ice thickness is a maximum. The shear stress also increases 
with ice thickness. If ice could be regarded as a perfect plastic, the 
shear stress would reach a maximum value when the yield stress of the 
ice is reached. As , in fact, the strain rate of ice follows a power of 
the applied stress , at the sides of the glacier where frictional resist
ance to sliding is lowest, the shear stress may be sufficient to produce 
sliding on the bed but not much englacial deformation . Thus, a high 
percentage of the observed surface movement is a result of basal sliding. 
As the ice thickness increases, the frictional stress and the shear stress 
at the bed and within the glacier also increase. This may produce two 
results: (1) the rate of basal sliding will increase because of the in
creased shear stress and (2) the amount of englacial shearing will in
crease because the increased frictional stress will cause a higher pro
portion of the shear stress to be relieved by englacial deformation or 
shearing. One would expect, therefore, to find the magnitude of the 
basal sliding velocity to increase to the center of the glacier where 
it would attain a maximum value, but at the same time, the per cent of 
observed surface velocity due to basal sliding would decrease to a mini
mum at the center . This suggestion has not been tested quantitatively, 
but data indicate that it is valid. 

At the tunnel the surface slope varied from 30° above the point of 
the observations to 45 ° at the entrance . Substituting these values into 
the equation f or t he calculation of the shear stress, and setting h = 12, 
a range of shear stres s values from 0. 50 t o 0 . 75 bars is obtained . Using 
this range of shear stress values and the observed annual sliding veloc
ity of 10 m/yr , t he roughness ratio (L '/Ld ) and the controlling obstacle 
size can b e est i mated aft er Weer tman (1964, Fi g. 3). The roughness 
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factor of the bed. ranges from 10-12 and. the controlling obstacle size 
ranges from 0 .8-1 . 0 cm. If the maximum thickness of the regelation layer 
can be used. to approximate the controlling obstacle size, as has been 
suggested by Glen (1955 ), the theory and. observations agree quite well, 
as t he maximum observed thickness of the regelation layer was about 1.0 
cm. 

Weertman (1964) also gives an equation for the distance, Xo ' that 
a cavity will remain open behind an obstacle of si ze A: 

where k is a constant and has a value between 2 . 314 and 3 . 405. The 
equation was derived for conditions with constant i ce thickness; however, 
i t can be used to estimate the length of a cavity f ormed under conditions 
such as exist at the Casement Gl acier tunnel . Substituting the Casement 
data into the equation , Xo is calculated to be 44 m f or an obstacle 1 m 
high. The cavity behind one obstacle, the downgl acier side of which was 
1 m high, extended downgl acier 25 m. If the height of the upglacier side 
of this ob stacle was less, as i s probable, say 0.5 m, then the calculated 
cavity l ength would be 22 m. 

Effect of a Layer of Water on the Sliding Velocity 

Weertman (1962) determined that a basal layer of water thicker than 
the height of the contr olling obstacle would produce an increase in the 
sliding velocity . In a re-examination of the problem, he (1964 ) altered 
his ori ginal estimate and stated that a layer of water an order of magni
tude thinner than the controlling obstacle s i ze would produce an in
crease in the basal slip r ate. Thus, depending upon. local conditions 
(shear stress at the bed, controlling obstacle size, bed velocity), the 
commonly observed increase in velocity during the summer months could be 
produced by a basal water layer fram 0.35 to 1. 00 rum thick. The quantity 
of free water could also affect the rate of englacial shearing and de
formation, but analysis of these changes would require data on the 
seasonal variation in the englacial velocity, which was not obtained 
because of the failure of the deep-drilling program. 

The r esults of the Casement Glacier tunnel study verify the import
ance of basal lubricati on in the movement of temperate glaci ers. The 
basal slip measurements coupled with the surface velocity measurements 
substantiate the suggest i on that t he observed annual, seasonal, diurnal, 
and short-term variat ions in surface velocity are t he result of changes 
in basal sliding rates , which, in turn, are a functi on of the t hickness 
of the water l ayer at the bottom of the glacier. This l ayer has maximum 
thickness during the summer, resulting in the highest basal slip and 
surface velocities. 



Emplacement of Art i ficial Obstacles on Bedrock 

Introduction and Met hod of Emplacement 

~~eertman (195 7 , 1964) stat es that the size of an obstacle on the 
bedrock determines the dominant mode of flow of ice around it, plastic 
f l ow predominat i ng for l arger obstacles and pressure melting for ob
st acles smaller than a TTcrit i cal size". Kamb and LaChapelle (1964) dis
agree , stati ng that from thei r results, the spacing of the obstacles , 
rather than their si ze is most important in determining the type of 
prevailing flow . In t heir t heory the transition from regelation slip to 
plastic flow woul d occur when the "natural length" is 0 . 5 to 1.0 m. They 
seem content to leave t he definition of "natural length" vague. 

To test Weertman ' s i deas, two cubes each of 1- and 2.5-cm side 
lengths and one with 5-cm side lengths were fastened to one of the ex
posed bedrock knobs (Fig . 35) . The placement of these cubes was ex
ceedingly difficult as the tunnel walls were constantly melting and 
dripping onto t he work area . This water made drilling the holes for 
the rock bolts, which were used to help hold the 5- and 2.5-cm cubes in 
position, very slow as the powdered rock formed a paste and clogged the 
bit. Each hole took an hour or more to drill. After two holes were 
drilled, the surface was dried with a propane torch and the two rock 
bolts were placed and cut to the proper length. Epoxy was smeared over 
the bedrock, t he r ock bolts , and the bottom of the cube, after which the 
cube was slipped onto the rock bolts and the whole area was kept warm 
and dry with the torch for several minutes, so that the epoxy could harden. 
Rock bol ts could not be used to hold the l-cm cubes because of their small 
si ze , so they were fastened only with epoxy. 

Resul ts 

Because of its high debris content, the basal ice could not flow 
around the obstacles as debris - free ice would. As a result, only one 
2.5-cm and one l - cm cube remained intact and fastened to the bedrock 
after the ice came into contact with them. The 2.5-cm cube was placed 
with a horizontal diagonal upglacier (Fig. 36) to reduce the compressive 
stress on the upglacier side. The l-cm cube had been completely covered 
with epoxy so that the epoxy formed a sloping front of about 45°. 

The flow of the ice around the 2.5-cm cube produced a groove (Figs. 
37 and 38) in the sole of the glacier. The cavity was 0.5 cm narrower 
than the diagonal width of the block and was lined with a layer of re
gelation ice, 2 mm thick (Fig. 39). Vertical closure was not measure
able. Both regelation slip and plastic flow were operating in the move
ment of the ice around the cube. 

The l- cm cube al so produced a groove lined with a layer of regelation 
ice about 2 mm thick , but this cavity exhibited no measureable closure 
over a distance of 21 cm (the distance the ice had moved past the cube 
before it had been sheared off the bedrock). -
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Fig. 35 - Photo of artificial obstacles that were fastened 
to the bedrock knob. From left to right, there 
is one 5-cm cube, a 2.5-cm cube, two l-cm cubes, 
and another 2.5-cm cube. 



Fig. 36 - Photo of 2.5-cm cube with diagonal placed upglacier 
to reduce the compressive stress on the upglacier 
face. The ice is flowing toward the viewer. 

Fig. 37 - Photo of groove produced in the bottom of the glacier 
as the ice flowed past the 2.5-cm cube. 
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Fig. 38 - Diagram showing plan view and longitudinal view of groove 
in the ice behind the 2.5-cm cube. 

Fig. 39 - Close-up of portion of regelation layer (between arrows) 
that lined the cavity behind the 2.5-cm cube. 



The flow if ice around the side of a bedrock knob 1 m high and 3 m 
wide was observed in both 1966 and 1967. The ice which flowed around 
the side of the knob had a "ropy" appearance (Fig. 40) which suggested 
a turbulent-type of flow. As the ice moved around the knob, the groove 
exhibited about 10 cm of horizontal closure. The thin, clear layer of 
regelation ice was also present on the surface at this location. 

These observations appear to support the calculated value of 1 cm 
for the controlling obstacle size. Above this size the thickness of 
the regelation layer remained constant. One question that remains to be 
answered is why there is no vertical closure of the grooves . It may 
result from the loss of the water which was produced by the pressure
melting mechanism. 

Mechanics of Basal Sliding 

Observations from Casement Glacier Tunnel 

1. The bottom 10 to 30 cm of the wall in the tunnel consisted 
of alternating layers of regelation ice and debris (Figs. 
41 and 42) . 

2. Rocks adhering to the bottom of the glacier were seen a 
number of times (Fig. 43). Figure 44 shows a rock which 
had been rotated from its original orientation by an en
counter with some obstacle. It was possible to detach it 
and rotate it back through the groove to its original 
position. 

3. Rocks wholl y within the ice except for the bottom which 
had been exposed by friction and pressure melting were 
often seen. In every case there was a cavity on the down
glacier side of the rock indicating that it had been held 
up temporarily while the ice flowed around it (Fig. 45). 
In some cases the rock was fractured into smaller pieces 
that could accommodate the flow over the obstacle (Fig. 46). 

4. There was debris on the downglacier side of every bedrock 
knob. The quantity of debris increased during the period 
of the investigation because the excavation of the tunnel 
raised the temperature in the cavity from below O°C to a 
few degrees above 0° resulting in the melting out of de
bris from the basal layer and its deposition on the bed
rock knobs. 
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Fig. 40 - Feature in glacier cave wall about 20 m inside Casement 
Glacier showing the "ropy structure" of the basal ice 
layer as it is squeezed around the side of a bedrock 
knob. Ice flow is from right to left. The shiny appear
ance of the wall is a result of the camera flash reflect
ing from the thin layer of clear regelation ice. 
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Fig. 41 - Photo of piece of ice excavated from the debris-rich 
layer at the bottom of the glacier. Notice the 
alternation of the layers of debris and regelation 
ice. 

Fig. 42 - Photo of section of basal ice showing O.75-cm layer 
of regelation ice at bottom. 

92 

~ 

", 



Fig. 43 - Photo of two rocks that were found stuck to the bottom 
of the glacier on the downgla'cier side of a bedrock 
knob. They obviously had been attached to the bottom 
since the ice passed over the bedrock knob in the back
ground, about 3 m away. The rocks are 7.5 and 5 cm in 
width. 
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Fig. 44 - Photo of rock fastened to the bottom of the glacier 
that had been rotated in a subsequent encounter with 
some obstacle. The rock could be detached and rotated 
through the groove in the ice to its original position 
at the time of initial attachment. Ice flow is from 
right to left . 
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Fig. 45 - Rock exposed in the bottom of the glacier that had 
been held up temporarily by a bedrock knob. The 
cavity to which the finger is pointing resulted from 
the continued movement of the ice (flow is from left 
to right). The light-colored streaks on the rock 
are smears of rock flour produced by abrasion on the 
bedrock. 
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Fig. 46 - Photo of large rock fragment (larger than 0.5 m) that 
was fractured into smaller pieces by the compressive 
and shear stresses exerted on it by the ice when it 
was caught on a bedrock knob. The ice flow is toward 
the viewer. 
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Discussion 

The alternation of l ayers of debris and regelation ice immediately 
suggested that it was a composite of the ice produced by the pressure
melting process and the accumulation of debris picked from the cavities 
downglacier from the knobs. This idea was lent support by the observa
tion of rocks and other debris adhering to the cei ling of the cavity 
(the bottom of the glacier). Presumably, this material was frozen to 
the bottom of the glacier by regelation upon the release of pressure on 
the downglacier side of the knobs, or , possibly, by vertical closure 
during the winter when the sliding velocity was lower. By a repetition 
of this process of sliding over knobs (see Fig. 47) producing the thin 
layer of regelation ice, and then adding material at the bottom by what
ever mechanism that is operative, this observed basal layer could have 
been produced . 

Formation of "Till Curls" 

On the upglacier side of the knob most intensively studied, the 
debris layer was 30 cm thick, but it thinned to 10 cm as the ice flowed 
over the top of the knob. The layer of basal debris that was squeezed 
between closely-spaced, adjacent knobs was as much as 1 m thick. The 
extra debris- laden material seemed to be squeezed plastically around the 
knobs, producing a measurable increase in debris-layer thickness between 
adjacent knobs (sites I and II in the 1967 study were on separate knobs 
that were 2 m apart) . Observations of a set of dowels placed in the wall 
of the tunnel over the bedrock knob in 1966 suggest that the vertical 
strain rate in this bottom layer is 3.96 per year. 

As this thickened layer of basal, debris-laden ice is squeezed 
around the knobs and moves downglacier over the cavity and away from 
the support of the bedrock, it becomes detached from the overlying 
clean, normal glacier ice and falls away very slowly from the bottom 
of the glacier. These features (Fig. 48) were named "till curls". 
Similar features have subsequently been observed in a cave under the 
ice on Anvers Island, Antarctica (G. Dewart, personal communication). 
These features probably are common at the base of glaciers, but because 
of the limited number of investigations that have been made in cavities 
beneath glaciers, they had not been observed. They would not produce 
any distinctive remnant deposit that could be distinguished as to its 
origin. 

Conclusions 

From the results of the two summers' work in the ice tunnel in Case
ment Glacier, the following conclusions have been drawn concerning the 
basal sliding process: 
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Fig. 47 - Diagram showing a series of cavities at the bottom 
of a glacier illustrating how the observed alterna
tion of debris and regelation layers could be pro
duced. 

Fig. 48 - Photo of "till curl" about 15 m inside glacier cave 
in Casement Glacier. Ice flow is from right to left. 
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1. If there is any" stick-and- slip" motion at the bed of 
a glacier, it does not result in jerky motion more 
than a few centimeters above the bed as none was ob
served in either the 1-1/ 2 or the 24-hour studies. 
Therefore, any observed jerky movements on the surface 
probably result from rupture (shearing and the opening 
of crevasses) when the build-up of stresses exceeds the 
breaking limit. 

2. Measurements of slip rate i n t he tunnel verify the 
suggestion that the observed annual , seasonal, and 
diurnal changes in surface velocity can be attri
buted , at least in par t, t o changes in the basal 
sliding rate, which is a £'unction of the quantity 
of water at the base of the glacier, from melting 
and precipitation. 

3. Both regelat ion slip and plastic flow are important 
proces ses i n basal sliding, with plastic flow be
coming predominant for obstacle sizes greater than 
the critical size, which is greater than 1 cm but 
less than 2.5 cm. 

Suggestions for Future Tunnel Investigations 

The problem of variation of slip rates should be investigated more 
closely by measuring sliding rates and surface velocities simultaneous l y . 
The best approach to this problem would be the adaptation of a sensitive 
micrometer to a recording instrument so that the investigators will be 
fTee to make accurate measurements of short-period. changes in surface 
velocity. Perhaps with these data, the time lag between the period. of 
maximum ablation at the surface and the maximum slip rate at the bed can 
be determined. The use of an inclinometer in a hole drilled through the 
glacier into the tunnel would provide valuable data on the variation of 
velocity with height above the bed. 

There appears to be some question as to whether there is stick-slip 
movement at the bed of the glacier . . The existence of such features as 
chatter marks and other regularly spaced impact marks verifies the exist
ence of this kind of movement. However, chatter marks are not common; 
whereas, continuous striations are. For this reason it would be of 
interest to determine how cammon the stick-slip movement is and under 
what conditions it occurs. This could be investigated by using a large 
number of recording micrometers near the bed at a variety of locations. 

An accurate value of the compressive and shear stresses acting on 
the upglacier side of an obstacle would b e valuable in understanding the 
mechanics of basal sliding. These parameters might be measured with the 
use of pressure sensitive instruments (see Figs. 49 and 50). These in
struments could be calibrated in the laboratory so that the values 
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observed in the field could b e convert ed into terms of compressive and 
shear stress. 

Fig. 49 - The back side of the device is fixed to the 
bedrock and the ice presses against the moveable 
front face which creates a compressive stress in 
the sensing device and alters its readout value. 

SENSING OBSTACLE 
~ICE 

FLOW 

Fig . 50 - The cube is fastened to the bedrock by the device, 
the properties of which vary with the applied shear 
stress, T. 

Using this technique, the value of the compressive and shear stresses 
could be determined for a number of different sizes of obstacles to 
see how their values vary with increasing obstacle size. 

The value of B, one of the constants in Glen's (1952 , 1955) flow 
law for ice, is temperature dependent. It would be of considerable 
value to measure the deformation of the tunnel so that the values of 
the flow law constant may be derived. These val ues could be compared 
with those previously derived from tunnel studies (Haefeli, 1963 ). 
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The debris load at the bottom of the glacier should be studied more 
intensively, both in the field and in the lab, so that physical proper
ties such as viscosity and coefficient of sliding friction can be deter
mined for various debris-content conditions. In an extended study last
ing for two or three years, it would be possible to measure the rate of 
erosion of the bed by measuring the change in depth of marks made in the 
bedrock. In a location such as that of the Casement Glacier tunnel, 
every fragment that came into contact with the bedrock could be examined 
and the total abrasive material could be related to the rate of erosion. 
It would be possible to establish a relationship between the rate of 
erosion and the amount of abrasive, the ice velocity, and the overburden 
pressure. 
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CHAPTER VIII 

SHORT-TERM HEAT-BALANCE STUDIES 

Introduction 

Glacial-meteorology is concerned with the quantitative evaluation 
of the main sources of heat energy that contribute to the surface melt
ing process on a glacier. The principal sources of heat energy are 
r adi ation from the sun and sky, conduction and convection f rom the over
l ;ying air mass, condensation of water vapor on the surface, and conduc
t i on from warmer i ce below the surface. Another source is warm rain 
which falls on the glacier during the summer. 

The energy is expended i n a variety of ways. Among them are reflec
tion of i ncident radi ation from the glacier surface, radiation of long
wave radiation , energy conduction downward into the glacier, and sublima
t i on or evaporation of the ice, snow, or water. The remainder of .the 
energy is used to melt snow and ice at the surface of t he glacier. 

l'ihere 

In gener al, t he heat balance equation may be written as: 

QR = 
QA = 

QL 
QI 
Qp = 
QM 

radiation, 
sensible heat, conduction and conve.ction 
to or from the air layer ab ove the surface, 
latent heat of condensation or evaporation, 

heat conducted into or out of the ice or snow, 

heat from rain, 

heat remaining for melting of ice or snow. 

.Another way this can be considered is by equating the heat sources to 
t he heat sinks which, according to the Law of the Conservation of Energy, 
must be equal. 

Heat" Sinks 

Snow/ice melt (~) 
+ 

Evaporati on (Qd 
+ 

Heat conduction into 
snow/ice (QI) 
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Heat Sources 

Radiat ion (QR) 
+ 

Sensible heat (QA) 
+ 

Condensation (QL) 
+ 

Precipitation (Qp) 



T\ro heat-balance studies, each of four days duration, were conducted 
on Casement Glacier near marker 11-2. The studies ran from 0000 hours, 
31 July to 2400 hours , 3 August and from 0000 hours, 27 August to 2400 
hours, 31 August . Half-hourly observations were made of net radiation, 
wet and dry bulb temperatures at two levels with aspirated psychrometers, 
met screen temperature, precipitation, cloud cover, and weather develop
ments. 

Radiation 

Computation of Individual Terms 
in the Heat Balance Equation 

The contribution of radiation, ~R' to the heat balance equation can 
be expressed as the algebraic sum of the short-wave and long-wave radia
tion. For short-wave radiation, snow possesses a high albedo (as high 
as 0.95), but for long-wave radiation it behaves as a blackbody, the peak 
of the emission spectrum at 273°K being around 10~. Of the incident 
long-wave radiation, practically all is absorbed at the surface. However, 
long-wave radiation is also emitted from the surface of the glacier. 
This outgoing radiation frequently results in a net loss of energy over
night. 

Calculation of ~R 

A Funk net radiometer (Inst. no. 274) was used to measure the net 
radiation during the studies. This instrument is designed to measure 
the net radiation flux as the algebraic sum of the output of upward and 
downward facing thermopiles. The measured value each half-hour was con
sidered to be representative for the period. 

Turbulent Transfer of Sensible and Latent Heat 

Sensible heat, ~A' is that energy exchanged at the surface of the 
glacier by convection and conduction to or from the overlying layer of 
air. The equation for the calculation of the contribution of sensible 
heat may be written: 

where 

A 
de 
d z 

c p 
A de t 

dz 

is the specific heat of air at constant pressure 
(0 . 24 g-cal/ gOC) 
is the exchange coefficient (g/cm sec), 

is the vertical gradient of the potential 
temperature (taken as observed °C/cm), 
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t i s the time interval in sec onds . 

The exchange coefficient, A, gover ns the exchange of heat and water 
vapor above the surface (Wallen, 1948). It is assumed that the wind, 
temperature, and vapor pressure profiles may be represented by power laws. 
This assumption seems to be valid (Wallen , 1948; Andrews, 1964) ; however, 
others suggest that a logarithmic law may be more accurate (Havens and 
others, 1965; Grainger and Lister, 1966 ). A general statement of the 
power law may be given as follows: 

where a is the el ement (wind, temperature, vapor pressure) and t he sub
scr i pts refer t o the hei ght above the surface (Z l <: z2 )' Using this 
equation, values for the power law indices for the wind, nu , temperature, 
ne' and vapor pressure, ne , were calculated for each half-hour interval. 

A general expression for A at height Z can be written (Havens, 1964 ): 

where k is a constant. 

The value of k has been determined for a number of sites: 

k = 1.8 X 10- 4 Karsa Glacier 

k = 1. 6 X 10- 4 Salisbury Plain 

k = 1. 5 x 10- 4 the sea 

k 1.4 X 10- 4 Isachsen Plateau 

/ " 
The val ue 1. 8 x 10- 4 that was calculated by Wallen (1948) for Kar sa 
Glacier was chosen as most representative of the conditions on Ca sement 
Glacier. 

The value of A was calculated for each half-hour period 
corresponding values of rlu, n B, and u z ' This value was then 
t.tle calculation of QA for that period. 

using the 
us ed for 

~"he lat ent heat contribution to the heat balance, QL' is that energy 
released by condensation on, or evaporation fr om, the surface of the 
gl ac i er . The si gn and rate of t rans fer of this energy depends upon the 
wind , temperature, and vapor pr essure profiles. The transfer of latent 
heat per unit time may be expressed as follows (Andrews, 1964): 
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where 

QL L A 0. 623 de t 

p dz 

L is the latent heat of condensation/evaporation 
(600 g-cal/g), 

P is the atmospheric pressure (mmHg), 

de/dz is the vertical gradient of vapor pressure (mmHg/cm) . 

Conduction of Energy through the Snow and Ice 

The heat flow per unit time may be treated as an elementary problem 
in linear heat conduction and may be stated as: 

QI = C T( Z)dz p 

where 

p = the density of ice (0.9 g/cm3 ), 

C = specific heat conductivity (0.48 cal/g/ oC), 

T = the change in temperature over the depth Z. 

However, if the ice is temperate and the winter cold wave has already 
been restored by summer melting, there will be no conduction of heat 
energy into the ice because there would be no thermal gradient. Since 
this was the case at Casement Glacier, this term was not considered in 
this analysis. 

Precipitation 

The contribution of precipitation, Qp, to the heat balance can be 
important in rainy areas like southeast Alaska. The heat energy derived 
from precipitation is: 

where 

Cw = specific heat of water (1 cal/gOC), 

Tp = temperature of the precipitation (taken as air 
temperature) , 

Ts temperature of the surface (O°C), 

p = precipitation ( g/cm2 ). 
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Computation of Terms 

A computer program was written in Fortran IV to read the half-hourly 
values of the observations and to compute the individual terms in the 
heat balance equation. These data are given in Appendices E and F, 
respectively. 

Summary of Results 

Heat Sources 

The heat balance has been calculated for 24-hour periods at half
hour intervals. The heat sources for each day and the two 4-day periods 
are summarized in Table 8 and Figure 51. More than half of the heat 
ener gy (65%) came from radiation (~R)' while sensible heat (~A) and 
lat ent heat (~L) also made significant contributions to the heat balance 
(19 and 15%, respectively). The most important heat sink is the melting 
of the glacier. The heat lost by conduction through the ice was con
sidered to be negligible. 

Day 

TABLE 8 

Sur~MARY OF HEAT BALANCE Cor"PUTATIONS, 
CAS8MENT GLACIER 

QR QA QL Qp 

( 1y) (%) (ly) (%) ( 1y) (%) ( 1y) (%) 

Period One, 31 July - 3 August 

July 31 173.6 62 51.5 18 54.5 19 1.2 0 

August 1 151.6 58 40.1 15 65.4 25 6.0 2 

August 2 245.9 72 34.4 10 57.8 17 2.9 1 

August 3 383.1 77 67.0 14 44.8 9 0.0 0 - -- - --
Totals 954.2 69 193.0 14 222.5 16 10.1 1 

Period TV/o, 26 - 29 August 

August 26 81.1 49 32.8 20 41.0 25 9.9 6 

August 27 236.3 74 46.1 14 35.6 11 0.8 0 

August 28 192.3 63 83.4 28 27.5 9 0.0 0 

August 29 184.1 51 114.4 32 61.6 17 1.7 0 - -- - -- - - -
Totals 693.8 60 276 .7 24 165.6 15 12.4 1 

Totals for combined periods 

16~8.0 65 I 469.7 19 388.1 15 22.5 1 
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Fig. 51 - Graph showing the daily contributions of the 
terms in the heat balance equation during the 
two studies. 
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Comparison of Computed and Measured Ablation 

The algebraic sum of the heat balance components represents the 
residual energy (~) available to melt the ice or snow. Taking the heat 
of fusion of ice to be approximately 80 langleys (g call cm2 ), the thick
ness of a layer of ice which would be melted can be calculated. The 
values of the measured and calculated ablation for the periods of the 
study are shown in Table 9. The agreement is reasonably good for the 
4-day periods and for each day, except 3 August. The calculated values 
are within one standard deviation of the measured values. 

TABLE 9 

1'1EASURED AND CDr1PUTED ABLATION 

Date ~1easured Computed Difference vJeather 
(gm water) (gm water) (Hc - Ho) 

Period One 

July 31 3.10 3.5 0.4 Overcast 

August 1 3.45 3.4 -0.15 Overcast with ra i n 

August 2 4.00 4.3 0.3 Overcast, rain i n AM 

August 3 3.80 6.2 2.4 Clear -- -- --
Totals 14.35 17.3 2.95 

Period Two 

August 26 2.65 2.1 -0.55 Overcast, rain 

August 27 3.40 4.0 0.60 Clearing 

August 28 3.15 3.8 0.65 Cloudy by midmorning 

August 29 4.45 ~ 0.05 High overcast 

Totals 13.65 14.4 0.75 
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It has already been mentioned in the short-term ablation section 
of this report that the error in the measured value of ablation depends 
upon the prevailing weather. Of the days during which observations were 
made, measured ablation exceeded the calculated value only twice, on 
days which were overcast with rain. For the other days the calculated 
ablation is higher than the measured value. 

Discussion of Results 

There are several possible sources of error in the calculation of 
the heat-balance components. The first is the assumption that the varia
tion of windspeed, temperature, and vapor pressure with height above the 
surface of the glacier may be expressed by the power law formula. This 
assumption is certainly not without precedent. However, Havens and 
others (1965), in a critical examination of the methods of calculating 
the turbulent heat flux, suggest that logarithmic profiles give the most 
accurate estimate of the energy transfer. They emphasize, however, that 
any mathematical formulation for the expression of the variation of wind
speed, temperature, and vapor pressure near the ground is, itself, only 
an approximation. In fact, there have been cases reported for which 
neither the exponential nor the logarithmic laws could fit the data 
(Caisleyand others, 1963). 

To compare the effect of using the logarithmic law instead of the 
power law for the calculation of ~A and ~L' the computer program was 
altered so that the contribution of the turbulent transfer terms could 
be re-evaluated. The results of this are presented in Table 10 along 
with a comparison with the values calculated from the power law. The 
calculated ablation from the power law assumption fits the observed ab
lation data better than those from the log law (see Appendices G and H). 

Method 

Power law 

Log law 

TABLE 10 

CDMPARISOH OF THE HEAT BALANCE CALCULATIONS 
BASED ON POWER LAW AND LOGARITHMIC LAW 

~R ~A ~L ~p 
(%) (%) (%) (ra) 

65 19 15 1 

60 22 17 1 

~ 
(ly) 

i 2527 

2747 

The assumption that the radiation temperature and vapor pressure 
during the brief measuring period can be considered representative for 
the entire half-hour interval is thought to be reasonable because the 
weather conditions did not fluctuate rapidly during the periods of ob
servation. 
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Another source of error is the assumed value of the constant k in 
the calculation of the exchange coefficient, A. Although this value is 
not real ly constant and varies from location to location, the resulting 
error in the calculation of the turbulent transfer terms would be small. 

The assumption that the temperature of falling precipitation is 
equal to the screen temperature may not be valid, but it is a good 
approximation. Changes in the temperature of the precipitation by 10°C 
would not significantly alter the heat balance. Marangunic (1970), how
ever, because of anomalously high ablation rates en rainy days, has 
suggested that falling precipitation has an additional effect. He has 
suggested that the spattering of the raindrops as they encounter the 
surface of the glacier effectively increases the turbulence in a very 
thin layer of air near the surface resulting in a greater exchange of 
energy than would be predicted by the standard equations for the calcu
lation of the turbulent transfer terms. 

Comparison with Similar Investigations 

The results from the Casement Glacier heat-balance study are shown 
in Table 11 along with the results from similar investigations on glaciers 
at approximately the same latitude. 

TABLE 11 

COMPONENTS OF THE HEAT BALANCE AT CASEMENT GLACIER 
COMPARED WITH SIMILAR INVESTIGATIONS AT OTHER GLACIERS 

QR QA 

Casement Glacier 
1050 m 65 19 

Sherman Glacier 
. I 

480 m (Marangunlc, 1970) 64 22 

Salmon Glacier 
1700 m (Adkins, 1958) 75 15 

Blue Glacier 
2010 m (LaChapelle, 1959) 69 25 

worthington Glacier 
850 m (Streten and Wendler, 1968) 51 I 29 

Karsa Glacier I < 1100 m (Wallen, 1948) 55 1 29 
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CHAPl'ER IX 

SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH 

Measurements made on Casement Glacier during the summers of 1965, 
1966, and 1967 revealed time-variations in the horizontal component of 
the surface velocities. The summer velocities were greater than the 
winter velocities. The magnitude of the summer velocities varied from 
year to year but were always greater than the winter velocity. These 
changes in surface velocity correspond to changes in the basal sliding 
velocity as measured in an ice tunnel along the margin of the glacier. 

The mass budget of the glacier for the glaciological year 1966-1967 
was determined to be -235 ± 46 x 109 kg. Discharge and budget measure
ments were calculated for two sections of the glacier, between lines 2 
and 3, and between lines 8 and lines 9, 11, 12, and 13. The mass budget 
of each section was negative, being -8.4 x 109 kg and -9.1 x 109 , respec
tively. 

Englacial velocities were calculated at each of the stakes for which 
the ice thickness had been determined by gravity and the surface velocity 
by surveying. Using these velocity data, the vertical components of the 
surface velocity, the longitudinal ice thickness profile, the trajectory 
of a layer of ice was calculated from line 14 through to line 2, a dis
tance of 14.4 kID. The estimated travel-time for this motion would be 
approximately 140 years. 

Two short-term heat-balance studies, of four days duration each, 
were conducted on the glacier in 1967. The contribution of each com
ponent of the heat balance equation was computed in two different ways: 
first, using the assumption that the variation of the wind speed, tem
perature, and vapor pressure follows the power law, and second, assuming 
a logarithmic variation. The calculated results were compared with the 
observed values of the ablation during the corresponding periods. The 
values determined by the power law fit the observed ablation data better 
than those calculated from the logarithmic law. For the two studies the 
relative contributions of QR' QA, QL' and Qp were 65, 19, 15, and 1%, 
respectively. 

Investigations were made in an ice tunnel on the variations in slip 
rate and the mechanics of basal sliding. Basal sliding at the point of 
observation in the tunnel was a continuous process; there was no jerky, 
stick-slip movement and any observed jerky movement on the surface would 
result from fracture and shearing of the surface ice. The rate of slid
ing is affected by changes in the quantity of lubricating water at the 
bed and most of the observed annual, seasonal, and diurnal changes in 
surface velocity result from changes in the quantity of free water at 
the bed of the glacier. Artificial obstacles were placed on a bedrock 
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knob and the mode of flow of ice around them examined . It wa s determined 
that the critical size at which the contribution of regelation slip 
equals that of plastic flow is between 1 and 2.5 cm. 

One of the most critical aspects of glaciological investigation is 
the glacier itself. Care must be taken to choose a glacier that is both 
representative and of workable size. Of course these considerations must 
be weighed against the purpose of the program, but the selection of a 
glacier should not be made lightly as the success of the project depends 
to a large extent on this decision. 

Future glaciological research should try to resolve the following 
problems: 

1. More detailed data are needed on the time variations of 
ice velocity at the top, the bottom, and within the 
glacier. This would lead to a greater understanding of 
the mechanics of glacier flow. This would require accur
ate measurements of short-term surface and basal veloci
ties (as discussed in Chapter VII) and measurements of 
seasonal changes in surface, englacial and basal sliding 
velocities at the same location. 

2. An accurate, convenient method for measuring daily abla
tion should be devised so that comparisons of measured 
ablation and calculated ablation derived from heat
balance studies will be more meaningful. other problems 
concerning daily ablation which should be investigated 
are the mechanics of the ablation of polycrystalline ice 
and the micrometeorology of the layer of air just above 
the surface of the glacier. 

3. The variation of velocity with depth should be measured 
under varying conditions of ice thickness, surface slope, 
and surface velocity and the results c ompared with cal
culated values from Nye's equation. The measurement of 
this parameter depends to a large ext ent upon the devel
opment of an inexpensive, easily const ructed, portable 
drill for drilling large numbers of hol es through glaciers 
and an inclinometer for measuring t he changes in slope, so 
this project should be given high pri ority . 

4. The mechanics of basal sliding of t emperate glaciers is 
still not fully understood, although t he writer of this 
report has attempted to resolve some of t he problems. 
A full discussion of the problems of basal sliding which 
should b e i nvestigated is given in Chapter VII of this 
report. Let it suffice to say that accurate measurement 
of the stres s conditions at the bottom of t he glacier 
and detailed measurements of the time-variations in slid
ing velocity should r eceive the most immediate attention. 
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5. Additional observational data on meteorology, heat 
balance and their relationship to each other and to 
the surface ablation will always be valuable in 
attempting to understand the complex processes affect
ing the nourishment and wastage of glaciers. 
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APPENDIX A 

ADJUSTMENT OF TRIANGULATION FIGURES 

Part 1 - Quadrilaterals 

B 

Angle Adjusted Angle Amount Angle Adjusted Angle Amount 
No. Adjusted No. Adjusted 

0 I II II 0 I II II 

1-3-2-7 

1 85 22 41 -02 5 70 18 23 +01 
2 12 14 15 +01 6 27 18 33 +03 
3 19 40 27 +05 7 14 39 44 -07 
4 62 42 37 +06 8 67 43 20 -06 

4-7-8-3 

1 41 31 21 +07 5 46 19 46 +01 
2 55 47 23 +00 6 50 58 58 -06 
3 37 21 30 +07 7 52 23 36 +01 
4 45 19 46 -02 8 30 17 40 -08 

4-7-8-13 

1 41 31 17 +03 5 34 52 40 -02 
2 31 10 32 +03 6 37 49 09 -03 
3 61 58 24 +00 7 38 51 39 +01 
4 45 19 47 -01 8 68 26 32 +00 
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APPENDIX A - Continued 

Angle Adjusted Ang l e Amount Angle Adjusted Angle Amount 
No. Adjusted No. Adjus ted 

0 I II II 0 I II II 

4-7-5-13 

1 16 29 27 +00 5 34 30 41 +00 
2 34 52 43 +01 6 16 51 29 +00 
3 53 41 12 +02 7 76 40 49 -02 
4 74 56 38 +02 8 51 57 01 -02 

13-5-9-12 

1 22 13 26 +02 5 30 08 00 +01 
2 26 25 16 +01 6 18 30 43 +00 
3 53 12 55 +02 7 59 40 12 +00 
4 78 08 22 +02 8 71 41 06 +00 

15-1 0-16-11 

1 45 19 09 +08 5 66 02 05 -04 
2 50 37 26 +04 6 29 54 30 -08 
3 19 32 20 +00 7 53 47 42 +08 
4 64 31 05 -07 8 30 15 43 +04 

17-10-18-19 

1 32 13 00 -01 5 39 42 02 +24 
2 47 45 43 +00 6 40 16 24 +08 
3 45 38 23 +04 7 65 21 27 +10 
4 54 23 11 -07 8 34 40 07 -02 

21-18-20-22 

1 39 56 30 +08 5 36 33 20 +03 
2 17 33 51 -02 6 20 57 01 -07 
3 44 27 42 +01 7 22 51 54 +12 
4 78 01 57 -02 8 99 37 45 +05 
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APPENDIX A - Continued 

Part 2 - Triangles 

Angle Unadjusted angles Angle Adjusted angles 
o I " 0 I " 

4-7-6 

4 80 14 15 4 80 14 13 
7 46 01 05 7 46 01 03 
6 53 44 46 6 53 44 44 

179 59 66 179 59 60 

7-13-14 

7 31 05 15 7 31 05 12 
13 48 09 52 13 48 09 49 
14 100 45 02 14 100 44 59 

179 59 69 179 58 , 20 

12-9-11 

12 59 36 29 12 59 36 28 
9 72 11 11 9 72 11 10 
11 48 12 23 11 48 12 22 

179 59 63 179 59 60 

12-15-11 

12 48 33 02 12 48 33 01 
15 85 07 15 15 85 07 15 
11 46 19 45 11 46 19 44 

179 59 62 179 59 60 

16-10-17 

16 51 30 24 16 51 30 15 
10 00 36 34 10 00 36 25 
17 127 53 30 17 127 53 20 

178 119 88 178 119 60 

18-21-19 

18 29 44 17 18 29 44 24 
21 29 18 21 21 29 18 27 
19 120 119 02 19 120 57 09 

178 119 40 178 119 60 
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APPENDIX A - Continued 

Angle Unadjusted angles o I II 

Angle Adjusted angles 
o I II 

-, 

21-22-24 

21 68 10 32 21 68 10 36 
22 72 47 06 22 72 47 10 
24 39 02 10 24 39 02 14 

179 59 48 179 59 60 

22-24-23 

22 30 52 20 22 30 52 27 
24 15 32 20 24 15 32 27 
23 133 34 58 23 133 ' 34 06 

178 118 98 178 119 60 

22-24-25 

22 29 30 20 22 29 30 15 
24 14 35 01 24 14 34 56 
25 135 54 54 25 135 54 49 

178 119 75 178 118 120 
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APPENDIX B 

FORTRAN IV PROGRAM FOR ANALYSIS OF 
ERRORS IN SURVEY 

C SURVEy ERROR ANALYSIS PROGRA~ 
OIMEN:'JOII I'JA ME(50) d lL(50) d lUIU(5 0 ) . f3 LCF(50), ER[)U S U) ,ANRAZU(50) 
HEAL HDEG ,r'1I'1 11 ,I, NS EC, NAH , OOEG, OlAHJ, OSEC 
IIJTEGlR bLl,U"iLCF , OLIO 
ERAHG=.000024 
READ (5 rl) I,bL, NAHE (1) , S U 1) ,EPBU 1) 

1 FUR MAT (Ij,A5 . F 9 .3.F7.3) 
WRITE (6,10 0 ) HEAOlil 

lOU FOR/·1Ar (11l1, 9X ,Lj7ItEH rW HS IN TItE COI,lPUTED LENGTHS OF THE I:lASELItJES/ 
11HO, 91.. 8Hd{, SE L r liE, 2X , oH~IUrv,[3 Ei<' 3X, 9 Hf'RECEDJ IIG, 2X. 9ttLlI jGTH OF, 5X, 1LjH 
ICUMPUTlD EIHWiUlii ,ljX,7I illID PTS,13X,8HBASE LHJEr3X.12IH,i ASELINE (N), 
13Xrl5ttllJ UASELIIJE ( rl, )) 

wRITE (G, lUI) l' IAr'~ l (1) ,liLt 1) ,EH UL( 1) 
101 FORNAT (IHO,A5.F36.3,F15.3) 

If.il=I-1 
OU 10 1=2"JUL 
HEAD (~" 2 ) I",r~E ( I ) ,ULl,IU (I) ,lJLCF (I) ; AL (I) ,ADEG. Ar:,Hlr IISEC, OOEG, 0:1,11< 

1 , US Eo: C , 1 0 E G , H i III , T SEC 
2 FURMAI (A5,2Ij,FI0.3'F4.0.2F3.0.2(F5.0,2F3.0)) 

A'iRAZIH I ) =AI I, Ud) ( Al;EG, ,, 1·1 Jr.1, ASEC ) 
Ai'1f<AOIJ=Ai IH{,D (ODE G ,o:~ I 1< . OSU: ) 
Al'jRAT~I=AlJHAD I TDEG. H'li I .1 S EC) 
EHtlL( J )= UL( I) * S(;I< TI «EY LJ L (Hl1 ) / ljLI HAl) )0.21+0.6607,. I ( 5.u /20626'1. 

18) .... 2). « I( ()S (/I(, I<AO i;) I S II J (fIIIHAOIJl )"'2)+( (COS(ANR;,TH)/SIrJ(A~!H ATH») 
I ," 2) + ( (COS (MIROI.) /SIIJ (Af.IHOln ) .. (COS I AlIllATH) IS !til AI<RATld ) ) ) ) 

10 wHITE 16,102 ) lJAI"EII), HU .. U(I), fl LCFII), BUI),t:KBL(I) 
10~ FURMAT 11rl .9X.A5,llU,19,F17.3.F1S.3) 

~iI ~ ITE Ib.l10) 
110 FURMATflHlrlO X.54HU,f<ofl S HI hiE X AND Y COORDIN/ITES OF THE SURVEY 

ISTAKES/1H rlUX,42hF ESULTlliG FRO t·; A FIVE SECOI.JD AI ,GULf,H EHRORIlHOrl 
10)(,bH~If.kKEHi2X'13HE. H I <OR ERHOII /IH rl2X,2HNO,4X,4HII. X,4X,4HIN Y/l 
IH ) 
00 11 ~, = 1,4 a 
READ (5.3) NSTA,ULIO,POEG,PMIII'PSEC,NOtG,NMIN,NSEC.UDEG.OMIN,OSEC, 

IVEL ' 
3 FORMAT IAS,13,3IF5.0' 2 F3.0),F7.2) 

FDLliJ 
pAR=AI'i' AD I POEG. f' :~1 I i . PSEC) 
NAI<=AI, j' AU (f.I OEG , I'If.! 11" I-ISEC) 
01 FR=AI, RAD fODEG, 01" 1 Ii. OS[C) 
APM=PMHAIlRALti (1) 

CI"\M=-IJAH-AtiH ALB I I ) 
Af'C=PM, +liAfl 
SAMSO=(5INIArC))" ~ 
EI~X C= I F L (1) .[HANG/ SAI·ISO) * I ( S 1I'III1 I1 H) *S II, «(,"l~l) +~ IN (AP~I) .SIN (PAR) ) ) 
E H YC=ILL(I)' Ek AI<G / S~ ~Su).IICOSIAPM)·SIN(PAR)-SIN(NAH)*COSICMM))) 
WHITE (Grlllli 6 TA.fll XC,l!iYC 

III F()fl~l Ar (111 ,ll X,1I5'Fu.3,Ftl.3) 
11 CUIHli;UE 

Srop 
FUI>JCTI 0 tJ MiI~ l\lJIJDEG.J ,'1 IN.JSEC) 

fH:. AL JO[G ,J,·ll rJ,JSE C 
A~RAU=IJ(jEG+(JMI~+JSLC/GO.)/60.~/57.2957795 
RUUK,J 
E1 ~O 
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APPENDIX C 

ICE VELOCITY DATA 
"l 

Marker Summer Narker Summer l-Iarker s.umme:r: 
No. No. 1965 No •. 1962 
l-3 48.89 3-1 123.69 5-1 62.08 
1-4 85.05 3-2 137 • .39 5- 2 122.66 
1-5 73.64 3- 3 144.05 5-3 131 _71. 
1-6 54.49 3-4 143 . 97 5-4 . l40 •. 47 
1-8 43.77 3-5 132. 82 5-5 l38.07 

3-7 99.26 5-6 126.·98 
6-2 91.·62 3- 8 70.85 5-7 121.-04 
6-3 96.55 3-9 46.69 5-8 121.23 
6-4 160.72 5-9 60.96 

4-2 L44.95 4-6 179.07 
4-3 1.51. 26 4-9 97.15 
.-+-4 153. 75 

Marker Summer W.inter July, 1966- Summer Nean 
No. 1965 1965-66 July, 1967 1967 

2-1 8.02 7.35 8 •. 03 
2-2 12.75 7.77 11..18 10.·92 9.·75 
2-3 15.12 10.71 13..,j} 15.81 12.39 
2-4 ---_.- 20.98 15.·04 17.84 17.·72 
2-5 21.75 19. 86 16 •. 26 19.93 18.25 
2-6 70.64 ----- ----- 70.64 
2-7 79.49 ----- 63.76 72 •. 63 64 •. 96 
2-8 ----- 78.25 74.05 85 .53 76.58 
2-9 96.98 81.48 79.17 85 .78 81.24 
2-10 93.67 ----- ----- ----- 93.67 
2-11 82.41 ----- ----- 82 .. 41 
2-12 79.56 ----- ----- ----- 79.56 

Marker SUlIllJler \'J inter. Summer Mean 
No . 1966 1966-1967 1262 

4-1 65.44 62.32 74.07 63.·40 
4-2 107.70 1.03.·07 115 .12 104.30 
4":'3 122.37 115.12 123.65 ll6.41. 
4- 4 127.67 120.01 130. 30 121.40 
4-5 127. 31 123.25 128. 13 123. 98 
4-6 126.92 117.·94 123.65 1.19.20 
4-7 119 .. 98 112.Bl 113.·72 113.55 

.~ 
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APPENDIX C--Con t inued 

Har ke r Summer Hint e r Summer Hean 
No. 1966 1966-1967 1967 

4-8 ----- 77.24 ----- 71.·56 76.73 

5-1 10. 85 ----- ----- 10. 85 
5-2 124. 02 116.08 108.,75 116.95 
5- 3 117.60 152.79 126.18 147.35 
5::.4 119. 89 153 . 23 134 . 01 148. 34 
5-5 122 .44 ----- ----- 122.44 
5-6 118.94 133 . 34 126.30 131.20 
5-7 90 .70 127.72 122.39 120. 38 

7-1 51.13 ----- ----- 51.13 
7-2 66. 85 ----- 66 . 85 
7-3 72. 65 ----- 72.65 
7-4 83 . 67 ----- ----- 83.67 
7-6 159.10 ----- ----- 159.10 
7-7 157.31 15} .. 21 ----- 157. 31 
7-8 131.19 124. 85 ----- 125.39 
7-9 83.59 77. 80 ----- 78.30 
7-10 17.93 14.86 ----- 15.13 

8-1 18.09 10.14 ----- 10.38 
8- 2 44.63 40.41 ----- 40.72 
8-3 72. 27 61. 83 ----- 62 .79 
8-4 85.93 89 . 81 ----- 89 . 34 
8-5 114.89 110.47 ----- 110 • .87 

" 

8-6 131.98 122.99 ----- 123.81 
8-7 135.64 126 . 98 ----- 127.77 
8-8 120.02 130.41 128.70 129.34 
8-9 134.81 129.29 128.49 129. 60 
8-10 127.30 119.54 114.13 119.41 
8-11 115.46 106.36 106.42 107.09 
8-12 86 .03 81.75 82.95 82 .23 
8-13 50.07 43.10 45.33 43 . 96 

9-1 ----- 37 .41 ----- ----- 37.41 
9-2 53.32 ----- 49.1 3 ----- 49.47 
9-3 58.75 ----- 9+. 08 ----- 54.46 
9-4 60 . 89 56 . 82 56.29 57.09 
9-5 64 .50 58.19 62.06 59.10 
9-6 65.17 59 . 90 61.06 60.45 
9-7 65 . 87 60.68 63 .24 61. 37 
9-8 66.19 60 . 80 63 .09 61.48 
9- 9 74 . 65 ----- 60 .18 ----- 61.17 
9-10 66.30 58 .13 65 .03 59 . 50 
9-11 64.48 54 .83 58. 66 55. 98 
9-12 61.50 L"9 .06 52.51 50 . 39 

.~' 9-13 ---- - 13. 86 13. 86 
9-14 ----- 6.07 6. 07 

125 



APPENDIX C--Continued 

Harker Summer v! inter Summer l": ean 
No. 1966 1966-1967 1967 
10-3 78.46 78.72 89 .12 79.04 
10-4 97.55 89 . 53 87.25 89 . 96 
1 -5 99.37 91. 81 88.43 92 .10 
10-7 95.15 86. 81 89. 19 87.74 
10-8 90.27 81.20 84. 60 82.29 
10-9 83.65 75.26 79.97 76.43 
10-10 74.17 64 .85 69 .05 66.05 
10-11 37.49 47. 80 50.57 47 .19 

11-1 17. 86 ----- 7.55 ----- 8.30 
11-2 41.45 33.40 37.64 34.48 
11-3 60.77 50 •. 62 53.25 51.71 
11-4 75.76 59 .·95 61.19 61.12 
11-5 71.53 62 .04 67.·12 63.31 
11-6 7-.58 63.89 68 .08 64.82 
11-7 75.09 65.13 66. 61 65.13 
11-8 69 .63 62 .35 65.20 63 .·10 
11-9 ----- 54.30 57.54 54.60 
11-10 30.55 ----- ----- 30.55 

12-3 86 .41 81.11 83 .17 81.72 
12-4 84.37 80 .80 80.45 81 •. 00 
12-5 78.24 76 .25 74. 92 76.25 
12-6 72.04 68 . 31 65.18 68.23 
12-7 66.69 58.87 59.14 59.43 
12-8 48.50 42.67 45.77 43.·42 
12-9 19.96 18.38 18.97 18.56 
12-10 6.56 3.91 5.76 4.26 

13-1 32.98 ----- - -_._- 32.98 
13-2 47. 3l 36.96 Lr9. 64 39.20 
13-3 64.79 52 .26 51 •. 96 53.14 
13-4 75. 87 63 .08 66.24 64.·35 
13-5 75.94 68.82 71. .. 86 69 .. 70 
13-6 ----- 71.·32 7Lr.78 71.69 
13-7 76.49 69 . 76 73 .. 73 70.66 
13-8 78.24 ----- ----- 78.24 

Marker Summer Marker S.ummer 
No. 1967 No. 1967 

~4-4 60.84 15-1 44.56 
14-5 61.20 15-2 62.17 
14-6 60.61 15-3 63.51 
14-7 60.11 15-4 67.64 
l l~-8 59.18 15-5 64.03 
14-9 57.23 15-6 66.63 
14-10 53. 38 15-7 57.70 
14-11 35.00 
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APPENDIX D 

GRAVITY REDUCTION DATA 

Station Elev. Ag Comb. Lat. Terr. Reg. Boug. Ice 
Boug. Carr. Carr. Carr. Anom. Thkns 

(m) (mgal) (mgal) (mgal) (mgal) (mgal) (mgal) (m) 

Line 1 

E .• edge 231.5 00.00 00.00 .00 0.00 0.00 0.00 
1-1 262.0 -11. 06 5.85 -.08 _Lt-. 50 0.64 9.15 130 
1.-2 268.4 -13. 86 7.08 - . 17 -5.00 1.06 10. 89 154 
1-4 295.6 -22 .79 12.47 - .28 -5 .11 1.91 14. 36 203 
1-5 301..2 -23 .14 13. 38 - . 41 -5.12 2.34 12.95 183 
1-6 310.9 -24 . 61 15.24 - .54 -5.13 2. 85 12.19 173 
1-7 312.3 -24.22 15.70 -. 62 -5.00 3.06 11. 08 157 
1-8 319.7 -25.32 16.93 - .71 -4.99 3.32 10.77 152 
1-9 326.7 -24.28 18.27 -.79 -4.50 3.49 7.81 111 
C;. 25 388.1 - 30 . 20 29.40-1.00 -2.46 4. 25 0.00 

Line 2 

w. edge 301.4 0.00 0.00 . 00 0.00 0.00 0.00 
2-1 331.3 -9.12 5.7Lt- .05 -1.42 0.25 3.08 44 
2-2 349.8 -16.11 9.29 .09 -2.25 0_50 8.48 120 
2-3 361.9 -20.91 11.61 .13 -2 .62 0.79 10.28 146 
2-4 375.0 -27.09 14.12 .18 -2 . 83 1.09 14.53 206 
2-5 382.4 -30.04 15. 54 .23 -3.10 1.49 15.88 225 
2-6 391.5 -33. 65 17.29 .32 -3.35 2.08 17.31 245 
2-7 398.5 -37. 80 18.63 .40 -3.41 2.58 19.60 278 
2-8 399.0 -38.63 18.73 .49 -3.33 3.27 19. 1+7 276 
2-9 401.5 -38.08 19.21 .57 -3.08 3.82 17.56 249 
2-10 397.5 -36.93 18 .4Lf .62 -2.79 4.12 16.54 234 
2-11 392 .7 -31. 90 17. 2 .66 -2 .21 4. 51 11.42 162 
2-12 391.1 -31. 31 17.21 .67 -2. 21 4.71 4.71 92 
E. edge 360.0 -16. 98 11.07 .72 +0. 23 4.96 0.00 

Line 3 

E. edge 456.5 -15.71 10. 92 . 68 1.05 3.06 0.00 
3-1 478.1 -36.93 15.06 . 60 -2.38 2.85 20.80 295 
3-2 479 .0 - 38 . 89 14.37 .52 -2.72 2.23 24.49 347 
3-3 478.6 -38.69 15. 16 .45 -2.76 1.96 23.88 338 
3-4 476. 5 -38.22 14.76 .3 ,5 -2.70 1.68 24.10 341 
3-5 Lf74. 5 -36.63 14. 37 .33 -2.68 1.53 23.08 327 
3-6 452.3 - 29 . 97 10.11 .29 - 2. 39 1.22 20.74 294 
3-7 440. 8 -25. 82 7.91 .22 -2.29 0. 93 19.00 269 

'" 3- 8 435.2 -23.16 G. 83 .17 -2.35 0.70 17.81 252 
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APPENDIX D-Cantinued 
" 

Station E1ev. Ag Comb . Lat. Terr. Reg. Baug. Ice 
Baug. Car r. Carr. Carr. Anam. Thkns 

(m) (mga1) (mga1 ) (mga1) (mga1) (mga1) (mga1) (m) 

3- 9 424. 9 -18.35 Lt .86 .09 -1. 90 +0.49 -14.81 210 
w. edge 399:·6 00.00 0.00 0.00 0.00 0.00 0.00 
Line 4 

E. edge 527.6 0.00 0.00 0 .00 0.00 0.00 0.00 
4-1 549.9 -16.62 4.26 -0 .01 -2.93 0.30 15.00 212 
4-2 549.5 -18.'+9 4.20 - 0.09 -3. 38 0.56 i7.20 244 
4-3 549.4 -18. 75 4.20 -0.15 -3.56 0,79 17.47 247 
4-4 554. 8 -20.54 5.22 -0 .. 19 -3.60 0.95 18.16 257 
4-5 563.3 -21.51 6. 85 -0. 24 - 3.57 1.13 17~34 246 
4-6 573.9 -22.99 8. 88 -0.28 - 3.60 1.29 16 . 70 236 
4-7 579. 7 -24. 14 10.00 -0.31 -3 .62 1.39 16.68 236 
4-9 586.6 -21. 58 11.32 -0. 39 - 3.61 1.69 12.57 178 
\II . edge 574.1 0.36 8. 88 -0. 43 +2.32 1.99 0. 00 

Line 8 

s . edge 965 . 7 0.00 0. 00 0.00 0.00 0.00 0.00 
8-1 964.6 - 7.38 -0.21 -0 .16 -0.70 -0.03 8.45 120 
8-2 967.1 -14.95 +0.28 -0.32 -0. 82 - 0.06 15 . 81 224 
8-3 968.2 -20.45 +0.44 -0.48 -0.81 -0.09 21.30 302 
8-4 966.0 -24.31 0.00 -0.64 -1.11 -0.12 26.06 369 
8-5 960.9 -26. 25 -0.94 -0.80 - 1.06 -0.15 29.05 411 
8-6 954.1 -26 . 60 -2 . 20 -0.96 -loll -0.18 30. 87 437 
8-7 944.4 -24.75 -3.99 -1.12 -1.03 -0.21 30.89 437 
8- 8 934 . 3 -21.68 -5.74 -1.28 -1. 04 -0.24 29.74 421 
8-9 932.8 - 19.07 -6.22 -1.41 -0.96 -0.27 27.66 392 
8-10 935 .2 -16.29 -5.77 -1. 55 -0.92 -0.30 24.53 347 
8-11 930 . 8 -12.38 -6.64 -1.64 -0.80 -0.,33 21.46 304 
8-12 924.0 - 6.72 -7.99 -1.74 -0 .7 ~[· -0.37 17.19 243 
8-13 918.7 + 2.03 -9.05 -1. 87 - 0.39 -0 .40 13.::,4 189 
N. edge 917.7 +11.23 - 9.21 - 2. 00 - 0. :30 -0. L~4 0.00 

Line 9 
sw . edge1049.7 0.00 0. 00 0. 00 0. 00 0.00 0.00 
9-1 1043. 6 - 9.52 -1.17 - 0 .10 -0.83 11.,62 165 
9-2 1041. L~ -13.·74 -1.52 -0~.21 -1. 32 16.79 238 
9-3 1047.2 -17.46 -0 •. 41 -0 .29 -2.06 20.22 286 
9-L~ 1051.8 -19 . 62 +0.35 - 0.36 -2 .07 21.·70 307 
9-5 1054.4 -20.89 +0. 88 - 0. 42 -2.17 22.60 320 
9-6 1057 .2 -21. 69 +1. 37 -0. L~8 -2.26 23.06 327 
9-7 1060.-3 - 22. 12 +2.00 -0.55 - 2.32 22.99 326 
9- 8 1063.8 -21. 94 +2.61 -C.61 -2.31 22.25 315 
9-9 la65. Lt -21 .20 +3.23 - 0.67 -2.34 20 •. 98 297 
9-10 1068.0 -19.92 +3 . L1-2 - 0. 74 - 2.37 19.61 278 
9-11 1069 ,,7 -16.98 +3. 67 - 0.81 - 2.31 16.43 233 
9·-12 1070.5 -15.55 +3 . 8 e) -0 . S7 -2. 35 14.89 211 
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APP ENDIX D-- Continued 

S.tation Elev. ~g Comb. Lat. 'rerr Reg . Boug. Ice 
Boug. Corr. Corr. Corr. Anorn •. Thkns 

( qt) (mgal) (mgal) (mgal) (mgal) (mgal) (mgal) (m) 

9-13 101)8 . 8 -11. L~6 +3.36 -0.95 -2. 20 11.25 159 
9-14 1055 • .L1- - 5.25 +1.12 -1.02 -2.26 7. 41 105 
NE, end 1051.4 + 2.90 +0.32 -1. 09 -2.18 0.00 

Line 10 

SE end 1114. 8 0.00 0.00 0.00 0.00 0.00 0.00 
10-1 1067.4 + 4.49 - 9.09 -0.08 -1. 00 -0.15 5.53 78 
10-2 1077.2 - 3. 31 -7.21 - 0.16 -1.17 -0.25 1-1.60 164 
10-3 1083.9 - 9.·72 - 5.92 -0.24 -1'. 32 -0 .40 16 . 80 238 
10-4 1083.7 -13.35 -5. 85 -0. 31 -1.46 -0. 50 20 .47 290 
10-5 1079.4 -13.62 - 6.67 - 0 . 39 -1.47 -0. 60 21.55 305 
10-6 1065.4 _11+. 88 -7. 38 -0. 47 -1.45 - 0.70 23 .48 332 
10-7 1073.5 -14.22 -7.79 -0.55 -1. 35 -0. 80 23 .. 01 326 , 
10-8 10.70.4 - 8. 45 -0.63 -1.42 -13.07 -0 .90 22 . 77 322 
10-9 1064.0 - 8.31 - 9.59 - 0.71 -1.25 -1.00 1'8.86 . 267 
10-10 1057.8 - 3.63 -10.90 -0.79 -1.32 -1.10 15.54 220 
10-11 1055.7 + 0.73 -11.29 -0.87 -1.26 -1.20 11.49 163 
10-12 1047.1 + 6.29 -12 . 98 -0.95 - 0.69 -1.30 7 .. 03 100 
N~l end 1055.9 +11.66 -11. 30 -1. 05 -0.72 -Lin OeOO 

Line 11 

E. end 1060.9 + 9.81 -7.22 -0.42 -1.16 -L Or 0.00 
11-1 i058.7 + 2.55 - 7. 80 -0.34 -1.28 -0.90 7.77 110 
11-2. 1055.5 - 1.76 - 8.39 -0. 30 -1.55 - 0. 80 12.8~ 167 
11- 3 1054.9 - 5.65 - 8.51 -0.27 -1.67 -0.70 16. 80 238 
11-4 1054.6 - 8.71 - 8.58 -0.24 -1. 83 -0.60 1,9.96 283 
11-5 1055.0 -10.75 -8 •. 48 -0.21 -1. 88 -0.50 21.82 309 
11-6 1059.8 -12,40 -7. 59 -0.18 -1. 85 -0.40 22.42 317 
11-7 1067. 4 -13.45 -6.15 -0.15 -1. 95 - 0. 30 22.00 312 
11-8 1072.9 -12.38 -4.64 -0.12 -1.88 -0.20 19.22 272 
11-9 1072.0 - 8 .72 -4.71 -0. 9 -1. 84 -0.10 15.46 219 
11-10 1071.7 - 3. 96 -4.57 -0.06 -1. 79 -0.05 10.43 147 
W~ end 1096.9 0.00 0.00 0.00 0.00 0.00 0.00 

Line 12 

NE end 1172.3 -10. 91 +11.14 -1.41 +1.79 +0. 61 0.00 
12-1 1141.3 -23. 50 + 5~19 -1.27 -0.52 +0.54 19.56 277 
12-2 1132.1 -22. 52 + 3.43 -1.14 -0. 82 +0 . 48 20.57 291 
12-3 1131.6 -21. 84 + 3.31 - 1. 00 - 0.95 +0.42 20.06 284 
12-4 1128.6 - 20 . 67 + 2.91 -0. 87 -0.98 +0. 36 19. 25 272 
12-5 1120.5 -17.39 + 1.·32 -0.73 -1.05 +0.30 17.55 248 
12-6 1110.5 -13. 23 - 0. 60 -0. 59 -1.07 +0.24 15.25 216 
12-7 1105.8 -10.13 1.57 - 0 . 45 -0.82 +0.1 8 12.79 181 

... 12-8 1103.9 - 7. 22 - 1.95 -0. 31 -0. G6 +0.12 10 •. 02 142 
12-9 1101. 3 - 3. 91 - 2. 46 - 0. 18 - 0.37 +0.06 6. 86 97 
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APPENDIX D--Continued 

Station Elev. Ag Comb. Lat. Terr. Reg Boug. Ice <' 

Boug . Carr. Carr. Carr. Anom. Thkns 
(m) (mgal)(mgal) (mgal ) (mgal) (mgal) (mgal) (m) 

12-10 1097.4 + 0.12 - 3 .23 -0.09 -0.30 +0.03 3.47 50 
SW end 1114.2 0.00 0.00 0.00 0 .00 0.00 0.00 

Line 13 

\v end 1138. 9 0.00 0 . 00 0.00 0.00 0 .00 0.00 
13-1 11 42.0 - 7.50 +0. 59 - 0.06 -0.60 +0.10 7.47 105 
13-2 1144. 9 -12 . 21 +1.15 - 0 .11 -1. 05 +0 .20 12.02 170 
13-3 11 55~7 -18 . 31 +3 . 37 - 0 .15 - 0.98 +0 .40 15.67 220 
13-4 1160 . 1 -22.16 +4 . 56 -0. 1 9 -1.02 +0. ,60 18 .21 254 
13-5 1156.3 -23.26 +3.67 - 0 .24 - 0 . 84 +0.80 1 9 .87 281 
1 3- 6 1148.7 -22.75 +1. 85 - 0 .29 - 0 . 75 +1.00 20.94 296 
13-7 1151. 8 -21. 87 +2 . 41 - 0.35' -0.48 +1.20 19.09 270 
13-8 1152.3 -19 .14 +2.45 - 0 . 40 +0.09 +1. 40 15.60 220 
E end 1172 .3 - 9 . 31 +6. 39 -0 . '1·7 +1.73 +1 •. 66 0.00 

.. 
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APPENDIX E 

DATA FOR HEAT BALANCE STUDY 

JULY 31, 1967 

HALF-HOURLY VALUES OF -PARAMETERS IN THE HEAT ~ALANCE CALCULATIONS 

MET seRN 160 eM 50 eM 90 CM 60 CM 
Tl t:. TE~\f' TEMp R H VAPRS TEMP R H VAPRS BAR PRS RAON PPTN wIND SPO WIND sPO ABLN 

(oEG C) (OEG C) (MM HG) (oEG C) (;~M HG) (MM HG) (MV) (eM W) (MIS) (MIS) (CM W) 
0000 ~.OO ~.28 .92 5.3315 2.22 .89 4.7846 676.15 -2.10 .000 3.6 3.2 .058 
oo~u ~.~~ ~.61 .91 5.3994 ~.61 .97 5.7554 676.15 -1.69 .000 3.6 3.2 .058 
01UO 3.33 3.33 .90 5.2362 2.22 .89 4.7846 676 . 15 .49 .000 1.8 1.9 .058 
0130 2.50 2.50 1.[10 5.4836 2.50 .86 4.7159 676.15 .22 . 000 1.8 1.9 .058 
OZUU 3.17 3.'14 .91 5.3~61 2.22 .97 5.21'17 670.15 .46 .UOO 1,0 1.5 .058 
023U 2.9'1 2.01 .94 5.1950 2.50 .86 4.7159 676.15 .73 .0 00 1.6 1.5 .058 
O~Ou 2.~3 2.33 .90 5.3104 2.06 .94 4.9930 676.15 .59 .000 2.1 1.8 .U58 
033U 1.78 2.61 .99 5.4719 2.50 .8(, 4.7159 676.15 .36 .Ou o 201 1.b .058 
Ll4llU 2.7t! 1.83 .9b 5.0193 1.83 .97 5.0716 076.15 .39 .0 00 2.0 2.0 .058 
0430 2.78 3.33 .92 5.3525 2.61 .90 4.9745 676.15 .60 .000 2.0 2 .0 .058 
050u 3.61 2. 78 1.00 5.:-931 1.1l3 .97 5.0716 676 .1 5 . 80 .Ouo 1.<) 1.7 .OSCi 

05.1U 2.<:2 ~.33 .99 ~.~u40 2.06 .94 4.9936 676.15 loll . 000 1.9 1.7 .058 
Ub LJ O 2.~0 3.7t! . 96 ~.7,,34 2.39 .93 5.0595 676.15 1.39 .000 1.8 1.8 . 058 
063U 2.89 3.39 .90 5.2568 2.22 .97 5.2147 676.40 3.34 .ouo 1.8 1.8 .058 
07 0 u ~.7U 2.94 . 91 5.1504 2.61 .89 '1.9192 676.40 3.12 .000 2 .0 1.7 .058 
073u 3.17 3.33 . 09 5.17BO 2.11 .92 4.9068 676.40 3.57 .000 2.0 1.7 . 058 
0 3U O 2.50 2.50 . 91 4.9901 2.50 .86 4 .7159 676 . 40 2.15 .OCO 2.1 1.8 .058 
08 3<i 2.50 3.06 . 92 5 . 241'2 2.50 . 91 4.<l901 676.40 2.14 .0 00 2.1 1.u . (J~B 

O"OU 2. 78 <'.50 . 91 '1.99lil 2.50 .06 '1.7159 676.40 3.01 .000 2.2 2.0 .058 
0'l 3U 3.U6 2.78 . 91 5.0S97 3.06 .92 5.2'182 676.'10 4.14 .0 00 2.2 2 . 0 . 058 

I-' 10 00 4.17 4.17 .83 5.1213 3.06 .92 5.2482 (,76.40 17.63 .Ouo 1.0 1.1 .OS8 
W 10ju 4.72 3.U6 . 8 2 4.6778 3.(16 . 117 4.9630 676.15 8 • .32 .000 1.0 1.1 .058 
f-' 11~u 5.83 ".4'1 .tl3 5.2222 3.U6 .87 4.9630 676.15 11.20 . Ouo 1.4 1.3 .058 

113u 5.2<l 3. 09 .9 0 5. <'4S7 2.50 .91 '1.9901 676.15 10.99 .000 1.4 1..3 .0 '>Tl 
I ~,)ll .3 . <.:1 j.~o .90 ~.7 692. 2 '(:'7 . 86 4.7722 &76.15 7.76 .OUO 2.1 1.6 • O~l~ 

1~.Iu J .'! 4 ' .!.. 713 .<)2 ~. 1'157 2.28 .91 4.9116 675.09 7.10 .Ouo 2 .1 1.6 .05R 
D OU 4.UO c.50 .b9 '1.1;\<)'18 2.22 .92 ".9'1.59 67501; 9 9.72 .000 2.0 2.U .058 
13.1u 3.78 J .l1 . 91 5.2117 2.50 . 92 5.04'19 675.0 9 8.67 .000 2.0 2 . 0 .05b 
l .. uu .).'1" 3 • .3.1 1.00 5.11180 2 . 6 7 . 96 5.3271 675.09 6.51 .000 1.11 1.6 .058 
l .. .Ill 4.26 4.83 .95 b.1422 3.00 .8U 5.0003 676.15 7.21 .0 0 0 1.8 1.6 .058 
15 uu .3.78 4.11 .&8 5.4 011 7 2.50 .92 5. 0449 676.15 6.02 . 000 1.4 1.3 . 058 
15.1u 4.44 4.78 .90 6 .1 828 4.00 .95 5.7934 676015 11.86 .025 1.4 1.3 . 05e 

l"uu 5.U6 4.72 .913 o.2tl71 4 • .33 . 96 5.9932 b76.15 7.91 .000 201 1.7 .058 
1030 '1.9'1 4.72 .96 b.1588 3.61 . 98 5.8147 676.40 5.27 .000 2.1 1.7 .058 
17 Ull '1.44 .3 .78 . 97 5.11235 2.89 .96 5.4120 676.40 5.72 .025 1.9 J . 9 .O~8 

J 7.1 u '1.17 j.~U .':0 ~.6~1~ 3.50 .98 5.7692 676'.'10 4.11 .000 1·9 1.9 .O~~ 

l AOO 3.cB j.22 .97 5.:-992 2.70 .98 5.4813 676.40 2.16 .02~ C , O 1.8 . 058 
I S.)u .I.5U 3.bl .96 5.6960 3.39 . 98 5.72'11 676.40 2.48 . 013 2,.0 1.0 . o~u 

19,I U 4 .Uo '+.94 .95 0 . 190 1 3 . <) 4 . 95 5.9530 676.40 '1.'15 .013 1.9 1. 8 . QSIl 

19.30 ... 17 4.72 .96 6.15dn 3 . U9 . 98 5.9295 676.40 1.84 .000 1.9 1.<l .058 
"OOu 3.3.3 3 . 61 .96 5.6960 3.33 . 96 5.5853 676.40 1.78 .076 1.9 1.7 .O!:l B 

2030 4.17 ".17 • \)0 ~. c)23 4 3.bl .96 5.6960 676.40 1.17 .000 1.9 1.7 .0 58 
Z1llu ... 17 ~.oo .<)7 o.3'1~U 4.72 .97 6.?2.30 676.40 .77 .0 00 1.7 1.7 .058 
L1ju 4.44 :'.20 .97 " ,','691 2.7U .96 5.3694 b76.40 .68 .00 0 1.7 1.7 .058 
22JU .3.89 4.17 I.OU b.1703 4017 .96 5.9234 676.'10 .61 .076 1.4 1..3 .058 
i.2.lu '1.17 :'.28 .93 0.20 2 4 3.33 . us 5.1198 ,,7601:' . ~7 .O~l 1.4 1..3 . 058 

2~JU .3.33 2.50 1.00 5.4 fl36 .3.61 .83 4 , 9247 676:'i5 .51 . 013 2.0 1.6 ;066 
2.33u 3.33 5.00 .97 0.3450 5.UO .93 6.0834 676.15 .50 .0uO 2.0 1.6 . 066 



.AUG • 1, 1967 . 
HALF- HOURLY VAL UES OF PARAMETERS IN THE HEAT HALANCE CALCULATIONS 

MET SCRN 16a eM 50 eM 90 eM &0 eM 
T 1.,1:: TE,'If' TEMp R H VAPRS T01P R H VAPRS BAR PHS RAoN PPTN WIND SPO wIND SPO AOLN 

(CEG C) (uEG (;) ( MM flu) (oEG C) (MM fiG ) (MM HG) (MV) (CM W) (MIS) (~\/!> ) ( cr~ W) 
ooou ~.~9 ~.61 .97 5.7554 ~.1l .9& 5.4980 676.15 .52 . 025 1.7 1,8 .066 
OOjU 2.tl9 ~.50 . 88 5.1805 3.00 .93 5.2844 676.15 ;47 .0&4 1.7 l.tI .0&& 
0100 4.1.&4 !:I.94 .90 &.2Ilh9 4.1\3 .94 6.0776 67601~ .52 .025 1.8 1.5 • U6(, 

OD0 3.7cl j.33 .97 ~.64~4 2.89 .96 5.4120 676015 .50 .025 1.0 1.5 .066 
02UU ~.39 j.39 1.00 5.1\409 ~.oO .95 5 . 3980 67&.15 .42 .025 1.5 1.3 .066 
0230 4. 00 !:I.ll . '10 6.32tl5 3 . 72 .'18 5.11605 676015 .50 .038 1.5 1.3 .066 
0~u0 3.94 4.33 .'!Il 6011tll 4.44 .92 ~.7A85 676015 .38 .O~l 1.7 1.4 .066 
Oj30 4.22 !:I.ll .'14 6.1966 4.00 1.00 6.0983 676015 .46 .051 1.7 1.4 .066 
040U 3.b9 j.61 .96 5.8147 3 .61 .97 5.7554 676.15 .50 .025 2.4 2.1 .066 
~4';U 3.44 4.33 .'010 5.611\6 5.00 .90 5.fHl71 676.15 .48 .013 2 .I~ 2.1 .066 
0~UU 2.u7 ~.tl.3 .9B 5.5030 2.61 .95 5.2508 676.15 .61 .ouo 2.4 2.3 .U66 
C,,3U 2.50 2.22 .95 5.1072 2.50 .94 5.1546 676.15 1.22 .013 2.4 2.3 .066 

O"UO 2.01 ~.06 .90 5.2061 2.00 .96 5.0796 676.15 1.49 .Ouo 1.3 1.3 .066 
V,,30 2.,,7 j.61 .9d 5.fl147 1.tl3 .96 5.01 93 675.89 1.50 .025 1.3 1.3 .066 
0700 2.~3 2.50 1 . 00 5.II B~6 1.94 .95 5.0067 675.tl9 2.24 .ouo 1.4 1.3 .066 
07.1U 2 . 22 j.06 .9d 5.59 05 2.11 .96 5 . 1201 675.l)9 3.00 .013 1.4 1.~ . 066 
Q6uu ~.2.2 (! .:'O .9 1 4."Y Ol 1.39 1.00 5.0643 075.tl9 4.32 .Oj8 1.5 1.3 .066 
D<! ';O 3.61 4.17 1.U0 6 . 1703 1.94 .96 5 . 0594 676.15 4.54 .1)~5 1.5 1.3 .066 

f-' 
0-100 2.78 j . 89 .92 5.5667 2.50 . 96 5.2643 676015 5.90 .038 1 .2 1.2 .066 

W 
l10jlJ 2 . ~O 2.50 1 . 00 ~. 4 836 2.22 .91 4 . 11922 676.1~ 6.64 .• 01.3 1 .2 1.2 .066 

(\) 10 00 3.Cb ~.oo .'13 6.0tJ34 2.22 . 96 5.1610 676015 5.52 • I) 1.3 1.3 1.3 ·0 66 
lu.lll 3.';3 4.17 .92 5.67h6 2.50 .96 5.2643 676.40 6.34 . 013 1 .3 1.3 . 066 
l1 uU 3.09 4.44 . 9b 6.n401 3. 06 .96 5.4764 676.40 8.53 .0 0 0 1.0 1.0 · 066 
1130 !:I.~b 4.72 . 90 l>.l~HB 4017 .96 5.9234 676.40 7.74 .025 1.0 1. U .066 
1200 b.~2 4.72 .90 6.28 71 3.50 .94 5.5338 676.40 8.03 .025 1.0 1.0 . 066 
1230 4.17 5.17 .98 6.4854 2 . 78 1.00 5.5931 676 . 66 10.66 .038 1. a 1.0 .066 
13 uu 5. 8 3 ~.Oo .97 6.3697 4. 83 .84 5.4310 676. 66 8.50 .038 2.6 2.0 .066 
1330 4.07 4.50 .98 6.1900 4.11 .96 5.9004 676.b6 6.11 .013 2.6 2.0 .066 
14 00 4.50 4.89 .99 6.42~0 3.72 .95 5.61l11 676.06 4.97 • 01.3 3.0 2 .6 .066 
14JU .,.2t1 7.00 . 94 7.062 3 !) . 2B . O~ 5. 6680 676. 9 1 7.29 .0 33 3.0 2.b .U&6 
150 0 ;'.78 b.50 .lJo 7.tl37 4.78 . 98 6.3116 676.<)1 6.37 .0 13 2.5 2.6 .066 
15jO 5.56 6. 17 .92 6.5262 5.28 .95 6.~358 676.91 3.56 .0 51 2·5 2.6 .066 

1b"U 4.72 4.61 .98 6.2354 5. 28 . 97 6.4691 676.91 4.02 .008 .9 .8 .066 
1,,';u ;'.~0 ~.11 .<.)7 6.3944 4.17 .\1;' 5.8617 076.9 1 4.84 .OU5 .9 .Il .066 
1700 4.67 3.50 1.00 5.1' 11 70 5011 .95 6.2626 676.91 4.70 .025 1.4 1.3 . 066 
1730 5 .00 ~.OO .gll 6.4104 4017 .94 5 .8 000 676.91 4.08 .051 1.4 1.3 .G66 
1d00 3,01 6.11 .93 6.571t1 2.22 .96 5 . 16 10 676. 9 1 1.97 .038 201 1.9 .(J66 
153U 3.11 4.28 .99 6 . 1564 2.94 .98 5.5466 677.16 1.53 .038 201 1.9 .066 
HUO 4.28 '+.22 .99 6.1325 2.94 . 98 5.5466 677.16 3.05 .000 203 1.9 .066 
193u 3.94 b.ll .93 6.57Ul 3.61 1.00 5.9334 677.16 1.98 .025 2.3 1.9 .066 
2000 4.72 ~.~6 .97 6.5\154 4 .72 .92 5.9022 677016 1. 47 .O~l 2.5 2.3 .066 
;co,)() 5.5., !:I. b3 1.00 6.°318 3.09 .96 5. 8088 677.42 1.27 .038 2·5 2 .3 .066 
21 00 4.72 5.2tl .93 6.2024 4.44 .96 6 .0 401 677 . 42 1 . a 1 .064 2.3 2. 1 .066 
<'130 4 . 72 5.00 .97 6.3450 5.~6 .97 ' 6 .5954 077.42 .67 .0:" .1 2.3 2.1 .066 

2200 !:I.2b b039 .93 6 .6992 5 .56 .93 6.3234 677.42 .61 . 051 1.9 1.e .066 
223u 6.39 6.67 1.00 7.3428 5.28 . 97 6.4691 677 . ",7 .60 .025 1 .9 1.8 .066 
2300 5.00 ".39 .93 6.6992 4017 . 92 · 5.6766 677 . 6 7 . 65 .076 2.3 1.9 .066 
233lJ 5.8.1 0.39 1.00 7 . 2035 6 . 9 4 . 93 6 . 9606 677.u7 . 57 . 038 2 . 3 1. 9 .066 

<J 
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AUG. 2. 1967 

HALF-HOURLY VALUES OF PARAMETERS IN THE HEAT oALANCE CALCULATIONS 

MET SCRN 160 CM 50 CM gO eM 60 CM 
T rr.:E TE~\f' TEMt"' R H VAPRS TEt><P R H VAPRS RAR PRS RAON PPTN wIND SPD wIND SPD ABLtl 

(OEG C) (DEG C) (MM HG ) (DEG C) ( Mt~ HG) (MM HG) (MV) (CI>.1 W) (MI S) (MIS) ( 0'. W) 

0000 4.94 4.78 . 98 6. :3116 4.00 .94 5.7324 677.67 .66 .094 2.2 2.1 .075 
OUJU ~ .~ Il ~ .~" 1.00 0.1<)914 4 . 61 1.00 6 . 3657 677. u7 .61 . 046 2.7 2.4 .U75 
0100 5.11 b.44 .96 6.9419 5.50 .93 6.2991 677.67 .48 . 025 2 .7 2.4 .075 
OlJU 4.3':1 ~.61 1.00 6.3657 4.28 .95 5.9077 677.67 .51 .0 5 1 2.5 2.4 . 075 
0.!0u ~ .11 ~.3) 1 .00 b.f,Y~ l ) .94 .94 5.7101 677.67 .57 .0!>l 2.5 2.4 .075 
GnO 4.01 ~.44 . ':16 6.4772 ) . e9 .96 ~.80U8 677'07 .59 . OUO 1.6 1.5 . 075 
CJ300 3./l3 3.67 1 .00 5.')567 3.44 .95 5.5707 677 . 67 . 60 .02 5 1.6 1.~ .075 
0330 3 . 3) J .72 . 80 ~.26"5 3.67 .U 8 5.2419 677.b7 . 49 . 0,,5 2 . 4 2 . 2 . 075 
0"01l ,.(;\9 J.39 1.UU ~. 1l409 "d) . Y9 5.3640 6 77. 6 7 .48 .0,,5 2·4 2.2 . U75 
O·".lu 2.78 3.67 . 94- 5.5Y93 2.22 . 96 5.1610 6 77. 67 .68 . 038 1.6 1.:' . 075 
05 00 3.89 4.56 . 99 6.2776 3.61 . 96 5.696 0 677 . 6 7 .69 .Ob4 1. 6 1.5 .075 
o ',du 3.33 U.ol • ~18 6. nil4 3 . 00 .97 5 . 5 117 &77 . 67 .74 . Oj8 2.1 1.2 . U75 
OouLl 3.Go 4.33 .YO 5.6106 2017 . 98 5.2476 677 . 67 . 88 .1U2 201 1.2 . 075 
0c:,3u 3.7/l 3.17 .98 5 . 6347 4.89 .98 6 . 3609 677.67 1.62 .051 2.0 1.4 .075 
07JU 3.50 .l. 11 .9il 5.6126 3.33 .92 5.3525 677.67 1. 95 .038 2.0 1;4 .07S 
U7.lU 3.7tJ 4.33 .'.10 5.9932 2 . 33 . 98 5 . 3104 077.67 3.B2 . 025 2.2 1.B . 075 
G~U0 .l.ll9 .l.06 1.0U ~.7046 4017 1.00 0.1703 0 77.b7 4. 55 . 013 2.2 1.8 .075 
0,;31l 4.72 7.5U .93 7.2309 6.39 . 85 6.1229 67 7",7 5 . B7 . OUO 2 . 3 1. il .075 
e')J J " . ')Y t) . 67 . 97 7.12 <! ~ ~.UO .eo ~ . 233U 677 . 07 7. 99 . 0 uO 2.3 1.e . O 7~ 

(1 ').'11) O.J-,j <> . 3Y 09 7 0 . ge74 5 .28 . 93 6.2024 b77.b7 6 . B9 . OUO 2 . 0 1.7 . 075 
l ~u " 4.44 4.72 1 . 00 6.4155 3. 6 1 . 92 5.4587 6 77. 67 7. 8 1 . 000 2.0 1.7 . £) 75 
10,)" ::..00 ~ . 2(' .Yo 0 . 4 024 3.33 . 96 5.~H5J 6 77. b7 7.1 9 .0 00 2.7 lob . 075 
lluJ 5.28 "'.56 . Y3 b.3234 4 .4 4 . 92 5.78!l~ 677.67 11.96 .o uo 2.7 1.1l . 0 75 
113 1l 4.44 .l~61 . 92 5.4~87 3.06 .92 5.24!l2 677.67 9.07 . 000 2.2 loll . 0 75 

f--J 
12 0 1l 5 • .?tl 5 .28 . Y6 6.4024 6.00 .79 5.5397 677.67 6 . 94 . 000 2.2 1. U . 075 

lJJ 12JO 5 . J) :>.94 . 97 b.775U 4.39 . 96 6.0166 677.93 11.75 .OUO 2.6 1.u . 0 75 

lJJ 13 Du 5.B3 4.44 .93 5.P514 4.39 .97 6 . 079 3 677.93 11.34 ; 000 2.6 1.8 . 075 
133U 0 . 00 5 . 39 1 . 00 6.7210 4.28 . 96 5 . 9699 6 77. 93 15.71 . 000 2.7 2 . 2 . n75 
l~ull 7.7t3 I~ . 44 . 97 0.103U 4.33 .9U b.11e1 0"17 . ')j 1~ . "4 . OUO 2. 7 2.2 . U75 
143u 5.2tl ..).22 . 97 5.5992 2.':14 1.00 5 . 6598 678 .1 8 13.92 .B OO 3.3 2.4 . 0 75 
lSuu 5.56 4 .44 1. 00 6.2918 4 .17 . 84 5.1 830 078.18 14.34 . 000 3.3 2 . 4 .075 
15 3u 4 . H3 ",33 . 98 ;'.111 11 3.11 .97 5.~~53 671l . l!; 1l.40 .OUO 2.9 1.9 .U75 
louu 4.61 4.2il . 9 1 5.65d9 301,9 .08 5.3247 &7AolS 10 . 132 . non 2.') l.Y . 0 75 
10-lU ~.Uo 4.09 oUb ~. 51l20 3.b9 .B7 5 . 2642 070.1b 12.11 .o o u 1.8 1.7 .U7~ 

17 01l 6.00 :' . 39 .tl3 5.~7 [i4 4.33 . il5 5.3065 &7!l .lB 14.66 .Ouo 1.8 1.7 . u75 
17.l u ~.56 4. 67 .95 b. 071 0 2.89 . 89 5.0173 678.HI 13.73 . 0uO 2.5 1.6 . 075 
180u 4.07 .).72 .96 5.7409 2.44 .95 5.1888 678.1B 0 .52 .Ouo 2.5 1.6 . 075 
1<>.30 2. 8 9 3 .72 .96 5.74CJ9 3.22 .95 5.4838 678.1B 3.60 . 0,,5 2.3 2 .1 .075 
Hull ~.ll -l . 50 . 96 5 . 6515 3. 06 . '?(3 5.5905 o7il.1il 3.57 . Ouo 2.3 2.1 .'J7 5 
H-lU ).5U ".17 .92 5.6760 3 . 33 . 95 5.5271 678 .18 2.37 . 000 2 .4 2 .2 .07S 
~Llllv 2.07 J.33 • ').! 5. ~52~) 3 . 0b .9<' 5 . 241l2 67B . 10 2.25 .o uo 2. 4 2 .2 .075 
20j<l ).3-l j . 89 .92 5.S6h7 2.50 . 91 4.9901 6 77. '13 1.45 . 0uO 2 .1 I.e . 075 
2 1u0 .:I.3J 4.17 .')<! ~.6766 2.78 .9& 5.3694 677.y3 1.13 . ouo ".1 loB . CJ75 
2l.l<l ).06 3.06 . 96 5.4764 2.78 .92 5 . 1457 677.93 .82 . UUO 2 . 0 2.6 . 0 75 
22 uO 3.0b 3 .33 .92 5.3525 3 . 06 .92 5.248 2 677. '.1 3 .72 . 000 2.8 2.6 . 075 
22-lu .:1.3) .l.89 .92 5.5667 3.06 . 94 5 . 3623 b77.y3 .66 .Ouo 2 .0 1.4 .075 
23,IU 2. .7b .. . 44 .07 5.4739 " 4.44 . 87 5.4739 677.9j - .07 . 000 2.0 1.4 . u75 
23,)'0 .3.0 1 4.44 .67 5 . 4739" 3.89 . 96 5.[1088 677 . 93 -. 28 .000 1.7 1.4 .075 



AUG. 3. 1967 

HALF-HUURLY VALUES OF PARAMETERS IN THE HEAT BALANCE CALCULATIONS 

MET SCRN 160 CM SO CM 90 CM 60 CM 
T I ." t; It;,-,P Tt;Mfo' H H VAPHS TEMP R II VAPRS BAR PRS RADN PPTN WIND SPD wIND SPD ABLN 

(()EG C) lUEG C) (M~1 HG) <DEG C) (MM HG) (MM HG) (MV) (CM W) (~/S) (MIS) (CM W) 

OOuO 3.33 5.00 .93 6.0834 1.94 .96 5.0594 677.93 -.59 .000 1.7 1.4 .071 
00.30 4.22 !>.83 .90 6.2386 4.61 .89 5.6655 077.67 -1.03 .000 201 lob .071 
0101l ::1.17 4.::19 .91 5.7033 2.39 .95 5.1683 677.67 .55 .000 2.1 1.8 .071 

OUIl 2.78 .3.33 .90 5.2362 2.61 .90 4.9745 677.67 . • 6::1 .000 1.7 1.5 .07 1 
02uv 3.33 4.50 . 9 1 5.7479 2.28 .92 4.9656 677.67 -.60 .O UO 1.7 1.5 .071 
02.:l1l ) .• 22 4.33 .93 !>.1I0~9 3.00 . 81 4.6025 677.67 -.67 .0uO 1.9 1.6 .071 
C::IOU 2.67 .3.89 .97 5.8693 1.72 .97 5.0314 677.67 -.75 .ouo 1.9 1.6 .071 

0330 2.78 !>.06 .96 6 . 3040 3.06 .96 5.4764 677.67 -1.22 .000 2.1 1.6 .071 
0400 2 • .,1 2.7<3 . ')0 !>.O.3311 2.22 .94 5. 0 ,,34 677.67 -1.00 .000 2.1 1.0 .071 
O ... .:lu 2.22 !>.O., .U4 5.5160 2.50 .94 5.1546 677.42 -.82 .000 2d 1.6 .071 
0501l 2.22 4.39 . 91 5.7033 1.e9 .95 4.9869 677.42 -.69 .000 2.1 1.6 .071 
0530 2 .bl ~.72 . (; 1 5.~716 2.78 .75 4.1946 677.42 -.24 .Ouo 2.4 2.1 .071 

U"UU 3.llo ~.72 .83 5 . 3248 3.33 .88 5.1198 677.42 .02 .Ouo 2.4 2.1 . 071 
06.31l 3.00 3.61 .63 4.92 '1 7 2.~0 .86 4.7159 677 .16 1. 82 .0 00 201 1.9 .071 
0700 4.44 4.17 .83 ~.12U 3 . 33 .88 5.1198 677.16 5.36 .0uO 2.1 1.9 . 07 1 
0 7 J u 4.44 :'.28 .76 5.0686 2.50 .91 4.9901 677.16 7. f37 .Ouo 201 1.9 .071 
Ocllll,) 5.56 b.ll .78 5.5119 3. 06 .82 4.6778 677.16 10.63 .0 00 2.1 1.9 .071 
0630 ~ .:' b 4.44 .1;3 :' . 2222 3.06 .82 4.6778 676.<;1 12.5::1 .000 2.3 2.2 .071 
G91lJ 5 . 50 :'.83 .74 5.129 5 3.06 . 82 4. 6778 &7&.91 14.60 .ouo 2.3 2.2 .071 
C930 ~.::'o 4.72 .7''J 4. 8 11., 3.06 .82 4.6778 676.91 15.Sl5 .000 2.1 1.8 .071 
1 0uU 5.:'0 :'. 5 0 .73 '1·° 0 36 3.61 .75 4.4500 &76.91 17.87 . 000 2.1 1.8 .071 
1030 5.56 ~.83 .09 '1.7879 3.&1 . 83 4.9247 676 . ",6 20.57 . 000 2.4 2.1 .071 
11 " J be07 l).07 .71 5.2134 3.33 .U3 4. R289 b7&.66 21.60 .OuO 2.4 2.1 . 071 
1 LlJ b.b7 ~.2tl . 70 5. 0686 3.61 .79 4.f-8 74 676.b6 22.15 .OUO 2.3 2.0 .071 

~ 1200 0.28 ~.'14 .bd 4.5860 3.89 .78 4.7196 070.66 22.00 . 000 2.3 2.0 . 071 

W 1 ~~ j LI 6 .7<' :'.70 .74 5.1U'Jll 3.b7 .79 '1.7058 07b.ub 17.73 . 000 2.2 2.U ,'071 

+" 131lu 5.00 b.l1 . 07 4.7345 3.61 .7S1 4.6874 676.66 2 4.54 .0 00 2.2 2.u .071 
1330 b. 9 ~ :'.72 .7 3 5.0 2 14 4.33 .77 4. 80 71 676.66 24.19 .OUO 2 . 6 2.4 .071 
1400 0.5& !>.44 • .,8 'I. StlOO 3.56 .79 4. 6&90 670.G6 22.23 . 0uO 2 . 6 2.4 .U71 
14.)U 5.:'0 :' . 56 .77 5.23:'5 4. 6 3 .75 4.8491 670.40 21,52 .000 2.5 2.3 . 071 
l:,OJ 7.;;2 0.56 .67 4. 8/l21 3.7/l .78 4.6828 676 . 40 20.36 .0 00 2.5 · 2.3 . 071 
1530 6.b1 '1.50 .1<.3 5.7426 4.44 .77 4. 11 447 676.40 19.15 . OUO 2.'-4- 2 • .3 .U7l 
louD 7.~2 ~.22 .70 ~.04 S10 3.89 .tl3 5.0222 b7 6 .4 0 17.7 8 .O UO 2.4 2 • .3 . 071 
10";1l 0.01 ~.26 .77 5.1353 3.50 . 80 5.0628 076.40 16.01 .0uO 2.7 2.b .071 
17 0u 6.07 3.89 .86 5.;>U37 3.33 .83 4. 8 289 076.40 14. 02 .000 2.7 2.6 .0 71 
1730 0.61 4 .2<. . 62 5.0794 3.67 . 82 4.(1845 676 .4U 11.98 .000 2 . 4 2.1 . 071 
luOIl 0.3;) ~.OO .79 5.1 6 76 3.89 .83 5.0222 6 76.4U 9.14 .OUO 2.'1 2.1 • a 71 
10.>u 7.22, o . t) 7 .7cl ~.7"-74 3.33 . 88 5 .1198 670.15 7.37 .000 2.7 2.~ • 071 
19uu 7.22 ~.28 . 8 4 5.(, 02 1 3.89 .&3 5.0222 676.15 5.08 .OUO 2.7 2.~ .071 
1 9 ";U 7.22 :'.00 .I:l4 5.494& 4.17 .83 5.1213 076.15 3.06 .000 2.4 2.2 .071 
2 0 0 0 6.07 ~.28 0/;4 !>.60d 3.89 . 83 5.0222 676.15 .73 .000 2.4 2.2 .071 
203U 4.44 4 .7t!. . 63 :'.3241; 3.&1 .88 5. 22 14 676.4U -1.46 .000 2.3 2.0 . 0 71 
21 0 U j.ol ";.89 .<\7 ~.?b42 ::1.33 .ti (1 5.1191.1 b76.40 -1. B1 .0uO 2.3 2.U . 071 
2 l ju .1.3.1 4.17 .i!3 :'.1213 2 .7 11 .92 . 5.1457 676.40 - 2 .1 3 .OUO 2.5 2 • .1 .G 71 
£:2Ju .1 • .1'> ".8.1 .n.l !>.7~34 2.78 .92 5.1457 676.40 -2.21 .000 2.5 2.3 . 071 
22jO 3.33 ... . 44 .tl3 5.?222 2.78 .13,/ 4. 866 0 676,06 -2. 29 .0uO 2.3 2.U . 071 

dU\J 3.uo .1.0(, . 92 5.24H2 2.78 .87 it'. 8660 676.(,& -2 .25 ;000 2.3 2.0 .071 

23.30 3.0& 4.72 .88 5. 6 456 2.7tl .87 4.1'1660 676.66 -2.28 . 000 2.4 2.1 • 071 



~ 

AUGUST 26. 1967 

HALF-HOUHLY VALUES OF PAHAMETERS IN THE HEAT BALANCE CALCULATIONS 

MET ~CRI' 160 CM 50 CM 90 C,," 60 CM 
T 1 .. E TE~If' TD~P R H VAPHS TEMP H H VAPRS BAH PRS RAON PPTN WIND SPD WIND SPD AllLN 

([)E.G C) ([)EG C) (MM HG) (DEG C) (MM HG) (MM HG) (MV) (CM W) (MIS) (MIS) (CM W) 
0000 3.61 4.72 .75 4.8116 3.61 .99 5.8740 668.02 .58 .000 2.0 1.7 .049 
GOjU 2.bl 3.89 .92 5.!'667 3.67 .96 5.7184 668.02 .71 .127 2.0 1.7 .049 
OlO\) 4.3.3 4.17 .'1'1 ".1086 4.22 .94 5.B227 6b8.U2 .55 .U~1 2.0 1.7 .049 
0130 4.33 · 5.00 .93 6.0834 4.22 .96 5.9466 668.02 .27 .OUO 1.1 1.0 .0'19 
020U 3.22 4.17 .85 5.:?'147 3.44 .91 5.3361 668.02 .33 .000 1.1 1.0 .049 
u2:1u 3.D 3.7<l .'12 !:>., ~2J3 2.61 .97 5.3614 668.U2 .61 .OUO 1.6 1.3 .U49 
03GJ 4.00 4.72 .94 6.0305 4.56 .91 5.7703 668.U2 .50 .102 1.6 1.3 .049 
0:1:10 3.b9 3.72 .98 5.1)605 3.00 .99 5.6253 668.02 .58 .127 1.B 1.3 .0'19 
C4UU 4.17 4.72 .')2 5.9022 3.61 .92 5.4~87 668.02 .49 .17B 1.8 1.3 .049 
u43ll :1.01 4.17 .90 5.92J4 4.72 .'15 6.0'147 668.U2 .41 • O~)l 1.6 1.5 .049 
0500 .l.B9 3.89 .96 5.80Q8 4.17 .92 5.6766 668.02 .48 .102 1.6 1.5 .049 
0~3ll 3.61 3.33 1.00 5.B180 3.28 .96 5.5633 642.62 .49 .076 1.5 1.2 .049 
Ot>0U :I.tlY 4.17 .'12 5.6766 3.61 1. 00 5.9334 668.02 .56 .076 1.5 1.2 .049 
00j0 j.JJ 03.:103 1.00 5.R180 3.06 .96 5.4764 668.02 .62 .076 1.4 1.1 .049 
07LJJ 3.33 3.33 .96 5.5853 3.06 .96 5.4764 668.02 .74 .127 1.4 1.1 .049 
G73U :I.nY J.06 .96 ~.476'1 3.89 .79 4.7801 668 .U2 1.67 .076 1.6 1.~ .049 
CSu0 3.So J.17 .90 5.5197 2.44 1.00 5.4619 668.02 1.40 .076 1.6 1.5 .049 
06:10 3.00 3.06 1.00 ~.7046 2.78 .99 5.5372 668.27 1.63 .064 1.3 1.2 .049 
ay v O 3.78 j.78 .9B 5.RB35 2.78 1.00 5.5931 668.2..1 2.29 .0038 1.3 1.2 .049 
093v .1033 4.33 .y4 ~.!'ob4 2.94 .94 5.3202 668.27 2.62 .OU9 1.4 1.2 .049 
lLl vU 4.UO 4.44 .96 b.0401 3.06 .'013 5.3053 668.27 3.06 .013 1.4 1.2 .049 

f-J 1030 3.07 4.33 .'14 5.R6S4 4.44 .84 5.;>851 66(1.53 2.67 .000 1. a .9 .049 
W 11 UU J.7d 4.33 .y~ ~.q308 3.22 .'12 5.3106 6b8.~3 3.57 .013 1.0 .9 .049 
Vl lUll 4.17 4.2u .93 ~.7B33 :3,~6 .93 5.4964 668.~3 3.37 .013 1.9 1.4 .049 

12u0 .l.d9 .l.b7 .74 4.40BO 3.0b .87 4.9630 c6Q.53 3~57 .076 1.9 1.4 .049 
12ju 3.39 4.39 .91 ~.7033 2.67 .93 5.1607 669.U4 4.~1 .076 2.0 1.7 .049 
1:uu 4.2~ 4 ojJ .9.! ~.743~ :1.11 .Y9 5.6698 669 .04 4.88 .07& 2.0 1.7 .049 
D3U ".2b 4.89 .9.1 6.Q363 3.06 .97 5.5334 669.04 4.14 .013 2.5 2.4 . 049 
1400 4.33 3.B9 .9b 5.R080 3.83 .94 5.6655 669.04 5.81 .038 2.5 2.4 .049 
14..lU ~.o7 ~.OU .91 ~.o525 3.7tl .98 5.88J5 609.29 4.73 .000 2.1 2.0 .049 
1:-' 0 0 3.67 4.28 .91 5.65bY 3.61 .99 5.1\740 669.29 4.12 .0139 2.1 2.U .049 
15.llJ ::1.2d 3.78 .93 5.5833 2.33 .98 5.3104 669.29 2.47 .013 2.2 1.9 .049 
louu 3.01 J.22 .I.)u ~.~41~ 2.~U LOU 5.4836 669.29 2.50 .0&4 2.2 loY .049 
103u 4.17 ".72 .'012 5.9022 3.61 .'16 5.109(,0 6&9.~4 2.45 .013 2.2 2.1 • UI,q 
170u J.tly ".17 .92 b.h706 3.61 .96 5.6960 669.~4 2.17 .038 2.2 2.1 .049 
17.1J 4.17 4.72 .92 5. 0 022 3.61 .'16 5.6960 669.~4 1.54 .004 1.8 1.6 .U49 
loJu 4.44 4.72 .9b 6.1~H8 4.17 .96 5.9234 6b9.54 1.55 .025 1.8 1.& . 049 
1tljll ".17 J.89 1.00 0.0~08 3.06 1.00 ~.7046 C69.UO 1. 04 .076 2.3 1.9 .049 
1'iUU 4.17 4.44 .96 6.04(11 3.61 .96 5.6960 669.UO 1. 02 .076 2.3 1.9 .049 
10Ju 4.17 4.17 .90 :'. qr~34 3.Gb .95 5.41Y3 b69.BO .75 .013 1.9 lob .{j49 

<'OuU 4.17 4.44 .'16 0.0401 3.89 .96 5.8088 669.HO .65 .013 1.9 lob .049 
2uj"" 3.94 4.44 .'17 6.1030 3.11 .9Q 5.6126 669.80 .61 .076 1.9 1.0 .049 
21Uu 4.Ub 4.44 .95 5.0772 3.L1 ,99 5.8740 670.05 .59 .OU9 1.9 lob .04'1 
~lJU .l.Y" 4.2t! .9:; 5.9077 3.33 loUD 5.8180 .670.05 .57 .051 1.6 1.5 .049 
2 2. l1 U .3. t)9 ".17 1. Uil ,->.1703 2.67 1.UU 5.54Y1 670 • .;,1 .~1 .0 64 1.6 1.~ .049 
2203J 3.07 4.17 .97 5.9B51 3.28 .96 5.5633 670.31 .58 .038 1.3 1.2 .U49 
.230lJ J.;'9 "'.L+~ .90 0.0401 3.33 .96 5.5853 b70.j1 .48 .038 1.3 1.2 .049 
i.303O 4.22 4.89 .9~ 6.1661 4.4'1 .96 6.0401 670.56 .51 .025 1.5 1.4 .049 



AUGUST 27. 1967 

HALF-HOURLY VAL UES OF PARAMETERS IN THE HEAT BALANCE CALCULATIONS 

~IE T SCR;. 160 CM 50 CM 90 eM 60 eM 
T 1:.:<: TE~;P TEM p R ,1 VA PRS TO',P R H VAPRS BAR PRS RADN PPTN wIND SPD wIND 5PD A[J LN 

(D EG c) (DEG C) (MM fiG) IDEG C) (MM HG) (MM HG) (MV) (CM W) (~/S) ( M/5) ( 01 W) 

UOuU 4 . 0 1 4.72 . 96 6.1:'/\8 2.72 . 95 5. 2'l25 670.~6 .50 .013 1 . 5 1.4 .064 
003U :.I.d3 4.0b .93 5.6937 2 . :'0 .97 5.3191 671.U7 .:'6 .076 1.7 1.:. . 064 
UI00 2 . 70 .).61 . 95 5 .6367 1. 8 9 .96 5 .0 393 671. u7 .48 .000 1 ., . , 1.:' .064 
G l.l0 2.~6 .1.11 .95 5.4407 2.56 .99 5 .4 503 671.07 .<+8 .076 1.5 1.4 . 064 
rLU0 .l • .l3 .l.39 .99 5.7 t.12S ?70 .99 5 . 5372 671.u 7 . 50 . 0:. 1 1.5 1.4 .064 

U".l U 4 . 28 4 . 8 9 .92 ~.9714 3.fJ9 . 84 5.01127 671. 58 .54 .000 1.2 1. 1 . 064 
03liu 4 . 01 5.22 . 94 6 . 244 8 4.39 .98 6.1420 671.58 .55 .0 00 1.2 1.1 . 064 
0 331.1 3.')4 4 . 22 . 92 :'.69118 4 . 00 .91 :'.5495 671.58 .48 .0 13 1. 3 1.2 . 064 
04U0 3.t'9 ~ .11 . 92 0.0048 3. 22 .99 5.7147 671. ~tl .45 .013 1 . 3 1.2 . 064 
043U 3.33 4.44 . 83 5.2 222 2.78 .95 5.3135 671. 83 .34 .ou o 1.4 1.2 . 06 4 
o ~ au 3 . 06 3.89 . 92 5.~ 66 7 3 . 06 . 91 5 . 1912 671.ll3 .45 .000 1.4 1.2 .064 
D~) .. hJ 2.7<) j.bl . 92 5 ' ''~tl7 2 .70 . 95 5.313:' u71.1)3 .41 .Ouo 1.7 1.~ .064 

OoJU 2 . 22 2.~0 . 95 5.2094 2 . 22 . 95 5 . 1072 671.&3 .53 .o u o 1.7 1.:' . 064 
G0 3.! 2 . 50 .l . 00 .91 5 . 1')12 2.50 . 95 5 . 2094 672.~9 1.08 . 000 1.4 1.3 . 064 
07uu 2.22 J.06 . 91 5.1912 2.50 .95 5.<'094 672 . ~9 1.47 .0Uo 1.4 1.3 .064 
l!73 U 2.22. «.22 . 95 5.1072 2.17 .9:' 5.0870 (,72.59 1.97 .013 1. 4 1..l . u6 4 
o r.~ uG 2.22 2 .78 .95 ~ . 3135 2.72 .91 5.0697 672 . 59 3.92 . 0uD 1.4 1.3 . 06 4 

0Li30 3.23 3.50 . 8ll 5.I U0 5 2.9 4 .89 5.0372 672.85 6.00 . 0 00 1. 6 1.2 .064 
9 ..) \.1 3.39 .l.7ll . ti:; :'.lu30 3.22 .137 5 . 0220 672. 135 6.71 . Ouo 1 .6 1.2 . 064 

f-' '!3U :, . 17 ~ . Ou . 00 5 . 62~~ 4017 .84 5.1830 67201.l 5 16.60 .0 00 1.4 1.2 .064 
W 100U 6 .b7 4.67 . b8 :'.6237 3017 .69 5.11 72 672.tJ5 10.9tJ .0 00 1.4 1. ~ . 064 
0\ l UJ u 4- . <,4 -l . d9 . y~ ~.:I ~"o 2 . 22 . 91 4 . 892 2 6 73.10 13 . &7 . Ouo 1 .8 1.7 . 06 4 

1 ILlu :'."" 4.tJ l . 013 5.f>011l 2.:'0 . 9 1 4. 99u 1 673.10 113.22 . 000 1. /\ 1.7 . 06 4 

11 ~J 0.50 5 . 2tJ . il ~ 5 . 4 6 (} 8 2 . 22 . 9 1 4.8922 673.10 17.72 ' . 000 1. 9 1.7 . u64 
1 £' ~ I Ll :. . l\.l ".3.l .79 4 . 9 319 2.11 . 87 4. 640 1 6 73.10 16.0 1 . 0 0 0 1. 9 1.7 . 064 
liJu C> . 1 7 4 . :'h~ . 94 5. "uu5 3 . u6 .94 5.362 3 6 73,01 15.04 .O u o 2.1 I. B . 06 4 
l.l e l! ".44 <!..72 . 92. ~. 1 2~" 2.22 .91 4. B922 u73 . bl 12 . ~6 . .0uO 2.1 1.6 . 06 4 
l.3Ju 4. ,4 3 . 56 1 . 00 5. 0 1 0 1 3.28 . 96 5.5633 673' 0 1 17.20 . ouo 1.7 1.6 .064 

l" vu 0 . 11 4 . 33 . tl6 5.:lon9 2. 6 1 .93 5.1403 673 . 6 1 13.01 . Ou o 1.7 1.6 . 064 
1~ 3 v S . 07 -> . :'0 .ti4 4.9451 2 . 72 .89 4.9583 673.l>1 13.56 .000 1.4 1.3 .064 
Ij GJ :l.00 .1 . 22 . 9 4 5.4 26 U 2 . b9 .87 4.9 0 46 673 . 6 1 13 . 73 . 000 1.4 1.3 . 064 
1 ~.lu 4.')4 ' •• 1:J4 . O~ :' . 34Jli 3 . 6 7 .91 5 .4 20(, ('73 . l> 1 19 . 1)0 . ouu 1 . 9 1,7 . (J6 4 

It;.,Ju ~"2 4 • 1 7 .(19 ~.4915 3.b9 .83 5.0222 673 . 61 10.90 .ouo 1.9 1,7 .064 
163 u 4 . 72 ' 4 . 17 .~3 :, . 1213 3.69 .83 5 . 0222 673.35 8.18 .000 1.11 1,7 . 064 
17 0 0 4.44 J . Oo .b7 4. 9630 1. 94 . 91 4.7959 673035 5.20 . 000 1. 8 1.7 . 064 
17 JIJ 4.17 ~.8.l .7.1 !J. C'lt·)0 2 3.tl9 . 83 5. 022 2 673.35 4.68 .Ouu 2 . 0 1.7 . 06 4 
l ;)vu 4. II .1.119 . N 4.7 1111 1 2.7/1 .1)7 4. /.lu6 0 b7.~,j~ 3.1)3 .0 uO ".0 1 .7 . u64 
16..,)U 4.7. 2 .l.bl . 8J 4. 0 247 3.56 .75 4.4326 673.10 1. 57 . 000 1·3 1.2 .064 

1 '.' 0 Ll 4 , 44 ~.OO .72 4.7 09 7 3.61 . 79 4.61374 673 .1 U . 63 . Ou o 1.3 1.2 . D6 4 
H3 ;) .l.3..1 .l . 61 . 7 9 4.68 74 3.&9 .79 4.760 1 673.10 -.64 . 0 00 1. 6 1.4 .064 

£:u GU ' • .17 ~.63 . 6 1 5 . 6146 3.33 .79 4.5962 673010 -1. 81 .ouo 1:6 1.'1 .064 
2Gj u ~.4l.+ y • 7'iJ .49 " .4 ',60 7.56 .:'8 4.52h7 673.10 -2.52 .0 0 0 1.7 I. b . 0 64 
.' l ve ~ • .33 o. II . 6 .l 4.fI~19 3. 6 1 .75 4.4 5 00 673.10 -2.87 . 0uO 1.7 1.6 . Db 4 
~ljJ ".01 .... u7 . 7.1 4 .6,,:' 1 LI . 4 4 .70 4. '1043 673 .1 0 - 3.0 1 . OUO 1,f) 1. ~ ,1) 64 

~2u;j ... 17 ~ .44 . 7U 4.4 U43 2 . 33 .flO 4.3350 673. 1 0 - 3.03 . 0 0 0 1.6 1.::' . 0,,4 
~23J .3 . 20 4 . 6 1 .71l 4'4~ C>O 3.61 .btl 4. 034 7 673.j~ -2.YO . VOO 1. 2 1.1 . 064 
23J0 ,3 . OJU ~ .7 2 .79 5.06(;2 c.. 0 7 .7:' 4.1 6 18 0 73 • .l5 -2 . 87 .0 1l 0 1.2 1.1 .064 
-,::jj0 ~ . b 3 4.33 ,0:' 4 . 0 ~79 3 . 72 .67 4. 0067 ,,73.35 -2.80 . 000 .8 . 7 .064 

., 



i . 

AUGUST 28. 1967 

HALF-HOURLY VALUES OF PARAMETERS IN THE HEAT BALANCE CALCULATIONS 

MET SCRr! 160 CM 50 CM 90 CM 60 CM 
TI :·,E TEMP TEMp R H VAPRS TEMP R H VAPRS OAR PRS RAON PPTN ~I INO SPO WIND SPO ABLN 

(OEG C) (OEG C) (MM HG) (oEG C) (M~1 HG) (MM· HG) (MV) (CM W) (~' /S) (MIS) (CM II) 
001l1l J.o1 !J.67 .74 4.4000 3.06 .75 4.2784 67:3 035 -2.50 .OUO .0 .7 .059 
00.30 3.bl 4.06 .70 4.20~6 3.06 .73 4.1643 673.86 -2.50 .000 1 .0 .'1 .059 

0100 5.28 5.78 .85 5.11694 3.61 .75 4.4500 673 •. 86 -2.72 .000 1.0 .9 .059 
0131) 3.89 4.67 .72 4.6012 3.89 .70 4.2356 673.86 -2.72 .000 1.1 1.0 .059 
OZI)U 4. U~ u.94 .~9 4.11l~0 5.72 .65 4.4711 67.3.66 -2.61 .0lJU 1.1 1.U .059 

0230 4.44 b.33 .70 5.0231 3.22 .77 4.4447 673.86 -2.39 .0 00 1.5 1.2 .059 
0.300 5.44 6 .94 .56 4.1913 5.b3 .64 4.4364 673.b6 -1.85 .000 1.5 1.2 .059 
0~3U 4.(1."1 b.67 .71 5.;:>134 2. 6 1 .84 4.6428 673.!l6 -1.58 . 000 1.2 1.1 .05'1 
04011 5.67 7.94 .75 b.0111 5.28 .72 4.8018 673.b6 -1.05 .000 1.2 1.1 .059 
0430 7.22 '1.17 .53 4.6151 6.39 .66 4.7543 673.66 -.92 .000 2.0 1.8 . 059 
0500 7. 22 ~.83 .65 4.5057 5.56 .69 4.6916 673.U6 -. 87 .OUO 2.0 lob .059 
U".}u ~.I)I) ~ . ou .n. 4.7097 3. b l .75 4.4500 b73.Uu -1. 01 .0 0 0 1.5 1.4 .059 
0600 7.50 ':1.44 .60 5.3234 8.89 .59 5.0420 67:3.86 -.39 .O uo 1.5 1.4 .059 
0630 7.50 ·9.72 .54 4.A814 7.22 .65 4.9586 674.12 .02 .• 000 1.0 .9 .059 
0700 8 . 00 U.61 .65 ~.4512 7.50 .66 5.1316 674.12 1.29 .0 0 0 1.0 .9 .059 
onu 6.3'1 u.67 .67 4.91'17 4.72 .75 4.8116 674.12 2.69 .0 0 0 2 . 2 1.8 .059 
080 0 5. 5 & b.67 . 63 4.6260 5.83 .70 4.8523 674.12 3.62 .0 u o 2.2 1.8 .059 
aU JiJ 6.44 b.Z2 .b3 5.1457 4.94 . 65 4.235.3 674.62 3.91 .0 00 1.0 .9 . 059 
090U 7.33 7. 78 . 68 5.301l4 4017 .70 4.El12a 674.62 4.89 .000 1.0 .'1 . 059 

I-' 0931) 6.67 6.72 .72 5.3071 5.00 .70 4.5789 674.62 . 4.40 .0 00 2.0 1.8 . 059 
W 10 00 7.56 4. 09 .77 4.9C)78 3.33 .83 4. 8 209 674. 6 2 7.54 .O UO 2.0 1.8 . 05C) 
--J 10..lLl 7.tl9 7.22 .7.3 5.568c) 4.72 .74 4.7474 674.1l0 10.72 .ouo 2.2 1.8 .059 

• ll U0 b.6 1 7.22 .b4 4. R82 .3 3.56 . 80 4.7281 674.tHl 9.~3 .Ouo 2.2 1.b .059 
113u 0.89 Il. 17 .60 4.8822 6.89 .07 4.9955 674.88 11.23 .000 1.7 1.6 .059 
1~I)U 7.1,9 ~.07 .69 4.7279 4.03 .74 4.7845 674.UO 11.~9 .ouo 1.7 1.6 .059 
12..10 0.01 ' ~.72 .74 5.09 0 1 "'.56 .81 5.1362 674.88 15.24 .ouo 2.5 2.1 .059 
131)0 6017 ~d7 .82 5. 11266 4.83 .76 4.9138 674.88 13.90 .0(;0 2.5 2.1 .059 
1330 7.67 7 . 67 .69 5. '12 63 5.50 .u3 4.2 6 71 674.(;8 22.23 .o uo 1.5 1.4 .059 
14U0 'J.<!tl '1.33 . 65 5.7240 7.3'1 .7b 5.864.3 674.u8 12.24 .000 1.5 1.'+ .059 
14.lQ 11l.11 10. 8 3 .61 5.9398 9.83 .70 6.3752 674. 88 12.98 . OUO 1.2 1.0 .059 
150U tl.78 5 .50 .77 5.2153 4.06 .85 5.2039 674 . 1l8 12.22 .Ouo 1.2 1.0 .059 
15..1Ll o.~2 0.06 .74 5.70 '1 1 4.69 .84 · 5.4522 674.HO 1 0 .75 .oeo 1.5 1..3 .059 
lo ULl 5.72 4.89 .1l1 5.2574 4.22 .84 5.20.33 674.1I8 8.20 .000 1.5 1 ., 

• ..J .059 
1630 5.56 5.03 .74 5.12'15 5.28 .76 "5.0686 674.88 9.75 .000 1.8 1.b .059 
PUI) b .ll 0 . 39 .78 5.1'>187 4.72 . 83 5.3248 674.88 6.16 .000 1.A 1.6 .059 
17..10 0.11 ·'.22 . 72 5.4'126 5.00 .84 5.4946 674.tH! 5.21 .000 2.2 2.1 . 059 
ltI J 0 ". 0 7 b.3.3 .oll 5.5962 6.11 .7 0 4.9465 674. 68 4.15 .0 00 2.2 2.1 . 1)59 
l.;UlJ 5.11.3 u.67 .71 5.213" 5.00 .76 4.9713 674.88 2.94 .000 1.5 1.4 .0 59 
19 u0 ~.~o "I.7tl . 6~ ~.b07 4.72 .8.3 5.3248 674. bll 1.'12 . 000 1.5 1.4 . 059 
193u 5.213 ~.83 .77 5.3375 5.00 .76 4.9713 674.88 1.42 .0 ('0 1.8 1.7 .059 
2 'JLl U 6.39 7.22 .72 5 . 4926 5.28 .92 6.1357 674.88 .70 .000 1.0 1.7 .059 
~U.lll " . "' 4 :'.44 .76 5.1278 4.50 .77 4.86 36 6"4.80 • .31 .Ouo 1.5 1.4 .059 
dUll t~ . vb 7.61 .7.3 5.7191 3 .69 .86 5.2037 674 . 8U .57 .000 1.5 1.4 .059 
d.lLl o.2b '.J.72 . 6'1 5.77uO 4.50 .06 5.4321 ,674.(;tl .08 .Ouo 2.0 1.8 . U;'9 
UllU t) . Ut.> 0.50 .79 5.73 '1 :' 4.44 . 86 5.4109 674. G8 1.14 .Ouo <:.0 1.b . 059 
<'~..Iu ., .11 0 .11 .1I~ 6.nUb~ 4 .~ 0 .lJ.3 5.2426 674.lJ8 . '16 . 01j0 2.0 1. 8 .059 
23 J 0 :>. 72 ::1 .44 .74 6.1302 5.61 .7u 5.1875 674.b8 1.11 .0 00 2.0 I.Il . 059 
233 1) 7 .. :.2 Cl .56 . l3j 5.643:; 5.28 .1l4 5.6021 674.88 .93 .0 00 1.3 1.2 . 059 



AUGUST 29, 1967 

HALF-HOI~LY VALUES OF PARAMETERS IN THE HEAT HALANCE CALCULATIONS 

MET SCRI~ 160 CM 50 CM 90 CM 60 CM 
Tl ,,'E TEMP TEMp R H VAPRS TEMP R H VAPRS BAR PRS RAON PPTN WII~O SPO WIND SPD AAU' 

(Ut::(; C) (lJI::G C) (~IM HG) (oEG C) (MM HG) (M~1 HG) (MV) (CM W) O'/S) (M/!» <eM WI 
OOOU 4.61 &.22 .19 5.6256 5.11 .80 5.27:37 674.88 -1.~9 .000 1.~ 1.2 .084 
O()~O 5.39 5.22 .83 5.5141 4.39 .84 5.2646 674.88 -1.07 .000 1.1 1.0 .084 
01UU 5.07 0.8~ . 84 6.?391 4·81) .98 6.3609 674.t18 -1. 04 .1) 00 1.1 1.0 .(184 

OLlU 5 • .l2 0.50 .18 5.f>620 4.11 .92 5.6545 674.88 -1.18 .0 00 1.0 .'1 .OB4 
020U 4.56 5.17 .71 5.0957 4.72 .83 5.~248 674.86 -1.24 .000 1.n .9 .084 
02.3U 4.61 5.3',1 . 80 5.:nf>0 4033 .83 5.11116 614.62 -1.11 .000 1. a .',1 . 084 
1l.~O\.l ~.~o 0.b1 .70, 5.S011 b.22 .81 5.7680 674.62 .86 .000 1. a .9 . 084 

0330 6.67 b.ll .90 b.~598 4.22 .94 5.8227 674.b2 .4~ .OUO 1. 0 . 9 . 084 
0400 6.00 5.72 .67 5."8 '14 5.22 .92 6.1120 674.b2 -.70 .Ouo 1.0 .1) .01l4 
(llI.hl 7. 2 2, ·/.22 .no o. ~o(l b 5.8 .' .Y~ &.4466 074.l>2 .7Y .O UU 1.7 lob .u&4 
05UO 0. 9 4 0 .06 .79 b.37'18 5.213 .9~ 6.2024 674.62 -1.51 .0 00 1.7 1.6 .084 
05,)0 6.94 ',1.17 .73 6.3566 6011 .8'1 6.2892 674. (, 2 -1. 28 .0 00 1.6 1.5 .084 

OoUO 7. 2 2 lU.20 . 67 6.2116 5 7.50 . 85 6.&0 8 9 674 . t-2 -1. U3 .0 Uo 1.6 1.5 . oe', 
Do .)u 0 . 0":" lU.tl3 . 0',1 0.7188 8 . 06 . 80 &. 9451 074,j7 1.69 .0 00 1.6 1.5 . 00 4 
070U 10.03 11.39 .75 7.5177 9.72 .76 6.8702 674.;:;7 2.31 .0 00 1.6 1.5 .084 
0730 l U.213 9 .72 .87 7. 1l64 5 8.33 .85 . 6.9953 67"037 ~.87 .000 1.~ 1.2 . 084 
0 8J O 7.50 b.&7 .bY &. S.l51 6 . 67 .82 6.0211 674.::>7 5.131 .00 0 1.3 1.2 .08" 
lI (,.lU tl.09 '1.39 .67 5.Q222 5.b7 .90 6.1669 674.37 7.06 .0 0 0 1.9 1.7 . 084 
09 0 Ll 7.72 7.22 .65 4.9586 6.22 .71 5.0559 674.37 7.38 .0 00 1.9 1.7 . 084 
O'!.l u 7.22 6 .67 .77 5.65 40 5.56 .72 4./1956 674.37 10. 30 .000 1.& 1.5 . OB 4 

f-' 
10u Ll 6 .b7 (J.e9 .69 5 . 11965 4.17 . tl7 5.~681 674.~7 3.34 . OUO 1.6 1.5 .084 

W 103L1 11. ~o 11.67 .7.l 7.4097 10.61 .7~ 7.0037 674.02 5.50 . 0 2 5 1.2 1.1 .084 
(X) 11 00 10.UO 11.11 .71 7.0425 8.78 .7':> 6 .3613 674 . 6 2 12.29 .031l 1.2 1.1 . 01l 4 

lUll '1.~U '1.72 .70 &.32 78 10.94 .65 6.376 ~ 674. 1> 2 ·4.52 .o uo 2. 0 1.\1 . OU 4 
12JLI 11.50 11.83 .69 7.1796 10.56 .70 6.6910 674.b2 7.21 .0uO 2.0 1.9 .OB4 
12Ju 10.~9 9 .2t! . tlO 7.01 8 b 8.44 . 8~ 6.8825 674.62 15.40 . 000 1.2 1.1 .01l4 
l.l vU ') . 5 0 '1 . 33 .7 ~ 0.£,04b 7. 8 3 .79 6 . ;>1\39 &74.1..2 13. 20 .o uo 1.2 1.1 • (1/14 
l.ljO 7 . 01 ';).u o ,"It! lJ.715Y 7.7t! .130 b. 8 148 074.1..2 9.~6 . OUO 1.6 1.5 .~ 84 

14u\.I ~ . bY '1 .33 .77 6.7&07 7.78 .83 6.5770 674'02 11.58 .0 00 1.6 1.5 .0 8 4 
l'dLl iI . 22 7 .61 .',11 7.1 293 ~ . 2 8 .92. 6.1357 674.37 12.12 . Ouo 1 .6 1 .4 . 08" 
l SLlu ci. Uo t\ .33 .73 6.0077 5. 56 .99 6.7314 674.37 9. ',10 .0uO 1.6 1.4 .0 8 4 
15.1U 7. 1l 3 b.6 7 .B4 b.1 6 79 5.78 .91 6.2837 674,37 5.38 .0 00 1. 3 1.2 . 08 4 
Ib Uv 7.70 7.22 . 85 6.4 11 43 4. 89 . 95 6.16&1 674.37 8 . 0 5 .025 1.3 1.2 . 0 1) 4 

h.3u 0.07 7. 22 .713 ~. Q~u 3 6.11 . 8 ~ 6. Oat,S &73. !J & 8.00 . o uo 1. 5 1. " • ull 4 
17uu 7 . 70 ',1.17 .70 6.£,1713 il.(j6 . Ilb 6.9451 673. 8& 6 .60 . 000 1.5 1.4 . 084 
173 u 9.1 7 11 .94 .70 7.~37j 10.28 .80 7.5062 673.&6 4. 6 5 .025 1.4 1.3 . 084 
1 80 u 7. 7", 6.39 . !le u.:33Yl 5. B3 . 89 6.1&93 &73o/.J i.l 2. 6 6 .O u o 1. u 1.~ .08 4 
1d .lJ 7.2.2 b .69 .70 b. I,'}'.7 6 . 39 . 93 6.6992 673,3~ 3.17 . ouo 2. 2 2.1 .0 1\ 4 
19 l1 <.l 0 . 3.0 lL1.2tl .71 6. 66 16 7. ~ 0 .85 6.6069 673.35 2.1B .0 00 2.2 2.1 . 08 4 
!;l'>v lU.2cl 0 .89 . 82 7.0 0 75 7.22 .83 b.3317 673.35 1.60 . 000 1. 9 1.7 . 01l 4 
2 Ullu 8 .ul ',1.44 l ' UO B.0723 10. 00 .70 6.4469 673 .35 loll . 000 · 1. 9 1 . 7 . 01l 4 
2 03 0 10 .17 11.94 .73 1. 6 518 1 0 .00 .77 7.0916 672. ti S 1.31 .0 00 1· 9 1. 8 .08 L! 
2 10u 1 0 .G6 11.8~ .68 7.0756 10.0b .73 6.7483 67 2 .85 . 89 .0 uO 1.9 1. iJ .O O ~ 

2 1.) 0 1 2 .11 I J . tl y .04 7 . 6 1'1il 10. 6 1 .76 7."634 672,05 1.49 • (I UD 1.4 1 .3 . 00, 1+ 

,2lJU 11. .l'1 1". 0 1 .utl 7."476 10 . 22 .71 6 .6371 672.85 1.411 . oun 1.4 1. 3 . 0ll'l 
22.lll 11.11 1 U • 11 .7~ 0. 0 5'.10 8 . 6 1 • 76 6.3737 . 672 .59 1. 3 8 .0 00 1. A 1 .b . 08 4 
i 3 u lJ 11.17 1 <:' .~6 .09 7. '12'16 9. b7 .79 7.1147 672.~'.1 1.19 . 0~8 1.1l lob .08 4 
23.3" 11.:'',1 1 <! • .o 9 · .74 7. Q B72 11 .11 .7·5 7.4392 672.~9 1 . 1 8 .013 201 1.., .u84 
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APPENDIX F 

FORl'RAN IV PROGRAMS FOR HEAT BALANCE 

LOGARITHMIC LAW 

HEAT bAlA·KE PH: 0Gk Af" 
(jI F"I E:N~l O"'J TU\tHil ,lL( 4tS ) . TSC R (48 ) ,EU(qa l , ELI4H ) ,QP RS {4H I , MV( 48 ) , poT 

I N (4 tH r UU (4- ~ 1 , lJL ('th ' . NZ (4 HI . Z('.I( 4A ), UZ (1l 8 ) r T AU 'tiB ) , Qk ( u8 ) , ()A (4 8 ) ' '') 
II (4 8 1 , o}P (4 E ) n~r· I (4 b ) .H( tHU r R HU (4 ~ ) . RHL ( u8 ), Tt t·,E(4RI d j ATf . (10.12) 

Rf AL LAfHT, M\I ,IJTHE TA, NU , NE,LGl ,LG AH d \lZ 
I f.J I EC. c l-( Th'E . () II TF. 
READ ( ~ '1) r~LJA Y S ,C ALl t:S ' Z U ' ZL'LAU,Z"L 
DAL=l AV-Z AL 
DZ=Ll '- l L 
LG l = i\LOG IU ( Zu/ZU 
LGArl= i\LuGI O ( u,IU/ lAL) 
HTLN=/IL OG (lUI LL I 
LI\Tt-tl::" O{) • 
CP=O . ~4 
TSt.:C=l d UU . 
CLPI= tJ .l g~4 nLJ U 
/I,C =3 . 14 73 172 
6=. OO i::9 :atj'+4 
e M=. GUU41 ~ l j ':Hl 
e N=. Oll UU{lu 1 8 c ':t':12 '1 
(5=. u llllOQO OIJ:':::4351 b 
VK=U.4 
R::: h3 .1 ~ 

/I,Ll L= ALOG lll ( Lil l I 
ALl U= ALO& l O ( l..H I.. I ) 

RHOAl r< = .0 0 1 2 , 
COlv:l. I .4 
DO ~O U L=l"I i... A~~ 
READ ( ~ , 2 1 I U,.. TU L.Jl.J=1,1 2 1 
SUr-\(lR= I) . 
SUMoJf.=O. 
SUHI"jL~lJ . 
SU~ IOP=() • 
SUr-w ;o\=lJ. 
DO 3Lu 1=1, ~ h 
REA O l:J d l TL·lI: .. ( I J, nil 11 ,TUll ,TSCR C I I ,ElJ( I I .EL I II ,r,PkS ( I) , MV( I) r 

IPPT N{ 1) ,U U ( J I , ULI I ) , lll 1) , HHU I 1) . HHL( II 
L m lv [ kS l ul'l OF- T r_·'. I~ · EP ... TUHI:.S FH()~ FA HRENHElT TO CELS IUS. 

TF=U' ~J~~5 
TUI 1 )=( n l( I )- j L' .I"TF 
lL(I 1=( flll )- ':u ! . )q~ 
1 SC I'd 1)=( 15(,, ( I )- .)2 .) .. IF 

C (. ALCUL A I J011 01-'" v ,\~OH Pt{ F.~~UR[ 

T= 2 / 3 . + r U t 1) 
X={T-4 ~j . 1/1 lr • 
EU5,=l lJ . ..... ( CU - l - ( ilL t X .. (_ :\ . X. I CIo,+X. (-CI ~ +C ~*)( I) ) I II ( 6<1.:\. -1) I T) 
r Ut II =r .. LI~" (II I ~,( I) 
T= 2 73 .+1L{ 11 
x= ( 1-4:.1'). I / l u. 
El S =l lJ.,.. .. tr:U · J-I J\ C+ II. .d- I.HXt ( O .· X* (-CN +C S II XIIIIII ( fl '1 3 .-TI / T) 
[Ul)=r .. L,, " jHiL{ 1) 
1,II):"' IIII.t C1 . ·, 
fl Pk ~( J )=t ! , I-l,./ ~ ( I )-~ . fln ) .. ? ~ .'Ol.l 
P I' r l ~( 1 J = ( P I' I I. ( ) .... i! .')I ~I ~ I). (I {)UIl\J/11 

t,.\L CIJL i\l 1)11 u l- I ! I ~ Cuq ' , II~t ' IT S OF THF HF.: J\T Afl.LM-ICE E GUII TI o r· 
",';<j U=ud ( I) -l u ll . 

OR (I l= i-1V( I) $LA LItI .. 30 . 
l O I 1 1=1 0 ..... ( ( lJU ( I J . /\L .t!L-UL I 11*AlZU'/(UU (I I-ULI I I I) 
LD=O. 
SU~jLG= u • 
0 0 7 3 1'< =1,4(1 
IFUO lKJ .GTo l. ) GO TO 73 
SU"" .l o=~Ur.·lO+ LO ( K ) 

LD=LC+l 
73 CON rh~LJE 

1,1 0=SU''' lO/ f-L IJA T (Lu I 
THl = AL IJ(; ( l..IJ /J, l o I 
T Au (1) =I{Hvl', U { ". 16 - ZAI)" Z I\U .. ( <uu (1 I -Ul( I' ) * 100 ./OAl) * .. 2 
Ul ( I J = COI·I.o:c., W. T II r (\U " A t1 ~ ( Tt1T)' I UHO A IR) 
TOE b K= ( !lUll I . 'I L( J II I '£. . ) +2 7 3 . 
QA (1)= Ul tl OI'l I Il"'lJ Z ( II . Cf.' ,. (T U (J I-TL ( I " .. VK*V K*1tIO(\. I I (THT*' HTLI\I ' 
OL (11= ( !t1 . 4- V", .t: VK.· ( EU I 1 I -EL (I I) . lIl I 1I'.I BOO .1 IktTHr"H1UI*TUEGrO 
Cf' (I)::. rSC K ( ll "! .. PTI~ 1 t I 
(,' 1>111' :;;: /1 < ( 1 ) • lv(, I I) + QL {I I +QP ( I) 
S Ur- l llR ;;. ~-.,LI ~·' l>'f.' + l. l ( II) 
SlJ MUl /.= SlJ;", ~ A+ u A I I ) 
s urv.tJL= ~U ~' l l;\. + l,L 11 ) 
SW·1 C:jP = .:>U"·,u l' +uP ( 1) 
S U1·H~ ~i = SLJr.I (J ·" + "' I" I J I 
IF (I .l!J . 4 B ) PC'JH= ( t.;\ J "' (~I-USu r.1 I J rv l ) * 1 0 0. 
IF Il. t:(). 4 AJ Pt: \ lJ\= I S(J I.ill.6./ SIJI.11~ t-d "1 0 0. 

IF (I .r::li . l4 k ) PUIL= I ~ t,l fJlIJL / SUM()M I"'1 00 . 
IF (1. E(.J .4 J.1 ) f.'U~ f>=( Sl tl4IJP / Su.''' n,··1> ''1 00 . 

j OU CONf ll-RJt:: 
DO 2 UlJ 1=1, 4 0 
IF (l. t:: Q. }) ~. I<JTE 16 , 11 ) {()ATE (L' J l ,,;=1. 4 ) 
~'RITE ( b.::' , 11 ,v.E(1 ) . QI« I) . ~ A(J I ,f~L( I I , ~PII) d,M( I) 
IF tI. EQ .4 AI .... HIlt: ( ;' ,1 0 ) SU"'~H , SUMGA, SU"';GL, SU~:·QP. SUt·;O"" ,PCOR.PCQA, 

IPC l~L. PC GP 
2 UlJ COiH 1 1 ~ <JE 

0 0 2U ~ 1 =1, 4b 
IF (1. C:1). 11 i'. t{} TF U)l 9 ) ( DA TF tL h J),J=1.4) 
WRIHt b ,ll) I P -' Ul l.T AU II), lO lll,UZ(I) 
IF(1.t, r1 .4 ti) "H ITE ( b ,1 2 ) AZ O 

2 0 ~ CONrIl ... Ut:: 
'lOu c o r-. TI,.Ut~ 
bOll CONTl I ~U t. 

1 FOf'<,V1AT(II.!,~)l j l., F6 . 3 )1 

2 FOH ~I Ar (J 2 f1. b ) 
:5 F Oktl,A 1 I Aq, 5F~ . 3 . ? I- b . ~ , F7 .4. Fh . 3 ,F4. 2, 2F3.? ,F4. 3. 2 F4 . 2 1 
'+ FOHMArlH-tl. s ... A,4 JhlllIt U. 23X ,711tCON TRII1UTl Ot.1 Of-' fl\CH <,: O~1 PONE "IT OF TH 

1E HE/. T Ij I\ L AfoJ lt'~ f. OUA lI Ot·j I N L Ar..G LEYS /IHU d,5 X ,'H-ITrr", ,: , Ib )( , 2 HQPd4 X. 
12H(,)A . l ')X. 2H (~ L' 16x , 2 HtW , 14 X .lH(JNI ) 

FOkMAI (IH d ::'X ' A4,F z n . ? ,4( F 1 7.2 )) 
9 F OwMII T (lt I1. :;4 ' . 4fl,61 lliU. 1 ~x I 411T I MF:, llX ,3HT '"U, 12 X. 2Hl O.14 X , ?HUZ) 

10 F OHMA 1 (llW . 1 YX. ~I .. d OT AL I F 1 5 . 2 , 4F 17. 2 /1 HO , 19x , 8HPE H CE. NT IF 11.0, ?F J (, 
1.0,'-:'1'1 . 0) 

11 F OHMA r (l tl .1 ~ x I A4 . l (F1 ~ .3» 
I£: FOH/Vl l1 l (JhO II ~X 'I ';H I\ Vt::k AGE lO = ,F5.3) 

STOP 
END 
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POWER LAW 

1. CHEAT OALAI.CE PROl>RAI.1 
2. Ull •. ENSIOiJ TU(4F!) .TL('IRI ,TSCHPI{l) .EU(48 ) .EL(481 dJPRS(4{,d .MV(4[)1 ,PPT 
3. I N t4 B) ,UU (~ CJ) ' ULt4 0 1 ';·jT HETA (4dl ' i·lU (4 B ) • NE (4 0) ," (4h) , GlI\ (48) , Q/\ (48), 0 
4. lL (ltH) , (,P (lidl II.W (I;. fj ) rlH4 HI d~HU{4dl dHIl( q8) , TH1t:< 4bl 'Dill U 10 d2) 
5. REAL UITlIT,i.1V,tJTftETA,tJU,I'.E,LGZ.LGAH 
6. I I .jTEGt.I ~ T HIE , 0" TE 
7. READ (:;,1) NDAYs.CIILIU,ZU,Z L ,Z/\U,ZAL 
ts. Dl=ZU-LL 
9. lGZ=AL OGI0 (ZU/Zll 

10. LGAH=AL OG l u (L/,IJ/ZAU 
11. LATHT= 6(1Q . 
12. CP:::0 .2'1 
13. T~EC=160 0. 
14 . C LPI=~ .lSi~ljOUO 
15. AC=3 . 1473172 
16. 1:3=.OU295,)44 
17. CI-1:::.0U04191390 
18. CI~= . OO{jUuUI &.2.9924 
19. C~=.OOOOUO()[J243516 
20. [JU 400 L=I,)l[)AYS 
21. READ (~ '2 ) (OATE(L,J).J=ld2) 
22. SUMOI<=O . 
23. SUM<JA:::v. 
24. SUMOL=(j . 
2.5. SUMOP=O. 
2b. SUVIGr-1=O. 
27. DO 300 1=l,4U 
28. READ ( 503) TlME( II, TU( I I, TL( I I, T ~J CH{ I) ,EU( I) ,lL( 1) 'LWf.;S( 1) ./'>1V{I) , 
,eg. IPI-'TIH 1 I ,llU( 1) ,ULl I' .h( 1) .RHU( 1) d (! IL( I) 
30. C COI ,JVU610); aF n:tv:PEI~ ATUf{ES FRat·, FM1!([NI1EIT TO CELSIUS 
31 . TF=O . :"555':> 
32. TU(u :::nU{I} - j2.J*TF 
33 . TL(I1=I1Ull-32.1*TF 
34 . TSCRIl}=(T SC[{( I)-32.)*TF 
35. C CALCULATl O~~ OF VAPOr< rnlSSUh[ 
36. T=273.+TU( I 1 
37. x=n-4~3.lII0 . 
38. EUS=lU ...... <C., LP 1- (A(-tX'" (-ll+X" (CM" X+ I -CIIJ+CS*X J J ) 1 .. «(.43. -'I ) III 
39'. EU(Il::E.US+-IHlU(Il 
40. 1=273. ·HLt I) 
I.j.l. X =(T-4 ~3.J/IO. 

42. ELS=10." ( CLP I - (IIC+X" (-[3+;(* I Ct-H X* I -CI·j+CS .. X I I ) ) * «(,4 3. - Tl IT) 
43. EL (11 =CLS*HIIl( I) 
44. C CALCULATI01'i O~ rm'JE R LA~, Ir,ldCES 
45. Nr~IETAIII=L GZlf'L(i G 10(rU(IJ/TL(IIJ 
46. IlU (I I =LGf',H/ALOGIG tU U( 1) Il,L (I I ) 
47. I~l (I J ::.LGl/A LOGIU ({ Al3;, Il' U (J ) -4 .~u) ) ILl( I J I 
48. II I J )=11 (11"'0 . 9 
49 . HI-'HS{11=([jPf6(1)-2.()UI"' 2 ~ . 40 
~O. p lJ TN (I) = If'f)Hj ( T).2. ~~ 1+'0 . OOi)OOUl 
51 . C CALCULATl0/·1 OF TilE cO/.1p(J)'.IEfnS Op Tt1[ HEAT LJALArKE EGlU(lTlOr~ 
:"'2. v.SgO=UU(II.10U. 
!-)3. At 11=( 1 .h~ -4 ) ... 1,o,'Sg(HgU .... : « (rHHl TA (I )-1.) I!HIIL rAt I) 1-1./I"JI/( 1)) 
~4. Q){(II=ilWII) *CAL I fj.30. 
55. QA(l )=rd II .. CP.( (TU( I l-TL 11) }/uZI.tlfIOO . 
56. QL( 1 )=600 • .t,A ( 1) *(0 .6<:::3/0I-'HS( 1), *1 (EU( 1 I-ELI II )/OZ)"lbUO. 
~1. (':P(II=TSCH(I)"'PPTIJfII 
SO. OM( I )=QR( I )+QA {I )+()LI II +QPt I l 
59. SUMQR=SU/I,QR+!JK (I) 
()o. SliMGA=SUi/,QA+QA (I) 
61. ;,UMOL=SUMJL +GlL (I) 
62. SUMQP=SUr-1GP+QP (I I 
63. sur .. iQM=sur.IQ,'-1+G/ol (I) 

&4. IF ( I.[O.4B) PCG R:::I SU"'lQH/SUMQr.I).lOO. 
65. If- (I . lO . 4Bl PCOA= (Svi,WA/SU:-1JHJ *100 . 
b6. IF (1 .[G.4U ) PCQL=ISU~1QL/ SU ).llj rol'''lUO. 
67. IF (1.!:.O.4M) pcup=r SUII-1C}P/SUJl.1Q,.1l"'100. 
£lB. 30li C()NTII,UE 
69. DU 200 l=l.~o 
70. IF (1. (0.1 ) .... HIlE:.. ( 6 .4)(UA1E(L.J).J=1.4) 
71. 'tf1{ITE (6.::') TIME..{I) ..... HII).OAII).(.oL( I I, OP(II . Qr·j(I) 
72. IF (1.[.0.461 I',RITE (b, 1 0 ) sur.,(m.~Uf'.;(}A.SU;·10L.SUI"GI',Su,vl ·" r"',PCOR,I-'CQA. 
73 . 1PCOL. I-'cap 
7l.f. 200 C0tHIHUE. 
75 . OU 201 I=l.!tU 
76 . IF (I.EO . l) wkIH_ ( 6 .6J(OAT[{L.J).J::l.11) ! 

77. 201 I,o;HlTE (G . 71 T 11"[ (1) .UL (1) .UU{ 1) rf~\J( 1) .TLt I) ,TU( 1) .NTI'LTA( 1 '·,EL I I), 
78. lEU(I).', l (l) 
79. DU 20~ ]=I.!jb 
BO. IF (I.l"O.I) 1,oH-<IlE. «(JlB)CUA T[ IL. J),J=I,I,1 
81. 202 WHITE:.. Ib,,)) Tl'~l (1) .TSCIH I I dU( 11 .H~IU( I) ,[U( I 1 IlL{ I' ,hHL(!) ,ELI I) , 
82. lUPf6( 1) dW( I) . r PT iJ( 1) ,(JU(I) .ULI 1) .H( II 
8~. 40U COI'"TII~uE 
84. 60u CUNTlIJUE 
85. 1 FURMAI (IIj,~(3X'F6.3) l 
66. 2 FORM/\l (I.2A6) 
87. 3 FUI<.MAT I A4. 3F~. 3. ?f-6.5 . F7. 4 ,Ff,.3 . FQ.2. 2F3. 2. F4. 3. c'F4. 2 I 
88. FURMA1IIHl.'.l4J...4116/1110.?3X,711IC GIHH InUTJ OtJ OF EllUl C(' ;.,POllj(rn OF TH 
89. IE HEAl UA LA!lCE Er.UA TlOIJ H~ LAIIGLLYSI1HO. I ~X '4HlIl"ll,1bX,21'I(}R,14X. 
go. 12HQA, l ~X, 2H~L ,lb x. 2HuP.14X , 2 11(')1,:) 
91. FUIH"Alt1H ol:' X 'A4.~ 20 .2.LdF17.2») 
g2. FUhMATI!I'!I. 5 4X.4MJ/l d U,j3X.52 1h-.11ID . TUIPCRATU RE I\fJ(1 VAPOR PHESSUkE 
9.3. '1 ChAH{,C1U~ 1ST I CSI 1 Hll. 2UX, 4HT I ME , oX, 6HW Ihl)LH. jX, 6 111'll lJ!..L'P, 3X, 2HNU, 
94. lO X, 3HT~O, ':"X!ilITl bu , 3X, l> llt,jT IIETII, hXjl'IE50. ~) X. 411F I u D, ~X. 2~ll"E) 
9~. FURf"lA 1 (1 H • 2LJX . 114 , Fl u. 1 ,F9.1, Fb . 2. F 11.21 Fb.2,F9.2' r lc.. 3.1=-8..3, FO. 2 , 
96. IFd.3) 
97. FUl(f-1Al (IHl.~~X.41\(,/lI!O.27X.6~IlH{,LF-HOlJl(LY VALues OF f-'f\RAfvlETlI6 IN 
98. lH1E HlflT tJAL/dKf. cr,LCULA1IONS/IJIU.9X,BII1-1[T SChN . yX.(,ld60 CM,lbX.5H 
99. 15U C1'>"'3B X . ~11g0 C,· . t;X'~1160 CM/lff .2 X.4HTl'1F.: , ~x.4Hj[ r' IJ.u X , 2(4Ii r u.',p. 

IOU . 1 2X.311H Ij.2x. ::' )IVfII ) f/S.~X) .7HliAH i'I<S. 4 X,41l1!1If) IJ, QX,41 Ipr TI,.2(3x.IlHI"I1rlL) 
101. l SP(; ), jX,41IAbUJ/lil .j OX.7Ij(UEI.;> C I.2L3x,711(uEG Cl.4X.7Hlf'.~r-l HG»).!j.(. 
102. 17HU...,,'-1 H(, ) ,4X, 4H( i, \iI,jX.(;H (Cr..., ~.).JX,~) HUvl/SI , 6X'~HP.;;:'1, 5 X.\)II{c;.1 '0'1» 
103. FUf(MAl {1I1 , 2x. (I ii. F9. 2, F I () .2 , F~ .2 . FB . 4 , F tI. 2. r~. 2,Fu.1j. F-ll.2 .F-Y .2, ~ 7 
104. 1 . 3 , F9.1.Fll.1.F9031 
105. 10 F UkMA r (1I10 ,1~x.~IITaTA L .F 15.2,4F17.2/1IlO . 1 9Xd.lHPLl~ CU.T.F ll.Q . 2 Fl (' 

106. 1 . U,F-I '1 . 0 I 
107. srop 
108 . Et~D 



APPENDIX G 

COMPONENTS OF HEAT BALANCE E~UJl.TION 
USING THE LOCI\RITfU·:r C LAW 

JULY 31. 1"67 

C()I~T!{ I bUn ON OF EACH COMPONENT OF THE HfnT HAL AtlCE «WATtON HI LA/>iGLEYS 

TIt<E r~!{ OA I)L GP Q~" 
OOUO -2.08 4.31 5.66 .00 7. A9 
0(J3<l -1.b7 .00 -3.67 .llO -5.35 
01uO .4" 4.54 4.b7 .UO 9.7(1 
01"u .22 .00 7.96 .00 6.17 
02uO .4& 3.41 . 86 .OU 4.73 
0230 .72 .32 3.51 .00 4.56 
03uO .:'B .80 2.33 .00 3.71 
U3,,<l .3& .32 5.5~ .00 6.23 
04UO .39 .00 -.4U .00 -.02 
OIl';U .:'9 2.26 2.99 .00 5.85 
05UO .79 2.96 4.1 :. .00 7.89 
05.;tj 1.10 .R7 2.9:' .00 4.92 
06ull 1.38 4.4 4 5.7U .00 11.52 
06jO 3.jl 3.79 .35 .00 7.45 
07UO 3.u9 1.09 1.91 .00 6. De. 
07';lJ 3.:'3 3.99 2.211 .00 9.7(' 
OlluO 2.13 .00 '2.27 .00 4.40 
Ob':',) 2.12 1.82 2 . 14 .00 e..0!! 
O':luv 2.98 .00 2.2tl .00 5.26 
U9':'<l 4.10 -.91 -1.32 .00 1.87 
lOulJ 17.4:' 3.66 -1.0b .00 20. O~ 
10';3 B.l4 .00 -2.30 .00 5.Il6 
lluv 11.U9 4.62 2.1tl .00 17./1<) 

~ i13U 10.b8 4.66 3.87 .00 19.4(1 
12UO 7.b8 2.80 8.41; .00 1 S. 9t· 
1230 7.U3 1.66 2.00 .on 10.71 
13UlJ 9.62 1.13 -.40 .00 10.3(-
13.)U 8.58 2010 1.1I~ .00 12.13 
14uI) 6.44 <'.29 1I.2b .00 13. 02 
1 II'; II 7.111 6.32 9.94 .00 23.40 
15u;) 5.96 5.59 3.19 .00 14.7" 
1530 8.77 2.71 3.42 .11 15.0, 
16(Ju 7.b3 1.36 2.~9 .00 11.7£1 
1b';') 5.22 3.89 3 .U4 .(10 12.11'-
17(Jf) 5.b6 3.14 3.6b .11 12.59 
17';0 4.u7 .00 -1.06 .00 3.01 
lHUO 2.14 1.:'9 1.07 .08 ... 87 
1830 2.46 01\0 -.25 .04 3.04 
19uu 4.41 3.58 2.14 .05 Iv.l11 
19';() 1.82 2.99 2.07 .no b.AI< 
2UUO 1.76 1.00 1.01 . 25 ".0<' 
2030 1.16 2.00 2.D7 .00 5.23 
21UO .76 1.01 1.12 .00 2.A" 
2130 .b7 9.14 10.1:' .00 19.96 
22uu .bU .00 2.2b .30 3.1" 
22"Ll .56 7.16 10.0:' .21 17,99 
<!3uU .50 -4.11 5.23 .04 1.67 
2j30 .49 .00 2.44 .00 2.94 

TOTAL 105.10 134.74 1.21 

PER Cl"T 32. O. 

141 



AUG . 1 , 19b7 

CONTRII:lUT rOt : OF EliCH COr-:PCHlEfJT OF THE HE~T f\ ALArICE f QUATIO fJ HI LM·.GLF:YS 

TIM:: oR OA QL Qp OM 
oouo .:'1 .46 .6U .09 1.67 
00.:>0 .47 .46 - .24 .18 .87 
0100 .:'1 1.03 .49 .11 2 .. 15 
0130 .49 .41 . 54 .10 1.:.5 
02UO .42 .36 1.04 .09 1.91 
0230 .49 1.30 1.10 .15 3.04 
03UO .38 - .10 .7tl .20 1.;>5 
03':'0 .46 1.04 .23 .21 1.94 
0400 .49 .00 .14 .10 . 73 
04.'>0 .48 -.62 -.63 .0 4 -.73 
o:.uo .60 . 21 .5'1 .00 1. 40 
053U 1.21 - . 26 -.11 .03 .87 
06UO 1.48 .u5 .3U .00 1. 1\2 
U63 0 1.48 1.64 1.87 .01 :"Oh 
01uO 2.22 .51 1.12 .00 3.fl5 
07..)0 2.97 .81 1.1U .03 4.97 
u800 4 . 28 1.03 -.11 .08 5.21 
0630 4.49 2 . 05 2 . 6U . 09 9.24 
09uO 5.b4 1 . 29 .71 .11 7.9 4 

0930 6.:'7 .26 1.40 .03 1\.26 
lOuD 5.46 2 . 59 2.17 .04 10.27 
1030 6.28 1 . 56 .97 .04 fl.f\5 
11uO 8.44 1. 3 0 1.33 .00 11 • Oi'-
1130 1.66 .52 .:'6 .13 I\.At-
12uo 1.':15 1 . 15 1 . 7'.1 .16 11. 05 
12..)<.1 10.55 2. 2 6 2 .13 .16 15.09 
13(,0 tl.41 .21 2.23 .22 Il.noS 
1330 6.05 .37 .6<) .06 7.11: 
1400 4.<)2 1.10 1.77 .06 1.85 
14")L1 1.22 1.63 3.29 .2'1 12.3F-
1500 6.31 1.63 1.90 .07 9.91 
1531) 3.52 .84 .45 .28 5 .H 
1600 3.98 -.63 -.55 .04 2. f\'-' 
16,,)0 4.79 .89 1.27 .03 6.ge 
1700 4.b5 - 1.52 -.89 .12 2.3f-. 
173 0 4.U4 .19 1.4:' .25 6.53 
180 0 1.95 3.67 3.36 .14 9.11 
1113U 1. til 1.26 1.4:' .12 4.6'-1 
1'1UI) 3.U2 1.21 1. 40 .00 5.6:'> 
19..)u 1.96 2.37 1.53 .10 5.90 
20uO 1.46 .79 1 . 66 .24 4.14 
2030 1.26 1.85 2 . b9 .21 6.01 
21uO 1.00 .80 .39 .3 0 2.48 
2130 .66 -.53 - . 6U .24 -.23 
22lJO .60 .80 .90 .27 2.51 
22..)U .59 1.32 2.09 .16 4.17 
23uU .04 2.12 2.4:' .38 5.59 
23,,)0 .:'6 -.53 .5t1 .22 .84 

TOTAL 151.62 41.80 51.91 6.00 251.:33 

PER CE",r 60. 17. 21. 

142 



AUG. 2, 1967 

COr·jTRJI:IUl JO"l OF EliCH CO;'iPONENT OF THE HfAT BAtllNCE FQUATION IN UINGLEYS 

TIME QR QA QL QP PM 
0000 .65 .711 1.3':1 .'16 3.211 
00,)0 .60 .90 1.0'1 .25 2.79 
0100 .'+8 .90 1.53 .13 3.03 
01,)0 .~O .32 1.09 .22 2.1'1 

- 0200 .~6 1.31 2.311 .26 . '1.,+7 
023U .58 ~.1I6 1.5u .00 3.63 
U300 .~9 .21 .92 .10 1.62 
03:l1l .'19 .05 .05 .08 .67 
OIiOU .'+8 1.00 1.111 .07 2.68 
01l3u .67 1 .• 36 1.00 .11 3.1/\ 
0501l .68 '.89 1.3t1 .25 3.20 
05~0 .73 1.52 1.73 .13 lIol2 
0600 .87 2.0'1 .89 .31 II .11 
06~0 1.60 -1.62 -1.73 .19 -1.55 
07uO 1.':13 -.21 .62 .13 2.47 
U7~O 3.78 1.89 1.63 .10 7 . 40 
08UO 11.50 -1.05 -1.11 .1l5 2.39 
083(1 5.81 1.05 2.61 .. 00 9 .... 7 
0900 7.91 1.57 II.llb .00 13.9~ 
093U 6.1l2 1.05 1.fl5 .00 9.72 
10UO 7.73 1.011 2.""7 .00 11. (lll 
1030 7.12 1.82 1.93 .00 10.p.7 
..1100 11.811 1.011 1.20 .00 111.1'1 
11.)0 6.'18 .52 .50 .00 9.99 
12UO 6.1l7 -.67 2.01 .00 8.21 
12~0 11.03 1.'111 1.7b .00 1 II. P,3 
1300 1l.~3 .05 -.53 .00 10.75 
133U 15.55 1.03 1.75 .00 18.32 
1111/U 15.09 .10 -.03 .0 0 15.16 
1113U 13.78 .26 -.14 .00 13. 0 0 
15uo 1'1.20 .26 2.58 .00 17.(l3 
1530 8.32 1.13 1.31 .()O 10'.76 
16UO 10.71 .36 .78 .00 11.85 
1630 11.99 .92 .711 .00 13.65 
17UIl 111.51 .97 .63 .00 16.11 
17~O 13.59 1.63 2.'1'1 .00 17.,,6 
18uO 6.'15 1.17 1.28 .00 6. 0 1 
1830 3.56 .'16 .00 .07 11.70 
1900 3.53 .'11 .1'1 .00 '1. 0 9 
1':131) 2.35 .76 .35 .00 3."'8 
2000 2.23 .26 .2~ .00 2.73 
2030 1.4'1 1.30 1.36 .00 '1.09 
2100 1.12 1.29 .72 .00 3.1 3 
21:lU .81 .26 .77 .00 1 . ;:. 4 
2200 .71 .26 .211 .00 1.21 
22:l\i .05 .77 • 'It! .00 1.91 
23UO -.07 .00 .00 .00 -. 0 7 
233U -.28 .52 -.78 .00 -. 5 5 

TOTAL 2'15 .92 311.71 119.11 2.92 332.65 

PER CENT 7 ... 10. 1. 
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AUG. 3, 1967 

CONTR II:JUTl ON OF E.\CH CO:~PONENT OF THE HEAT PALANCE ~: QUATION IN LANGU::YS 

~ ihl- QR QA QL OP 0\1 

OOvO -.58 8.54 7.24 . 00 15 .19 
0030 -1.02 3.42 4.02 .00 6.42 
0100 .54 5.59 3.713 .00 9.92 
01,)0 .62 2.03 1.13b .00 4.52 
02Ull -.~9 6.28 5.5'! .00 11.21\ 
02,)0 -.66 3.78 ' 8.6,) . 00 11.75 
03uO -.74 6.18 6.0u .00 11.49 
03,)0 -1.21 5.68 5.93 .00 10.40 
041.10 -.99 1.57 -.14 .00 .44 
0430 -.81 7.26 2.S'! .00 9.04 
05VO -.68 7.15 5.1,! .00 11 .66 
05,)0 -.24 8.43 9.94 .00 18.12 
0&00 .v2 3.97 1.4!! .00 5.'17 
0630 1.80 3.18 1.51 .00 6.49 
07uu 5.31 2.38 .01 .00 7.70 
07":)0 7.79 7.95 .57 ,00 16.31 
0800 10.52 8.74 6.01 .00 25.28 
011,)0 12.40 3.94 3.90 .00 20.24 
09UO 14.45 7.80 3.2U .00 25.46 
09.)0 15.79 4.68 .95 .00 21.42 
10uO 17.b9 5.46 3.b3 .00 26.79 
1030 20.36 6.24 -1.00 .00 25.60 
11VO 21.38 9.36 2..72 .00 33.46 
1130 21.':13 4.68 2.7U .00 29. :n 
12.Ull 21.78 4.37 -.93 .00 25.22 
12.30 17.55 5.93 2.8b .00 26.34 
130ll 24.29 7 . 02 .33 .00 31.65 " 13::'0 23.95 3.91 1.52 .00 29.37 
14uO 22.Ul 5.32 -.58 .00 26.75 
14,)0 2.1.30 2.04 2.74 .00 ;>6.~9 
1500 20.16 7.86 1.4~ .00 29.44 
1530 18.96 .16 2.82 .00 21.94 " '1600 17.60 3.73 .1Y .00 ?l.52 
16,)U 15.1:15 4.97 .51 .00 21.33 
17UO 13.88 1.55 2..65 .00 111.08 
17,)0 11.136 1.55 1.31:1 .00 14.79 
18uO 9.05 3.11 1.u2 .00 13.18 
1830 7.30 9.25 4.24 .00 20.79 
19uO 5.03 3.83 4.03 .00 12.88 
1930 3.03 2.30 2.5':1 .00 7.92 
20vO .72 3.83 4.03 .00 8.58 
2.030 -1.45 3.06 .72 .00 2.34 

- 21uO -1.79 1.53 1.01 .00 .74 
2130 -2.11 3.84 -.17 .00 1.56 
2.2uu -2.19 8.49 4.2b .00 10.56 
2231) -2.27 4.63 2.50 .00 4.86 
23VO -2..23 .77 2.69 .00 1.23 
2330 -2.2& 5.40 5.47 .00 8.62 

10TAL 31l3.13 232.75 .00 

PER ClNT 51 . 31. 18. u. 
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AUGUST 26. 1967 

CONTRIUUTIOrl OF EACH cO'-lpor,ENT OF THE HElll f', I\LA~ICE fQUATION I tl LI\t ,GLIOYS 

TH'.E OR QA QL QP Gil 
OOuO .~7 2.33 -5.62 .00 -2.71 
003U .70 .47 -.8U .33 .7r. 
01UO .54 -.12 1.51 .22 2.16 
01,)0 .21 1.18 .~2 .00 1.97 
02UO .33 1.13 -.30 .00 1.H 
02jO .bO 1.84 .64 .00 3.01' 
03UO .49 .26 1.03 .41 2.20 
03.;)0 .51 1.14 .94 .49 3 .I~ 
04UO .49 1.15 1.17 .74 ".75 
04,)0 .41 -.A8 -.6b .18 -.97 
05uO .48 -.44 .53 .40 .9f 
05,)0 .119 .09 1.02 .211 1. A7 
06UO .55 .88 -1.u3 .30 .7f' 
06jO .b1 .44 1.31l .25 2.69 
0100 .13 .114 .44 .42 2.011 
0130 1.b5 -1.33 4.81 .30 3.43 
ObuO 1.39 1.16 .23 .27 3.05 
08.)0 1.61 .115 .61l .19 2.9" 
OYuO 2.21 1.62 1.19 .14 5.23 
09.)0 2.~9 2.26 2.25 .30 7.41 
10UO 3.03 2.26 3.03 .05 8.37 
10jO 2.64 -.19 2.46 .00 4 . 92 

- 111.10 3.53 1.89 2.61 .05 8 . 111 
11,)0 3.34 1.23 . 1.24 .U5 5.86 

.. 12UO 3.53 1.04 -2.4U .30 2.117 
1230 4."6 2.95 2.35 .26 10.02 '0 13uO , 11.63 2.10 .32 .32 7.57 
1330 4.10 3.15 2.1b .l15 9 . 111' 

.. ~4UO 5.75 .10 .62 .17 6.63 
14jO 4.68 2.10 .30 .00 7.08 

0 15uO 4.08 1.14 -.93 .33 4.62 
15,)0 2.45 2.49 1.1':1 .G4 6.16 
161.10 2.117 1.25 .25 .23 4.20 
H,.)U 2.43 1.92 .9U .u5 5.29 

- 11UO 2.1~ .96 -.Oil .15 3.17 
1130 1.52 1.92 .9U .26 4.61 
18uO 1.53 .96 1.03 .11 3.611 
lil.;)O 1.03 1.45 1.52 .32 4.31 
19uU 1.01 1.45 1.51 .32 4.2Q 

19jO .14 1.93 2.22 .05 4.95 
20UO .64 .97 1.02 .U5 2.68 
2U30 .60 2.33 2.10 .30 5.4U 
21UO .58 1.46 .'to .36 2.8'-' 
2DO .56 1.66 .40 .20 2.82 
22uU .50 2.63 2.16 .25 6.14 
22,)0 .57 1.56 1.8d .14 4.15 

. 23uu .118 1.96 2.03 .15 4.61 
? ~j O .50 .19 .56 .11 1.96 

TOTAL 81.13 60.14 40.9il 

PER C[NT 31. 21. 5. 
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AUGUST 27. 1967 

COI.TRHlUTlON OF EACH COMPONENT OF THE HEAT f\ALANCE. FQUATION HI Lht-;GL OS 

Tl~IE QR QA QL ClP 11M 
00 00 .'+9 1.18 1.29 .06 3. r· 2 
00.:.0 .~5 .92 .56 .~9 2.~2 
0 100 .'+b 1.01 .ti'J .00 2.3E1 
OUO . .. 8 .32 -.01 .19 .9E1 
020 0 ... 9 .35 .36 .17 1.~8 
0 230 .!:>3 .58 1.3U . 0 0 2.102 
030u .5'+ ... 9 .l~ .00 1.18 
03.)0 ... 8 .13 .22 .05 .f7 
OlivO ... 5 1.10 .5c .!J5 2.11 
O"~O .3'+ .97 -.13 .00 1.lA 
0500 .'+5 .'+9 .~b .00 1.49 
0!:>3u ... 1 ... 9 .22 .00 1. 11 
0600 .52 .16 .1b .00 .E:'I 
0630 1.07 .33 -.03 .00 1.37 
0700 1."6 .32 -.03 .00 1.75 
0730 1.95 .03 .Q3 .03 2 . 0'+ 
OIiUU 3.tJ8 .03 .3D .00 ".28 
083IJ 5.9'+ .33 .21 .00 6.108 

'IUD 6.6'+ .33 .12 .00 7 . 09 
930 16.'+3 .'+9 .6b .00 17.57 

lO UD 10.tJ7 .88 .7b .00 12.50 
1030 13.53 .38 .68 .00 1'+.59 
1101.1 18.U'+ 1.19 .87 .00 20.10 
113() 17.b'+ 1.77 .8'+ .00 20.15 
12 0U 15.65 1.31 .'+3 .00 17.59 
1230 15."8 .88 .89 .00 17.25 
1:5u O 12."3 .29 .3b .00 13 .08 ( . 

133 0 17.03 .16 .52 .00 17.71 
14vO 12.68 1.01 .3" .00 1".23 
1430 13,"2 .'+6 -.02 .00 13.66 
1500 t;l.!:>9 .20 .78 .00 1 ... 57 
15.'ll) 19.60 .76 -.12 .00 . 20.25 ~ 
16 Ul) 10.79 .17 .71 .00 11.67 
16.')0 8.10 .17 .15 .00 8 .... 2 
17uO 5.15 .67 .26 .00 6.07 
1730 4.63 1.17 .U6 .00 5 .86 
18i)() 3.79 .67 -.13 .00 4.33 
16 .)1.1 1.55 .03 .75 .00 2.3'1 
1 91.10 .62 .8'+ .03 .00 1 .... 9 
1930 -.63 -.17 -.1" .00 -.94 
21) 00 -1.79 1.51 1.5!:> .00 1.27 
203 0 -2."9 1.34 -.12 .00 -1.27 
21liO -2.8'+ 1.51 .OU .00 -1 • .:;3 
2 1~1I -2.98 .13 .41.1 .00 -2."5 
22uO -3.UU 1.27 .11 .00 -1.62 
223u -2.87 .60 .6'1 .1)0 -1.63 
23uO -2.84 1.24 1.38 .00 -.22 
23,:, u -2.77 .37 .08 .00 -2.32 

TOTAL 30.87 19."2 .84 

tJ2. 11. 7. 0. 
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Tl ~lE 

0000 
OO~o 
0100 
01~0 
0200 
02,)0 
03011 
0330 
04011 
0430 
05110 
0!>30 
0&00 
0630 
07110 
07~0 
06110 
0830 
091)" 
0.930 
10UO 
10jO 
11110 
1130 
12110 
1230 
13110 
1330 
1400 

v 1430 
1500 
1!>30 
IbllO 

~ 1630 
1700 
17jO 

· 1&110 
1830 

· 19110 
1930 
20uO 
2030 
2100 
2130 
22UO 
22.:.0 
23UO 
2330 

CONTR IBUT!ON OF E~CH 

QR 
-2.47 
-2.47 
-2 .t>9 
-2.69 

·- 2 .56 
- 2. 37 
-1.b3 
-1.~6 
-1.04 
-.91 
-.66 

-1.00 
-.39 

.02 
1.26 
2.6& 

·· 3.58 
3.87 
4.84 
4.3& 
7.46 

10.61 
9.43 

11.12 
11.47 
15.09 
13.76 
22.01 
12.12 
12.85 
12.10 
10.64 
8.12 
9.b5 
6.10 
5,16 
4.11 
2.91 
1.90 
1.ltl 

.69 

.:u 

.56 

.87 
1.13 

.95 
1,10 

.92 

TOTAL 

PER C[fIIT 

192.29 

73. 

AUGUST 

COMPO,,"ENT OF THE 

GA 
.37 
.61 

1.33 
.48 · 
.75 

1.92 
.&6 

2.50 
1.65 
1.72 

017 
.66 
.34 

1.56 
.70 

1.22 
.52 

2.06 
2.28 
1.09 

.99 
1.59 
2.33 

.81 

.52 

.73 

.21 
1.36 
1.22 

.63 

.91 

.73 

.42 

.35 
1.05 
1.40 
1.39 
1.04 
1.91 

.52 
1.21 

.59 
2.32 

.76 
1.29 
1.02 
1.79 

.18 

52.09 

20. 

28. 1967 

HEIIT BALANCE f QUA TIOI~ IN LA NGLEYS 

GL GP ~~ 

.20 .0 0. -1.91 

.19 .0 0 -1.6 ~ 
2.19 .0 0 .62 

.57 .0 0 -1. 65 
-.09 .0 0 -1. 9 2 

.90 .0 0 . .. 5 
-.31l . 00 -1 .!:l 2 

.1l9 .ClO 1.82 
1.67 .00 2 ... 7 
-.21 .00 • f' 0 
-.29 .00 -.gll 

.41 .00 .2 7 

.4 3 .00 .~9 
-.12 .00 1. "6 

.!>O .00 2." 7 

.\7 .00 4.(5 
-.36 .00 3.75 
1.43 .00 7.:37 

.91 .00 8.C· 3 
1.1!> .00 6 . 1;0 

.27 .00 8 .72 
1.31 .00 13 . 51 

.2!> .00 12 . C·l 
-.11l .00 11 . 75 
-.09 .00 11 . 91 
-.07 .00 15 . 75 

.81 .00 14 .76 
1.62 .00 25.20 
-.22 .00 13 . 1 2 
-.66 .00 12.1'<0 

.02 .00 13.83 
-.36 .00 10 . 9 9 

.09 .00 6 . 62 

.10 .00 10 .10 

.46 .00 7 • .,1 
-.00 .00 6.55 
1.02 .00 6.52 

.31! .00 4 .:53 
-.27 .00 3 .54 

.57 .00 2 .50 
-1.00 .00 .<10 

.IU .00 1.31 

.61 .00 3. 6 9 
•. 54 .00 2.1£1 
.51 .00 2.93 

1.21 .00 3.1R 
1.50 .UO 4.39 

.117 .00 1 .16 

.00 ~f>3.97 

7. n. 

14·7 



AUGUST 29. 1967 

CONTH HIU Tl ON OF E~CH C O~.:PO~,EtH OF THE HEAT E:lALMICE FGUA TIUN IN LIII'IGLFYS 

TlI<IE GR GA QL Gf> nM 
OULU -1 • .38 .70 .5b .00 -.12 
OU30 -1.06 .53 .4l1 .00 -.14 
01uO -l.U.3 1.22 -.1 ':I . 00 • (. 0 
0130 -1.17 1.51 .01 .00 .~5 
02UO -1.23 . 28 - • .3b .UO -1.31 
0230 -l.lU .67 .31 .00 -.12 
030u .85 .28 -.41 &UO .72 
03.3U .4.3 1.20 .8b .00 2."'1 
04(11) -.09 . 32 -.20 .00 -.5b 
04.:.U .78 .88 .It! .00 1. f:>4 
O!>Uo -1.49 1.76 . 28 .LO .54 
0 53U -l •• n 1.93 .11 .00 .77 
ObuO -1.02 1.76 -.51 ,DO .23 
06jLl 1.67 1,75 -.3!> .00 3. (.7 
07UO 2.29 1.04 1.09 .00 4.42 
0730 3.63 .87 1 . 3!> .00 6. r·5 
0811U 5.75 .00 .8U .00 6.~6 
083() 6.99 2.33 -.3tl . 00 8.9 4 
O':lULl 7.31 .63 -.15 .0 0 7.78 
09jO 10.20 .69 1.1 'J .(10 12. ( ,8 
10 UO 3.31 2.93 .82 .00 7. (.6 
1030 5.44 .66 .62 .2':1 7.C 1 
lllliJ 12.17 1.45 1.05 .38 15.0·4 
1130 4.47 -.76 -.07 .00 3.64 
12UO 7.14 .79 .7!> .00 8.bfl 
1230 15 .25 . 52 .21 .00 15.97 
13UO 13.07 .93 .49 .00 14 . 49 
1330 9."6 .76 -. 1!> .00 10.C 7 " 
14UO 11.46 .97 .31 .00 12.74 
1430 12.00 1.45 1.54 .00 14.99 
15UO 9.80 1.72 -1.12 .00 10.40 
1530 5 • .33 .55 -.Hl .00 5.70 
16uO 7.97 1.45 .49 .20 10. 11 
163ll 6.00 .69 -.09 .00 6.60 
17UO 6.!>3 .69 -.50 .00 6.72 
17.:.U 4.60 1.03 -.2b .23 5 •. b l 
18ULI 2.b3 .34 . 26 .00 3.24 
1830 3.14 1.55 -. 3c . 00 4.37 
19ULl 2. 1 6 1.72 .08 .00 3.96 
19jO 1.56 1.04 1.04 .0 0 3.E-b 
2 0uO 1.10 -.35 3.7!> .00 4.50 
203L1 1.30 1.21 .86 . 00 3.37 
21UO .88 loll .5U . 00 2.49 
21.:.U 1."8 2 .04 .21 .00 3 .7 2 
22UU 1.47 1.48 1.24 .00 4.18 
22.:.CI 1 • .37 .93 .9U .£10 3.19 
2.3uO 1.18 1.78 .oj .43 'I. L' 1 
2330 1.17 .79 .lIj .14 2. c 3 

TOTAL 184.11 49.80 111.47 l.h8 

PER CE.NT 72. 20. 1. 
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APPENDIX H 

C(l.!PONENTS OF HEAT BALANCE EQUATION USI NG THE POIER LAW 

.JULY 31. 1967 

CONTRHIUTlorJ OF EACH COMPONEfn OF THE HEAT BALANCE:. £QUATlOli 1 fl LA N.:; LEYS 

TIME QR QA <:.IL QP QI.f 
OOUO -2.08 1.45 1.74 .Ou 1.11 
OO~O -1.67 .00 -.Ou .00 -1.67 
010U .49 4.83 4.S~ .00 9.b~ 
0130 .22 .00 .00 .00 .2.2 
0200 .46 1012 .26 .00 1 .1.>.3 
02~0 .72 .47 4.64 .Ou 5.b3 
O~UO .5a .41 1.0b .0 0 2.07 
0330 .36 .2~ ~.5~ .011 ... 14 
04UO .~9 .00 -.00 .00 .~c; 
04~0 .59 .00 .00 .00 .~g 
0500 .79 .67 .85 .ou 2 .~ L 
05~0 1.10 .60 1.84 .0 0 .3.5~ 
06UO 1.~tl .00 .00 .OU 1 .~c 
0630 3.~1 .00 .00 .ou .3. ~1 
07UO 3.09 .44 .7U .0 0 ... 23 
0730 3.53 .4<1 .22 .OU .... 2u 
Oaoo 2.1:3 .00 • • 00 .0 0 2.1~ 
08~0 2.12 .62 .bb .00 ~.'4f.j 
0900 2.98 .00 .OU .00 2.96 
09~0 4.10 -1.95 -2.56 .Ou -.42 
1000 17.45 6.1:3 -1.61 .O~ 21.97 
10~0 8.24 .00 -.00 .0 0 10.24 
1100 11.09 1.28 .55 .0(; 12.91 
lUO 10.88 .98 .74 .Ou 12.bl 
12UO 7.68 .19 · .Sc: .0 0 f.4 C 
1230 7.03 .I5 .16 .00 7.34 
13UO 9.62 .00 -.00 .0 0 C?b2 

<- 1330 8.58 .00 .00 .00 E .::.e 
1400 6.44 .87 1.4b .ou 10 .7<; 
14~0 7.14 .90 1.29 .00 C? 3~ 
15UO 5.96 .92 .40 .Ou 7.30 
15~0 8.77 1.5~ 1.77 .11 12.1& 
16UO 7.83 .36 .62 .0 0 £0.81 
16~0 5.22 .50 .36 .uu f..06 
1700 5.66 .00 .00 .11 5.76 
1730 4.07 .00 -.Ou .oc 4.07 
1800 2.14 .99 .60 .08 ~.d 2 
18~0 2.46 .69 -.20 .04 2.99 
19110 4 . 41 2.77 1.51 .O ~ e.74 
19~0 1.82 2.61 1.65 .00 f..08 
2000 1.76 .72 .66 .25 ~ .39 
2U30 1.16 1.12 1.06 .0 0 3.34 
2100 .76 .00 .00 .011 .76 
2130 .67 .00 .ou .O u .67 
2200 .60 .00 .00 .3C .90 
22.30 .56 1.29 1.65 .21 3.71 
23UO .50 -4.93 5.71 .04 1 • .3~ 
2~jO .49 .00 .OU .Ou .50 

TOTAL 173.59 28.38 36.51 1.21 239.68 

PER CE NT 72. 12. 15. 1. 



AUG. 1 , 1967 

CONT R ItlUT I Ot>J OF EACH CO~PONE.NT OF THE HEAT BALAtICL EQUATION III LAtJ " lEYS 

TIME QR QA (,IL OP QII 
OOUO .~1 5.73 6.79 .0 <,> 13.12 
0030 .47 5.62 -2.0':! .10 3.~8 
0100 .51 .76 .33 .11 1.71 
0130 .49 .39 .46 d e 1.'14 
02UO .4 2 .47 1.24 .0 9 2.22 
0230 .49 .79 .04:::: ol~ 2.06 
03uO .38 -015 1.U~ .20 1.';7 
033U .46 .54 011 .21 1. 32 
0400 .49 .00 .UO .10 .59 
0430 .48 -4.02 -3.73 .O't -7.24 
0500 .&0 1.54 4.Uj .O U 6.18 
0530 1.21 -4.17 -1.64 .03 -4.57 
06UO 1.48 .00 .UO .O L 1 ... Cl 
0630 1.48 . 00 .0 0 .07 1.~5 
07UO 2.22 .82 1.63 .0 0 4.u7 
0730 2.97 .88 1.Ul ,('3 4.90 
0800 4.28 .22 -.-03 .Ub 4.5~ 
0830 4.49 .23 .2b .09 5.07 
09UO 5.84 .00 .00 011 ~ . "5 
0930 6.57 .00 . 00 .u3 6.01 
1000 5.46 .00 .OU .04 5.::.u 
1030 6.28 .00 .00 .U~ 6 • .32 
1100 8.44 .00 .00 .uU fl ... 4 
1130 7.66 .00 .00 .13 7.clO 
1200 7.95 .00 .Oc. .1 6 1\.11 
12.30 10.55 .00 .00 .1& 10.71 
1.300 8.41 .17 1.b3 .22 10.'l4 
1330 6.05 .25 .4£:: .00 6.76 
1'100 '1.92 1.58 2.3.3 .06 8.69 
14.30 7.22 2.25 4019 .24 13.',10 
1500 6.31 12.87 13.79 .U7 33.04 
1530 3.52 11.96 5.90 .2b 21.07 ;; 16110 3.98 -1.74 -1.39 .04 .,,9 
1630 4.79 .66 .Uo .03 6.34 
1700 4.65 -27.28 -14.63 .12 -37.14 
1730 4.04 1.61 2.71 .2:, 8.02 
18vO 1.95 .34 .29 .14 2.71 
1830 1.81 1.38 1.46 .1 2 4.77 
1900 3.02 .56 . 59 .Ou 4.16 
1930 1.96 .57 . 34 dG 2.97 
2000 1.46 2.80 5.36 .2~ 9.66 
2030 1.26 2.55 3.39 . 21 7.'<1 
21iJO 1.00 2.29 1. 02 .3u 4.01 
2130 .66 -4.45 -4.61 .24 -8.16 
22UO .60 3.22 3.34 .27 7 ... 3 
2230 .59 3.73 5.40 .1t, 9.08 
23UO .64 .75 .79 .3b 2.56 
2330 . 56 -1.35 1.35 .2 ~ .79 

TOTAL 151.62 24.38 43.97 6.00 225.9b 

PER CEI~T 67 . 11. 19. 3. 
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AUG. 2, 1967 

COIHH lliUTI ON 0F EACH COMPO,"ENT OF THE HEAT BALA,"CE. EQUATION I II LAi' C·LEYS 

TIME QR QA (;L QP QM 
0000 .65 3.27 5.~9 .46 9.':18 
0030 .60 2014 2.~~ .2~· 5.24 
0100 .48 2.38 3.72 013 6.70 
0130 .50 2.52 7.'!6 .22 11.21 
0200 .56 4037 7013 .26 12.32 
0230 .58 2010 2.0b .00 4.77 
0300 .59 .67 3.4b .1U 5.(,2 
0330 .49 .30 .20 .oa 1.13 
0400 .48 1.45 1.~o .07 3.50 
0430 .67 1.04 .72 011 2.~4 
0500 .68 .1.91 2.71 .25 5.55 
0530 .73 .01 .01 .13 .08 
0600 .87 .00 .00 .31 1.19 
0630 1.60 -2.25 -2.16 .19 -2.e3 
07uO 1.93 -.07 .1'1 013 2.10 
0730 3.78 .28 .2,2 .10 4.37 
0800 4.50 -5.57 -5036 .05 -6.38 
0030 5.81 .58 1032 .00 7.71 
0900 7.91 .53 1.38 .00 9.61 
0930 6.82 1.11 1.81 .00 9.74 
1000 7.73 .82 l.b.3 .00 10.19 
1030 7.12 .06 .06 .00 7.24 
1100 11.64 .09 .10 .00 12. (,3 
1130 8.96 .44 .36 .00 9.00 
12UO 6.67 -1.79 4.92 .00 10.(,0 
1230 11.63 .13 015 .00 11,"2 

" 1300 11.23 .01 -014 .00 11.10 
1330 15.55 .80 1.25 .00 17.cl 
14uO 15.09 018 -.00 .00 15.21 
1430 13.78 .12 -.Ub .00 13.64 
1500 14.20 .13 1.22 .00 15.54 ::. 1530 8.32 .06 .06 .00 8.43 
1600 10.71 .05 .09 .0 0 10.b5 
1630 11.99 2.51 1.!!3 .OU 16.32 
17UO 14.51 2.76 1.63 .OU 18.90 
1730 13.59 .03 .04 .OU 13.07 
1800 6.'<5 .03 .03 .00 6.51 
1830 3.56 1.53 1.8u .07 6.97 
1900 3.53 1.40 .44 .00 5 • .38 
1930 2.35 2.04 .84 .00 5.23 
2000 2.23 1.15 . 99 .00 4.38 
2030 1.'14 .61 .5!! .00 2.02 
21UO 1.12 .70 .36 .00 2.17 
2130 .81 1.50 4.11 .00 6.43 
22UO .71 1.55 1.34 .00 3.bl 
2230 .65 .08 .04 .00 .78 
23UO -.07 .00 .00 .00 -.07 
2330 -.28 .42 -.~8 .00 -.44 

TOTAL 245.92 34.38 57.83 2.92 341.05 

Pt.>< CENT 72 • 10 . 17. 1. 
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AUG. 3. 1967 

COhl RHlUTlON OF EACH ( O/-1PO/-lE "T OF THE HEAT BALM:C£. EGUATlO/', III LA/./G LEYS 

T II~E GR QfI <.L GP G ~' 
OOUO -. 58 .10 .Ob .00 -.'+1 
00:30 -1.02 1.19 l.<'il .UU 1. '+5 
01UO .54 .46 .2b .00 1. '29 
OuO .62 .76 .6:3 .O U 2.01 
02UO -.59 .43 j' .UO .1b • OJ 
0230 -.66 .58 1.20 .Ou 1.11 
0:300 -.74 .17 .l~ .UO -.43 
0330 -1.21 .19 018 .UO -.H4 
0400 -.99 .15 -.01 .00 -.05 
0430 -.81 .11 .04 .00 -.07 
05UO -.68 .06 .04 .UU -.58 
0530 -.24 .62 .67 .00 1. ub 
0600 .02 1.25 .42 .0 0 1. 70 
0630 1.80 1.18 .51 .00 3 ... 9 
ONO 5.31 1.55 .01 .00 6.d6 
0730 7.79 .68 .04 .00 8 .51 
0800 10.52 .92 . :'0 .00 12.u2 
0830 12.40 2.91 2.63 .00 17.94 
0900 14.45 2.03 .70 .00 17.25 
0930 15.79 .75 .14 .00 16.06 
1000 17.69 .89 .54 .00 19.12 
1030 20.36 1.21 -.18 .00 21.39 
11uO 21.38 .79 .21 .00 22.39 
1130 21.93 1 .1 9 .63 .00 23.75 
12UO 21.78 1.31 -.26 .00 22.04 r, 1230 17.55 1.77 .76 .00 20.10 
1300 24.29 1.59 .07 .00 25.95 
1.3.30 23.95 3.22 1.14 .00 28.")~ 
14UO , 22.01 2.47 -.24 .00 24.24 
1430 21.30 2.66 3.27 .00 27.23 
15uO 20.16 2. all .34 .00 22.58 
1530 18.96 .50 8.31 .00 27.76 
16UO 17.60 4.06 .19 .OU 21.05 
163U 15.85 4.10 .:39 .00 20.34 
17(10 13.88 3.46 5.37 .00 22.71 
17.30 11.86 1.12 .90 .00 13. d8 
18uO 9.05 1.46 .44 .00 10.95 
1830 7.30 1.67 .70 .au 9 .07 
1900 5.03 3.12 3.00 .0 0 11. 14 
1930 3.03 2.39 2.47 .OG 7.d9 
20UO .72 2.48 2.3b .00 5.58 
2030 -1.45 1.22 .26 .GO "!,.J4 
21UO -1.79 .95 .57 .00 -.27 
2130 -2.11 1.82 -.U7 .00 -.36 
22UO -2.19 1.09 .50 .ou -.00 
2230 -2.27 .84 .41 .Ou -1.,,2 
2300 -2.23 .60 l.e9 .00 .26 
2330 -2.26 .87 .8U .UU -.59 

T01AL 383.13 66.99 44.7u .00 494. ~ O 

PEk ((lil 77. 14. 9. O. 
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AUGUST 26, 1967 

CONTR I HUTION OF EACH COMPOtlENT OF THE HEAT BALA NCE. EOUATI O;i I I: LAI'.,:;LEY S 

TIME OR QA OL OP w'.r; 
0000 .57 1.04 -2.31 .00 -.7l: 
OO.}O .70 .41 -.6~ .33 .7 ': 
0100 .54 -.13 1.~ 5 .22 2.19 
01.30 .27 1 . 00 .41 . OU· 1 . 67 
0200 .33 .86 -.2~ .Ou .9~ 
02.30 .60 .42 .14 .00 1.1i: 
0300 .49 018 .b~ .~1 1. 7~ 
0330 .57 .17 .1.} .4'! 1.37 
0400 .49 .22 . 21 .74 1 • b ~ 
04.30 .41 -3.53 -2.53 . 16 - '5 ... 7 
0500 .48 . -1.47 1.63 .40 1. u3 
05JO .49 .05 .57 .26 1.36 
0600 .55 .34 -.37 .30 . bZ 
06JO .61 .16 .47 .2~ 1.~v 
0700 .73 016 .1~ .... 2 1.47 
07JO 1.65 -7 . 71 15.01 .30 9.2c 
0800 1.39 1.32 .2~ . 27 3 . 22 
0830 1.61 .61 .86 019 3.<:7 
0900 2.27 1.10 ' • 7~ 014 II .<. f, 
0930 2.59 .67 .61 •. lO II .1 7 
10uO 3 . 03 .69 .8~ . O~ lof .6 2 
1 030 2 . 64 -.22 2.7<: . OU S.g 
11 uo 3.53 . 78 1 .02 .05 5. 3 ~ 
11 3U 3.34 .24 .22 .05 3.tl5 
12UO 3.53 .20 -.43 .• 30 3.b .... 
12JO 4.46 .76 .5b . 26 6."~ 

~, 13UO 4.83 .93 .13 .32 6 .2 1 
1330 4.10 3.25 2.0 7 . u5 9.4 7 
1400 5.75 .43 2.59 017 8 .9.., 
1 4 .30 4 . 68 3 . 14 .41 .UO 8 .,,) 
15U O 4.08 2.45 -1.84 .33 5 . [, 2 ::.. 
15.30 2.45 .85 . 3 1J .04 3 .7 1 
1600 2.47 .89 .17 . 23 ?,. 77 
16.30 2.43 3017 1.37 .05 7, uc. 
1 700 2.15 2.38 -019 015 4 . 4 b 
1730 1.52 1.38 .6lJ .26 3. 77 
1800 1.53 1010 1.09 .11 3.b ': 
18.30 1.03 .76 .73 .32 2 . 0 '-> 
19UO 1 . 01 . 85 .81 .32 2. Y? 
19.>0 .74 2.24 2.36 . 05 5 • . B 
2000 .64 1.98 1.92 .05 4. 6 :) 
2 030 . 60 .82 .7(; .30 2 . 42 
2100 .58 .83 .24 . 36 2.u i 
21.30 056 1.76 .39 . 20 2.':l J 
22UO . 50 1.49 1.4.3 . 2~ 3. 6 7 
22.30 . 57 1.22 1.3~ 014 :'1 .2 ;) 
2300 .46 1.31 1.24 .15 3.1" 
2jJO .50 1 .24 . 82 .11 2. 6 7 

TOTAL 81.13 3 2 .83 ,+0.96 9.69 164.b ~ 

PEH CEN T 49. 20. 2~. 6 . 
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AUGUST 27, 1%7 

CONTRIOUTION OF EACH COMPONENT OF THE HEAT BIlLAt iCL EOUATION I, • LA:'I-.LEYS 

T lI~E QR QA (;L OP C\~ 
OOUO .49 1.28 1.21:) .06 3.1 ; 
0030 . 55 .85 .48 .29 2.17 
0100 .4 8 .55 .4~ .00 1.4 7 
0130 .48 1.12 -.U4 .1 9 1.7~ 
0200 .49 1.22 1.14 017 3 . Uc 
02.30 .53 1.24 2.55 .D U " • .3 '= 
03UO . 54 1.23 .35 .00 2. L~ 
03.30 .48 .56 . IH .Ll5 1.9~ 
04 UO .45 1.27 .54 .O ~ 2.31 
0 4 .30 .34 .61 -.Ob .OU .07 
0 50 0 .45 .64 .67 .00 1.7 ':0 
05.30 .41 .94 • .3t .00 1.72 
0 6U O .52 .50 .4 3 .OU 1.4~ 
0".30 1.07 .98 -.U7 .00 1.9f 
07uO 1.46 .98 -.07 .00 2.37 
0730 1.95 .17 .15 .03 2.30 
08UO 3.88 .18 1.8U .00 5.00 
08.30 5.94 .19 .11 .00 6.2_ 

9UO 6 .64 .20 
, 

.07 .00 6.'11 
9.30 16 . 43 .77 . 95 .00 18.1t> 

10 UO 10.87 .72 .5b .00 12.15 
10.30 13.53 1.44 2.32 .00 17 • .3 ~ 
lIuO 18.04 1.47 .99 .00 2. 0.49 
1130 17.54 .61 .27 .00 1 8. 4<: 
1 2UO 15.U5 .72 .22 .OU 16.7c 
12.30 15.4b 1.03 .95 .00 17.47 ij 

1 300 12.43 .65 . 7U .OU 13.7<; 
13.3 0 17.03 .99 2.86 .UU <: 0 .be 
1<Iuo 12 . 88 1.55 .47 . 00 14.90 
1430 13.42 1 .17 -.05 .00 14.55 
1500 13.59 .80 2.b6 .00 17.26 
1530 19.60 1.61 -.2.3 .00 20.<;,:' 
16uO 10.79 . 74 2.b9 .00 14.4.2 
1630 8.10 1.13 .93 .00 10. 16 
17uO 5.15 1.30 . 45 .00 6.9 ~ 
1730 4.63 1.16 .OS .00 S.b:' 
l uuO 3.79 .83 -.15 .00 4.47 
1830 1.55 ,"16 3.24 .00 4.90 
19UO .62 1.45 .05 .00 2.12 
19.:>0 -.63 -.81 -.6.3 .00 -2.L~ 
20UO -1.79 .94 • elii .00 .L.! 
2030 -2.49 4.47 -.3b .UlJ 1.o e 
2 1 UO -2. 84 2.11 .U u .O u -.73 
2ljO -2.98 .80 2.1b .Ou • V ·~ 
2200 -3.0 0 1.10 •. Ob .0 0 -l.cI 
2 2.30 -2.&7 1.18 1.1 5 .OU -. :...) 
23U O -2 .84 .84 .H tJ .00 -I.E 
2 3.30 -2.77 .43 .Otl .00 -2 .~ ? 

10rAL 2:'\6.27 46.06 35.59 .b4 318.1"-

PEK CEI'T 74. 14. 11. O. 
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AUGUST 28, 1967 

C O'll R WlJT I 01'1 OF t:ACH CO~'POI~[I'IT OF THE HEAT [JALAt.Ct. EOUATION HI LAI-'GLF Y S 

T II·, f. Gf, (lA uL OP OM 
OaUl! -2.47 .39 .1':1 .00 -1.09 
0 030 -2.4 7 .74 . 21 . uu -1.:'3 
UluO -2 . be) .87 1.32 .OU -.:'1 
0130 -2.69 .95 1. 04 .UU -.70 
OZlJO -2 . 5IJ 1.45 -.1:. .OU -1.2Y 
02~0 -2.37 .34 .1 5 .OU -1.08 
U3 uU -1.u3 . 6? - .3,: .U U -1.:'3 
033(j -l.~h .50 .10 .00 -.'oIu 
04UO - 1.L4 1. 8 4 loY3 .00 2 .73 
04.)lJ -. Sll 3.17 - . 3 7 .00 l.YO 
U5uU -.8h . 87 -1.3~ .00 -1 , 34 
O~.)O -l.uu 1.u'l .IlU . 00 1.04 
OouO - . 39 1 . 74 2.04 .Ou 3.39 
ObjU .Ui' 1 .76 -.105 .UU ll1o~ 
0 7 lJO 1.2P 1 .3 1 .87 .00 3.46 
073U 2.bl:> 1.11 .14 .00 3.92 
USUO 3.5;, .9,) -. ~9 . 00 3.94 
01330 3.1l7 1.1h . 7~ .00 5.77 
0911u 4.iJ4 .88 . 32 . OU 6.U4 
0930 4.36 2 . 43 2.37 .UO 9.10 
10uO 7.4(' 1.66 '.41 .OU 9.:'3 
10~ 0 10.01 1.1 0 .84 .OU 12.5:' 
1100 9.43 .64 . OL .0 0 1 0.14 
1 130 11.12 3.42 -.7(; .0(; 13.04 

:> 12 UO 11. 47 2.31 - • .3b .00 13.42 
l <,~O 15. UC} 1.40 -.13 .Ou 16.30 
13uO 13.7(, .67 2.3':1 . OU 16. b3 
133U 22.ul 2.81 3.47 . 00 28.<::9 
1 4UU 12.12 3.47 -.56 .O U 15.lJl 
1430 12.65 .82 -.oC: .00 12.05 
15 uO 12.1(1 .60 .01 .OU 12.71 
1530 10.u4 1.1h -.~b .00 11 .24 
luUO 1l .1 2 .82 .1 :' .00 9.09 
l"jO 9 . 0~ 1.19 .3G .00 11.15 
17uO 6. 1 0 1.116 .7 L• .UO 8.71 
1 7 30 5.16 4.59 -.01 .0(; 9 .74 
l8 UO 4.11 5.53 3.7 ;' .uo 13.37 
1 !\.) u 2.91 2.50 .64 .OU 6.24 
19uO 1.90 2 . 31 -. 3u .OU ~.90 
1Y30 1 .41 2 .~6 2 . 6U .DO 6. 57 
20uO . 69 3.57 -2.7" .DO 1.54 
2u.:;0 .31 1 .94 1.2:' .00 3.50 
2 1 uO .56 1.68 . 51 .00 2.bel 
2130 .1l 7 2.0 7 1 . 3:' .OU 4 • .<Y 
22UU 1 .13 2.21 .tl U .00 4.14 
22j U· .'15 2.20 2.41 . 00 5.~b 
23uO 1.1 0 2. 77 2 .14 .00 6.01 
2330 .,)2 . 70 . ?4 .OU 1 .b7 

T(, T AL 192 . 2" b3.4 1 ,, 7.46 .00 303 . 16 

PEr, CEo iT u3. 2il· 9. O. 
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AUGUST 29. 1967 

CO i qHIdUTIU~' OF EACH CO MPON[t,T OF THE HEAT BA LANCt. EQUATION IN LA NCLf.YS 

TI :-'-l i:. OH GA UlL OP Q~! 
UUuL -1. 3[, 1.76 1.26 .00 1.67 
UOjO -1. UO 1.05 .73 .00 .72 
Ol uU -1.u3 1 .4 5 -.21 .00 .21 
UUU -1. 17 1.00 .01 .OD - .17 
0 2u U -1.23 .61 - .73 .00 -1.34 
U2j u -1.1(- .96 .41 .00 .27 
U3uu . nS .66 -.89 .00 . 62 
03jU .4 3 1.05 . 69 .UO 2.16 
OJ,uu - . 6 9 . OC? -.40 .00 - .• 41 
04.:>0 .71l 3.23 .61 .OU 4.u2 
U~uu -1. 'IC) 3.27 .46 .UU 2.26 
G:j,Ju -1.;0 3.40 .10 .OU 2 • ..17 
UbUO -1. u2 4.22 -l.lJ .00 2.07 
O" .)u 1.67 4.49 -. 84 .OU ~.32 
U7lJu 2.29 4.22 4.13 .00 10.64 
()7ju 3.63 2.5;> 3.65 .00 10,UU 
U!HiU ~.75 .00 .00 .UO 5.75 
O/j.)u 6.99 2.41 -.37 .Ou 9 .u3 
09uO 7.31 2 .05 -.40 .00 8.\lU 
0').)0 lu.2U 2 . hO 4.1u .OU 16.69 
1L1UO 3.31 1.71 .44 .00 5.45 
10jU 5.44 2.02 1.79 .29 q.t>~ 
11uO 12.17 2.112 1.9U .38 17.28 
11..\0 4.47 -10.66 -.98 .00 -7.16 
12lJu 7.14 5.24 4.62 .00 17.UO 
123u 15. ,,5 1.b~ .60 .00 17 .45 
13uU 13.U7 2 . 21 1.09 .00 16 .37 ., 
ljjlJ 9.40 ..1.22 -.00 .00 12.lJb 
14uU 11.40 3.64 1.ll! .OU 16. " U 
14.) 0 12. 0U 1.64 1 .61 .00 15.25 
l~uU 9.tJO 1.72 -1.03 .00 1 n. 4fi 
1:'..10 5.33 1.67 -.50 .Ou 6.50 
IbuU 7.97 1.97 .62 .20 10.76 
10..10 8.00 ".46 -.2'1 .00 10.17 
17uO 6.53 2.78 -1.9 L' .O C 7.4 2 
17:'0 4.60 3.48 -.8c .23 7.50 
lulJO 2.63 1.41 .99 .00 5.uj 
Ih')O 3.14 5.113 -1.10 .UO 7.87 
19uU 2.1h 6.lll .30 .00 9.26 
l c)jO 1.58 2 . 83 2.65 .OU 7.0b 
20uO 1.10 -2.23 22.47 .OU 21.3~ 
20jU 1.30 6.01 4.Ul .00 11 • ..12 
21uU . UIl ,:>.77 2.40 .00 9.11 
21,)U 1.41' 4.65 .45 .00 6.58 
22uO 1.47 4.11 3.23 .0 0 6 . 60 
22..10 1. 37 2.65 2.3C; .00 6.41 
23uO 1 • 1 fi 3.68 1.22 .43 6.51 
23.:.U 1.17 3 .64 3.62 .14 8.57 

TvlAL l il4 .11 114.36 b1.6U 1.6tl 361.7':> 

Pt.". ClIJ I 51. 3 2 . 17. O. 

156 



--' 

REFERENCES 

Adkins, C. J., 1958, The summer climate in the accumulation area of the 
Salmon Glacier: J. Glaciol., v. 3, no. 23, p. 195-206. 

Ahlmann, H. W:son, 1948, Glaciological research on the North Atlantic 
coasts: Royal Geogr. Research Series, London, no. 1, 83 p. 

Andrews, R. H., 1964, Meteorology and heat balance of the ablation area, 
White Glacier: Axel Heiberg Island Research Reports, Meteorology, 
no. 1, McGill Univ. Montreal, 107 p. 

Battle, W. R. B., 1951, Glacier movement in north-east Greenland, 1949: 
J. Glaciol . , v . 1, No. 10, p. 559-563. 

Brecher, H., 1966, Surface velocity measurements on the Kaskawulsh 
Glacier, Yukon Territory, Canada: The Ohio State University, Inst . 
Polar Studies Report no. 21, 73 p. 

Breed, C. B., Hosmer, G. L., and Bone, A. J., 1962, Higher Surveying, 
v. 2, J. Wiley and Sons, 543 p. 

Bull, C., and Hardy, J. R., 1956, The determination of the thickness of 
a glacier from measurements of the value of gravity: J. Glaciol., 
v. 2, no. 20, p. 755-762. 

Caisley, B., Lister, H., and Molyneaux, L., 1963, Measurement of profiles 
of wind speed, temperature, and vapor pressure near to the ground: 
I.U.G.G. General Assembly of Berkeley, Internatl. Assoc. Sci. Hydrol., 
Publication no. 61, p. 37-48. 

Clark, D., 1951, Plane and Geodetic Surveying, v. 2, 4th ed, Constable, 
London, 582 p. 

Corbat6, C. E., 1965, Thickness and basal configuration of lower Blue 
Glacier, Washington, determined by gravimetry: J. Glaciol., v. 5, 
no. 41, p . 637-650. 

Dobrin, M. B., 1960, Introduction to geophysical prospecting: McGraw
Hill, New York, 446 p. 

Drake, L., 1965, Experiments on regelation of ice, unpublished Master's 
thesis, U.C.L.A. 

Elliston, G. R., 1963, discussion, in Bulletin of t he Internatl. Assoc. 
Sci. Hydrol., v. 3, Annee no. ~ p. 65-66. 

Friese-Greene, T. W. and Pert , G. J., 1965, Velocity fluctuations of the 
Bersaekerbrae, East Greenland: J. Glaciol., v. 5, no. 41, p. 739-747. 

157 



Glen, J. W., 1952, Experiments on the deformation of ice: J . Gl aciol., 
v. 2, no. 12, p. 111- 114. 

, 1955, The creep of polycrystall ine ice: Proc. Roy . Soc . 
----~--~ London , Ser. A, v. 228, no . 1175, p . 519-538. 

Goldthwait, R. P., 1963 , Dating the Little Ice Age in Glacier Bay, 
Alaska: Rept. of the International Geol. Congress. XXI Session, 
Norden, 1960, Part XXVII, p. 37-46. 

, Loewe, F., Ugolini, F. C., Decker, H. F., Delong, D. M., 
-----=~~ Trautman, M. B., Good, E. E., Merrell, T. R. III, and Rudolph, E. D., 

1966, Soil development ahd ecologic succession in a deglaciated area 
of Muir Inlet, southeast Alaska: The Ohio State Univ., Inst. Polar 
Studies Rept. no. 20. 

Grainger, M. and Lister, H., 1966 , Wind speed , stability and eddy vis
cosity over melting ice surfaces: J. Glaciol. , v. 6, no. 43, 
p. 101-128. 

Haefeli, R., 1963, Observations in ice tunnels and the flow law of ice: 
in Kingery, ed., Ice and Snow, M.I.T. Press, Cambridge, p. 162-186. 

Hammer, S., 1939, Terrain corrections for gravimeter stations: Geophysics, 
v. 4, no. 3, p. 184-194. 

Haselton, G. M., 1966, Glacial geology of Muir Inlet, southeast Alaska: 
The Ohio State Univ., Inst. Polar Studies Rept . no. 18,34 p. 

HaVens, J. M., 1964, Meteorology and heat balance of the accumUlation 
area, McGill Ice Cap, summer, 1960: Axel Heiberg Research Rept., 
McGill Univ., Meteorology, no. 2, 87 p. 

, Muller, F., and Wilmot, G. C., 1965, Comparative meteorolog-
----~--~ ical survey and a short-term heat balance study of the White Glacier, 

summer, 1962: Axel Heiberg Research Rept., McGill Univ., Meteorology, 
No.4, 68 p. 

Heiskanen, W. A., and Vening Meinesz, F. A., 1958, The earth and its 
gravity field: MCGraw-Hill, New York, L~70 p. 

Kamb, W. B., and LaChapelle, E. R., 1964, Direct observation of the 
mechanism of glacier sliding over bedrock: J. Glaciol., v. 5, 
no. 38, p. 159-172. 

Keeler, C. M., 1964, Relationship between climate, ablation, and run-off 
on the Sverdrup Glacier, 1963, Devon Island , N.W.T.: Arctic Insti
tute of North America, Research Paper, no. 27, 80 p. 

Klebelsberg, R. von, 1948-1949, Handbuch der Gletscherkunde und Glazial
geologie, 2 v., Springer-Verlag , Wien, 1028 p. 

158 



-' LaChapelle, E. R. , 1959 , Annual mass and energy exchange on t he Blue 
Glacier: J. Geophys. Res., v. 64, no. 4, p. 443-449 . 

Lawrence, D. B., 1958, Glaciers and vegetation in southeastern Alaska : 
American Scientist, v. 46, p. 89-122. 

Lliboutry, L., 1959, Une th~orie du frottement du glacier sur son lit: 
Annales de Geophysique, Tom. 15, no. 2, p. 250-265. 

------ , 1965, Traite de Glaciologie, v. 2, Masson, Paris, 1040 p . 

, 1968, General theory of subglacial cavitation and sliding ----.,....-
of temperate glaciers: J. Glaciol . , v. 7, no. 49, p. 21-58. 

McCall, J. G., 1952, The internal structure of a cirque glacier, report 
on the studies of englacial movements and temperatures: J. Glaciol" 
v. 2, no. 12, p. 122-132. 

McKenzie, G. D., 1970, The glacial history of Adams Inlet, southeast 
Alaska: The Ohio State Univ., Inst. Polar Studies Rept. no. 25, 
80 p. 

McSaveney, M. J., and Gage, M., 1968, Ice flow measurements on Franz 
Josef Glacier, New Zealand, in 1966: New Zealand J. Geol. and 
Geophys., v. 11, no. 3, p. 564-592. 

Maranguni6, C., 1970, Effects of a landslide on Sherman Glacier, Alaska : 
The Ohio State Univ., Inst. Polar Studies Rept. no. 30,120 p. 

Marcus, M. G., 1964, Climate-Glacier Studies in the Juneau Ice Field 
Region, Alaska: Univ. Chicago, Dept. Geog. Res . Paper 88, 128 p. 

Mathews, W. H., 1959, Vertical distribution of velocity in Salmon Glacier , 
British Columbia: J. Glaciol., v. 3, no. 26, p. 448-454. 

Meier, M. F., 1960, Mode of flow of Saskatchewan Glacier, Alberta, Canada: 
U. S. Geol. Survey Prof. Paper 351, 70 p. 

, 1962, Proposed definitions for glacier mass budget terms: 
----~J~.~G~laciol., v. 4, no. 33, p. 252-265. 

, 1965, Comments on Paterson I s paper, "Variations in velocity 
---o-=f,........,.A~thabasca Glacier with time": J. Glaciol., v. 5, no. 41, p . 761-

762. 

Miller, D. J., Payne, T. G. , and Gryc, G., 1959, Geology of possible 
petroleum provinces in Alaska, with an annotated bibliography by 
E. H. Cobb : U. S. Geol. Survey Bull. 1094, 131 p. 

159 



Millescamp, R., 1956a, Sur les directions d' ecoulement superf:i.ciel d 'un 
tron~on d~ la Mer de Glace: Comptes Rendus Hebdomadaires des Seances 
de l'Academie de Sciences (Paris), Tom. 242, no . 3, p. 397-400. . 
( 

, 1956b, Sur la variation des vitesses d'ecoulement superficiel ---::------=-de la glace d'un troncon de glacier: Comptes Rendus Hebdomadaires , 
des Seances de l'AcadeIDie de Sciences (Paris), Tom. 242, no. 6, 
p. 803-806. 

Nobles, L., 1960 , Glaciological investigations, Nunatarssuaq Ice Ramp , 
Northwestern Greenland: SIPRE Tech. Rept. 66. 

Nye, J. F., 1952, The mechanics of glacier flow: J. Glaciol . , v. 2, 
no. 12, p. 82-93. 

¢strem, G., and Stanley, A., 1966, Glacier Mass Balance Measurements, a 
manual for field work: Dept. Mines and Technical Surveys , ottawa, 
Canada, 81 p. 

Paterson, W. S. B., 1961, Movement of the SefstrPms Gletscher, northeast 
Greenland: J. Glaciol., v. 3, no. 29, p. 844-849. 

, 1964, Variations in velocity of Athabasca Glacier with time: 
----:::---=-

J. Glaciol., v. 5, no. 39, p . 277-285. 

Price, R. J., 1964, Land forms produced by the wastage of the Casement 
Glacier, southeast Alaska: The Ohio State University, Inst. Polar 
Studies Rept. no. 9, 24 p . 

Reid, H. F., 1896, Glacier Bay and its glaciers: U. S. Geol. Survey Annual 
Rept. 16, 1894-1895, pt. I, p. 415-461. 

Reynolds, W. F., 1928, Manual of triangulation computation and adjustment, 
U. S. Coast and Geodetic Survey, Special Pub. 138, 242 p. 

Schytt, V., 1962, Mass balance studies in Kebnekajse: J. Glaciol., v. 4, 
no. 33, p. 281-288. 

Seligman, G., 1950, The specific gravity of ice: J. Glaciol., v. 1, no. 8, 
p. 442. 

Shreve, R. L., 1962, Theory of performance of isothermal solid-nose hot 
points boring in temperate ice: J. Glaciol., v. 4, no. 32, p. 151-160. 

Streten, N. A. and Wendler, G., 1968, The midsummer heat balance of an 
Alaskan maritime glacier: J. Glaciol., v. 7, no. 51, p. 431-440. 

Taylor, L. D., 1962, Ice structures, Burroughs Glacier, southeast Alaska: 
The Ohio State Univ., Inst . Polar Studies Rept. no. 3,110 p. 

160 

~'. 



\. ' 

Theakstone, W. H., 1967, Basal sliding and movement near the margin of 
the glacier ¢sterdalsisen, Norway: J. Glaciol., v. 6, no. 48, 
p. 805-816 . 

Vallon, Mo, 1968, Errors in the determinati on of ablation using stakes: 
J. Glaciol., v. 7, no. 49, p.132-133. 

Vancouver, G., 1801, A Voyage of Discovery, v. 5, p. 421-422, London. 

Wallen, C. C., 1948, Glacial-meteorological investigations on the Karsa 
Glacier in Swedish Lapland, 1942-48: Geografiska Annaler, v. 30, 
no. 3-4, p. 451- 672. 

Washburn, B. and Goldthwait, R. P., 1937, Movement of the South Crillon 
Glacier: Bull. Geol. Soc. America, v. 48, p. 1653-1663 . 

Weertman, J., 1957, On the sliding of glaciers: J. Glaciol., v. 3, no. 21, 
p. 33-38. 

, 1962 , Catastrophic glacier advances: Union G~odesique et 
----~G~€~o-p~hysique Internationale Assoc. Internationale d ' Hydrologie 

Scientifique, Comm. des Neiges et Glaces. Colloque d'Obergurgl, 
September, 1962 , p. 31-39. 

, 1964, The theory of glacier sliding: J. Glaciol., v. 5, 
---no-.---::;"39, p. 287- 303. 

, 1967, An examination of the Lliboutry theory of glacier 
-----s~1~i~d7ing: J. Glaciol., v. 6 , no. 46, p. 489-494. 

Wright, C. F., 1887, The Muir Glacier: Amer. J. Sci., v. 33, p. 1-18. 

161 


	IPS_36_001
	IPS_36_002

