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ABSTRACT 

Burroughs Glacier is a wasting mass of neoglacial ice in the north
eastern part of the Glacier Bay National Monument, Alaska. The entire 
glacier covers approximately 26 km^ and consists of two tongues both of 
which flow from a central ice divide. The highest point on the glacier 
(475 m) lies on the divide and is well below the equilibrium line. The 
average annual rate of downwastage of the ice surface is approximately 
3.7 m. 

During the summer of 1973, a hydrologic study was made of the eastern 
tongue of the glacier (13.9 km^). The study involved calculating the inflow 
and outflow of meltwater in the tongue for the purpose of analyzing the 
storage characteristics of glacier ice. The results of the investigation 
show that during a four-day period of generally clear skies and mild 
temperatures, approximately 17.8 cm of water was produced on the glacier 
surface by melting. The runoff recorded during this period, however, was 
only 14.2 cm which suggests that at least 3.6 cm of meltwater was retained 
within the glacier tongue. Most of this meltwater storage appears to 
occur within channels and open fractures in the ice itself. 

Analysis of the relationship between the storage in the tongue sub-
basins and the runoff in the streams draining the sub-basins indicates that 
the average basin lag from the glacier to the channel control is approxi
mately three hours. There appears to be no observable relationship between 
the average basin lag and the area of the sub-basin being drained. 
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INTRODUCTION 

Within the past few decades, hydrologists and glaciologists have become 
increasingly aware of the importance of glaciers as potential water 
resources. This is particularly true in the mountainous and high latitude 
regions of the world where rapid industrial and agricultural developments 
are taking place. For example, both the Swiss and the French have already 
tunnelled under glaciers and successfully diverted subglacial streams for 
hydroelectric power generation (Cottier and others, 1957; Vivian, 1970). 
Power and water supply projects utilizing glacial runoff are presently 
also being considered by both the Norwegian Water Resources and Elec
tricity Board (0strem, 1971; 1974) and the Canadian Department of Energy, 
Mines, and Resources (Lo'ken, 1970; Ommanny, 1970). In addition, several 
glaciers within the United States and the Soviet Union are being evaluated 
as potential water supplies (Meier, 1969; Meier and others, 1971; Tangborn, 
1966; Tangborn and others, 1971; Post and others, 1971; Kotlyakov, 1973). 

A thorough understanding of the occurrence, distribution, and behavior 
of liquid water in ice is undoubtedly necessary if glaciers are to be ef
fectively developed as natural resources. Already, direct observations 
(Sharp, 1951; Colbeck, 1971) and tracer experiments (Stenborg, 1973; Krimmel 
and others, 1973) have provided much valuable insight into the drainage 
systems operating on or just beneath the glacier surface. As yet, however, 
little research has been directed towards understanding the storage char
acteristics of glacier ice. This is because it is almost impossible to study 
the inaccessible openings within the ice from the exterior of the glacier 
or by remote sensing from its surface. 

During the summer of 1973, the water balance for part of Burroughs Glacier, 
in southeastern Alaska, was analyzed to determine indirectly some of the 
storage characteristics of glacier ice. The results of the investigation 
are presented in this report. In the chapter entitled "Inflow", the areal 
variability of melt due to global radiation alone is analyzed for the 
purpose of approximating the melt over the glacier surface during a nearly 
cloudless four-day period. In the chapter entitled "Outflow", the runoff 
of meltwater from the glacier is estimated for the same four-day period. 
Finally, in the chapter entitled "Meltwater Storage", the storage charac
teristics of the glacier are investigated by comparing the inflow and 
outflow records for the four days. 

Burroughs Glacier is well suited for hydrologic study. It is confined 
on all sides by bedrock and is drained by only a few outlet streams. The 
surface of the glacier lies entirely below the equilibrium line and, by 
late summer, is at the pressure melting point throughout. In addition, a 
plethora of background data on the glacial history, geology, and glaciology 
of the glacier and surrounding area is also available from several investi
gations made over the past twenty years (Taylor, 1962; Goldthwait, 1966; 
Mickelson; 19 71). 
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Figure 1. Location of Burroughs Glacier. 



PHYSICAL SETTING OF BURROUGHS GLACIER 

Burroughs Glacier (59' 00" N. Lat., 136' 20" Long.) is a wasting 
mass of neoglacial ice confined to a valley just north of Wachusett Inlet 
in the northeastern part of Glacier Bay National Monument, Alaska. The 
glacier is approximately 13 km.long and 1.2 to 3 km. wide, and covers 26 
sq. km. An index map of the glacier and surrounding area is presented in 
Figure 1. 

The highest point on the glacier surface (475 m) lies on an ice 
divide that separates the glacier into two distinct tongues. The eastern 
tongue (Fig. 2) is approximately 6.8 km. long and covers 13.9 sq. km. 
At the glacier divide, the tongue is about 2.2 km. wide, but down glacier 
it widens to about 3 km. The direction of ice flow in the tongue is 
easterly. The western tongue of the glacier flows in the opposite direction. 
It is approximately 6.2 km. long, covers 12.1 sq. km. and descends to an 
elevation of 150 m. Unlike the eastern tongue, it becomes narrower down 
glacier and is about 1.0 km. wide near its terminus. 

General Characteristics of the Basin 

In this investigation only the eastern tongue of Burroughs Glacier 
and its surrounding basin are considered. The basin (Fig. 2) is approxi
mately 27.2 sq. km. and is bounded on the north by Minnesota Ridge, on the 
east by the Curtis Hills, and on the south by the Bruce Hills. The western 
boundary of the basin is defined by the ice divide separating Burroughs 
Glacier into two tongues. 

Three streams within the basin (Burroughs River, Bob Creek, and 
Gull Creek) drain meltwater from the glacier. Prior to 1972, a fourth 
stream (John Creek), also drained meltwater, but is has since diverted 
under the ice and dried up. 

Geology 

The bedrock underlying the basin is predominantly a series of meta
morphosed shales and limestones, intruded by diorite and granodiorite stocks 
(Mackevett and others, 1971). The metasediments are Paleozoic in age and 
underlie much of the eastern half of the basin. The western half is 
underlain primarily by stocks of Cretaceous age. 

Surficial deposits mask much of the bedrock in the basin. These recent 
deposits, described and mapped by Mickelson (1971), consist largely of 
till, sand, and gravel. The till is generally sandy and ranges in thickness 
from a veneer of scattered boulders to more than 25 m. The sand and gravel 
deposits are mostly kame terraces or outwash of Hysithermal and Recent age. 
The gravel is generally medium to coarse, and, in some parts of the basin, may 
be tens of meters thick. 
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Climate 

The climate of Glacier Bay has been summarized by Loewe (1966) and 
McKenzie (1968, 1970). It is generally maritime and characterized by small 
daily and seasonal temperature ranges, many long periods of fog and cloudiness, 
high relative humidity, and abundant precipitation (200 to 400 cm). No 
permanent meteorological stations have ever been maintained at Burroughs 
Glacier, but records have been kept by field parties during the summers 
of 1960 (Taylor, 1962); of 1969 and 1970 (Michelson. 1971; Larson, 1977); 
and of 1972 and 1973 (this report). These records show that summers at 
Burroughs Glacier are generally typified by long periods of heavy overcast, 
abundant rainfall (200 mm month-!) ̂  a n a temperatures around 10 C. _ 5 . 

Glaciology 

According to Ahlmann's (1948) dynamic classification scheme, Burroughs 
Glacier is a "dead glacier". It receives no supply of new ice each year, 
and any movement within the glacier is due mainly to the slope of the 
glacier surface. 

Glacier flow. The magnitude and direction of ice flow in Burroughs 
Glacier from August 1972 to August 1973 is shown in Figure 3. During 
this period, ice flow ranged from just over 6 m yr at the narrowest part 
of the glacier tongue to less than 0.2 m yr -! near the glacier terminus. 
The direction of ice movement was not always parallel with the slope of the 
glacier surface, suggesting that flow is somewhat influenced by the sub-
glacial topography. 

Ice temperature. No measurements were made of the thermal regimen 
of the glacier, however, it is assumed to be temperate (Taylor, 1962; 
Mickelson, 1971). This assumption is supported by seismic "P" wave velocities 
measured in the ice during July and August of 1973. The velocities 
ranged from 3,580 to 3,660 m sec-! which falls well within the range sug
gested by Robin (1958) for temperate glacier ice. 

Ice structures. The surficial structural features of Burroughs 
Glacier have been studied and described by Taylor (1962) and include 
foliation, banding, fractures, and crevasses. The foliation on the 
surface is most pronounced on the higher part of the glacier. It consists 
of alternating layers of bubble-rich and bubble-free ice, and is generally 
parallel to Minnesota Ridge. The banding, on the other hand, is due to 
variations in the fine dirt content of the ice, and is most evident near 
the glacier terminus, where the bands form lobate patterns parallel to the 
glacier margin. The ice crystals on the glacier surface generally range from 
0.1 to 5 cm in diameter. 

A man of the crevasses on Burroughs Glacier is shown in Figure 4. 
It is apparent from the map that the crevasses occur in two principal 
patterns. On the higher part of the glacier they form a transverse pattern, 
but down glacier, the pattern is more longitudinal. Most of the crevasses 
are vertical and generally less than 30 cm in width and 10 m in depth. 
The fractures in the ice occur over most of the glacier surface and appear to 
be shear faults with little if any normal separation. 
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Fig. 3 

Fig. 4 
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Fig. 5 

Fig.6 
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Fig. 7 

Fig. 8 
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Downwastage. Since 1891, numerous maps have been published of the 
Burroughs Glacier area. The earliest maps, prepared by Cushing (1891) 
and Reid (1892), do not show Burroughs Glacier as it appears today, but 
instead, reveal an ice plateau nearly 750 m thick which covers approximately 
250 sq. km. (the Cushing Glacier). During the last 85 years, this plateau 
has downwasted as much as 8 m per year and has separated into a number of 
smaller glaciers (Burroughs Glacier, Plateau Glacier, Carrol Glacier). 
The history of this deglaciation has been described in detail by Field 
(1947), Taylor (1962), Goldthwait (1966), and Mickelson (1971). 

A quick comparison of a 1960 and 1970 map of Burroughs Glacier 
(Figs. 5 and 6) confirms that deglaciation is still continuing. In ten 
years alone, the glacier surface has melted down as much as 9 m yr , 
while the ice margin has retreated in some places as much as 0.2 km yr 

Total downwastage from 1960 to 19 70 is shown in Figure 7. The map was 
constructed by calculating the difference between the 1960 and 1970 
glacier surface. It is evident from the map that downwastage is greatest 
near the glacier terminus (80 m), and least at the glacier divide (40 m). 
The total volume of ice lost during this period, determined by calculating 
areas within contours, was approximately 1.0 x lO^m . This is equivalent 
to an average annual lowering of 5.6 m. 

For the period September 1972 to September 1973, ablation stakes were 
used to record downwastage of the glacier surface (Fig. 8). The measured 
rates of surface lowering ranged from 2.65 m yr~l at the uppermost stake to 
7.13 m yr--*- at the lowermost stake. The volume of ice lost during this 
period was approximately 5.1 x 10'm . The average rate of lowering was 
about 3.7 m yr--'-. 

The relationship between the rate of downwastage and altitude at 
each stake is shown in Figure 9. The data clearly indicate that downwastage 
decreases slowly, but irregularly, with increasing altitude. A straight 
line fitted to the data points by least-squares regression suggests that 
downwastage decreases approximately 1.2 m for every 100 m increase in 
altitude. The equation of the line would also suggest that at an altitude 
of 617 m, downwastage would be zero. The noticeable scatter of points 
about the line is undoubtedly due to spacial variances in ice density, 
roughness, exposure and surface albedo. 

Surface Albedo. When global radiation (Ig) falls on a surface, 
a certain amount is absorbed; the remainder (Ir) is reflected back into 
the atmosphere. The albedo (cc) of the surface, generally expressed as a 
percent, is the ratio of the neglected radiation to global radiation, i.e. 

cc = """r/l x 100 . 
g 

Figure 10 shows the surface albedo of Burroughs Glacier recorded at 
17 stations during the early afternoon of August 15, 1973. At each station 
the incoming global radiation was measured with an Epply pyronometer placed 
in a level position on the glacier surface. The reflected radiation was 
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Figure 9. Plot of ablation vs. elevation on Burroughs Glacier, 1973. 

Fig.10 
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recorded by suspending the pyronometer 2 m above the ice surface in a 
level inverted position. The measured albedo ranged from 13 percent 
near the terminus to 33 percent on the higher part of the glacier. 
The variances in albedo are presumably due to changes in the dirt con
tent and color of the glacier surface. 
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INFLOW 

Inflow of meltwater into a glacier can be determined by calculating 
the heat-energy balance at the glacier surface. This is usually a for
midable task because there are several sources of heat energy that contribute 
to the surface melting process. There is heat energy in the form of radia
tion from the sun and sky, and sensible heat from conduction and convection 
through the overlying air mass. Condensation of water vapor on the ice 
surface and conduction from warmer ice below the surface are also sources 
of heat energy. Another source is rain, which falls on the glacier during 
the summer. 

Heat energy is also expended from the glacier surface in a variety 
of ways. It can be conducted downward into the glacier or withdrawn by 
sublimation of ice, snow, or water. It is also lost from the surface 
by the emission of long-wave radiation, especially at night. 

Most energy balance studies on glaciers are based on records from one 
or possibly two micrometeorological stations on the ice. The great com
plexity of spacial variations (wind, temperature, humidity, etc.) on a 
glacier surface, however, can rarely be treated on this basis. For 
example, heat-energy from rain alone will vary areally with intensity, 
duration, and temperature of the rainfall. 

In this report, an approach is taken which simplifies the calculation 
of the heat-energy balance and melt on a glacier surface. First, each 
component of heat-energy balance is determined for a single point on the 
glacier surface during a nearly cloudless four-day period. Once it 
is established that global radiation is the most dominent source of heat 
energy for melting, calculations are made to estimate the melt at numerous 
other points on the glacier based on global radiation receipts alone. 

Instrumentation 

To record the parameters of the heat balance equation at a single 
site, a micrometeorological station was maintained on Burroughs Glacier from 
0000 h, August 14 to 2400 h, August 17, 1973. The station was located about 
200 m from the glacier terminus (Fig. 2 ). The surface of the glacier at 
the site of the station sloped southeast at about 15°. The weather during 
the period of observation was characterized by clear skies, no rain, and above 
average temperatures. Some cloudiness and haze, however, did occur during 
the afternoon of August 14. A summary of the meteorological conditions 
during this period is presented in Table 1. 
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Figure 11. Micrometeorological station with wind 
recorders and weather screens 1.0, 2.0, and 3.5 m 
above the glacier surface. 

Figure 12. Camp meteorological station with Belfort 
pyheliograph and rain gage. 
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Temperature (C ) 
max/min 

Relative humidity (%) 
max/min 

Precipitation (mm) 

Wind velocity (m/s) 

Cloud cover (%) 

Global radiation (ly/day) 

August 14 

13.4/6.2 

90/57 

0.0 

1.0-2.0 
S.W. 

10 

473.4 

August 15 

15.7/5/6 

96/44 

0.0 

0.5-2.5 
S.W. 

0 

537.6 

August 16 

17.2/9.0 

61/42 

0.0 

0.5-2.0 
S.W. 

0 

515.4 

August 17 

16.2/9.0 

57/46 

0.0 

0.5-2.5 
S.W. 

0 

545.4 

Wind speed, temperature and relative humidity at the micromet station 
(Fig. 11) were recorded continuously at three levels (1, 2, 3.5m) above 
the glacier surface. Model 1482 Lambrecht wind recorders were used to 
measure the wind velocity and direction. The air temperature and relative 
humidity were recorded with Casello model 257 hygrothermographs set within 
Stevenson type screens. Each hygrothermograph was calibrated before use, 
and was regularly checked against numerous psychrometic readings to test 
for radiative heating by the weather screens. During the entire period of 
observation no significant radiative heating was detected, probably because 
of the strong ventilating effect of the wind, which persisted during that 
time. 

Short-wave radiation receipts were recorded with a Belfort pyheliograph 
model 5-3850. The instrument, maintained at the base camp approximately 
2 km from the micromet station (Fig. 12), was mounted on a horizontal plat
form 1.7 meters above the ground surface. An Epply pyranometer model 8-48 
and a Leads and Northrop potentiometer model 8696 were used to calibrate 
the pyheliograph. Precipitation was also recorded at the base camp with 
a standard 20-cm-diameter rain gage. A list of all the meteorological 
instruments may be found in Appendix A. Meteorological data and compu
tational data from the micromet station are also included in the Appendix. 

15 

TABLE I 

SUMMARY OF METEOROLOGICAL CONDITIONS DURING 
THE PERIOD AUGUST 14-17, 1973 
BURROUGHS GLACIER, ALASKA 



The Heat Energy Balance 

In general, the heat-energy balance at the melting ice surface may be 
written as: 

Q ± Q + Q ± 0 + 0 . ± Q = Q . , 
^ r s * r l s '1 ' l <p <ml ' 

where Q r s is the net shortwave radiation flux, Qri is the net long-wave 
radiation flux, Qs is the heat transfer by convection between the surface 
and the atmosphere, Qq is the heat transfer by evaporation or condensation, 
Qq is the heat transfer by conduction from the surface to the interior of 
the glacier or from the interior to the surface, QD is the heat transfer 
by precipitation, and Qmq is the total heat used in melting. During the 
period 14-17 August, each component of the heat energy balance equation 
was evaluated on an hourly basis. 

Net Short-Wave Radiation. The short-wave radiation balance (Qrs) 
on a surface is the algebraic sum of incoming global radiation and reflected 
short-wave radiation. An expression for this relationship is as follows: 

where I„ is the global radiation from the sun and sky, and Ir the reflected 
short-wave radiation. Global radiation (Ip) is the sum of direct solar 
radiation (Id) from the sun and diffuse radiation (D) from the sky: 

I = I , + D. 
g d 

Following Gamier and Ohmura (1968) , the daily total of direct 
solar radiation falling upon a slope may be written: 

I = o/r2 / 2 Pm cos (xAs) dH, (1) 

Hl 

-2 
where I, is in langleys,I0 is the solar constant taken as 2.0 cal cm 
min ~1, r is the radius vector of the earth's orbit, Hq and H2 are the hour 
angles when the sun shines on the slope for the first and last times 
each day, p is the mean-zenith-path transmissivity, m is the optical air 
mass, and H is the hour angle measured from solar noon, positive after 
noon. The expression cos (xAs) is the cosine of the angle of incidence 
of the sun's rays on a slope and is equal to (-sin d> cos H cos A sin 6) — 
sin H sin A sin C 4- cos $ cos H cos0)cos 6 + (cosb cos A sin 0 + sin (J) 
cos 0) sin 5, where <j> is latitude, A the azimuth of the slope, 0 is the 
angle of the slope, and 6 is the declination of the sun. For computational 
purposes, it is convenient to write cos (xAs) as (Cq sin H + C2 cos H + C3), 
where Cq = sin A sin 0 cos 6 , C2 = (cos <\> cos 0 - sin <j) cos A sin 0) 
cos 6, and C3 = (sin $ cos 0 + cos <f) cos A sin 0 ) sin 6. Alternatively, 
cos (xAs) may be expressed as a function of hour angle H such that: 
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f(H) = C4 cos (H = V) + C3, (2) 

2 ? ' 
where C^ = (C + C2 )'5 and ¥ = arctan (Ci/C2)• Expression (2) is convenient 
because in the absence of shadow, the sun's rays are incident on the slope 
when f(H) is positive. 

The diffuse radiation (D) falling upon a sloping surface can be 
estimated by the formula: 

2 
D = D cos (0/2) , 

where 0 is the slope angle and D0 is the diffuse radiation falling on a 
horizontal surface. Following Williams, Barry, and Andrews (1972)y 
the daily total of diffuse radiation falling on a horizontal surface may 
be calculated by a simple clear-sky approximation: 

D = o.5 (1 - A - A ) I - I ) , (3) 
o w o t h 

where A is the proportion of radiation absorbed by water vapor in the 
atmosphere (7%), A0 is the proportion absorbed by ozone (2%), It is the 
extraterrestrial radiation: 

and I. is the direct radiation on a horizontal plane at the surface: 
h 

I /r2 f p m cos Z dH. 
o J s 

Rewritten, (3) can be expressed as: 

D - 0.5 I /r f (0.91-pm) cos Z dH. (4) 
o o J s 

Hl 

The optical air mass M in (1) and (4) can be written as a function of 
time H by using a secant approximation: 

m = sec z = 1/cos Z , (5) 
s s 

where Zg is the zenith angle of the sun. Since m is determined from a 
horizontal surface, cos Z s is equal to cos 6x cos <j>x cos H + sin 5x 
sin <(>. Estimating m by (5), however, usually underestimates solar radiation, 
especially when Z s > 70 . This is because the earth's atmosphere is curved 
and refracts radiation at low sun altitudes (Halliner and Martin, 1957; 
de Brichambaut, 1963; Kondratyev, 1969). Gamier and Ohmura (1968), 
however, demonstrate that the degree of error varies with latitude and time 
of year. They suggest that the potential error for the month of August at 
59° N latitude is not more than 10 percent of the daily total. Therefore, the 
secant approximation appears valid. 

Expressions (1) and (4) are not mathematically integrable, but 
their solutions are possible by summation for small interval of H: 
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Id = o/ r 2L K = 1 P^ f(Hk) AH, f(H)>0 

T V^N k 
D =0.5 o/ / * , (0.91-Dm ) cos Z A H . 
o r2^TO=l s 

It was found during the course of this study that an interval of 30 minutes 
for H gave sufficient accuracy. The only element not yet determined in the 
equations is the atmospheric transmissivity (p). This value changes from 
day to day but can be estimated by comparing the computed daily global 
radiation falling on a horizontal surface with the global radiation recorded 
with the pyheliograph at the base camp. The values for atmospheric trans-
missivities calculated for the four days were found to be 0.51, 0.67, 0.64 
and 0.71. 

The amount of radiation reflected (I ) from the glacier surface can 
be expressed as the product of the surface albedo (a) and the flux of 
global radiation (I ) incident to the surface: 

g 
I = a I . 
r g 

The albedo of a glacier surface, however, does not stay strictly constant. 
It changes with the angle of solar inclination and with the wetness and rough
ness of the ice surface (Lister and Taylor, 1961) . Keeler (1964) found a 
diurnal variation of ± 10 percent for the albedo of Sverdrup Glacier in the 
Northwest Territories and noted that the albedo generally increases with 
decreasing angle of solar inclination. Andrews (1964), on the other hand, 
found that the surface albedo of White Glacier in the Canadian Arctic Arch
ipelago decreases with decreasing angle of solar inclination. 

In this study, no detailed investigation was made of the daily variation 
in albedo at the site of the micrometeorlogical station. Therefore, a constant 
albedo of 22 percent (Fig. 11) was assumed to calculate the reflected 
radiation. 

Net Long-Wave Radiation. The net long-wave radiation (Qri) is the 
algebraic sum of the long-wave radiation from the atmosphere (Ra) and the 
outgoing long-wave radiation from the ice surface (Rs): 

G = R -R . 
"rs a s 

Instruments for measuring net long-wave radiation (R - R ) were not 
a ss 

available for this study therefore, it was approximated by an empirical 
formula. The expression used in this approximation was developed by Hoinkes 
and Untersteiner (1952) and is of the form: 

2 

R -R - R (1-KCrjr-), 
a s o 10 

where R is the long-wave radiation from the atmosphere, Rs is the out
going long-wave radiation from the ice surface, R0 is the effective radia
tion under clear skies, and C is the cloudiness in tenths. The value K 
is a constant which varies with the height and type of clouds. Andrews (1964) 
suggested that K is equal to 0.2 for cirrus clouds, 0.6 for medium-height 
clouds, and 1.2 for low clouds. 
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The effective radiation under clear skies (RQ) was not recorded in 
this study. However, other studies have shown that under clear skies, R_ 
can range from 0.085 (Ambach, 1960) to 0.16 cal cm min -1 (Sverdrup, 1936). 
The value of 0.12 was adopted for this study as this was the value recorded 
under cloudless sky for August at Pavlovsk, U.S.S.R. which lies almost at 
the same latitude as Burroughs Glacier (Kondratyev, 1969). 

Transfer of Sensible and Latent Heat. The equation for the calcula
tion of sensible heat (Qs) may be written: 

Q = C Ail t s P dz 

where C is the specific heat of air at constant pressure (0.24 cal/ 
gm°C), A is the exchange coefficient (gm/cm sec), dT/dz is the vertical 
gradient of potential temperature (taken as observed °C/cm) and t is the 
time interval in seconds. 

The latent heat (Qq) may be expressed in similar fashion by: 

T A °- 6 2 3 de -Q = L A — t, 
1 p dz 

where L is the latent heat of condensation (600cal/gm), p is the atmos

pheric pressure (mtnHg) and de/dz is the vertical gradient of vapor pressure 

(mmHg/cm). 

Before Q a and Qi can be evaluated, however, the exchange coefficient 

A must be determined from observed quantities. This is done by expressing 

the variation of wind (u), temperature (T), and vapor pressure (e) with 

height above the surface in mathematical form. Wallen (1948) and Andrews 

(1964) both found that the vertical variation of these elements under stable 

atmospheric conditions is best expressed by the power law of the type : 

1 

a - a (z/z.)n, 

where a and aq are the elements (wind, temperature, vapor pressure) re

corded at height z and zq above the surface, and n is the power law 

index of the element which varies according to conditions under which 

the study is made. 

Havens and others (1965) and Grainger and Lister (1966), however, 

suggest that the wind profile under neutral or near-neutral conditions is 

best expressed by a logarithmic relationship of the form: 

z — z 

P Z = c log (r-^2-), 
o 

where uz is the wind at height z, C is a constant, and zD is a surface 
roughness parameter. Other researchers (Derikx, 19 73) have also suggested 
a logarithmic-plus-linear profile to express the variation of wind 
speed above the surface. 
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Analysis of the temperature, vapor pressure, and wind SDeed recorded 
at the three levels of the micrometeorological station suggests that the 
power-law formula provides the best approximation of the wind, temperature, 
and vapor-pressure Drofiles, especially during periods of extreme stability. 
From this formula, values for the power-law indices for the wind (Nu), 
temperature (NT) and vapor pressure (Ne) were calculated for each hourly 
interval from August 14 to 17. The exchange coefficient (A) was then 
determined for height Z by the general expression (Havens, 1964): 

(Vi . J_\ 
A = K u A \ N N /, 

z \ T u / ' 

-4 
where k is a constant equal to 1.78 x 10 . This value was calculated by 
Wallen (1948) for Karso glacier and is probably representative of the 
condition on Burroughs Glacier. 

Heat Conducted into the Ice. The heat flow per unit time through 
the ice can be expressed as: 

z2 

0. = p C . / AT (z) dz, 

"1 

where p is the density of the ice, C- is the specific heat of ice, and 
AT is the change in temperature over depth Z. The direction of heat flow 
depends on whether temperature increases or decreases with depth. Since 
Burroughs Glacier is assumed to be at the pressure melting point through
out, heat-flow through the ice should be negligible. 

Heat from Rain. The heat supplied by rain to the ice surface can 
be calculated using the expression: 

Q = C P (T -T ), 
p w p s 

-2 
where Cw is the specific heat of water, P the precipitation in g cm , 
and Tp and Ts are the temperature of the rain and the surface. However, 
since there was no precipitation during the period August 14 to 17, this term 
was not considered in the heat-energy balance. 

Discussion of Errors. There are several possible sources of error 
in calculating the heat-balance equation. One lies in assuming no de
parture from stability exhibited by the atmosphere overlying the glacier 
surface. If instability were to occur, the power-law formulation for the 
expression of the variation of wind speed, temperature, and vapor pressure 
would not be valid. The steep temperature gradients recorded at the micromet 
station from August 14 to 17, however, suggest that the atmosphere was quite 
stable during that period. 
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Another source of error lies in choosing a value for the constant, 
k, in the calculation of the exchange coefficient (A). Andrews (1964) 
for example, found that k is affected by wind and temperature, and sug
gests that it can vary from location to location. A source of error 
also lies in the accuracy of the temperature and humidity data. The avail
able instruments together with the weather screens were probably not 
perfectly suited to the task of measuring these elements under actual field 
conditions. It is hoped, however, that the careful calibration of the 
instruments and constant field checking of the recorded values has 
minimized this source of error. 

Error may also be introduced in the measurement of global radiation 
and in the calculation of the radiant heat flux. The technique for calculat
ing direct radiation and diffuse radiation incident upon a slope assumes 
that the measured global radiation receipts are accurate. This assumption 
appears valid because the measured daily global radiation for August 14 to 17 
compares favorably with published values of global radiation measured 
under clear skies at the same latitude and the same time of year 
(Kondratyev, 1969). 

The transmissibility of the atmosphere is taken to be constant through
out the day; obviously this may not always be true, and any variations could 
lead to error. A constant albedo for the ice surface is also assumed, 
yet as already indicated, studies have shown that it can vary with weather 
conditions and the angle of solar incidence. The technique for estimating 
the net flux of long-wave radiation is also subject to error in that it 
is based on qualitative measurements of cloud cover and altitude of the cloud 
base. These potential errors are about impossible to estimate. It must be 
emphasized, however, that the main purpose of the heat-balance study was not 
to precisely calculate each component of the heat-balance equation, but to 
obtain a realistic estimate of the relative significance of each component 
in the melting process. 

The Heat-Balance as a Whole. The algebraic sum of all the heat-
energy sources is the residual heat (Qmi) available for melting. From 
August 14 to 17, Qmp ranged from 259 to 565 langleys day . The hourly 
values of each source are diagrammed in Figured 13, while the daily totals 
of each components are listed in Table 2, together with their relative 
significance in percent. It can be seen from the data that global radiation 
(Ig) was the most important heat source for melting. On August 15,for example, 
global radiation contributed well over half of the total heat energy. Heat 
balance studies made on nearby Casement Clacier during clear sunny days 
(Peterson, 19 70) have shown similar results. 

Comparison Between Surface Lowering and Calculated Ablation. A 
certain indication as to the accuracy of the heat-balance data can be ob
tained by comparing the daily calculated melt with the observed melt. 
The calculated melt, in cm of water per day, is obtained by dividing 
the heat of fusion of ice (80 g cal cm ) into the algebraic sum of the 
heat energy components. The observed daily melt, on the other hand, is 
determined by noting the amount of surface lowering of the ice at the micromet 
station and calculating the water equivalent. This was done every 24 hours 
during the four day period. 
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Figure 13. Relative importance of short-wave (Q ) and long-wave (Q .) radiation, 
latent heat (Q,), and sensible heat (Q ) as heat sources and sinks on Burroughs 
Glacier from August 14 through 17, 1973. 



It can be seen from Table 2 that for the period August 14 through 17, 
the agreement between calculated and observed melt is good on some days, 
and poor on other days. For example, on August 15 and 16, measured and theo
retical values match very well. On August 14 and 17, however, there is a 
significant discrepancy between the two values. Such discrepancies are 
not unusual, and have been noted in other heat balance studies (Keeler, 
1964: Andrews, 1964; Havens and others, 1965: Wendler and Weller, 1974). 
They are usually attributed to changes in the surface density caused by 
radiation melting along ice crystal boundaries. Most major discrepancies 
occur after a sudden change from low-radiation heating to relatively 
high-radiation heating. Such seems to be the case for August 14. 

Day 

August 14: 

August 15: 

August 16: 

August 17: 

Tota l 

Q 

( ly) 

184 

205 

218 

264 

871 

s 

(%) 

25 

31 

33 

36 

Q 

( ly) 

124 

-99 

-19 3 

-307 

-465 

1 

(%) 

18 

-36 

-46 

-65 

I -
g 

( ly) 

414 

464 

445 

470 

1793 

I 
r 

(%) 

57 

69 

67 

64 

R 
a 

( ly) 

-167 

-171 

-162 

-168 

-668 

- R 
s 

(%) 

-100 

-64 

-54 

-35 

Qm 

( ly) 

565 

399 

308 

259 

1531 

Me 

c a l c . 

(cm) 

7.06 

4.98 

3.85 

3.24 

19.13 

I t 

ireas. 

(cm) 

2 . 5 

4 .6 

3 .8 

4 . 8 

15.1 

Melt Over the Entire Glacier Surface 

It has already been demonstrated that, during the period August 14 
through 17, global radiation was the dominant heat source for melting. 
A closer look at the data presented in Figure 13 would also show that, if 
the heat sinks were subtracted from the heat sources, global radiation 
would account for almost all of the daily melt on the glacier. Based on 
this observation, it should be possible to estimate the melt over the 
entire glacier during the four days by calculating the theoretical net 
global radiation received at numerous points on the ice surface. 
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Surface Geometry of the Glacier - Figure 14 shows the location of 1176 
points on Burroughs Glacier where calculations were made of the surface slope 
and net global radiation. The points are arranged in a regular north-
south, east-west matrix and have a spacing interval of 100m. To fix each 
point in space, elevations for the points were determined using the 19 70 
topographic map of Burroughs Glacier shown in Figure 2. In addition, the 
albedo of the ice at each point was obtained from the albedo map in 
Figure 11. 

The slope and azimuth of slope calculated for each point are shown in 
Figures 15 and 16. The values were determined by statistically fitting, 
with the aid of a digital computer, a linear regression plane through every 
set of nine points in a three by three matrix. In cases where a point lay 
along the margin of the glacier, the slope and slope azimuth were approxi
mated by fitting a plane to the point in question and any two or more adjacent 
points on the ice. The calculated slopes on the glacier ranged from 0 
to 2 3 degrees with over 70 percent of the surface sloping 5 degrees or 
less. With respect to azimuth of slope, approximately 17 percent of the 
glacier surface had a northeasterly exposure, 62 percent a southeasterly 
exposure, 19 percent a southwesterly exposure, and 2 percent a northwesterly 
exposure. 

Undoubtedly, there have been some changes in the surface geometry of 
Burroughs Glacier from 1970 to 1973, especially near the ice margin. 
The slope and azimuth of slope over most of the glacier, however, have 
probably not changed very significantly during the three years. Therefore, 
both the slope and slope azimuth values in Figures 15 and 16 are useful 
for calculating the net global radiation received by the glacier during the 
period August 14 through 17, 1973. 

Areal Variability of Global Radiation- The areal variability 
of incoming global radiation on Burroughs Glacier during the period August 14 
through 17 is shown in Figure 17. The values for the four-day period 
were obtained by calculating the theoretical flux of incoming global radiation 
for each point shown in Figure 14. It is evident from the data that there 
is some surface zoning of global radiation on the glacier, and, as one 
would expect, southerly exposures receive more radiation than northerly 
exposures. The flux of incoming global radiation for the four days ranged 
from just under 2000 cal cm-3 to a little over 2200 cal ciri . 

Figure 18 shows the areal variability of melt on Burroughs Glacier 
during the same four-day period. The melt was calculated from theoretical 
values of net global radiation calculated for each point in Figure 14. 
The range of melt in centimeters of water for the four days ranged from 16.7 
near the glacier divide to just over 26 cm near the glacier terminus. 
The total volume of melt on the glacier surface was approximately 24.24 
lO^m3 of water. 

The curves in Figure 19 show the rate of melt on Burroughs Glacier 
from August 14 through 17. The curves were derived by calculating the flux 
of net global radiation received by the glacier every 30 minutes. The 
curves clearly show that melt from global radiation begins each day at 
approximately 0730h and reaches a maximum at about 1430h. The total daily 
melt from global radiation is printed under each curve and ranges from 
5.26 x 105m3 to 6.52 x 105m3. 
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Fig. 14 

Fig.15 
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Fig. 16 

Fig. 17 

26 



Fig.18 

Figure 19. Rate of melt on Burroughs Glacier from short-wave 
radiation during the period August 14 through 17, 1973. 
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At low sun angles, some shadows are cast on the glacier from the 
surrounding hills. Undoubtedly, they must effect the rate and total amount 
of melt on the glacier surface. The net effect of the shadows, however, 
is probably minimal, because at low sun angles, the flux of global radiation 
on the glacier is very small. Also, since the exposure of the glacier is 
mostly east-west, most of the shadows are limited to just after sunrise 
and just before sunset. 
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OUTFLOW 

The location of each stream draining meltwater from Burroughs Glacier 
is shown in Figure 20. The largest of the streams, Burroughs River, 
flows from the eastern end of the glacier and discharges into Wachusett 
Inlet. In places its channel is as much as 12 m wide. Gull Creek, 
on the other hand, is a somewhat smaller stream which emerges from the 
southwestern edge of the glacier and flows into Wachusett Inlet. The 
smallest stream draining the glacier is Bob Creek. It is only a meter 
or two wide and flows from an extension of ice on the southeastern side 
of the glacier and joins the Burroughs River about 1 km downstream 
from the ice edge. 

Also shown in Figure 20 are the locations of gaging stations set 
up during the summer of 19 73 to record discharge in the three streams 
draining the glacier. The station on Bob Creek (Fig. 21) is located 
approximately 0.5 km downstream from the glacier margin and at a point 
where the stream is confined to a bedrock channel. The station on 
Gull Creek (Fig. 22) is about 0.6 km from the glacier and is also 
situated at a point where the stream channel is underlain entirely by 
bedrock. The Burroughs River gaging station (Fig. 23) is about 0.5 km 
downstream from the ice edge. Unlike the other locations, the stream 
channel at the station is underlain by both bedrock and coarse gravel. 

Each gaging station, constructed of wood and plastic pipe, was 
equipped with a Stevens water-level recorder and eight-day mechanical 
clock (Fig. 24). The wood was used for housing the recorders, whereas 
the pipe served for the stilling wells. Rating curves for the stations 
(Fig. 25) were constructed by measuring stream discharge directly with 
a Gurley current meter and pigmy meter. To simplify conversion of stream 
stage to discharge, each rating curve was approximated by a parabolic 
equation of the form 

Qt = C(Gt - z ) N , 

where Q is discharge, G is stage at time t, C and N are constants, 
and a is the stage at 0 discharge. 

Outflow from Burroughs Glacier 

The discharge hydrographs for Bob Creek, Bull Creek, and Burroughs 
River from August 13 to 19, 1973 are shown in Figure 26. It is evident 
from the curves that runoff from the glacier follows a general diurnal 
pattern, with peak discharge occurring each day around 1700 h to 1900 h. The 
only exception is on August 13 when discharge in the streams was unusually 
high and sporadic due to heavy rain (2.2 cm day--*-) falling within 
the glacier basin. The broken line appearing under each record is 
a runoff recession curve associated with the rainstorm. The 
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GAGING STATION LOCATIONS, BURROUGHS GLACIER, 1970 

Fig. 2 0 

Figure 21. Gaging station on Bob Creek. 
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Figure 22. Gaging station on Gull Creek. 

Figure 23. Gaging station on Burroughs River, 
(station located in lower left of photograph) 
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Figure 24. Inside of gaging station housing showing 
Stevens water-level recorder, eight day clock, and 
stage hydrograph. 

Figure 25. Rating curves for Bob Creek, Gull Creek and Burroughs 
River. 
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Figure 26. Discharge records for Bob Creek, Gull Creek, and 
Burroughs River from August 13 through 19, 1973. 
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curves were approximated by fitting a line through the diurnal throughs 
that developed after cessation of precipitation. Both the recession 
curves and recorded discharges clearly show that outflow from the glacier 
during the period August 13 to 19 was a combination of both meltwater runoff 
and delayed storm runoff. 

The recorded discharge in each stream minus the storm runoff from 
August 14 to 13 is shown in Figure 27. The records reveal a series of 
single and multi-peaked hydrographs each consisting of two parts: a 
rising segment and recession segment. In most cases the rising segment 
tends to be convex upwards, rising rapidly at first and then, more 
gradually towards the end of the rise. The recession segment, on the 
otherhand, falls with gradually decreasing slope, thus indicating that 
meltwater runoff from the glacier is greatly dependent on meltwater 
storage within the glacier. Table 3 lists the daily outflow of melt
water from the glacier and shows that approximately 60 percent of the 
total melt flows into Burroughs River, 36 percent into Gull Creek, and 
4 percent into Bob Creek. 

Bob Creek 

Gull Creek 

Burroughs River 

Total 

August 14 

0.15 

1.37 

2.20 

3.74 

August 15 

0.19 

1.90 

2.76 

4.85 

August 16 

0.23 

1.77 

3.40 

5.60 

August 17 

0.22 

1.98 

3.35 

5.55 

Tot 

0.79 

7.22 

11.71 

19.72 

al 

4% 

36% 

60% 

The loss of meltwater from the basin by evaporation is not considered 
in Table 3. However, some idea of the significance of evaporation during 
the period of August 14 to 18 can be gotten from the heat balance data pre
sented in Table 2. For the entire four days, it appears that only 465 
langlys of heat energy was lost from the ice surface due to sublimation. 
Taking 600 cal g_J- as the latent heat of vaporization of water at 0 C, 
this would amount to about 0.7cm of water evaporated, which is less than 
4 percent of the total calculated melt for that period. It would appear 
then that loss due to evaporation is not very significant and can safely 
be ignored. 
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(xl05m3) 



Figure 27. Meltwater runoff in Bob Creek, Gull 
Creek, and Burroughs River from August 14 through 
17, 1973. 
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Sub-Basins of Burroughs Glacier 

While studying the drainage of Mikkaglaciaren and Storglaciaren in 
northern Sweden, Stenborg (19 73) observed that surficial structural features 
in the ice greatly control the direction of meltwater drainage. For example, 
he found that the oblique tensile crevasses in the ice often drain meltwater 
towards the glacier margins. In addition, he noted that drainage divides 
on the ice generally occur where two opposing systems of crevasses meet 
near the center line of the glacier. 

In Figure 28, three sub-basins are shown for Burroughs Glacier. 
The drainage divides outlining each sub-basin are based on crevasse 
patterns on the glacier surface and on the observed flow direction of 
surficial streams draining meltwater. It appears that, on the upper part 
of the glacier, the flow of meltwater is controlled primarily by the strike 
direction of the transverse crevasses. Further down glacier, on the 
other hand,the longitudinal crevasses apparently control the direction 
of flow. 

An attempt is made in Table 4 to compare the volume of melt, precipi
tation, and runoff for each sub-basin during the period from July 17 to 
August 26, 1973. The volume of melt in each sub-basin was calculated from 
ablation data shown in Figure 29 while the volume of precipitation 
was estimated by multiplying the rainfall recorded at the base camp during 
that period (10.1 cm) by the area of each sub-basin. The runoff from the 
sub-basins was determined from stream discharge data. 

Bob Creek B a s i n 

G u l l Creek B a s i n 

Bur roughs R i v e r Bas in 

T o t a l s 

Bas in 
a r e a 

km2 

1.68 

9 .75 

15 .70 

27 .16 

T o t a l 
r a i n 

xlOm3 

0 . 1 7 

0 . 9 8 

1.60 

2 . 7 5 

I c e 
me l t 

xlOm3 

1.56 

8 .11 

11.85 

21 .52 

T o t a l 
i n f l o w 
x l 0 6 m 3 

1.75 

9 .09 

•13.45 

2 4 . 2 9 

T o t a l 
o u t f l o w 
x l 0 6 m 3 

1.25 

9 .00 

13 .02 

2 3 . 2 7 

With the exception of Bob Creek sub-basin, Table 4 shows a reasonable 
agreement between the sum of melt and precipitation,and the outflow for 
each sub-basin. The imbalance recorded for Bob Creek sub-basin is probably 
due to recent changes in the position of the ice edge. When the base 
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Fig. 28 

Fig. 2 9 
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map was made in 1970, the extent of glacier ice in this area was considerably 
greater. Since then, however, the ice margin has retreated 10 to 100 m, 
effectively reducing the glacier-covered area by approximately 30 percent. 
Such a reduction in area would account for most of the imbalance for Bob Creek 
sub-basin. In the other two basins, where the glacier margin has not 
retreated as rapidly, the agreement is much better, which would suggest 
that the drainage divides drawn in Figure 28 are probably valid. The 
data also show that, for July 17 to August 26, precipitation accounted 
for just over 10 percent of the total outflow from the glacier. 
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MELTWATER STORAGE 

The water balance of Burroughs Glacier for any interval of time can 
be expressed by the equation: 

I - 0 = AS, 

where I is the inflow of meltwater, 0 is the outflow or runoff from the 
glacier, and AS is the change in meltwater storage within the glacier. In 
the previous two chapters estimates of the inflow and outflow based on 
global radiation receipts and runoff data have already been made for the 
period August 14 through 17, 1973. In this chapter, an analysis is made 
of the change in meltwater storage during this period and its relationship 
to the runoff from the glacier. 

Change in Meltwater Storage 

Figure 30 shows a record of both the inflow and outflow of melt
water for each sub-basin of Burroughs Glacier from OOOOh August 14 to 
0600h August 18. It is evident from these records that, during this 
period, a significant portion of the inflow was temporarily stored 
within each glacier sub-basin. In addition, the records show that the 
peak outflow from each sub-basin followed the peak inflow by approx
imately three to five hours. The change in storage within each sub-basin 
during the four days is shown by the curves presented in Figure 31. 
These curves were derived by calculating the difference between the 
hourly inflows and outflows presented in Figure 30. From the shape of 
the curves it is evident that, in the morning and afternoon of each day, 
when inflow exceeds outflow, storage in the sub-basins increases and 
reaches a maximum around 1600h to 1800h. In the evening and night, on 
the otherhand, when outflow exceeds inflow, meltwater is released from 
storage. 

Storage Characteristics of Glacier Ice 

Storage within each sub-basin of the glacier appears to occur in 
pools and channels on the glacier surface and in openings that develop in 
the ice itself. In particular, where the ice is heavily fractured or 
crevassed, meltwater readily passes through the ice and drains into a 
system of englacial passageways and tubes (Larson, 1977). A small 
amount of meltwater also collects in the drift deposits on and adjacent 
to the glacier, and in small lakes and ponds along the ice margin. 

Shown in Table 5 is the meltwater balance for Burroughs Glacier 
from OOOOh August 14 to 0600h August 18. The values given in the table 
for the inflow, outflow, and storage are in centimeters of water. It 
is evident from the data that during the 102 hour period, storage in the 
glacier sub-basins ranged from 2.6 to 6.9 cm. The average storage for 
the entire eastern tongue was approximately 3.6 cm. Most of this storage, 
however, was not observed on the glacier surface during this period, and 
therefore, it must be assumed that the bulk of the storage occurs within 
openings and passageways beneath the glacier surface. 
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Figure 30. Inflow and outflow records for 
Bob Creek, Gull Creek, and Burroughs River 
sub-basins from August 14 through 17, 1973. 
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Figure 31. Curves showing change in meltwater 
storage in Bob Creek, Gull Creek, and Burroughs 
River sub-basins from August 14 through 17, 1973. 
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1 

Sub-basin 

Bob Creek 

Gull Creel 

Burroughs River 

Total 

ice area 

0.89 km2 

2 
6.03 km 

6.98 km2 

13.9 kmz 

inflow 

15.7 

16.2 

19.4 

17.8 

(cm of water) 

outflow 

8.8 

12.0 

16.8 

14.2 

storage 

6.9 

4.2 

2.6 

3.6 

Relationship Between Storage and Runoff 

When inflow is negligible, the outflow from a glacier, as in a 
storage reservoir, depend directly on the volume of meltwater in storage. 
This can be expressed by the equation: 

dS = xdO, 

where S is the storage, 0 is the outflow, and x is a proportional constant 
equal to the reciprocal of the slope of the storage curve, and is used 
either as a constant or as a variable function of the outflow. The 
value also defines the average basin lag from the glacier to the channel 
control. For small and medium sized glaciers, Golubev (1973) found that 
x generally varies linearly with the glacier area, and does not depend on 
the volume of water accumulated in storage. 

Table 6 lists the average lag time x calculated for each sub-basin 
of Burroughs Glacier during the period August 14 through 17. The values 
were obtained by a graphical method described by Golubev (19 73). On the 
same time-discharge axis, the depletion segments of the daily outflow 
curves are plotted for the particular sub-basin in question (Fig. 32). 
Then, a low envelope curve is drawn to approximate the mean recession 
curve for the sub-basin. An integration of this curve provides the 
volume of accumulated water within the sub-basin: 

S = J Odt, where at t Ot = 0 
I t 2 

The average basin lag x is equal to x = — , but since a plot of accumulated 
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TABLE 5 

MELTWATER BALANCE FOR BURROUGHS GLACIER 

OOOOh August 14 - 0600h August 18 

1973 



Figure 32. Graph showing daily recession curves and 
mean recession curves for Bob Creek, Gull Creek, and 
Burroughs River sub-basins. 
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Figure 33. Plot showing relationship between 
storage and outflow for Bob Creek, Gull Creek, 
and Burroughs River sub-basins. Average basin 
lag T is in hours. 
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water vs. outflow produces a q u a s i l i n e a r curve (Fig . )} the average lag 
time for each sub-bas in can be approximated by T = £ . 

0 

Sub-basin 

Bob Creek 

Gull Creek 

Burroughs River 

Ice Cover 
(km2) 

0.89 

6.03 

6.98 

Average Lag Time T 
(Hours) 

3.05 

3.21 

3.22 

From the data in Table 6 , i t i s apparent t h a t the average lag time 
in each sub-bas in of Burroughs Glac ie r i s about 3 hou r s . This value 
seems reasonable s ince peak outflow from each sub-bas in genera l ly follows 
the peak inflow by about 3 to 4 h o u r s . I t i s i n t e r e s t i n g to n o t e , a l s o , 
that the average l ag time for each sub-bas in does not appear to depend 
g r e a t l y on the area of i ce cover . This i s probably because melt on the 
g l a c i e r i s not uniform over the e n t i r e s u r f a c e , but i s concent ra ted 
mainly in the lower p a r t s of the g l a c i e r , very near the o u t l e t c o n t r o l s . 
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TABLE 6 

AVERAGE BASIN LAG 
FOR BURROUGHS GLACIER 



SUMMARY AND CONCLUSIONS 

2) for the sunny period of August 14 through 17, the total inflow 
of meltwater into Burroughs Glacier, estimated from theoretical 
global radiation receipts, amounted to 24.24 x 10-> m-* (17.8 cm). 
The maximum rate of inflow into the ice was approximately 
20 m3 sec-1 (1.4 x 10"4 cm sec - 1). 

3) sub-basins and drainage divides on the glacier can be defined 
and mapped on the basis of crevasse patterns. The eastern 
tongue of the glacier consists of three sub-basins, each of 
which is drained by an outlet stream. 

4) The outflow of meltwater recorded in the outlet streams during 
the period August 14 through 17 amounted 19.72 x 10^ m3 (14.2 cm). 
The maximum rate of outflow to occur during that period was 
approximately 14 m sec- (1.0 x 10 cm sec ). 

5) the difference between the inflow and outflow from August 14 
through 17 amounted to 4.52 x 103 m3 (3.6 cm) of meltwater 
added to storage within the glacier. Most of this storage 
appears to be within fracture openings and channels in the 
ice itself. 

6) the average basin lag t for each sub-basin of the glacier 
was approximately 3 hours. There appears to be no direct 
correlation between the area of the sub-basins and the 
average lag time. 
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Burroughs Glacier is a wasting mass of neoglacial ice in southeastern 
Alaska. It covers approximately 26 km3 and consists of two ice tongues 
emanating from a central ice divide. The highest point on the divide 
(475 m) lies well below the equilibrium line, so that no snow remains 
on the glaciers at the end of summer. The average rate of ice downwastage, 
recorded during 1972-73, was approximately 3.7 m yr~l, with some local 
areas exceeding 8 m y r ~ . In places along the terminus of the glacier, 
backwastage of the ice measured as much as 200 m yr-i. The flow velocity 
of the ice recorded at 18 points on the glacier surface ranged from 6 m yr~* 
to less than 0.2 m yr_ . 

A hydrologic study made on the eastern tongue (13.9 km3) of Burroughs 
Glacier during the summer of 1973 reveals that: 

1) during clear sunny days, 57 to 69 percent of the heat-energy 
available for melting is from global radiation; the remaining 
sources of heat-energy are from convection between the ice 
surface and atmosphere (25-36%) and from condensation of 
water vapor on the ice surface (0-18%). 
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APPENDIX A 

List of Micrometeorological 

and Hydrological Equiptment 

3 Steavens Water-level Recorders 

1 Epply Pyronometer 

3 Casello Hygrothermographs 

3 Lambrecht Wind Recorders 

1 Belfort Pyheliograph 

1 USDA Standard Rain Gage 

1 Gurley Current Meter 

1 Gurley "pigmy" Meter 
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APPENDIX B 

Hourly Values of Parameters In the Heat Balance Ca lcu la t ions 

l'l through 15 , August 1973 

Date 8/14 Date 8/16 
Ticc- Uu Ul Tu Tl Eu El A Ql «.s I g Ea-Rs Time Uu Ul Tu Tl Eu El A 41 Out i g Ra-Rs 
01:90 7.6 6.0 8.0 6 .1 7.16 5.08 4.12 31.19 15.90 0.0 6 .3 OliOO 2.8 2 .5 7-5 6.1 J.37 3 . % 1.72 -7.O5 7.12 0.0 7.0 
02«VJ 3-8 4.5 7.0 6.1 7.42 5-01 1.66 26.04 9.77 0.0 6.5 02iO0 5.0 5-9 7-3 5.6 3.57 3.96 I .56 -5.0W 8.01 0 .0 6.8 
03:00 4.2 3.6 7.5 5-9 7.23 5.01 1.78 27.92 9-82 0.0 6.5 03:00 5.5 4-0 7-5 5-6 3-45 4.09 1.28 -5 .30 7.82 0.0 6.8 

1 * h igh t 04:00 2 .8 2 .0 7.3 5-3 7-68 5.34 0.45 7-47 3.12 0.0 6.8 04:00 5.3 4 .0 6.9 5.0 3.36 3.79 I .04 -3 .16 6.81 0.0 6.8 
(lOOcn) 05:00 1.5 1.4 6.9 4.5 6.86 5.55 O.44 4.04 5.61 0.0 6.8 051OO 5.8 4 .4 6.9 5-0 3-38 3.92 1.16 -5 .25 7.60 0.0 6 .8 

06:00 1.9 2.0 6.4 3-6 6.56 5.45 0.50 3.92 4.82 050 7.0 06:00 6.0 4 .2 6.6 5.6 3.36 4.16 1.59 -9 .02 5.80 0.0 7.0 
07:90 1.8 1.9 6.1 3.3 6.14 5.57 0.41 i.67 4.00 2.4 7.0 07:00 5.4 4.1 7-1 5.6 3.40 4.16 1.40 -7.94 7.65 1.2 7.0 

u = bight 06:90 1.3 1.1 5.9 3.6 5.15 5-69 0.21 -.79 1.64 6.0 7.2 08.00 5.6 4.2 7.7 5-6 3.27 5-95 1.20 -5.76 7.85 7.2 7.0 
(150cm) 09:00 1.7 1.7 5.9 5-9 5.01 5-75 0.66 -3.45 4-55 12.0 7.2 09:00 5.5 4.2 7.8 6.1 3.15 3-05 1.49 -8.43 8.74 12.0 7.0 

10:vO 1.4 1.5 6.1 4.5 4-67 5.89 1.06 -7.67 5-87 21.0 7.2 10:00 6.0 4.2 8.0 6.1 3.14 3.67 1.07 -4.03 7.05 19-2 7.0 
11:00 1.6 2.0 6.4 4.7 5-04 5.69 1.53 -9-24 9-01 5".4 7.2 11:00 5.2 4.0 0.2 6.7 2.94 3.05 I.70 -10.70 8.80 37.2 7.0 

U = wind 12:00 2.7 2.7 6.9 4.7 5-22 5-50 1.17 -2.35 8.92 45.0 7.2 12:00 5.3 4.2 8.9 7-2 2.99 5.80 1.86 -10.68 10.93 45.0 7.C 
(em/sec) 15:00 2.6 2.7 7.5 5-5 5-10 5-55 1-90 -6 .05 11.81 48.0 7-2 15:00 5.8 4 .1 9.6 7-0 2.96 5.89 1.36 -8.96, 8.46 48.0 7.0 

14:00 2.4 2.6 7.8 6.1 5.31 5.56 2.35 . 0 . 8 3 I3.8O 45.0 7.0 14:00 5.0 4 .0 9.9 7.2 2.93 3.73 1.23 -6 .96 11.47 54.O 7.2 
15:00 3-6 5-2 7 .3 3.9 5.29 4-78 0.42 1.52 4-93 33.6 6.5 15:00 5.5 4 .2 9 .6 6.7 2.96 3.68 O.98 -6 .87 6.82 63.4 7.2 

T „ - „ 16:00 3.0 2.9 7.5 4 .5 3.52 4-96 0.81 5.08 7-79 53.0 6 .8 16:00 5.6 4 . 3 9.6 7-2 2.78 5-96 1 . 3 3 - 1 1 . 0 8 11.00 44-1 7.2 
J o * ' 1 . ' :M 3.5 2 .9 7-5 5.0 5.75 5.90 0.75 - . 7 6 6.14 30.0 7.0 17:00 5.9 4.4 9.9 7.8 2.84 3.75 1.50 -9 .48 10.01 3Q.0 7.2 
v o ; . - . . 0 3.0 3.0 7.8 5.0 6.27 4-84 1.04 IO.57 10.10 28.8 7-2 18:00 5.8 4.4 10.1 8.3 2.78 3.78 I .84 -13.02 11.45 24.0 7.2 

VjfJi 5.5 5.0 7.5 5.5 6.22 5.01 I .54 11.47 9.25 18.0 7-2 19:00 6.1 4 .6 10.1 7.8 2.69 3.65 1.50 -10 .23 11.96 21.0 7.2 
E = vanrs 2 ' - i ' ' ° 2 ' 8 2 " 7 7 , } 5 < 0 6 , ° 5 5 - ° 4 1.10 7.85 8.72 12.0 7-2 2 0:00 6.5 4 .7 9.6 7.2 2.69 3-73 1.23 -9-09 10.23 12.0 7.2 

imm Itel 2 l : / j 2'* 2 ' 7 7 ' 3 4 ' 7 6 - 2 9 5 -12 0.80 6.59 7.15 3-0 7.0 21:00 6.2 4 .6 9.2 6.7 2-79 3-68 1.16 -7 .32 10.03 5.4 7.2 
1 "*"*• ' 22:20 2.4 2.6 7-1 4-4 6.50 5-14 1.00 9.62 9.32 0.0 6.8 22:00 6.3 4 .8 8.7 6 .1 2.78 3.67 1.13 -7 .15 10.17 1.2 7.2 

2 3 : " ' . 2 .4 2.6 6.9 4-4 6.12 5.20 1.11 7.25 9.58 0.0 6.8 23:00 6.3 4 .8 8.2 6.1 2.85 3.01 I .41 -6.M, 10.21 0.0 7.2 
24:00 2 .5 2 .7 6.6 3.9 6.28 5.21 O.64 4.85 5-95 0.0 6.8 24:00 7.0 5.1 8.0 6.1 2.90 5.81 I .45 -9 .56 9.53 0.0 7.2 

135.89 I83.57 452.2 166.6 Total -192.57 218.82 3C9.7 162.4 
A * exchange , . 

c o e f . Date 8/15 Date 8/17 
Ti re Uu Ul Tu Tl Eu El A 01 Qs Ig Ea-Ra Time Uu Ul Tu Tl Eu El A QJ. fts Ig Sa-Ss 
01:00 2.5 2.4 6.4 3.9 5.91 5.20 0.63 3.15 5.42 0.0 6.8 01:00 6.6 4 .8 8.2 6.5 2.94 5.85 1-57 -10.11 9.22 0.0 0.5 
02:00 2 .3 2 .5 6.4 3.9 5.91 5.45 0.91 2.97 7.U7 0.0 6 .8 02:00 6.0 4 .6 8 . 7 . 6 . 7 2.87 3-82 1.86 -10.47 10.76 CO 6.5 
03:00 2 .1 2 .1 6.1 3.5 5.93 5.18 0.48 2.57 4-55 0.0 6 .8 03:00 6.2 4 .8 8.7 6.9 2.78 5.88 1.86 -14.47 11.56 0.0 6.5 
04:0-0 1.3 1.6 6.1 3.5 6.07 5.30 O.65 3.55 5.85 0.0 6.8 04:00 5.9 4 .7 8.7 6.9 2.84 3-88 I .96 -14.05 12.21 0.0 6.5 
5)51'O 2 .0 2.5 5.9 5.5 C 9 9 5.50 0.88 4.31 7.52 0.0 6.8 05:00 6.4 4.9 8.2 6.7 2.86 3-90 2.05 -15-13 10.65 0.0 6.5 

41 - l a t e n t {'i:M 2 .5 2 .5 6 .1 3.9 5.93 5-32 0.79 3-41 6.01 0.0 7.0 06:00 6.8 4 .8 7.8 6.1 3-02 5.88 1.38 - 8.59 8.10 0.0 c . s 
has". "7:90 1.8 1.8 6 .1 4 .5 5.86 5.43 1.04 3.18 5.77 0.6 7.2 07.00 6.2 4.5 7.8 5.8 3.10 4.01 1.16 - 7.45 7.99 1.2 6.8 
, : ' " . 95,90 0.9 1.0 6.4 5.0 5.69 5.43 0.96 1.77 4.66 6.0 7.2 08:00 5.8 4-4 7.8 6 .1 3-10 4.09 1.53 -10.74 9-00 5.0 6.8 
1 *'" 0>:50 1.4 1.3 6.9 5.8 4.92 4-91 1.01 0.07 3.85 21.0 7.2 09:00 4 .1 3.5 8.2 7-2 3.18 5.96 2.36 -14 .13 8.84 18.0 7.2 

c , , . , - • : »''::/< 1.3 1.6 7.5 6.4 4-68 4.90 2.11 -5 .29 6.56 27.0 7.2 10:00 4.0 5.4 8.7 7-8 3-21 3.97 2.65 -14.27 8-25 30.0 7.2 
l « h e a t " « 0 0 1.9 2 .3 8.3 6.9 4.68 4.70 3.50 - 0 . 5 0 16.94 42.0 7.2 11:00 4.0 3.0 9-6 8.1 5-14 3-80 1.54 - 8 . 2 6 6.94 41 . J 7.2 

/ , j 12:09 2.4 2 .5 8.7 7.2 3.46 3-75 2.50 -4 .79 12.98 48.0 7.2 12:00 4.1 5-5 10.1 8 .3 3.15 3.78 2.00 - 8.95 12.47 48.6 7-2 
v "" 1 3 : . J 4 .3 3.3 9 .1 7.5 2.31 3.58 1 .78 -13 .32 9.86 54.O 7.2 13:00 2.9 2 . 9 1 0 . 1 8.6 3.06 3.85 2.06 - I 0 . 0 5 14.85 51.0 7.2 

I* = d o t a l 1'1/J 3 -5 '"4 9.6 7.8 2.51 3.65 2 . 6 4 - 2 1 . 3 1 16.42 55-2 7.2 14:00 3-3 3.2 10.5 8.9 3-05 5-95 2-89 -18 .01 15-97 53.4 7.2 
" a 15:00 5.8 3.2 9-9 7-8 2.75 5.63 1.51 -9 .65 10.99 51.0 7.2 15:00 2.9 2.9 10.5 9-2 3-05 4.01 3-18 -21.65 14.29 51.6 7-2 

( l c ' v ' 16:60 4 .5 3-6 9.9 7.0 2.92 5-75 1-48 -8 .52 10.78 45-0 7.2 16:00 3.0 3.0 11.0 10.3 3.15 4-13 4.20 -29.17 10.17 46.2 7.2 
1 V" 17:00 4 .9 5.7 9.6 7.8 2.87 5.75 1.46 -8 .92 9.11 36.0 7.2 17:00 3.6 3.1 11.0 10.6 3-25 4 .21 3-26 -22.19 4-51 39-0 7.2 

Ea-Hs > lena- 1 6 l > 0 5.5 4.2 9 .6 7-2 2.96 3-75 1.28 -6 .96 10.38 27.6 7.2 18:00 4 .6 J .4 11.0 10.0 3.25 4.05 1.92 -10.88 6.64 30.0 7.2 
wave » i 19:50 5-7 4 .2 9 . 1 6.9 2-95 3-80 1.21 -7 .27 9.18 18.0 7.2 19:00 3-6 3.2 10.0 9.2 3-24 4-10 2.59 -15-75 11-62 21.0 7.2 

( . ' . , , 2 6 : 6 0 3.2 4 .0 B.'i 6.4 2.99 3.75 1.06 -5 .71 9-17 10.2 7-2 20:00 3.2 3.0 9.6 8.1 2.60 3.97 2.43 -2n .6 l 12.61 13.2 7.2 
v 2JI 21:90 5.3 5.8 8.3 6.1 2.96 3.81 0.91 -5 .45 6.88 6.0 7.2 21:00 3-5 3-4 9-1 7-5 3.90 4.27 2.78 - 7.29 15-58 5-4 7.2 

22:60 3.3 2.9 7.5 6 .1 3 . H 3-81 1.48 -7-32 7.14 0 .6 7.2 22:00 3.2 3.2 8.7 7.2 4.88 4-34 2 - 8 5 10.90 14-77 1.2 7.2 
25:50 2 .9 2 .8 7 .3 6 .1 3.22 3-81 2.37 -9-91 9.83 0.0 7«2 23:00 2.7 2 .9 8.9 7.2 4.02 4.41 2.90 - 8.01 17.03 0 .0 7.2 
24:00 5.5 3.1 7.1 6.1 3.33 4-02 2.31 -11.28 7.98 0.0 7.2 24:00 1.9 2 .1 8.2 7.2 3-91 4 .41 3.06 -10.85 10.59 0 .0 7.2 

Total -99.39 205.51 537.8 170.6 Total -506.94 264.42 545-0 I67.8 



APPENDIX B 

Hourly Values of Parameters In the Heat Balance Calculations 

Ik through 17, August i y / 3 

Date e /M Date B / 1 6 
Time Uu 01 Tu Tl Eu El A Ql Oh I g Ra-Rs Time Uu Ul Tu Tl Eu El A Ql Qo Ig Ra-Rs 
O l i i O 7.6 6 .0 8 .0 6.1 7.16 5.08 2.12 51.19 15.90 0.0 6.5 01:00 2.8 2.5 7.5 6 .1 5.57 5.<U> 1 .72 - 7 . 0 5 7 . 1 2 0 .0 7.0 
02:00 5.e 4.5 7.8 6.1 7.22 6.01 1.66 26.04 9.77 0 .0 6.5 02:00 5 .0 5.9 7-5 5.6 3-37 5.96 I .56 -5 .69 8.01 0 .0 6.8 
93:90 4.2 5.6 7.5 5.9 7.23 5-01 1.78 27.92 9.82 0 .0 6.5 03:00 5.3 4 .0 7.5 5.6 3.45 4.09 1.70 -5 .80 7.52 0 .0 6.8 

1 = bight 04:'/) 2.8 2 .0 7.5 5.3 7.68 5.54 0.45 7-47 3.12 0 .0 6.8 04:00 5.3 4 .0 6.9 5.0 5-56 3.79 1.0-1 -3 .16 6.81 0 .0 6.8 
(lOCcaj 05:00 1.5 1.4 6.9 4.5 6.86 5.55 O.44 4.04 3.61 0 .0 6.8 05:00 5.8 4.4 6 .9 5.0 3-58 3.92 1.16 -5 .25 7.60 0.0 6.8 

06:00 1.9 2.0 6 .4 3.6 6.56 5.45 O.50 3.92 4.82 0»0 7 .0 06:00 6.0 4.2 6.6 5.6 3.36 4.16 1.50 -9 .02 * o O 0 .0 7 .0 
07:00 1.8 1.9 6.1 3.5 6.14 5.57 0.41 I .67 4.00 2.4 7 .0 07:00 5.4 4.1 7.1 5.6 3.4O 4.16 1.4b -7 .04 7.08 1.2 7.0 

u » hight 09:90 1.5 1.1 5.9 5.6 5.15 5-69 0.21 - . 7 9 I .64 6.0 7.2 08.00 5.6 4 .2 7-7 5.6 3.27 3-95 1.20 -5 .76 7.S6 7.2 7.0 
(150cm) f/yi'/J 1.7 1.7 5.9 5.9 5-01 5.75 0.66 -3 .45 4-59 12.0 7.2 09:00 5.5 4 .2 7.8 6.1 3.15 5.93 1.49 -0 .45 6.74 12.0 7.0 

10:50 1.4 1.5 6.1 4.5 4-87 5.89 1.06 -7 .67 5.87 21.0 7.2 1 0 | C O 6 .0 4 .2 8.0 6.1 3«14 3.67 1.07 -4 .05 7.05 19.2 7 .0 
11:00 1.8 2 .0 6.4 4 .7 5-04 5.89 1.55 -9 .24 9.01 38.4 7.2 1 3-'°0 5-2 4.0 8.2 6.7 2.94 3.85 1.70 -10.70 8.80 37.2 7.0 

U n w i n d 12:2) 2.7 2.7 6.9 4.7 5.22 5.50 1.17 -2-35 8.92 45.0 7.2 12:00 5.5 4.2 8.9 7-2 2.99 3.80 1 . 8 6 - 1 0 . 6 8 10.93 45.0 7.0 
(cm/sec) 13:00 2.6 2.7 7.3 5.5 5.10 5.55 1.90 -6 .05 11.81 48.0 7.2 13:00 5.8 4 .1 9 .6 7.8 2.96 3.89 I .36 -8 .96 8.46 48.0 7.0 

14:'/) 2.4 2 .6 7.8 6.1 5.51 5.56 2.35 -0 .83 13.80 45.0 7-0 14iO0 5.0 4 .0 9.9 7.2 2.93 3.73 1.25 . 6 . 9 6 11.47 54.O 7.J 
15:00 3.6 3.2 7.3 5.9 5.29 4.78 0.42 1.52 4.95 35.6 6.5 15iOO 5.5 4.2 9.6 6.7 2.96 3.68 0.98 -6 .87 9.82 53.4 7 .2 

T - *»-no U , / J ; , ° 2-'-> 7 , } 4 ' 5 5 * 5 2 4 - y 0 ° - a l } , ° 8 7 ' 7 q 35.0 6 .8 16:00 5.6 4-3 9.6 7.2 2.78 3.96 I .33 -11 .08 11.00 44.4 7.2 
IS"• 17:'/) 3.5 2.9 7.5 5.0 5.75 5.90 O.75 -.76. 6.14 30.0 7.0 17:00 5.9 4-1 9 .9 7.8 2.84 t .73 1.50 -0 .48 10.<n W.o 7.7 
1 *-) i f c l j 0 . . 0 j . ( , y . b 5 > 0 (,,-sj 4 - f l 4 i # , M 1 0 - ; > 7 1 0 > 1 0 e a > a ? > 2 l e , o o 5.8 4 . 4 1 0 . I 8.5 2.78 3.78 1 . 8 4 - 1 3 . 0 2 11.44 24.O 7.2 

UiOO 3.5 3.0 7.5 5.5 6.22 5.01 1.54 11.47 9.25 18.0 7.2 19:00 6.1 4.6 10.1 7.8 2.69 3.65 1.50 -10 .?3 11.96 21.0 7.2 
E - » > „ , , *''*''> 7'H 2 - 7 7 ' 3 5 .0 6.05 5.04 1.10 7.65 8.72 12.0 7.2 20:00 6.5 4-7 9.6 7.2 2-69 5.73 1.25 -9 .09 10.23 12.0 7.7 

(mm Khl 21'-° 2 - 9 2 ' 7 7 - } 4 ' 7 6 - 2 9 5-12 ° - 8 0 6 -59 7.15 3.0 7 .0 21:00 6.2 4 .6 9.2 6.7 2.79 3.68 1.16 -7-52 10.03 5.4 7.2 
*• • • » ' 22:00 2.4 2 .6 7.1 4-4 6.50 5-14 1.00 9-62 9.32 0 .0 6 .8 22:00 6.5 4 .8 8.7 6 .1 2.78 3.67 1.13 -7 .13 10.17 1.2 7.2 

25:'/) 2.4 2.6 6.9 4.4 6.12 5-20 1.11 7-23 9.58 0 .0 6 .8 25:00 6.5 4 .8 8.2 6.1 2.85 3.81 1.41 -9 .36 10.21 0 .0 7.2 
24:00 2.8 2.7 6.6 5-9 6.28 5.21 O.64 4-85 5-95 0.0 6 .8 24:00 7.0 5.1 8 .0 6 .1 2.90 3.81 I .45 -9 .36 9.55 0.0 7.2 

133.89 183.57 452.2 166.6 Total -192.57 218.62 509.7 162.4 
A = exchange , . _ 

coef. la te h/15 Date 8/17 
Time Uu Ul Tu Tl Eu El A Ql Qa Ig Ra-Rs Time Uu Ul Tu Tl Eu El A Ql Qa Ig Ra-Sa 
01:50 2.5 2.4 6.4 5.9 5.91 5.20 0.&3 3.15 5.42 0 .0 6.8 01:00 6.6 4-8 8.2 6.5 2.94 3.85 1.57 -10.11 9-22 0.0 6.5 
92:77. 2 .3 2.5 6.4 5.9 5.91 5.45 0-91 2.97 7.87 0 .0 6 .8 02:00 6.0 4-6 8.7 6.7 2.87 3.82 ].5& -10.47 10.76 0.0 6.5 
05:00 2.1 2 .1 6.1 3.5 5.93 5.18 O.48 2.57 4-35 0.0 6.8 03:00 6.2 4 .8 8.7 6.9 2.78 5.38 1.86 -14.47 11.56 0 .0 6.5 
04:00 1.3 1.6 6.1 3.5 6.07 5.50 O.65 3.55 5.85 0 .0 6 .8 04:00 5-9 4.7 8.7 6.9 2.84 5.88 I .96 -14.05 12.21 0.0 6.5 
05:00 2 .0 2 . 3 5.9 3.5 5.99 5.30 0.88 4.31 7.32 0.0 6 .8 05:00 6.4 4.9 8.2 6.7 2-86 3-90 2.05 -15.15 10.65 0 .0 6.3 

01 - l a t e n t ''8:90 2 - 3 2-3 6 .1 3.9 5.93 5-32 0.79 3-41 6.01 0 .0 7 .0 06:00 6.8 4 .8 7.e 6 .1 3.02 3.88 1.38 - 8.39 8.10 0 .0 6 .5 
he'et ''7i'/> 1 « 8 1 - 8 fi.l 4-5 5.86 5.43 I .04 3.18 5.77 0.6 7.2 07.00 6.2 4-5 7 .8 5.8 3.10 4.01 1.16 - 7.45 7.99 1.2 6.8 
7. , , 06:00 0 .9 1.0 6.4 5.0 5.69 5.45 O.96 1.77 4.66 6.0 7-2 08:00 5.8 4-4 7.8 6 .1 J.10 4.09 1.55 -10.74 9.00 3.0 6 .8 
1 —" Oil'/) 1.4 1.5 C.i 3.8 4.92 4.91 1.01 0.07 3.85 21.0 7-2 09:00 4.1 5-5 6.2 7 .2 5-18 3.<>6 2.">6 -11.15 8.64 18.0 7.4 

0- —„-,> 10:00 1.5 1.6 7.5 6.4 4.68 4.9O 2.11 -3 .29 6.56 27.0 7.2 10:00 4 .0 3.4 8.7 7 .8 3-21 3-97 2.o5 -14.27 8.25 20.0 7 - ' 
f : : ; ; . 11:0') 1.9 2 .3 8.3 6.9 4.60 4.70 } .30 -0.5O 16.94 42.0 7.2 l l :O0 4 .0 3.0 9 .6 8 .1 3.14 3-80 1.54 - 6 . 2 6 6.94 41.0 7.2 
( , ; ; , " 1 ; ' i " 2-4 2.5 8.7 7.2 5.46 5.75 ?.'/> -4 .79 1?.'J0 4».0 7.2 1?:00 4.1 3.5 10.1 8 .3 3.15 3.78 2.00 - H.n'i 12.47 46.6 7-2 

*••" 13:00 4 . 3 3.5 9 .1 7.5 2.51 3.58 1.78 -13-52 9.86 54.0 7.2 15:00 2.9 2 .9 10.1 8 .6 3.00 3.85 2.80 - I 0 . 0 3 14.85 51.0 (.2 
la » alobai l*»'-'° 5-5 3-4 9-6 7.8 2.51 3.65 2.64 -21.31 16.42 55-2 7.2 14:00 3.3 5-2 10.5 8 .9 3-05 5.93 2.89 -18.01 15.97 53.4 7-2 

red I S ' 0 0 5-8 5.2 9 .9 7.8 2.75 3.65 1.51 -9-65 10.99 51.0 7-2 15'00 2.9 2.9 10.5 9-2 3-05 4-01 3.18 -21.85 14.29 51.6 7.2 
/ , , . , ) 16:'-0 4.5 5.6 9 .9 7 .8 2.92 5.73 1.48 -8 .52 10.78 45.0 7.2 16:00 3.0 3.0 11.0 10.> 3.I5 4.13 4.20 -29-17 10.17 46.2 7.2 
1 S" 17:'/) 4 .9 5.7 9 .6 7.8 2.87 3.75 1.46 -8 .92 9.11 36.0 7.2 17:00 3.6 3-1 11.0 10.6 3-25 4-21 3-26 -22.19 4-51 39.0 7.2 

Re Rn - lora^ Vi*'*> UJ''J 4 .2 9 .6 7.2 2.96 3.75 1.28 -6 .96 10.58 27.6 7.2 18:00 4 .6 5.4 11.0 10.0 3.25 4.O5 1.92 -10.6d o.c4 50.0 7.2 
wave-d l>t00 5-7 4.2 5-1 6.9 2.95 5.80 1.21 -7 .27 9-18 10.0 7.2 19:00 5.6 3.2 10.0 9-2 3-24 4.10 2.59 -16.76 U . o 2 21.0 7.2 

( i i v ) 25:50 5.2 4.0 6.9 6.4 2.99 5.75 1-06 -5-71 9-17 10.2 7-2 20:00 3.2 3.0 9 .6 8 .1 2.60 3.97 2.45 -23.61 12.61 15-2 7.2 
v t V / 21 : / - , 5.5 J.6 6 . } 6.1 2.96 3.81 0.91 -5-45 6.88 6.0 7-4 21:00 3.5 3-4 9 .1 7.5 3-90 4.27 2.78 - 7.29 15.33 6.4 7.2 

22:00 3.3 2.9 7.5 6.1 3.11 3.81 1.48 -7-32 7.14 0.6 T.2 22:00 3.2 3-2 8.7 7.2 4.88 4.34 2.85 10.90 14-77 1.2 7.2 
23:00 2 .9 2 .8 7-3 6 .1 3.22 3.81 2.37 -9-91 9-83 0 .0 7.2 23:00 2 .7 2-9 8 .9 7.2 4.02 4 .4I 2.90 - 8.01 17.03 0 .0 7.2 
24:'/) 3.5 3.1 7.1 6.1 3.33 4.02 2.31 -11.28 7.90 0.0 7.2 24:00 1.9 2.1 8.2 7.2 3-91 4-41 3.06 -10.85 10.69 0.0 1.7 

Total -99-39 205.51 537.8 170.6 Total -306.94 264.42 545.0 I07.8 

CD 




