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CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM 

Multiply BY To Obtain 

meter (m) 3.281 foot 
kilometer (km) 0.6214 mile 

square kilometer (km2) 0.3861 square mile 
meter per second ( d s )  3.28 1 foot per second 

meter per year (dyr )  3.281 foot per year 
gram (g) 0.03527 ounce 

degreee Celsius (OC) F = 1.8 x OC + 32 degree Fahrenheit (OF) 

Other abbreviations in this report: 

g/cm3, gram per cubic centimeter 
mwe, meter water equivalent 

Sea level: 

In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929). a geodetic datum 
derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called 
Sea Level Datum of 1929. 
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Observations of the Surge-Type Black Rapids 

Glacier, Alaska, During a Quiescent Period, 1970-92 

ByThomas A. Heinrichs, Lawrence R. Mayo, Dennis C. Trabant, and Rod S. March 

Abstract 

This report presents 23 years (1970 to 1992) of observations of Black Rapids Glacier, 
Alaska. Black Rapids Glacier is a surge-type glacier which most recently surged in 1936-37 
and is currently in its quiescent phase. This glacier is of special interest because it is a 
potential hazard to the trans-Alaska oil pipeline. Ten sites on the glacier were monitored 
from 1972 to 1987, and three sites wcre monitored from 1988 to 1992. The measurement 
program presented here includes observations of surface mass balance, ice velocity, and 
surface altitude made twice each year. Additional one-time data include observations of ice 
thickness, previously unreported 0 b s e ~ a t i o n ~  of the 1936-37 surge, establishment of the 
geodetic control monuments, and a new map of Black Rapids Glacier. 

INTRODUCTION 

Black Rapids Glacier-A Surge-Type Glacier 

A surge-type glacier lies relatively quiescent for decades, growing steeper and accumulating 
mass in its reservoir area for its next brief period of surge motion (Meier and Post, 1969). During 
a surge, the built-up mass is transported at speeds of up to 100 times normal flow rates down- 
glacier, resulting in thickening low on the glacier in the surge receiving area and, sometimes, a ter- 
minus advance. Although considerable effort has gone into studies of a few surge-type glaciers, 
many basic questions about the nature of surge-type glaciers remain unanswered. For example, 
why do some glaciers surge while other nearby glaciers do not? What triggers a surge? Why are 
surge-type glaciers geographically clustered in only a few well-defined areas? (Post, 1969). 
Long-term observations of surge-type glaciers during their quiescent phases with simultaneous 
observations of non-surge-type glaciers make possible the understanding of this interesting 
phenomenon. 

This report presents a long-term data set gathered during the quiescent phase of a surge-type 
glacier: Black Rapids Glacier in the Alaska Range. This glacier most recently surged in 1936-37. 
A regular series of deformed (looped) moraines on the glacier indicate that the glacier surged three 
or more times during the 30-km-long transit of ice from its equilibrium line to its terminus. 
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Location and Description 

Black Rapids Glacier (fig. 1) is located in the east-central Alaska Range just south of some 
of the highest mountains in the eastern half of the range. The ablation area of Black Rapids Glacier 
lies in an east-west valley formed along the Denali Fault trench; most of the accumulation area lies 
in two north-facing valleys. The eastern valley is a major tributary unofficially known as the "Loket 
tributary" (fig. 2). The western accumulation area is considered to be part of the main ice stream. 
Smaller tributaries conhibiite some ice to the main ice stream, as indicated by the moraine patterns 
shown in figure 2. The ice is temperate (Harrison and others, 1975). The total area of the glacier, 
including tributaries, is 246 km2. An additional 3 1 km2 of glacier ice are not connected to Black 
Rapids Glacier, giving a total glacier area of 277 km2 in the basin. The drainage basin area is 
473 km1; the lower boundary of the drainage basin is defined by the stream-gaging site (fig. 2) 
established by the Universities of Alaska and Washington. Water draining from the Black Rapids 
Glacier basin enters the Delta River. 

In May 1992, the glacier was about 43 km in length. Ice-cored moraine remnants of the 
1936-37 surge lie 4 km in front of the 1992 terminus and within 2 km of the Delta River. (The Rich- 
ardson Highway and the trans-Alaska oil pipeline lie less than 500 m east of the Delta River.) The 
present terminus, amid the jumble of stagnant icecored moraine left by the retreating glacier, now 
lies about 6 krn from the Delta River. Black Rapids Glacier is remarkably uniform in width and 
surface slope: the mean width of the main branch is 1.8 km. The main branch of the glacier spans 
1,800 m of altitude (850 to 2,650 m.) 

Geologic evidence is visible in the Delta River valley from previous surges of Black Rapids 
Glacier. Reger and others (1993) established minimum ages for the surge moraines. They estimate 
that the minimum ages for the three visible moraines are 570 BP (or possibly as young as 210 BP), 
1710 BP, and 3360 BP. Post and Mayo (1971) mapped the former shorelines of a lake formed in 
the Delta River valley when a surge of the Black Rapids Glacier crossed and dammed the Delta 
River. 

Measurements 

Measurement History 

Black Rapids Glacier became the subject of scientific interest during the 1936-37 surge. The 
advancing glacier threatened to cross the Delta River, overrun the Richardson Highway, and crush 
the Rapids Roadhouse. Observations made during this exciting time were reported by Hance 
(1937), Moffit (1939), and Dr. Otto Geist (University of Alaska, written commun., undated). Moffit 
summarized bystander obse~ations which indicated that Black Rapids Glacier advanced approxi- 
mately 4 miles (6.4 km) between December 3, 1936, and March 7, 1937. Dr. Geist's unpublished 
observations of the advancing terminus are reported here (appendix A). Pdwd and Taylor (1953) 
measured ablation at six sites on Black Rapids Glacier during the summer of 1952. 
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I I I 
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X COORDINATE, 

Figure 2. Black Rapids Glacier, Alaska, 1973. 
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IN METERS 



Interest in Black Rapids Glacier was renewed in 1968 by the proposal to build the trans- 
Alaska oil pipeline through the Alaska Range in the Delta River valley. Initial reconnaissance 
trips were made into the basin in 1970,1971, and April 1972 by L.R. Mayo to assess the potential 
for another surge. In August 1972, a detailed monitoring program began when a large party of sci- 
entists from the U.S. Geological Swey,  University of Alaska, and University of Washington 
installed geodetic control, surveyed, and set stakes along the main branch of the glacier and in the 
Loket tributary. The stakes were used to measure mass balance, ice velocity, and surface altitude. 
Stakes were maintained at 2-km intervals along the centerline of the main bmnch of the glacier 
until 1977. 

The program was scaled down in 1977 to the 10 index sites that constitute the bulk of the data 
in this report. Eight of those sites are on the main branch of the glacier and two are on the Loket 
tributary. Mass balance, ice velocity, and surface altitude data were collected from these 10 index 
sites. The techniques used to gather these data are described in the next section. 

The U.S. Geological Survey (USGS) monitoring program was suspended in 1987 and 
revived at a lower level in 1991 as a cooperative effort with the University of Alaska Fairbanks 
(UAF), and University of Washington (UW). Some measurements were made between 1987 and 
1990 by UAF and W, the data from this time period were analyzed and checked by the author to 
ensure the long-term continuity of the data set. Most of the field work in recent years has been done 
by field crews under the leadership of Professors William Harrison and Keith Echelmeyer from 
UAF. The number of sites monitored has been reduced to three in recent years. 

Types of Measurements 

At the core of the seasonal monitoring program at Black Rapids Glacier lie three basic mea- 
surements: surface mass balance, ice velocity, and surface altitude. These measurements are made 
at sites on the glacier with fixed horizontal coordinates. These fixed locations are referred to as the 
index sites and have been visited repeatedly for 18 years. During the visits, stakes were reset near 
the index sites in order to obtain a long-term data set in a fixed reference frame. 

In addition to the mass balance, velocity; and altitude measurements made during every trip 
to the glacier, ice thickness was measured at selected points and on several cross-profiles of the gla- 
cier using ice-penetrating radar. The ice thickness measurements were usually made only once at 
a location. The change in thickness of the ice is the change in surface altitude, assuming that the 
altitude of the glacier bed is fixed. 

Spatial Distribution 

Measurements in this report are referred to a centerline coordinate system which originates 
at the head of the glacier (fig. 2.) See the section "Coordinate Systems" later in this report. For 
example, the 14 km index site is 14 km from the head of the glacier and approximately centered 
across the valley. In addition to the centerline coordinate systcm defined for the main glacier, nlea- 
surements are also referred to centerline coordinates running up the Loket tributary. These coordi- 
nates are prefaced with an "L'-for example, L-22 km. Calculations of surveys are done in a local, 
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sea-level based, Cartesian coordinate system which is based on the UTM coordinate grid for the 
area; see the "Coordinate System" section for details. 

The mass balance, ice velocity, and surface altitude were monitored at 10 sites on the glacier 
for 8 or more years: the 2.4, 8, 14,20,26,32, 38.3, G19, and L-22 km sites (fig. 3). From July 
1973 to July 1974, 16 sites were monitored at 2 km intervals along the centerline of main glacier 
branch (4,6,8 km, etc.). Profiles of ice velocity and thickness across the glacier were also made at 
several sites (fig. 4). In 1988, the monitoring wns reduced to three sites: 8, 14, and 20 km. 

Additional Studies 

In addition to the data reported here, other researchers have made measurements of interest 
on BlackRapids Glacier. Sturm (1987) measured the movement of the "potholes" on Black Rapids 
Glacier using photogrammetry. William Hanison, Keith Echelmeyer, and Charles Raymond (UAF 
and UW, written commun., 1994) measured short-term ice movement using daily photographs, 
recorded seismicity, and measured vertical strain several times per hour over periods of many 
months. In the summer of 1993, a field party from UAF and UW spent several months making 
hourly and daily measurements of ice motion, surface altitude change, and bed seismic and radar 
reflectivity. 

MASS BALANCE 

Mass Balance Data Tables 

Both mass balance observations and calculated mass balance results for each site on the gla- 
cier are reported in data tables in this report. Net balances were observed at each site [table 1 (p. 32 
of this rcport), table 2 (p. 33-63), and data disk; see appendix B for information about the disk]. No 
attempt is made here to extrapolate the data to fixed dates or to extend the point balance measure- 
ments spatially over the glacier to obtain the mass balance for the glacier. The data could be extrap- 
olated spatially using the area-altitude distribution reported in appendix C. 

The reader should be aware of the time-transgressive nature of the yearly net mass balances 
measured between successive summer surfaces on large glaciers spanning wide ranges of altitude 
such as Black Rapids Glacier. The net balance is the change in ice storage at the glacier surface 
between two stratigraphic markers (the summer surfaces). Summer surfaces are formed at different 
times of the year at different altitudes on the glacier. The summer surface high in the glacier accu- 
mulation area can form (be fixed by autumn snowfall) one or two months before the summer sur- 
face forms low in the ablation area. 

The example calculations shown below demonstrate how mass balance observations made 
during a typical site visit (fig. 5) are used to calculate mass balance results. 
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A. 2 km Site B. 4 km Site 

CALENDAR YEAR CALENDAR YEAR 

Figure 3. Ice speed, sulfate altitude, and mass balance at Black Rapids Glacier. 
[Ablation area surface altitudes are plotted as "ice equivalent." which is the ice suIface altitude plus the thickness 
of the snow converted to its equivalent thickness of ice. At the 2, 4, 8, and L-19 km sites, the measured surface 
altitudes are plotted. Snow balances are plotted on the date of observation. The net balance for a year is plotted 
at three-foulths of the way through the year: for example, the 1978 net mass balance is plotted at 1978.75.1 

8 ObswvatlOnS of the surge-~ype 61ack Raplds Glacier. Alaska. During a auies-nt Pericd. 197092 



M
A

S
S

 B
A

LA
N

C
E

. 
S

U
R

FA
C

E
 A

L-
IT

LD
E

. 
C

E
 S

P
E

E
D

. 
IV

 
M

E
TE

R
S

 
IN

 M
E

TE
R

S
 I

C
E

 
8N 

M
E

TE
R

S
 

O
F 

W
A

TE
R

 
E

O
JI

V
A

LE
N

T 
P

E
R

 
YE

A
R

 

M
A

S
S

 B
A

LA
N

C
E

, 
IN

 M
E

TE
R

S
 

O
F 

W
A

TE
R

 

M
A

S
S

 B
A

LA
N

C
E

, 
S

U
R

FA
C

E
 A

LT
IT

U
D

E
, 

IN
 M

E
TE

R
S

 
IC

E
 S

P
E

E
D

, 
IN

 M
E

TE
R

S
 

W
A

TE
R

 E
Q

U
IV

A
LE

N
T 

IN
 M

E
TE

R
S

 
P

E
R

 Y
E

A
R

 

S
U

R
FA

C
E

 A
LT

IT
U

D
E

, 
IN

 M
E

TE
R

S
 I

C
E

 
E

O
U

IV
A

LE
N

T 
d
 

d
 

A
 

4
 

2
 

e
 

(D
 

2 
I 



M
A

S
S

 B
A

LA
N

C
E

, 
S

U
R

FA
C

E
 A

LT
IT

U
D

E
, 

IN
 M

E
TE

R
S

 
IN

 M
E

TE
R

S
 

O
F 

W
AT

ER
 

M
A

S
S

 B
A

LA
N

C
E

, 
S

U
R

FA
C

E
 A

LT
IT

U
D

E
, 

IN
 M

E
TE

R
S

 
IC

E
 S

P
E

E
D

, 
IN

 M
E

T
E

R
S

 I
C

E
 

O
F 

W
AT

ER
 

IN
 M

E
T

E
R

S
 

E
Q

U
IV

A
LE

N
T 

PE
R

 Y
EA

R
 

IC
E

 S
P

E
E

D
, 

M
A

S
S

 B
A

LA
N

C
E

, 
S

U
R

FA
C

E
 A

LT
IT

U
D

E
. 

IN
 M

E
TE

R
S

 
IN

 M
E

TE
R

S
 

IN
 M

E
TE

R
S

 I
C

E
 

O
F

 W
AT

ER
 

E
Q

U
IV

A
LE

N
T 

P
E

R
 Y

E
A

R
 

M
A

S
S

 B
A

LA
N

C
E

, 
S

U
R

FA
C

E
 A

LT
IT

U
D

E
, 

IC
E

 S
P

E
E

D
, 

IN
 M

E
TE

R
S

 
IN

 M
E

TE
R

S
 I

C
E

 
IN

 M
E

TE
R

S
 

O
F

 W
AT

ER
 

E
Q

U
IV

A
LE

N
T 

PE
R

 Y
E

A
R

 



EXPLANATION 

- . . . . . . . . Drainage basin boundary Glacier area 
(.. Moraines Non-glacier area 

Profile site Observation date 

I Ice thickness Ice velocity I 
14 km May-90 no data 
15 km May-90 May-90 to July-90 
20 km May80 April-87 to April-88 
24 km no data March-75 to March-76 
25.9 kin March-76 no data 
32 km no data July-73 to July-74 
34.4 km April-87 no data 

I J 

Figure 4. Cross-profiles of ice velocity and thickness, Black Rapids Glacier. 
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Snow density sample 
Dial themmeter 
Snow pit depth. 1.96 m 

Average height of 
summer sulface 

Crevasse 
(Ignore for rneasurwnent 

of summer surface) 

ICE OR OLD FlRN 

Figure 5. Glacier mass balance observation site showing snow pit, stake, and snow probe 
measurements. 

Example Calculations 

Following are three examples to illustrate the calculations used to obtain mass halances from 
field observations. Snow and fim densities at a site are frequently estimated using our intuition, 
drawing on the history of observed densities at the site, at nearby sites, and at nearby Gulkana Gla- 
cier. The stakes are labeled with the year of installation as the first number and the site location as 
the second number-for example, stake 82-14. The first two examples are from thc ablation area. 

Ablation Area 

The first example illustrates a year in which multiple observations were made to a summer 
surface during the measurement year (table 3, p. 64). The multiple summer surface observations 
give different results, because the ice surface is uneven, and are reconciled to a single value. 

The site was visited on March 24, 1976, when the snow surface at stake 75-14 was at 8.46 m 
stake height, b'. Five snow depth probings had an average of 2.23 m. The five probe depths were 
rr = 5 samples, for a mean snow thickness of 2.23 m and standard error of 0.01 m. Therefore, the 
summer surface (b'ss) was at 6.23 m on stake 75-14 (8.46 - 2.23 = 6.23). 
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The next visit to the site was on September 13, 1976. At stake 75-14,b' was 5.31 m. At the 
same time, the snow was probed once and the depth was 0.27 m. Thus, the observed summer sur- 
face was at 5.04 m on stake 75-14. It is necessary to look ahead to the next observation of this 
stake to get the estimated summer surface. On March 19,1977, the summer surface (b'ss) on stake 
75-14 was observed to be 4.91 m. There are two measurements of the 1976 summer surface [Sep- 
tember 1976 (5.04 m) and March 1977 (4.91 m)], and their values must be reconciled. The esti- 
mated summer surface is the average of these two numbers: 4.97 m. 

The amount of ice ablation is calculated next The ice thinned 1.26 m between April and 
September (6.23 - 4.97 = 1.26). The ice balance, b(i), for the 1976 balance year is -1.26*0.90 = 
-1.13 m,, (meter of water equivalent). A similar calculation for stake 76-14 gives b(i) to be 
-1.04 m,,. 

The bottom line of table 3 presents the results for the 1976 balance year. Two stakes were 
under observation at the site during 1976, and each gave a slightly different result. The different 
results are reconciled by averaging the results from the two stakes, giving an ice bnlance of 
- 1.09 m,, and a net balance of -1.09 m of water for the 1976 balance year. 

The second example is another common situation that also occurs in the ablation area (table 
4, p. 64). In this case, an ice surface is present on the fall trip to the glacier, so the summer surface 
has not yet formed and must be observed on the following spring trip. 

Stake 75-20 was installed and the first readings for the 1975 balance year were made on 
March 2, 1975. The summer surface was at 8.46 m on the stake. On August 25, 1975, the fall trip 
was made to the glacier. At this time, the stake reading was 6.05 m at an ice surface. The ice bal- 
ance between March and August 1975 was -2.16 s, (= -2.41*0.90), and the net balance up to 
that date is -2.16 m,,, recorded in the b, column. Additional ablation occurred during the remain- 
ing part of the summer, and on the next hip to the glacier on March 24, 1976, the 1975 summer 
surfacc (b'ss) was observed at 5.79 m. Thus, the net mass balance (b,) for the 1975 balance year 
was the ice melt b(i) = -2.40 m,. 

Accumulation Area 

Analysis of field data from the accumulation area is more challenging than analysis of abla- 
tion area data because of complications of working with fim rather than glacier ice. A summer 
surface on fim will stop a snow probe rod less reliably than an ablation area ice surface will; the 
firn itself changes, by compacting, moving relative to the stake, and freezing water in its pore 
spaces. The third example calculation (table 5, p. 65), which illustrates how the data are analyzed, 
is from the 8 km site in the accumulation area of the glacier. 

The first data for the 1980 balance year were gathered on March 27, 1980, yielding a stake 
height reading (b') of 8.33 mat a snow surface and an average depth of 3.11 m from five probings. 
The 1979 summer surface was observed to be at 5.22 m (8.33 - 3.11) stake height. The snow den- 
sity was estimated to be 0.36 g/cm3 . Thus, the snow balance[b(s)] and the net balance (b,,) on that 
date are 1.12 m,, b, = b(s) = p(s)*d(s). Internal accumulation for the year had not yet begun; the 
snow was still cold and dry. 
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At the following visit on September 4, 1980, the new snow surface was at 6.83 m stake 
height. A pit was dug 0.32 m through the thin new snow to the summer surface (new firn with a 
dirty surface), giving an observed sutnnler surface height of 6.51 m. Assuming that the 1979 sum- 
mer surface (5.22 m) observed in March 1980 had not changed, then the 1980 increment of new 
firn was 6.51 - 5.22 = 1.29 m. The firn density was estimated to be 0.51 g/cm3 , giving a new firn 
balance, b(f), of 0.66 m,. The internal accumulation, b(k), was estimated to be 0.27 m of water, 
using an estimated summer surface temperature in March 1980 of -7.2'C . The net balance for the 
year, b,, is the sum of the fim, b(f), and internal, b(k), accumulations: 0.66 + 0.27 = 0.93 m,. 

Error Analysis: Uncertainties in the Mass Balance Site Observations 

The uncertainties of the mass balance results are a combination of the uncertainties in stake 
readings, snow or firn density, snow depth, summer surface temperature, and internal accumula- 
tion calculations. The standard error of the snow depth can be calculated if multiple snow prob- 
i n g ~  are made and is a measure of the uncertainty in the snow depth measurement. The rest of 
these uncertainties must be estimated because they were not observed with a sufficient number of 
independent samples to calculate a standard error of observation. As examples, a site generally 
has only one or two stakes, and when snow density is measured, usually only one pit is dug and 
sampled. Error estimates are reported in table 6 (p. 65). 

The error estimates for individual quantities are combined using standard techniques: uncer- 
tainties in sums are combined in quadrature (the squarc root of the sum of the squares); for uncer- 
tainties in products, the fractional errors are combined in quadrature (Taylor, 1982.) Examples of 
unccnainties in common situations are i1lustt~att.d ill table 7 (p. 66). Most of the uncertainty in the 
accumulation area arises from the uncertainty of the firn depth and density. 

Not addressed in these uncertainty estimates are errors caused by simple blunders that can- 
not be checked independently. The most troublesome blunder is faulty snow depth probing in the 
accumulation area. It is possible to probe through a summer surface if it is not well consolidated, 
or for the probe rod to stop on an ice layer above the summer surface. The faulty probing could 
usually be eliminated by studying the series of observations at a site and identifying inconsisten- 
cies. However, it is possible that a few of the data reported here are, in fact, substantially in error. 

Snow Pits 

Twenty-three snow pits were studied on Black Rapids Glacier (appendix D). Snow density 
and temperature were measured in each pit. Appendix D contains the detailed data tables and 
uncertainty calculations. 

Temperatures at the Summer Surface 

The summer surface temperature used to estimate internal accumulation (~rabant and Mayo, 
1985) at a site was measured occasionally. However, in most cases it had to be estimated from 
observations at other sites on Black Rapids Glacier or from unpublished observations at Gulkana 
Glacier. Ohsewed and estimated summer surface temperatures are listed in appendix E. 
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Snow Data for 1970-72 

During the reconnaissance phase of the Black &pids Glacier monitoring program 
(1970-72). some snow depth data were gathered prior to the main program. Snow depth data were 
gathered on August 27, 1970 and April 23, 1972 (table 8, p. 66). The most extensive snow prob- 
ing ever done on Black Rapids Glacier (April 2-4, 1972) is plotted on figure 6 (p. 16-17). 

ICE VELOCITY 

Velocity Along the Glacier Centerline 

Ice velocities a1 tile 10 index sites on Black Rapids Glacier are reported in table 9 (p. 67-76) 
and plotted in figure 3. Additional velocities measured along the centerline are reported in table 
10. Typically, two measurement trips were made to the glacier each year. However, in some years 
additional trips were made as a supplement to the usual spring and fall trips. These data are also 
reported in table 10 (p. 77-78). A longitudinal profile of ice velocity with a marker every 2 km 
along the glacier centerline from 4 to 36 km (except for 24 km) was measured from July 1973 to 
July 1974 (table 11, p. 79). This longitudinal profile is plotted in figure 7. 

10 20 30 40 

CENTERLINE COORDINATE. IN KILOMETERS 

Figure 7. Longitudinal profile of ice speed at the surface of 
Black Rapids Glacier measured from July 1973 to July 1974. 
[See table 11 for data.] 

The ice velocity at a site was determined by surveying the same stakes used for gathering 
mass balance data. Commonly, a theodolite was set near the stake, and a three-point resection sur- 
vey was done to locate the theodolite. Foresight surveys were then made to the stake to locate it. 
On other occasions, particularly in the early years, the theodolite was set up over a monument and 
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8 I I 
5.000 10.000 15.000 20.000 

X COORDINATE. 

Figure 6. Snow depth obsetvations of April 2-4, 1972, Black Rapids Glacier. 
[Snow depths were measured by probing. See Mass Balance Data Tables section in text 
for description of snow probing techniques. See Appendix D for snow pit techniques.] 
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foresight surveys wcre made to the stake using long-range distance uleasuring instruruents. Both 
the resection and foresight methods used for this work are explained by Mayo and others (1979) 
and by Mayo and Trabant (1982). These surveying methods include treating the atmospheric 
refraction of light as a measured variable, which is necessary for getting reliable vertical results 
for surveys over the distances at Black Rapids Glacier. 

The program monitors changes in Black Rapids Glacier at specific sites with locations that 
are fixed in horizontal space-the index sites. In order to measure the velocity continuously at a 
fixed location near the index sites, stakes must be replaced regularly. The typical procedure is to 
place a stake on the spring trip at a distance of about one year's flow displacement upstream from 
the index site. The following spring, the stake will have moved to a location near the index site. 
During the second spring trip after placement, the stake will be about one year's flow displace- 
ment downstream from the index site. At this time, a new stake is placed about one year's flow 
displacement above the index site. Both the old and new stakes are sumeyed, and the 2-year cycle 
is repeated. At sites low in the ablation area where the ablation is large, stakes must be replaced 
yearly to prevent them from melting out. 

In the velocity data tables (table 9). the date of the survey and the unique stake name are 
reported in the two left columns. The next columns contain the coordinates of the base of the 
stake (in the local system, see "Coordinate Systems" section). Bccause stakes do not remain per- 
fectly vertical after they are set-they lean or bend due to wind loading, snow loading, ice motion, 
and ice melt-a surveyiug techuique to more accurately locate the base of the stakes was used 
(Hodge, 1972). It is assumed that the base of the stake is the most representative point in the 
observation system and therefore it was used for the velocity calculations. To calculate lean, two 
points are surveyed on the stake and the coordinates of the base of the stake are calculated. This 
method was applied to all the stake data from 1978 to 1987. Prior to the adoption of this technique 
in 1978, the stakes' base coordinates are calculated from a single survey of the stake as if the stake 
were vertical. The pre-1978 flow data are, therefore, slightly less accurate than the later data. 
Since 1987, about half of the stakes were surveyed with enough detail to make lean corrections, 
so some of the data from recent years are less accurate than the data from 1978 to 1987. 

The time period in days between measurements and the length of the three-dimensional dis- 
placement vector are reported in the next two coh~mns of table 9. From the period and displace- 
ment, a velocity vector was calculated; its magnitude is called the seasonal speed. This speed is 
the simple displacement speed measured between two successive surveys, which assumes the 
flow was in a straight line. Seasonal changes in ice speed are easily seen in the sawtooth patterns 
of the seasonal speeds plotted in figurc 3. ThcJlow azinzutlz is the horizontal direction of the flow, 
measured positive clockwise from north in the local grid. In the next two columns of table 9, the 
vertical components of flow are reported. The vertical displacement is the change in altitude of 
the base of the stake between successive surveys. The vertical speed is calculated over the mea- 
surement period. Finally, in the right-hand column, the annual speed is reported. The annual 
speed is calculated between two spring measurements whenever possible. It is reported separately 
because it provides a better estimate of the average speed over the year. Also, in most recent 
years, only one trip per year was made to the glacier, and it was desirable to compare speeds for 
the entire period of record. 
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11 is importar~l lu nure that the average velocities reported are the velocities calculated 
between measurements. The observation dates are similar but not identical from year to year. 
Black Rapids Glacier undergoes an annual cycle of speeding up and slowing down, so the point in 
this cycle at which the survey is made affects the calculated velocity. It is particularly important to 
keep this in mind when interpreting changes in seasonal velocities. 

Uncertainty in the results using these surveying techniques was addressed by Mayo and oth- 
ers (1979). For Black Rapids Glacier, a set of four surveys was cxamined for uncertainties. Uncer- 
tainty in the horizontal coordinate was estimated to be f0.05 m. The uncertainty of the vertical 
coordinates is approximately M.05 m. The uncertainty in the position of the base of the stake, 
determined by using the lean calculations described above, was estimated to be 0.25 m. Given 
these uncertainties, the estimated uncertainty in the displacement calculated between two surveys 
is: 

k0.37 m = 40 .052  + 0.05' + 0.05' + 0 . 0 5 ~  + 0.25' + 0.25~m 

Cross-Velocity Profiles 

Four profiles of velocity across the direction of ice flow have been measured at Black Rap- 
ids Glacicr [tablc 12 (p. 80-81) and figure 81. The profile at 15 km in 1990 was measured using 
markers riding on the surface of the glacier. They were set out on top of the snow in May and re- 
surveyed in July after the snow had melted. Only the horizontal velocities are reported for this 15 
km profile. 

Range-Line Speed Measurements 

In the early days of the Black Rapids Glacier project (1971-74), ice speeds were measured 
by visually lining up pairs of markers fixed on rock or moraine adjacent to the glacier, similar to 
sighting a rifle. First, a stake was drilled into the ice in line with the markers. On the next visit to 
the site, the observer would position himself in line with the markers, effectively occupying the 
same position of the stake as when it was installed. The distance between the observer and the 
stake would then be measured with a tape, giving the stake displacement between observations. 
These range-line speed data can be found in table 13 (p. 82). 

SURFACE ALTITUDE 

Monitoring of Index Site Altitudes 

Glacier surges are a cyclic process involving mass accumulation on the upper glacier and 
mass wastage on the lower glacier in the years between surges (Bindschadler, 1982). To monitor 
these geometric changes in Black Rapids Glacier, the surface altitudes of index sites fixed in hori- 
zontal space were measured repeatedly. A practical technique for measuring these index site alti- 
tudes (Mayo and Trabant, 1982) involves finding the approximate location of the site by going to 
the stake near the index site, and then surveying three points on the glacier surface around the 
index site to define a plane. The altitude of that plane at the index site horizontal coordinates (see 
tablc 21 latcr in report) is the observed index site altitude. 
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Figure 8. Ice velocity cross-profiles, Black Rapids Glacier [See figure 4 
for locations. Note velocity scale change in 32 km profile. Data are in table 12.1 
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Surface altitude measurements at the 10 primary index sites are reported in table 14 (p. 83- 
92) and plotted in figure 3. In the tables, the surface altitude is the observed surface altitude. The 
ice equivalent altitude, a useful quantity for making ice dynamics calculations, is calculated by 
converting the measured snow depth into its equivalent ice depth and adding it to the measured 
ice surface altitude. 

The surveying technique using three points to measure index site altitude was not imple- 
mented fully in the monitoring program at Black Rapids Glacier until 1978. Index altitudes 
reported prior to 1978 were calculated using the surface plane orientation measured by surveying 
three points in 1978 and adjusting the altitude of the plane up or down using a single glacier sur- 
face point surveyed near the index site. 

The uncertainty in the vertical surveys is approximately M.05 m. Further uncertainty in the 
index site altitudes is derived from the mssibilitv that the three mints chosen to define the surface . 
are not representative of the average glacier surface. If an average value of M.25 m is assigned to 
this uncertainty, the combined error, including both terms, is M.25 m. 

Profiles for 1973 and 1976, and Map of 1972 

Detailed surveys of the glacier surface were made in July 1973 and March 1976. These alti- 
tude point measurements are reported in table 15 (p. 93-94). Their locations and values are shown 
on figure 9. 

A map of the glacier surface in 1973 (fig. 2) was drawn because the photogrammetric topo- 
graphic maps currently published by the USGS were made from vertical air photographs taken in 
1948-49 and 1954 (Mt. Hayes B-4 quadrangle) and 1950 and 1956 (Mt. Hayes B-5 quadrangle). 
The glacier surface has changed substantially in the time since the map photographs were taken. 
The 1973 map in this report was not made using photogrammetric methods. The glacier surface 
contours were drawn using the point data from the 1973 and 1976 geodetic surveys. Most of the 
point survey data were near the glacier centerline, so the contours were extended across the width 
of the glacier using contour shapes from the existing USGS quadrangle maps. The glacier bound- 
ary and moraine positions were drawn using oblique air photographs taken in 1973. The contours 
of static features, such as valley walls, were converted manually from feet to meters from the 
1954 USGS maps. The 1973 map in this report is qualitatively correct, but there could be substan- 
tial quantitative errors, particularly in regions of the glacier where no surveying was done. 

Altimeter Measurements for 1970 

During the initial phase of the Black Rapids Glacier monitoring program, some reconnais- 
sance surface altitude data were gathered. The altitudes shown in table 16 (p. 94) were measured 
using a surveying altimeter of unknown accuracy. Locations were noted in the field by map read- 
ing and are accurate to about 200 m. 
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Figure 9. Point altitude measurements, 1973 and 1976, Black Rapids Glacier. 
[See table 15 for data.] 
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ICE THICKNESS 

Ice thicknesses on Black Rapids Glacier were measured using ice-penetrating radar apparatus 
(Watts and Wright, 1981). The results of the ice radar surveys are reported in table 17 (p. 96) and 
plotted in figure 10. The delay time, td, read from the screen of an analog oscilloscope, is reported. 
The 1990 data were recorded using a digital oscilloscope. The delay time is the length of time 
elapsed between the triggering of the oscilloscope by the direct air wave and the return of the 
reflected wave from the glacier bed. The return time and antenna separation define the ellipsoid 
from which the returning signal was reflected. The length of the semi-major axis of this ellipsoid 

Cire (td + s/c,ir) 
is A =  

2 where cite is the speed of light. in ice (168 x lo6 d s ) ,  s is the antenna 

separation, and c,ir is the speed of light in air (300 x lo6 d s ) .  The length of the semi-minor axis 

of the ellipsoid, R = 
JA*- ( ~ 1 2 ) ~  

2 
, which is called the return radius, is a first approximation to 

the ice depth (Mayo and Trabant, 1982). To get true ice depths, more interpretation must be made: 
the data must be migrated, a calculation not made in this data report. 

The ice radar measurements are located with different degrees of accuracy. Some measure- 
ment locations were surveyed to sub-meter accuracy using standard surveying techniques. Some 
of the other data are positioned using map readings (about k200 m); some were surveyed short dis- 
tances with a Brunton compass and tape measure from stakes located accurately by standard sur- 
veys (+I0 to 20 m.) The method of positioning is listed in the right-hand column of table 17. 

COORDINATE SYSTEMS 

Local Coordinate System and Survey Monuments 

Geodetic surveys made at Black Rapids Glacier with theodolites and electronic distance mea- 
suring equipment are reported in a local coordinate system. This reference grid appears on the base 
map as the X and Y coordinates (fig. 2). The local coordinate system is an arbitrary rectilinear grid 

- 

with its horizontal scale at sea level. Its origin is located approximately at UTM Easting 516,000 
m, and Northing 7,026,000 of Zone 6. The local grid is also approximately parallel with UTM Zone 
6. The 33 monuments in the basin were surveyed carefully to establish a high order of internal con- 
sistency. A survey to tie the net to the UTM grid has not been made; however, altitudes at Black 
Rapids Glacier arecontrolled by a survey between monument Rubble and VABM Rapids. A survey 
done in 1992 using Global Positioning System (GPS) equipment establishes a preliminary tie 
between the local system and the UTM system. 
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DISTANCE FROM NORTH GLACIER BOUNDARY, IN METERS 

A. Ice radar cross profile--14 km, May 23, 1990 
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DISTANCE FROM NORTH GLACIER BOUNDARY, IN METERS 

B. Ice radar cross profile--15 km, May 23, 1990 

Figure 10. Ice-radar profiles, Black Rapids Glacier. 
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C. Ice radar cross profile--20 km, May 26 ,1990 
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D. Ice radar cross profile--25.9 km, March 21, 1976 

Figure 10. Continued. 
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South Margin 
v 

DISTANCE FROM NORTH GLACIER BOUNDARY, IN METERS 

E. Ice radar cross profile--34.4 km, March 23, 1976 

CENTERLINE COORDINATE, IN METERS 

F. Ice radar longitudinal profile--32 to 40 km, April 22, 1987 

Figure 10. Continued. 
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The locations of the monuments within the local coordinate system were established by sur- 
veying with theodolites and by measuring distances electronically with a microwave frequency 
device. Horizontal and vertical angles were measured multiple times and averaged. Distances 
were measured between redundant monument pairs. The net was calculated by least squares net- 
work adjustment (Sikonia, 1977.) Unfortunately, in the 15 years between Sikonia's network com- 
putation and the preparation of this report, the original output and results from the network 
adjustment program have been lost and cannot be reproduced without major effort. The monu- 
ment coordinates are available, but not the calculated uncertainties. Monument coordinates are 
listed in table 18 (p. 97). 

Even though the local coordinate system is not rigorously tied to UTM, the local grid was 
approximately lined up with the UTM grid and the following conversions can be used to approxi- 
mately convert between UTM and local coordinates (Mayo and others, 1979): 

UTM Easting = 0.9996 18*X + 5 16,000 

UTM Northing = 0.999618*Y + 7,026,000 (2) 
where X and Y are the local sea-level coordinates in meters. It is important to keep in mind that 
the UTM coordinates derived from these equations from the current local net are more than 100 m 
in error. In May 1992, a field crew from the University of Alaska made GPS measurements of 
several points in the basin to compare the arbitrary local coordinate system to UTM (North Amer- 
ican Datum 1927). Two monuments were surveyed: Lake and Potholes (table 19, p. 97). Assum- 
ing the local coordinate system is internally consistent, it can be rotated, translated, and scaled to 
a better approximation of the UTM grid. The transformation between the local (untied) system 
and the GPS derived system is based on the two observations in table 19. 

We transformed the coordinate pairs between Lake 

[local net, table 18, (14557.92, 14664.43)l t, [GPS-derived, table 19, (14440.10, 14635.39)l and 
Potholes (4959.20, 12811.29) t, (4841.13, 12788.72). 

To convert between local coordinates and GPS-derived coordinates, use: 

X = (s cos 8)X' - (s sin 8)Y' + c (3) 

Y = (s sin 8 ) ~ '  + (s cos 8)Yf + d (4) 

where X, I: Xf, and Y' are local (not UTM) coordinates, s is the scale change between the two local 
systems, 8 is the angle of rotation, and c and d are the translations (Moffitt and Bouchard, 1987, 
p. 315). For the transformation from local (X',Y') to GPS-derived coordinates (X, Y), 
s = 0.99989965, 8 = -0.03747908" , c = -125.9514, and d = -18.0427. To go from GPS-derived 
(X', Y') to local coordinates (X, Y), s = 1.00010036, 8 = 0.037479085", c = 125.9522, and 
d = 18.1269. 

A more rigorous set of GPS observations must be made before we will transform our local 
network coordinates. The University of Alaska observations are reported here so that if the more 
thorough GPS survey is never made, future studies will have this initial transformation to use as a 
starting point. The GPS measurements should be considered preliminary. 
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As a preliminary check on the transformation, three of the index stakes that were surveyed 
with GPS can be compared with geodetic surveys made within the local net (table 20, p. 98) 4 or 
5 days after the GPS surveys. Some displacement caused by ice motion occurred during the inter- 
val between the surveys. 

Centerline Coordinate System 

A second coordinate system in use on Black Rapids Glacier is the centerline coordinate sys- 
tem (fig. 2, table 21, p. 98). This curvilinear, longitudinal system defines points at one kilometer 
intervals (horizontal distance) approximately along the glacier centerline. The origin (0 km) is at 
the summit of a small rock knob at the head of the glacier. This coordinate system is useful for 
dynamics calculations and for quick reference to locations along the glacier. The index sites are 
located at points defined by the centerline coordinate system. 

The centerline coordinates for the Loket tributary originate at the 26-km centerline point on 
the main branch of the glacier. They are defined every kilometer up-glacier from that point. The 
Loket centerline coordinates are prefaced with an "L" to distinguish them from the coordinates 
along the main ice stream. 
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TABLES 1-21 

TABLES 31 



Table 1. Net mass balance data, Black Rapids Glacier 
[Results are given in meters of water equivalent. This table is condensed from table 2, which contains the field data 
and computation details. km, kilometers; --, no data.] 

Balance Net mass balance, Black Rapids Glacier site 
vear 2km 4km 8km 14km 20km 26km 32km 38km L-19km L-22km 
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Table 2A. Mass balance, 2 km site, Black Rapids Glacier 

[mldly, monthldaylyear; b', height of surface on stake, measured relative lo base of stake; m, meters, p, density; glcm3, grams per cubic centimeter, d(s), depth 
of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height (b'ss) from b'; Probe d(s) is measured by forcing a thin probe rod 
through the snow pack until it is stopped by the hardsummer surface; n, number of observations; s.e., standard error; Est., estimated; b'ss, height of summer 
surface on stake, measured relative to base of stake; Obsv., observed; b(i), ice balance; b(f), firn balance; b(s), snow balance; b(k), internal accumulation--rain 
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b, net mass balance; m,, meters water 
equ~valent; Sup. ice, superimposed ice] 

DATA FOR 1974 BALANCE YEAR: 
STAKE 74-1.5 (installed 3/27/74] 
3127174 5.15 Snow 2.90 1 Snow 2 90 1 0 32 2.25 
7/22/74 5 43 Snow 0.20 Snow .20 1 30 5.23 

Firn 2.98 1 51 

RESULTS FOR 1974 BALANCE YEAR 1.52 .30 1.82 

DATA FOR 1975 BALANCE YEAR: 
STAKE 75-1.6 (installed 2/28/75) 
2/28/75 6.00 Sncw 3.98 6 Snow 3.98 0.01 6 0 39 2.02 
8/28/75 5.41 Sncw 

RESULTS FOR 1975 BALANCE YEAR: no resllts 

RESULTS FOR 1976 BALANCEYEAR: (no data) no results 

DATA FOR 1977 BALANCE YEAR: 
STAKE 77-2 (installed 311 W77) 
3/18/77 5.90 Snow 6.00 2 Snow 6.00 0.00 2 0 39 - .10 
9/23/77 5.81 Snow 1.49 6 Snow 1.49 .00 6 .28 4.32 

Firn 4.42 1 51 

77-2 (continuedJ 
3/22/78 8.71 Snow 4.39 

DATA FOR 1978 BALANCE YEAR: 

Snow 4.39 1 039 4.32 

RESULTS FOR 1978 BALANCE YEAR: no results 

RESULTS FOR 1979 BALANCEYEAR: (no data) no results 

DATA FOR 1980 BALANCE YEAR: 
STAKE 80-2 (installed 3127180) 
2/27/00 3.50 Snow no snow depth measured 
914180 4 68 Snow 0.63 Snow 063 1 0.25 4.05 

RESULTS FOR 1980 BALANCE YEAR: no resdts 

DATA FOR 1981 BALANCE YEAR: 
802 (continued) 
3122181 7 72 Snaw 3.67 
911Wi31 1116 Snow 1.25 

3124182 14 51 Snow 

Snow 3.67 1 0.39 4.05 
Snow 1.25 1 4 0  9.91 
Firn 5.86 1 .51 

4.60 3 snow 4 60 3 39 991 

RESULTS FOR 1981 BALANCEYEAR: 2.99 .n 322 
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Table 2A, continued 

Observations Accumulation calculations Summer suface Ablation calculabons Mass balance results 
Pr&e d(s) Materid Thickness p Date Stake readng Stdte Pit b'ss Mateiid Change p Ice Firn Snow Internal Net 

b' Surface d(s) p d(s) Mean n Mean s.e. n €st Obsv. Esl. Est b o  b(fl b(s) b(k) 4, 

DATA FOR 1982 BAL4NCE YEAR: 
80-2 (continued) 
Y2482 1451 Snow 
Y10182 14.13 Snow 

4.60 3 Snow 4.60 0.05 3 0.39 9.91 
no snow depth measured 

STAKE 82-2 (installed 3'2482) 
Y2482 600 Snow 4.60 3 Snow 4.60 .05 3 .39 1.40 
WUB2 6.06 Snow no snow depth measured 

RESULTS FOR 1982 BALANCE YEAR: no reslllts 

DATA FOR 1983 BALANCE YEAR: 
STAKE 83-2 (~nstalled 423183) 
42383 4.73 Snow 
9118183 4.95 Snow 

no snow depth measured 
no snow depth measured 

RESULTS FOR 1983 BALANCE YEAR: no results 

DATA FOR 1984 BALANCE YEAR: 
STAKE 84-2A finstalled 3'16184) 
Y16184 4 38 Snow no snow depth measured 
8128184 4.63 Snow no snow depth measured 

STAKE 84-28 (installed 316184) 
316184 4.62 S n w  no snow depth measured 
8128184 481 Snow no snow depth measured 

RESULTS FOR 1984 BALANCE YEAR. no resulls 

DATA FOR 1985 BALANCE YEAR: 
STAKE 85-2 (~nstalled 4/4/65) 
4/1/65 4 49 Snow no snow depth measured 

RESULTS FOR 1985 BALANCE YEAR: no reslits 
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Table 2B. Mass balance, 4 km site, Black Rapids Glacier 

[m/d/y, month/day/year: b', height of surface on stake, measured relative to base of stake; m, meters; p, density; glcm" grams per cubic centimeter, d(s), depth 
of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height (b'ss) from b'; Probe d(s) is measured by forcing a thin probe rod 
through the snow pack until it is stopped by the hard summer surface; n, number of obse~atiins; s.e., standard error; Est., estimated; b'ss, height of summer 
surface on stake, measured relative to base of stake; Obsv., observed; b(i), ice balance; b(f), firn balance; b(s), snow balance; b(k), internal accumulation--rain 
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b., net mass balance; m,, meters water 
equivalent; Sup. ice, superimposed ice] 

Observations Accmulation calculatim Summer suface Ablation cdcllaCons Mass balance results 
Date Stake readna Stake Pit Robe dfsl Material Thickness D b'ss Material Chancre D Ice Firn Snow lntmal  Net , , - .  

b' Suface d(s) p qs) Mean n Mean s.e. n Est Obsv Est. Est b(i) b(n b(s) b(kJ b, 

mldly (m) mataria1 (m) (glcm3) (ml (ml (m) (m) (glcm31 (ml (m) (m) (glcm3] (mw,l (mwJ (m#.l (mw.l (mu.] 

DATA FOR 1973 BALANCE YEAR: 
STAKE 73-4 (installed 711 9/73) 
7119173 4.78 Snow snow depth not measured 
1012447 5.75 Snow 1.03 Snow 1.03 1 0.40 4.72 
3/27/74 6.65 Snow 0.32 1.93 Snow 1.93 1 .32 4.72 

RESULTS FOR 1973 BALANCEYEAR: no results 

DATA FOR 1974 BALANCE YEAR: 
STAKE 73-4 (continued) 
101247 5 75 Snow 1.03 Snow 1.03 1 0.40 4.72 
3/27\74 6 65 Snow 0.32 1.93 Snow 1.93 1 .32 4 72 

7122174 5.91 Snow .79 Snow .79 1 .20 5.12 
Firn .40 1 .51 

2128175 8.88 Snow .39 3.68 3.78 3 Snow 3.76 0.04 4 39 5 12 

RESULTS FOR 1974 BALANCE YEAR: .21 .31 52 

DATA FOR 1975 BALANCE YEAR: 

STAKE 73-4 (stake not found on 2128175; b' calarlated using 7 5 4  data) 
2128175 8.88 Snow 0.39 3.68 3 78 3 Snow 3.76 0 04 4 0.39 5.12 
6/28/75 7.13 Snow 0.02 20 Snow 02 1 20 7 11 

Fim 1.99 1 51 

3/23/76 11.06 Snow 3 95 Snow 3.95 .01 6 .38 7.11 

STAKE 75-4 (instdled 2/28/75) 
2/28/75 7.60 Snow .39 3.68 3.78 3 Snow 3 76 04 4 .39 3 84 
8128175 5.85 Snow .02 .20 Snow 02 1 .20 5.83 

Firn 1 99 1 .51 

RESULTS FOR 1975 BALANCEYEAR: (average of stakes 73-4 and 75-4) 1.01 . I 9  1.20 

DATA FOR 1976 BALANCE YEAR: 
STAKE 73-4 (conknwd) 
8/28/75 7.13 Snow 0.02 Snow 0.02 1 0.20 7.11 
3/23/76 11.06 Snow 3 95 6 Snow 3.95 .01 6 .38 7.11 
9/13/76 9 71 Snow Snow .35 1 .26 9.36 

Fim 2 25 1 .51 
Note: Snow depth not measured on 9113176. d(s) esbmated hom 8 km data. 

STAKE 75-4 (stake no1 found on 3/23/76) 
8128175 5 85 m o w  -02 .20 Snow .02 1 .20 5 83 
9113176 8.30 Snow .26 Snow .35 1 26 7.95 

Fim 2.12 1 51 
Note: Snow deplh at stake 75-4 on 8/28/75 inferred from measuements at stake 73-4. 
Note- Snow deplh not measured cm 9/13/76 d(s] estimated from 8 km data. 

RESULTS FOR 1976 BALANCE YEAR: (avetage of stakes 73-4 and 754) 1.11 27 1 38 

DATA FOR 1977 BALANCE YEAR: 
STAKE 77-4 (installed 3/18/77) 
3/18/77 5.96 Snow 
9/23/77 5.00 Snow 

5 38 3 Snow 5.38 0 01 3 0.38 0.58 
1 16 10 Snow 1.16 .Dl 10 .33 3.84 

Fim 3 27 1 .51 

RESULTS FOR 1977 BALANCEYEAR: 1.67 20 1.87 
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Table 28, continued 

O b s e ~ a t i ~ n s  Accmulation cdculalons Sunmer surface Ablation calnlatims Mass bdance results 
Date Stake reading Stake Pit Probe d(s) Material Thickness p b'ss Malerial Change p Ice Fim Snow Internal Net 

b' Surface q s )  p q s )  Mean n Mean s.e. n Est. Obw Est. Est. b(i) b(fJ b(s) b(k) ' b. 
mldly (m) material (m) (g/cm3) (m) (m) (m) (ml (gcm31 lm) (m) (m) (gkm3) (mwe) (mw.l h e )  (mw.) Onw.) 

STAKE 77-4 (continued) 
9/23/77 5 W Snow 
3118178 7 22 Snow 
7128178 6 00 Snow 2.19 
1012317 6 99 Snow 6.99 

DATA FOR 1978 BALANCE YEAR: 

1.16 10 Snow 116 001  10 0.33 384 
3.41 5 Snow 3.41 . W  5 .36 3.81 

Snow 2 19 1 .40 3.81 
1.50 2 Snow 150 .OO 2 .40 5.49 

Flm 1.68 1 .51 

RESULTS FOR 1978 BALANCEYEAR. .86 .24 1.10 

DATA FOR 1979 BALANCE YEAR 
STAKE 77-4 (conbnued) 
10/23/7 6 99 Snow 1.50 2 Snow 150 0 00 2 0.40 5 49 
3/28\79 8 82 Snow 3.65 10 Snow 365 0 3 1 0  36 517 
8/23179 6 35 Snow 0.01 Snow 01 1 36 6 34 

Fim 117 1 51 

STAKE 79-4 (installed 3128179) 
3/28/79 8 21 Snow 365 10 Snow 3 65 03 10 36 4 56 
8123179 5 93 Snow .01 Snow 01 1 20 5 92 

Fim 1.36 1 .51 

RESULTS FOR 1979 BALANCE YEAR. (average of stakes 77-4 and 794) .64 .28 .92 

DATA FOR 1980 BALANCE YEAR 

STAKE 79-4 (stake not fomd on 3127180) 
8/23/79 5 93 Snow 01 
910480 10 26 Snow .45 

Snow .01 1 .20 5.92 
Snow 45 1 .20 9.81 
Firn 389 1 .51 

STAKE 80-4 (installed 327180) 
3/27/80 4 85 Snow 4.99 4 Snow 4 99 04 4 36 - 33 
9/04/80 3 96 Snow .45 Snow .45 1 30 3.51 

Firn 3 84 1 .51 

RESULTS FOR 1980 BALANCE YEAR: (average of stakes 79-4 and 80-4) 1.97 .28 2.25 

DATA FOR 1981 BALANCE YEAR 

STAKE 80-4 (conEnued) 
910480 3 95 Snow 0.45 Snow 0 45 1 030  351 
3/22/81 6 97 Snow 3.36 Snow 3 36 1 .36 3 51 
911W81 7 C2 Snow .50 Snow 50 . 1 .30 6 82 

3 21 4 Firn 3 21 01 4 .51 3 61 <==1980 s.s. 

RESULTS FOR 1981 BALANCE YEAR: 1.64 23 1.87 

DATA FOR 1982 BALANCE YEAR 
STAKE 80-4 (continued) 
9110181 7 22 Snow 
312482 10 C2 Snow 
9110182 8 ?4 Snow 

0 50 Snow 0 50 1 0 30 6 82 
3.56 10 Snow 3.56 0 02 10 .36 6.46 

40 Snow 40 1 .30 8.44 
1.82 10 Firn 1 82 03 10 .51 6.62 <==I981 s.s. 

STAKE 82-4 :installed 3123182) 
3/24/82 4 l ?  Snow 3.56 10 Snow 3 56 02 10 36 62 
9110182 3:: Snow .40 Snow 40 1 .30 2.63 

1.82 10 Fim 182 03 10 .51 81 <==I981 s s. 

RESULTS FOR 1982 BPLANCE YEAR 93 26 1 19 
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Table 2B, continued 

Obsmtions Accunllation cdcublions Stmuner sutface Mat ion calculations Mass bdance resulk 
Date Stake readng Stake Pit Probe d(s) Matwial Thickness p b'ss Matenal Wange p Ice Fim Snow Internal Net 

b' Suface d(s) p as)  Mean n Mean s.e. n k t .  Obsv. Est. Est. b(i) b(f) b(s) b(k) b, 
mlw (m) material (m) ( g l c d l  (m) (m) (m) (ml (aJcm7 (m) (m) (m) (g/cm3) (he) (mw.l (mwd (me) (m..) 

DATA FOR 1983 BALANCE YEAR: 
STAKE 82-4 (continued) 
9110182 3.03 Snow 
423183 6.25 Snow 
9/18/83 5.36 Snow 

0.40 Snow 0 40 1 0.30 2.63 
3.88 7 Snow 3.88 .03 7 .36 2.37 

.40 Snow .40 1 .30 4.96 
Firn 2.59 .51 

RESULTS FOR 1983 BALANCE YEAR. 1.32 .25 1.57 

DATA FOR 1984 BALANCE YEAR. 
STAKE 82-4 (continued) 
9/18/83 5.36 Snow 0.40 
3116184 8.06 Snow 3.10 

STAKE 84-4A (instdled 3/16/84) 
316184 6 15 Snow 3.10 
8128184 5.34 Snow -58 

4485  8.56 Snow 

STAKE 8448  (~nstalled 3/16/84) 
3/16/84 6 33 Snow 3.10 
8128184 5.59 Snow 42 

44/85 8 97 Snow 

Snow 0.40 1 0 30 4.96 
Snow 3.10 1 36 4.96 

Snow 3.10 1 .36 3.05 
Snow .58 1 .30 4 76 
Firn 1.71 1 51 

3.80 5 Snow 3.80 .O1 5 36 4.76 

Snow 3.10 1 .36 3.23 
Snow .42 1 .30 5 17 
Firn 1 94 1 51 

3 80 5 Snow 3.80 .O1 5 36 5.17 

RESULTS FOR 1984 BALANCE YEAR, (average of stakes 84-4A and 84-46) .93 .25 1.18 

DATAFOR 1985 BALANCEYEAR: 
STAKE 84-4A (continued) 
8/28/84 5.34 Snow 0 58 Snow 0.58 1 030 4.76 
44185 8.56 Snow 3 80 5 Snow 3.80 01 5 .36 476 
9/12/85 8 08 Snow 0.72 Snow .72 1 30 736  

Firn 2.60 1 .51 4.76 

STAKE 84-48 (continued) 
8128184 5 59 Snow .42 Snow .42 1 .30 5 17 
44185 8 97 Snow 3.80 5 Snow 3 80 01 5 36 5.17 
9/12/85 8.33 Snow .72 Snow .72 1 .30 7.61 

Firn 2.44 1 51 5.17 

RESULTS FOR 1985 BALANCEYEAR: laveraoe of stakes 84-4A and 8448) 1 29 33 1.62 

TABLES 37 



Table 2B, continued 

Observations A c c M ~ ~ ~ ~ M  calculalons Svnmer surface Ablation calculalions Mass bdance results 
Probe 4s) Material Thickness p Date Stake reading Stake Pit b'ss Material Change p Ice Fim Snow Internal Net 

b' Surface d(s) d(s) M e n  n M e n  s.e. n Est. Obsv. Est. Esl. Mi) b(f) b(s) b(k) , h, 

mldly (m) material (m) (glcm3) (m) (m) On1 (ml (skm3) (m) (m) (m) (g/cm3) ( h e )  (mw.) (mwJ (h.1 (mw.) 

DATA FOR 1986 BALANCE YEAR: 
STAKE 84-4A (continued) 
9/12/85 8.08 Snow 0.72 Snow 0.72 1 0.30 7.36 
4/3/86 10.77 Snow 3.80 5 Snow 3.80 0.03 5 36 6.97 
9/25/86 10.42 Snow .45 Snow .45 1 .30 9.97 

Firn 3.00 1 .51 

STAKE 64-48 (continued) 
9/12/85 8.33 Snow 
4/3/86 11.24 Snow 
9/25/66 10.72 Snow 

.72 Snow .72 1 30 7.61 
3.80 5 Snow 3.80 .03 5 .36 7.44 

.45 Snow .45 1 .30 10.27 
Fim 2.83 1 .51 

STAKE 86-4 (mstalled 4/3/86) 
43/86 6.14 Snow 3.80 5 Snow 3.80 .03 5 .36 2.34 
9125186 5.83 Snow .45 Snow .45 1 .30 5.38 

Fim 3.04 1 .51 

RESULTS FOR 1986 BALANCE YEAR: (average of 844A, 8448, and 86-4) 1.51 .27 1 78 

DATA FOR 1987 BALANCE YEAR: 
STAKE 86-4 (conlinued) 
9/25/86 5 83 Snow 0.45 
3/18/87 9.64 Snow 4.26 

STAKE 87-4 (installed 3/18/87) 
3/18/87 7.02 Snow 4 26 

Snow 0.45 1 0 30 5 38 
Snow 4.26 1 .36 5.38 

Snow 4.26 1 .36 

RESULTS FOR 1987 BALANCE YEAR: no results 
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Table 2C. Mass balance, 8 km site, Black Rapids Glacier 

[mldly, monthldaylyear; b', height of surface on stake, measured relatlve to base of stake, m, meters, p, density; 4/cm3, grams per cubic centimeter, d(s), depth 
of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height (b'ss) from b'; Probe d(s) is measured by forcing a thin probe rod 
through the snow pack until it is stopped by the hard summer surface; n, number of observations; s.e., standard error; Est , estimated; b'ss, height of summer 
surface on stake, measured relative to base of stake; Obsv., observed; b(i), ice balance; b(f), firn balance; b(s), snow balance; b(k), internal accumulation-rain 
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b,, net mass balance; m r ,  meters water 
equivalent; Sup. ice, superimposed ice] 

O b s ~ a t i o n s  Accumulation calculations Summer surface AbiaGon calculaliohs Mass balance results 
Date Stakereadng Stdte Pit Prc4eqs) Matetid Thickness p b'ss Materid Change p Ice Firn Snow lnternd Net 

b Surface d(s) p d(s) Mean n Mean s e  n Est Obsv. Est. Esl, b l )  b(f) b(s) b(k) h, 
d d y  (m) material (m) (g/cm3) (m) (m) lm) (m) (9'cm3) (m) (ml (m) (dcm3) (%I (m,l (m-1 (k) (%I 

DATA FOR 1973 BALANCE YEAR, 
STAKE 798 0 (instdled 7/22/73] 
7/23/73 1 50 Snow 
10124173 2.10 Snow 0.90 1 Snow 090 1 0 25 120 
2/27/74 2 74 Snow 1.40 1 Snow 140 1 .36 1.34 

STAKE 73-8 7-F flnstalled 10127173) 
10127173 160 Snow 025 079 Snow .79 1 25 081 
3/27/74 2 30 Snow 1.40 1 Snow 1.40 1 36 0.90 

RESULTS FOR 1973 BALANCE YEAR no resllts 

DATA FOR 1974 BALANCE YEAR: 
STAKE 73-8 7-F 
3/27/74 2 30 Snow 
7122174 1 14 Snow 

140 1 Snow 140 1 036 090 
0 35 Snow 35 1 51 079 

STAKE 74-8 7-F (instaled 7/22/74] 
7/22/74 5 19 Snow 35 Snow 35 1 51 484 .18 .18 
2/28/75 6 25 Snow 2 45 3 Snow 2.45 0.02 3 33 3.80 Firn -1.04 R E F !  R E F !  .81 .31 R E F !  

STAKE 798 0 
3127174 2 74 Snow 140 1 Snow 140 1 36 1.34 
7/22/74 155 Snow .35 Snow .35 1 51 120 

STAKE 74-8 0 (instdled 327174) 
3/27/74 5 01 Snow 1.40 1 Snow 1.40 1 36 3.61 .fa .50 
7122174 385 Snow .35 Snow .35 1 .51 3.50 .18 .18 
2/28/75 5 10 Snow 2.52 6 Snow 252 6 .33 258 Firn - .92 .51 - .47 .83 .31 - .I6 

RESULTS FOR 1974 BALANCE YEAR: (from 748.0. stake closest to index site) - .47 .31 - .16 

DATA FOR 1975 BALANCE YEAR: 
STAKE 74-8 0 
2128175 5 10 Snow 2.52 6 Snow 2.52 002 6 033 258 
8128175 3 28 Snow 0.51 078 Snow 78 1 .51 2.50 

Note 1975 summer surface not yet fwmed on 8128175. 
3124176 Snow .33 2.83 2.85 7 Snow 2 85 02 7 .33 

Fun . 51 .48 1 2 98 
Stake haght, h' not read on 324176; data from W 1 W 6  used to determine b'ss of summa surface. 
9113176 4 13 Snow .26 25 Snow 25 1 26 3 88 

.fa 90 Firn 90 1 .50 2.98 <==I975 s s 
Note Snow pit dug through 1976 fim accumulation to 1975 summer surfaceon 9/13/76 

RESULTS FOR 1975 BALANCE YEAR: .24 .20 .44 

DATA FOR 1976 BALANCE YEAR 
STAKE 74-6 0 (cont~nued) 
Y24176 Snow 0.33 2.83 2.85 8 Snow 2.85 002 8 .33 

Stake haghl. h' not read on 3/24/76 
9113176 4 13 Snow .26 .25 Snow 25 1 026 388 

50 90 Firn .90 1 .50 2.98 <==I975 s s 
Note Snow pit dug through 1976 firn accumulation to 1975 summer slaface on 9/13/76. 

RESULTS FOR 1976 BALANCE YEAR: .45 .27 .72 
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Table 2C, continued 

Observations Accumulation calculations Swnrner surface Ablation calculalions Mass balace results 
Dale Slake reading Stake Pit Robe d(s) Material Thickness p b'ss Materid Change p Ice Firn Snow Internal Net 

- -- -- 

b' Surface d(s) d(s) M e a  n Mean s.e. n Est  Obsv. Est Est. b(i) b(f) b(s) b(k) b, 

mldly (m) material (m) (&n-ia) (m) (m) (m) (m) ( d m 3 )  (m) (m) (m) (G'm3) (mw.1 ( h e )  ( h J  ImJ (mw.1 

DATA FOR 1977 BALANCE YEAR: 
STAKE 74-8.0 (cmlinued) 
3/18/77 7.40 Snow 0.40 3.89 3.87 4 Snow 3 87 002  4 0.40 3.53 1.55 1.55 
9/23/77 5.76 Snow .28 .82 0.77 10 Snow .78 .01 10 .28 4.98 .22 

Firn 1 46 1 .51 0.74 0.19 .93 
RESULTS FOR 1977 BALANCE YEAR: (from STAKE 74-8) .74 .19 .93 

DATA FOR 1978 BALANCE YEAR: 
STAKE 74-8.0 (continued) 
3/22/78 7.37 Snow 0.36 2.28 Snow 2.28 1 0.36 5.09 
10/23/78 6 25 Snow 1.12 5 Snow 1.12 0.02 5 .26 5.13 

Flrn 04 1 51 
3/28/79 7 66 Snow 257 2 Snow 257 2 .36 509  

STAKE 77-8 (installed 9\23/77) 
9/23/77 2 63 Snow .28 .82 0.77 9 Snow 0.78 01 10 .28 185 
3/22/78 4.31 Snow 36 2.28 Snow 228  1 .36 203 

Firn 18 1 .51 

STAKE 78-8 (~nstalled 3/22/78) 
3/22/78 7.62 Snow -36 2.28 Snow 2 28 1 5.34 
10123178 6.80 Snow 26 112 5 Snow 112 .02 5 5 68 

Firn .34 1 .51 
3/28/79 8.27 Snow .36 2.57 2 Snow 257 2 5.70 

RESULTS FOR 1978 BALANCE YEAR: laveraae of stakes 74-8.0.77-8. and 788) .09 .25 .34 

STAKE 74-8.0 (conlinued) 
3/28/79 7.66 Snow 
3/27/80 7.85 Snow 

STAKE 78-8 (Installed 3/22/78) 
3/28/79 8.27 Snow 
8123179 5 48 Snow 0.26 
3/27/80 8 33 Snow 

DATA FOR 1979 BALANCE YEAR: 

2.57 2 Snow 2 57 0.00 2 036  509 0.93 0.93 
3.11 5 Snow 3 11 .01 5 36 4.74 Firn -0.35 0.51 -0.18 0.27 -09 

2 57 2 Snow 2 57 .OO 2 .36 5 70 
Snow 26 1 26 5.22 F~rn - 48 .51 

3.11 5 Snow 311  5 .36 522  

RESULTS FOR 1979 BALANCE YEAR: laveraae of stakes 74-8 and 788) - .21 .27 -06 

STAKE 78-8 (conlinwd) 
3127180 8 33 Snow 
914180 6 83 Snow 

DATA FOR 1980 BALANCE YEAR: 

3.11 5 Snow 311  0.01 5 036  522 
0.32 Snow .32 1 .26 651  

Firn 1 29 1 51 

RESULTS FOR 1980 BALANCE YEAR. .66 27 .93 

DATA FOR 1981 BALANCE YEAR: 
STAKE 78-8 (continued) 
3122181 9.05 Snow 
6/22/81 8.24 Snow 1.86 

2.67 10 Snow 267 0.02 10 0 36 6 38 
Snow 186 1 .40 6.38 

STAKE 81-8 (installed 3/22/81) 
3/22/81 6.33 Snow 2.67 10 Snow 2 67 .02 10 36 3 66 

6/22/81 5.50 Snow 1 84 Snow 1 84 1 4 0  3.66 
9H0181 5.52 Snow 0.55 Smw 55 1 26 4.97 

F~rn  1 31 1 51 
3/24/82 7 62 Snow 2 70 5 Snow 2 70 .02 5 36 493 

RESULTS FOR 1981 BALANCE YEAR: .67 22 .89 
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Table 2C, continued 

Observations Accumulation calcdations Summer surface Ablation calcdabons Mass balance results 
Date Stake readng Stake Pit Prcbe qs)  Materlal Thickness p b'ss Mater~al Change p Ice Flrn Snow Internal Net 

b' Surface d(s) d(s) Mean n Mean s.e. n Est. Obsv. Est. Esl. b(i) b(f) b(s) b(k) b, 

mldly (m) material (m) (gccm3) (m) (m) (ml (mi (@m3) (m) (m) (ml (gccm3) (m,,) (me)  ( m J  (me)  (m,,) 

DATA FOR 1982 BALANCE YEAR: 
STAKE 81-8 (conlinued) 
3/24/82 7.62 Snow 
W(Y82 5.59 Snow 

4/21/83 7.81 Snow 

2.70 5 Snow 2.70 0 02 5 0 36 4.93 
0.25 Snow .25 1 .26 5.34 

Firn 42 1 51 
2.30 10 Snaw 2 30 10 36 551 

RESULTS FOR 1982 BALANCE YEAR: .21 .25 .46 

DATA FOR 1983 BALANCE YEAR. 
STAKE 81-8 (conbnued) 
4/21/83 7.81 Snow 
918183 5.70 Snaw 0.61 

3/17/64 8.16 Snaw 

2.30 10 Snow 2 30 10 036 5.51 
Snow 61 1 26 5 09 
Firn - 42 1 51 

3.07 7 Snow 307 0.01 7 36 5.09 

STAKE 83-8 (instdled 4/21/03) 
4/21/83 6.17 Snaw 230 10 Snow 230 10 36 387 
9/8/83 453 Snow .50 Snow .50 1 26 4 03 

Firn 16 1 51 
Y17/84 7.10 Snow 3.07 7 Snow 307 7 36 403 

RESULTS FOR 1983 BALANCE YEAR. (average of slakes 81-8 and83-8) - .07 .23 .16 

DATA FOR 1984 BALANCE YEAR. 
STAKE 83-8 (conlinued) 
3/17/84 7 10 Snow 3 07 7 Snow 3.07 0.01 7 0 36 403 
8128184 5.69 Snow 0.81 Snow 81 1 26 488 

Firn 85 1 51 

RESULTS FOR 1984 BALANCE YEAR: .43 .24 -67 

DATA FOR 1985 BALANCE YEAR. 
STAKE 83-8 (continued) 
44/85 8.12 Snow 2.74 7 Snow 2 74 0.01 7 036 5.38 
9111185 706 Snow 0.40 Snow .40 1 26 6.66 

Firn 1 28 1 51 
4/3/86 9.20 Snow 2.25 7 Snow 2 25 01 7 36 6.95 

RESULTS FOR 1985 BALANCE YEAR: 65 .32 97 

DATA FORJ986 BALANCE YEAR 
STAKE 838 (conbnued) 
413186 9 20 Snow 225 7 Snow 225 001 7 036 6.95 
912986 806 Snow 0.38 Snow .38 1 26 768 

87 Firn 87 1 51 681 <==1985s s 

STAKE 86-8 (inslalled413186) 
43/86 5 87 Snow 2 25 7 Snow 2.25 .O1 7 36 362 
9125186 471 Snow .38 Snow 38 1 26 4 33 

.87 Firn 87 1 51 346 <==I985 s s 
318187 719 Snow 300 1 Snow 300 1 44 419 

RESULTS FOR 1986 BALANCE YEAR: .44 .27 .71 
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Table 2C, continued 

Observations Accumulation calculatims Summer surface Ablation calculations Mass balance resdts 
Date Stdte readng Stake t i t  Probe 4s) Materid Thidtness p b'ss Material Change p Ice Firn Snow Internal Net 

b' Surface d(s) 0 d(s) Mean n Mem s.e. n Esl. Obsv. Est Est. b(i) b(9 b(s) b(k) b, 
mldlv (m) material (ml (dm3)  (m) (ml (ml (m) (dm3)  (m) (m) (m) (Man3) (mwel (I&.) (he) fm.l (mwA 

DATA FOR 1987 BALANCE YEAR: 
STAKE 86-8 (continued) 
Y18/87 7.19 Snow 300 1 Snow 3.00 1 0.44 4.19 
8127187 5.32 Snow 1.31 4 Snow 1.31 4 .51 4.01 

Firn - . l8 1 .51 
4/21/88 8.54 Snow 4.53 Snaw 4.53 1 -36 4.01 

RESULTS FOR 1987 BALANCE YEAR: - .09 .29 .XI 

DATA FOR 1988 BALANCE YEAR: 
STAKE 86-OZOZNE 
4/21/88 7.78 Snour 4.53 Snow 4.53 1 0.36 3.25 
92/88 3.83 Snow 0.22 Snow .22 1 .25 3.61 

Firn .35 1 .51 
419189 6.10 Snow 2.77 Snow 2.77 1 36 3.33 

RESULTS FOR 1988 BALANCE YEAR: .18 .n .4i 

DATA FOR 1989 BALANCE YEAR 
STAKE 868 (cmlinued) 
4/19/89 6.86 Snow 2 77 Snow 2.77 1 0.36 4.09 
4/22/90 9.77 snow 4.40 Snow 440 1 .36 5.37 

Firn 1.28 1 51 
Stake 86-8 was not read on 4/19/89. Its b' was cdculated uslng data frm stake 86-OZONE 

RESULTS FOR 1989 BALANCE YEAR: .a .26 .91 

DATA FOR 1990 BALANCE YEAR: 
STAKE UA90-8 (installed 4/19/90) 
4/19/90 6.10 Snow 4.40 Snow 440 1 0.36 1.70 
7115190 7.01 Snow 532 Snow 5.32 1 .40 1.70 
31/91 799 Snow 299 10 Snow 2.99 002 10 36 500 

Firn 3.30 1 .51 

RESULTS FOR 1990 BALANCE YEAR: 1.69 26 1 95 

DATA FOR 1991 BALANCE YEAR: 
STAKE UA90-8 (cmTnued) 
31/91 7.99 Snow 2.99 10 Snow 2.99 0.02 10 0.36 500 
34/92 9 10 Snow 3.27 10 Snow 3.27 .D6 10 .36 5.84 

Firn 0.84 1 .51 

RESULTS FOR 1991 BALANCE YEbR .43 26 .69 

DATA FOR 1992 BALANCE YEAR: 
STAKE UA908 (conlinued) 
34/92 9.10 Snow 

9/23/92 736 Snour 
3 27 10 Snow 3.27 0 06 10 0.36 5 84 

49 10 Snow .49 01 10 .26 6.87 
Firn 1.03 1 .51 5.84 

RESULTS FOR 1992 BALANCE YEAR: .53 .25 78 
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Table 2D. Mass balance, 14 km site, Black Rapids Glacier 

[mlw,  month/day/year; b'. height of surface on stake, measured relative to base of stake; m, meters; p, density; g/cml, grams per cubic centimeter, d(s), depth 
of snow; Stake d(s) is calculated by subtracting a previously obse~ed summer surface height (b'ss) from b'; Probe d(s) is measured by forcing a thin probe rod 
through the snow pack until it is stopped by the hard summer surface; n, number of observations; s.e., standard error; Est., estimated; b'ss, height of summer 
surface on stake, measured relative to base of stake; Obsv., obse~ed; b(i), ice balance; Nf), firn balance; b(s), snow balance; b(k), internal accumulation-rain 
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b. net mass babnce; m r ,  meters water 
equivalent; Sup. ice, superimposed ice] 

Observahs Accumulation calar lat is Summer surface Ablation calarlaticns Mass balance results 
P 

Date Stake readng Stake Pit Probe as)  Material Thickness p b'ss Material Change p Ice Firn Smw Internal Net 
b' Surface d(s) p 4s) Mean n Mean s.e. 

- 
n Est. Obsv. Est. Ed- MI b(9 b(s) b(k) bn 

mlw (m) material (m) (slcm3) (m) (m) (m) (m) (slcmJ) (m) (m) (m) (skm3) (m.4 (in,) (m-4 (m-) (m-) 

DATA FOR 1973 W N C E  YEAR: 

4/3/73 Snow 2.10 1 Snow 2.10 1 0.34 0.71 0.71 
Note: Snow depth reported for 4/3/73 is the mean of probirigs at 13 and 15 km bcatiins. 
STAKE 73-14-F (installed 7120/73) 
7/20/73 4.90 Sup. ice 0.90 0.10 Sup. ice .10 .90 4.80 .09 .09 
10RW 4.70 Snow .75 5 Snow .75 .02 5 .34 3.95 Ice -0.85 0.90 -0.77 .26 - .77 

RESULTS FOR 1973 BALANCE YEAR: - .77 - .77 

DATA FOR 1974 BALANCE YEAR: 
STAKE 73-14-F (continued) 
3/28/14 5.44 Snow 1.49 Snow 1.49 1 0 . 3 4  3.95 0.51 0.51 
7/21/74 3.65 Ice 3.65 Ice -0.30 0.90 -0.27 - .27 
3/1/75 4.05 Snow 0.34 2.14 2.28 7 Snow 2.26 .03 8 .34 1.79 Ice -2.16 .90 -1.95 .n -1.95 

RESULTS FOR 1974 BALANCE YEAR: -1.95 -1.95 

DATA FOR 1975 BALANCE YEAR. 
STAKE 73-14-F (continued) 
3/1/75 4.05 Snow 0.34 2.14 2.28 7 Snow 2.26 0.03 8 0.34 1.79 0.77 0.77 
8/26/15 1.19 Snow Snow .02 1 .20 1.17 Ice -0.62 0.90 -0.56 .00 - .56 

STAKE 75-14 (installed 3/1/75) 
3/1/75 9.05 Snow .34 2.14 2.28 7 Snow 2.26 .03 8 .34 6.79 .77 .77 
8/26/75 6.31 Snow .02 Snow .02 1 .20 6.29 Ice - .50 .90 - .45 .00 - .45 
3/24/76 8.46 Snow 2.23 Snow 2.23 .01 5 .34 6.23 Ice - .55 .90 - .50 .76 

Note: The net balance rest# for the year is the average b(i) for the hw stakes on 6/26/75 @IS the b(i) of stake 7514 from 8R6n5 to the end of Vie bahnce year. 

RESULTS FOR 1975 BALANCE YEAR: (average of stakes 73-14 m d  75-14) - .55 - .55 

DATA FOR 1976 BALANCE YEAR: 
STAKE 75-14 (mtinued) 
3/24/76 8.46 Snow 
9/13/76 5.31 Snow 
3/19/77 8.00 Snow 

2.23 5 Snow 2.23 0.01 5 0.34 6.23 0.76 0.76 
.27 1 Snow .27 1 .20 5.04 4.97 Ice -1.26 0.90 -1.13 .05 -1.13 

3.09 3 Snow 3.09 .01 3 -34 4.91 4.97 1.05 

STAKE 76-14 (instdled 3/24/76) 
3/24/76 8.10 Snow 2.23 5 Snow 2.23 -01 5 -34 5.87 .76 .76 
9/13/76 4.92 Snow -27 1 Snow -27 1 -20 4.65 4.71 Ice -1.16 .90 -1.04 .05 -1.04 
3/19/77 7.87 Snow 3.09 3 Snow 3.09 .01 3 .34 4.78 4.71 1.05 

RESULTS FOR 1976 BALANCE YEAR:(average of stakes 75-14 and 76-14) -1.09 -1.09 

DATA FOR 1977 BALANCE YEAR. 
STAKE 76-14 (continued) 
3119177 7.87 Snow 
9/23/77 4.80 %ow 

3 09 3 Snow 3.09 0.01 3 0 34 4.78 4.71 105 1.05 
.66 10 Snow .66 .02 10 .20 4.15 IIX -0.57 0.90 -0.51 . I3  - .51 

RESULTS FOR 1977 BALANCE YEAR: - .51 - .51 
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Table 2D, continued 

Observations Accumulation cdculations Summer surface Ablation cdwlations Mass balance results 
Date Stake reading Stake Pit Probe d(s] Material Thickness p b'ss Material Change p be Fim Snow Internal Net 

b' Surf- d(s) p d(s) k x m  n Mean s.e. n Est. Obsv. Est. m. Mi) b(f) b(s) b(k) b. 

DATA FOR 1978 BALANCEYEAR: 
STAKE 76-14 (mntinued) 
3/18/78 6.48 Snow 2.34 Snow 2.34 1 0.34 4.15 0.79 0.79 
9/24/78 2.82 Snow .17 10 Snow .17 .02 10 .M 2.65 2.61 Ice -1.53 0.90 -1.38 .03 -1.38 
3/28/79 4.66 Snow .33 2.11 2.08 5 Snow 2.08 .01 6 .33 2.58 2.61 .69 

Note: Temperature record from Gulkaa GI& indcates that melting after 9/24/78 is unlikely. 

RESULTS FOR 1978 BALANCEYWR: -1.38 -1.38 

DATA FOR 1979 BALANCEYEAR: 
STAKE 76-14 (continued) 
3/28/79 4.66 Snow 2.11 2.08 Snow 2.08 0.01 5 0.33 2.58 2.61 0.68 0.68 
8/23/79 77 Ice 77 Ice -1 84 0.90 -1 66 -1 66 

STAKE 79-1 4 (installed 3/28/79) 
3/26/79 806 Snow 2.11 2.08 Snow 2.08 .01 5 .33 5.98 -00 .68 -68 
8/23/79 4.17 Ice 4.17 Ice -1.81 .90 -1.63 -1.63 
3/27/80 6 70 Snow 2.90 Snow 2.90 .00 4 -33 3.80 ke -2.18 -90 -1.96 .96 

Note: The net balance result for the year is the average Mi) for Ihe h stakes on 8/23/79 plus the b(l) of stake 79-14 from W3/79 to the end of the balance yea-. 

RESULTS FOR 1979 BALANCEYWR: -1.98 -1.98 

DATA FOR 1980 BALANCE YEAR: 
STAKE 79-14 (mntinued) 
3/27/80 6.70 Snow 2.90 4 Snow 2.90 0.00 4 0.33 3.80 0.96 0.96 
9/4/80 Sup. Ice .04 Sup. Ice .04 1 .90 3.80 .04 

Firn .03 Fim .03 1 .51 0.02 .06 
3.95 Snow .08 16 Snow .08 01 16 -20 -02 

3/22/61 5.90 Snow 2.22 10 Snow 2.22 10 .33 3.68 Ice -0.12 0.90 -0.10 -73 - 10 

RESULTS FOR 1980 BALANCE YEAR: - .10 - .10 

DATA FOR 1981 BALANCE YEAR: 
STAKE 79-14 (mntinued) 
~ ~ 8 1  5.90 SOW 2.22 10 Snow 2.22 0.02 10 0.33 3.68 0.73 0.73 
6/22/81 482 Snow 114 Snow 1.14 1 .40 .46 .46 
9/10/81 3.76 Snow .30 3 Snow .30 .01 3 .20 3.46 Ice -0.21 0.90 0.19 .06 - .19 
mi182 5.52 SOW -32 2.09 2.06 15 Snow 2.07 .O1 16 .32 3.46 .66 

RESULTS FOR 1981 BALANCE YEAR: - . l9 - -19 

DATA FOR 1982 BALANCE YEAR: 
STAKE 79-1 4 (mntlnued) 
3/25/82 5.52 Snow 0.32 2.09 2.06 Snow 2.07 0.01 16 .32 3.46 0.66 0.66 
9/10/82 2.59 Snow -11 20 Snow .11 -00 21 .20 2.48 Ice -0.98 0.90 -0.88 .02 - .88 

STAKE 82-14 (installed 3/2Y82) 
3l25182 8.35 Snow .32 2.09 2.06 Snow 2.07 .01 16 .32 6.29 .66 .66 
9/10/82 5.32 Snow .11 Snow .11 .00 20 .20 5.21 5.10 Ice -1.19 .90 -1.07 .02 -1.07 
4/21/83 7.27 Snow .36 2.10 2.31 Snow 2.29 9 .36 4.98 5.10 .82 
Note: There is no obv~ws explanallon for the 23 cm discrepancy between the fall and spring summer surface measurements. 
Note: Temperature record from Gulkana Glacier indicates 23 cm of ice melt after 9110182 is unlikely. 

RESULTS FOR 1982 BALANCE YEAR:(average of stakes 79-14 ad 82-14) - .97 - .97 
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Table 2D, continued 

Obse~ations humulation calculations Summer surface Ablation ca!mlations Mass balance results 
Date Sake readng Stake Pit Probe as) Material Thidtness p b'ss Material Change p Ice Firn Snow Internal Net 

b' Surfece as)  p qs) Mean n Mean s.e. n Est. Obsv. Est. Est. Mi) b(f) b(s1 W1 R, . .  . .  
ddly (m) material (m) (glcm3 (m) (m) (m) (m) (glcm3) (m) (m) (m) &mJ) (m-1 (m-1 (&I (m-1 (in,) 

DATA FOR 1983 BALANCE YEAR: 
STAKE 82-14 (continued) 
4/21/83 7.27 Snow 0.36 2.10 2.31 8 Snow 2.28 0.03 9 0.36 4.99 5.10 0.82 0.82 
9/8/83 4.59 Snow .46 17 Snow .46 .01 17 .20 4.13 4.18 Ice -0.92 0.90 -0.83 .09 - .83 
3/16/84 6.65 Snow 2.43 10 Snow 2.43 .01 10 .36 4.22 4.18 .87 

STAKE 83-14 (installed 4/21/83) 
4/21/83 8.09 Snow 36 2.10 231 8 Snow 2.28 .03 9 .36 5.81 .82 .82 
9/8/83 5.24 Snow .46 17 Snow .46 .01 17 .20 4.78 4.83 Ice - .98 .90 - .88  .09 - .88 
3/16/84 7.30 Snow 2 43 10 Snow 2.43 01 10 -36 4.87 4.83 .87 

RESULTS FOR 1983 BALANCE YEAR: (average of stakes 82-14 and 83-14) - .86 - .86 

DATA FOR 1984 BALANCE YEAR: 
STAKE 82-14 (continued) 
3/16/84 6.65 Snow 
4/5/85 5.85 Snow 

STAKE 83-14 (continued) 
3/16/84 7.30 Snow 
8/28/84 4 39 Snow 

2.43 10 Snow 2.43 0.01 10 0.36 4.22 4.18 0.87 0.87 
238 10 Snow 2.38 .O1 10 .Xi 3.47 Ice -0.71 0.90 -0.64 .86 - .64 

STAKE 84-14 (installed 3/16/84) 
3/16/84 9.88 Snow 2.43 10 Snow 2.43 .01 10 -36 7.45 .87 .87 
8R8184 6.90 Snow . I6 4 Snow .16 .00 4 .20 6.74 Ice - .71 .90 - .64 -03 - .M 
4/5/85 9.12 Snow 2.38 10 Snow 2.38 .01 10 .36 6.74 .86 

RESULTS FOR 1984 BALANCE YEAR(average of dl three stdtas) - -60 - . O  

DATA FOR 1985 BALANCE YEAR: 
STAKE 83-14 (wntinued) 
9/5/85 4.39 Snow 0.08 Snow 0.08 1 .20 4.31 

STAKE 84-14 (continued) 
4/5/85 9 12 Snow 2.38 Snow 2.38 -01 10 .36 6.74 
9/5/85 .09 Sup. Ice .09 1 .90 

.47 -16 Fim .16 1 .47 
707 Snow .08 Snow .08 1 .20 6.99 

Note: Supimposed ice observed beneath snow m d  new fim on 915185. 
4/4/86 .19 Fim .19 - 1  -70 

9 16 Snow .37 2.10 2.25 10 Snow 2.23 .02 11 .37 6.93 
Note: Superimposed ice obse~ed beneath snow m d  new fim on 4/4/86. 

RESULTS FOR 1985 BALANCE YEAR. .13 13 

DATA FOR 1986 BALANCE YEAR: 
STAKE 84-1 4 (continued) 
4/4/86 9.16 Snow 0.37 2 10 2.25 10 Snow 2.23 0.02 11 .37 6.93 0.83 0.83 
9/25/86 6.80 Snow .37 10 Snow .37 .O1 10 .M 6.43 Fbn -0.19 0.70 -0.13 .07 

Ice - .31 .90 -0.28 - -41 
STAKE 86-14 (installed 4/4/86) 
414186 8 07 Snow 37 2.10 2.25 10 Snow 2.23 -02 11 .37 5.84 .83 .83 
9/25/86 5 65 Snow 37 10 Snow .37 -01 10 20 5.28 523 Flm - .19 .70 - . I 3  .07 

Ice - . 4 2  -90 - . 3 8  - .51 
3120187 7 80 Snow 2 63 Snow 263 -02 10 .37 5.17 5.23 .97 

RESULTS FOR 1986 BALANCE YEAR:(average of stakes 84-14 and 86-14) - .33 - -13 - .46 

DATA FOR 1987 BALANCE YEAR: 
STAKE 86-14 (continuad) 
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Table 2D, continued 

Observations Ammulatien calculations Summer surface Ablation cahlations Mass balance resuns 
P 

Date Stake reading Stake Pit Probe as) Matetial Thickness p b'ss Material (Xange p Ice Fkn Snow Internal. Net 
b' Surface qs) p d(s) Mean n Mean s.e. n Est. Obsv. Ed. Ed. b(i) b(f) b(s) b(k) bm 

mldly (m) material (m) (@mJ (m) (m) (m) (m) (dcm3 (m) (m) (m) dcm3) (m.1 ( h )  (m.1 (m) ( h )  
WW87 7.80 !bw 2.63 10 Snow 2.63 0.02 10 0.37 5.17 5.23 0.97 0.97 
8R7/87 4.47 Ice 4.47 Ice -0.76 0.90 -0.68 - .68 
4/21/88 6.97 Snow 2.54 Snow 2.54 1 .37 4.43 Ice - .80 .90 - .72 .94 - .72 

STAKE 87-14 (installed 8/27/87) 
8$27/87 6.58 Ice 6.58 - .68 
4/21/88 9.01 Snow 2.54 Snow 2.54 1 .37 6.47 Ice .90 - .78 .94 - .78 

RESULTS FOR 1987 BALANCE YEAR. - .75 - .75 

DATA FOR 1988 BALANCE YEAR: 
STAKE 86-14 (wntinued) 
4/21/68 6.97 Snow 2.54 Srow 2.54 1 0.37 4.43 0.94 0.94 
4/15/89 5.49 Snow 1.95 Snow 1.95 1 .37 3.54 Ice -0 89 0.90 -0.80 72 - 80 

STAKE 87-14 (wnttnued) 
4/21/88 9 0 1  Snow 2.54 Snow 2.54 1 37 6.47 .94 .94 
4/15/89 7 64 Snow 1.95 Snow 1.95 1 .37 5.69 Ice - .78 .90 - .70 .72 - .70 

RESULTS FOR 1988 BALANCE YEAR: (average of stakes 86-14 and 87-14) - -75 - .75 

DATA FOR 1989 BALANCE YEAR. 
STAKE 87- 14 (continued) 
4/15/89 7.64 Snow 1.95 Smw 195 1 0.37 5.69 0.72 0.72 
5125190 6.83 Snow 2.70 Snow 2.70 1 .37 4.13 Ice -1 56 0.90 -1.40 1 .00 -1.40 

RESULTS FOR 1989 BALANCE YEAR. - 1.40 -1.40 

DATA FOR 1990 BALANCE YEAR: 
STAKE UAW-14(mstalled 5125/90) 
5125/90 8.71 Snow 2.70 Snow 2.70 1 0.37 6.01 1.00 1.00 
5/1/91 6.60 Snow 2.45 Snow 2.45 .02 10 37 4.15 I -1.86 0.90 -1.67 .91 -1.67 

RESULTS FOR 1990 BALANCE YEAR: -1.67 -1.67 

DATA FOR 1991 BALANCE YEAR: 
STAKE UA90-14 (continued) 
5/1/91 6.60 Snow 2.45 Snow 2.45 0.02 10 0.37 4.15 0.91 0.91 
31/92 6.1 1 Snow 2.72 Snow 2.72 .01 10 .37 3.39 Ice -0.76 0.90 -0.69 1.01 - 69 

RESULTS FOR 1991 BALANCE YEAR: - .69 - .69 

DATA FOR 1992 BALANCE YEAR: 
STAKE UA92-14 (installed 31/92) 
5/1/92 7.91 Snaw 2 72 Snow 2.72 0.01 10 0.37 5.19 1.01 1.01 
9/23/92 4.75 Snow 0.48 .55 Snow .55 01 10 37 4.20 Ice -0.98 0.90 -0.89 .20 - .89 

RESULTS FOR 1992 BALANCE YEAR: - .89 - .89 
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Table 2E. Mass balance, 20 km site, Black Rapids Glacier 

[mldEy, month/day/year; b', height of surface on stake, measured relative to base of stake; m, meters; p, density; @an', grams per cubic centimeter, d(s), depth 
of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height @'ss) from b'; Probe d(s) is measured by  forang a thin probe rod 
through the snow pack until it is stopped by the hard summer surface; n, number of observations; s.e., standard error; Est.. estimated; b'ss, height of summer 
surface on stake, measured relative to base of stake; Obsv.. observed; b(i), ice balance; b(f), firn balance; b(s), snow balance; b(k), internal accumulation--rain 
and snow melt water refrozen in the pore space of permeable rim in the accumulation area (Trabant and Mayo, 1985); h, net mass balance; m,, meters water 
equivalent; Sup. ice, superimposed ice] 

Obsenations Accumulation cdculations Summer surface Ablation cakulatiis Mass balance results 
Date Stake readina Stake Pit Probe as) Material Thickness o b'ss Material Chanw 0 ke Fim Snow lntemd Net . . - .  

b' Surface qs)  p as)  Mea n Mean s.e. n Est. Obsv. Est. Ed. 4 )  b(f) b(s) b(k) b, 

DATA FOR 1972 BALANCE YEAR. 
STAKE 72-19 (installed 4/24/72,18.6 km, rmge line motion site D) 
4/24/72 7.90 Snow 0.33 1.65 1.53 11 Snow 1.54 0.03 11 033 6.36 0.51 0.51 
813/12 4.58 Ice 4.58 Ice -1.78 0.90 -1.60 -1.60 

STAKE 73-19 (instdled W 2 ,  18.6 km, range line motion site D) 
8/3/72 4.85 Ice 4.85 -1.60 -1.60 
10/19/7 4.20 Snow .68 10 Snow .68 .02 10 .30 3.52 3.56 Ice -1.29 .90 -2.76 .M -2.76 
4/3/73 4.83 Snow 1.22 7 Snow 1.22 .07 7 .32 3.61 3.56 39 

RESULTS FOR 1972 BALANCE YEAR: (at 18.6 km site) -2.76 -2.76 

DATA FOR 1973 BALANCE YEAR: 
STAKE 73-19 (wntinued) 
4/3/73 4.83 Snow 1.22 7 Snow 1.22 0.07 7 032 3.61 3.56 0.39 0.39 
5/22/73 4.81 Snow 1.25 Snow 1.25 1 .40 3.56 .50 .50 
7QW3 2.65 Ice 2.65 Ice -0.91 0.90 -0.82 - -82 
iW2W 1.70 Snwv Snow .50 1 30 1.20 Ice -2.37 .W -2.13 .15 -2.13 

STAKE 7319.O-D (installed 7/21/73) 
7/21/73 4.85 Ice 4 85 - 82 - 82 
1012W 3.98 Snow 0.55 5 Snow .55 .03 5 30 3.43 3.44 Ice -1.41 .90 -2.09 .16 -2 09 
3/28/74 4.35 Snow 0.29 0.90 Snow 90 1 29 345 344 .26 

STAKE 73-20 (insidled 7/21/73) 
7/21/73 3.85 Ice 3.85 - .82 
1012W 2.90 Snow .46 4 Snow .46 .02 4 30 2.44 Ice -1.41 .90 -2.09 .14 -2.09 

RESULTS FOR 1973 BALANCE YEAR: (for stake 73-20: the stake cbsest to the index site) -2.09 -2.09 

DATA FOR 1974 BALANCE YEAR: 
STAKE 7119.00 (continued) 
3/28/74 4.35 Snow 0.29 0.90 Snow 0.90 - 1 0.29 3.45 3.44 0.26 0 26 
7/21/74 2.10 Ice 2.10 I -1.34 0.90 -1.21 -1.21 

STAKE 73-20 (mtinued) 
1 0 ~ 5 n  2.90  now .46 4 Snow .46 .02 4 30 2.44 
3/28/74 3.23 Snow .79 .29 Snow .79 1 29 2.44 

STAKE 74-20 (istdled 3/28/74) 
3/28/74 5.88 Snow -79 .29 Snow 79 1 29 5.09 .23 .23 
7/21/74 3 28 Ice 3.28 Ice -1.81 .W -1.63 -1.63 
3/2/75 2.50 Snow 1.45 10 Snow 1.45 .03 10 32 1.06 Ice 4.04 .90 -3.63 .46 

RESULTS FOR 1974 BALANCE YEAR: (fa- stake 74-20: Ihe stake closest to the index s~tel -3.63 -3.63 

DATA FOR 1975 BALANCE YEAR: 
STAKE 75-20 (installed 3/2/75) 
3/2/75 990 Snow 145 10 Snow 145 03 10 32 8 46 .46 .46 
8/25/75 6.05 Ice 6 05 Ice -2.41 0.90 -2.16 -2.16 
3/24/76 7.07 Snow 1.28 8 Snow 1.28 .03 8 32 579 Ice -2.66 .90 -2.40 -41 -2.40 

RESULTS FOR 1975 BALANCE YEAR: -2.40 -2.40 
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Table 2E, continued 

Observations Accumulation cdculatims Summer surface Ablation wlwlat'ans Mass balance resuns 
Date Stake readng Slake Pit Pmbe 4s) Material Thickness p b'ss Meterial Change p Ice Fim Snow lntemal Net 

b' Surface d(s) p d(s) Mea n Mem s.e. n Ed. Obsv. Est. Est. Mi) b(9 b(s) b(k) bn 

m/d'y (m) materid (m) (@cm3 (m) (m) (m) (m) (@cmJ) (m) (m) (m) (k) ( k )  (k) (mw) ( k )  

DATA FOR 1976 BALANCE YEAR: 
STAKE 75-20 (continued) 
3/74/76 7.07 Snow 1.28 8 Snow 1.28 0.03 8 0.32 5.79 0.41 0.41 
9/13/76 2.78 Snow 0.25 Snow 25 1 .20 2.53 Ice -3.26 0.90 -2.94 .05 -2.94 
3/16/77 4.73 Snow 2 32 6 Snow 2.32 .01 6 -32 2.42 2.45 Ice -3 35 90 -3 01 74 
3/19\77 4.70 Snow 2.23 4 Snow 2 23 .03 4 .32 2.48 2.45 .71 

Note: Temperature recwd from Gukma Glacier indicates that melting after 9/13/16 is likely. 

RESULTS FOR 1976 BALANCE YEAR: -3.01 -3.01 

DATA FOR 1977 BALANCE YEAR: 
STAKE 7520 (continued) 
3/16/77 4.73 Snow 
3/19/77 4.70 Snow 

2.32 6 Snow 2.32 .01 6 .32 2.42 
2.23 4 Snow 2.23 .03 4 .32 2.48 2.45 

STAKE 77-20 (~nsfalled 3/18/77') 
3/16/77 9.00 Snow 2.33 5 Srow 2 33 03 5 .32 6.67 6.71 .74 .74 
3/19/77 8.98 Snow 2.23 4 Snow 2.23 03 4 .32 6.76 6.71 .71 .71 
9Rl/77 4.55 Snow .16 1 Snow .16 1 .20 4.39 Ice -2.32 .90 -2.09 .03 -2.09 

RESULTSFOR 1977 BALANCE YEAR: -2.09 -2.09 

DATA FOR 1978 BALANCE YEAR: 
STAKE 77-20 (conhnued) 
9/21/77 4.55 Srow 0.16 1 Snow 0.16 1 0 . 2 0  4.39 0 03 
3/18/78 5.95 Snow 1.56 Snaw 1.56 1 .32 4.39 .50 0.50 
9/23/78 1.04 Snow . I 5 1 0  Snow .15 . 0 0 1 0  20 .89 .87 Ice -3.52 0.90 -3.17 03 -3.17 
3/29/79 2.28 Snow 1.43 10 Snow 1.43 .03 10 .32 .85 .87 .46 

RESULTS FOR 1978 BALANCE YEAR. -3.17 -3.17 

STAKE 77-20 (continued) 
3/29/79 228 Snow 

DATA FOR 1979 BALANCE YEAR: 

1.43 10 Snow 1.43 0.03 10 0.32 0.85 0.87 

RESULTS FOR 1979 BALANCE YEAR: no resuits 

DATA FOR 1980 BALANCE YEAR: 
STAKE 80-20 (installed W80) 
3/26/60 9.23 Snow 2.27 10 Snow 2.27 0.02 10 0.32 6.96 0.73 0.73 
9/4/80 4.88 Snow .07 15 Snow .07 .01 15 .20 4.81 Ice -2.15 0 90 -1.93 .O 1 -1.93 
3/23/81 6.31 Snow 1.55 10 Snow 1.55 .03 10 .32 4.76 Ice -2.20 .90 -1.98 .50 

Note: Temperature recwd fmm Gulkana Glacier indicates that melting after 9/4/80 is likely. 

RESULTS FOR 1950 BALANCE YEAR: -1.98 -1.98 

DATA FOR 1981 BALANCE YEAR. 
STAKE 80-20 (conl~nued) 
3/23/81 6.31 Snow 1.55 Snow 1.55 0.03 10 0.32 4.76 0.50 0.50 
6/22/81 4 65 Sup ice 0.03 Sup. ic 03 1 90 4.62 Ice -0.14 0.90 -0.13 .03 - .10 
911W81 2.37 Snow .01 Snow .01 1 20 2.36 Ice -2.40 90 -2.16 .OO -2.16 

STAKE 81-20 (installed 3/23/81 ) 
3/23/81 822 Snow 1.55 Snow 1.55 .03 10 .32 6.67 6.65 .50 .50 
6/22/81 6 66 Sup ice 03 Sup. ic .03 1 .90 6.63 6.65 .03 .03 
9/10/81 4.31 Snow .01 Snow .01 1 .20 4.30 Ice -2.35 .90 -2.11 .00 -2.11 
3/25/82 5.59 Snow 1.40 Snow 1.40 .02 10 .32 4.20 Ice -2.45 .90 -2.21 .45 -2.21 

Note Temperature r e d  from Gulkana Glacier indicates that melting a f h  9110/81 is likely. The net balance result for the y e a  is the average Mi) on 9/10/81 
plus Ule b(~) of stake 81-20 from 9110181 to the end of the balance year. 

RESULTS FOR 1981 W N C E  YEAR: (a- of stdces 80-20 m d  81-20) -2.23 -2.23 
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Table 2E, continued 

Observations Accumulalion cdculatims Summer swface Ablation cdwlations Mass balance results 
Data Stake raading Steke Pit Probe d(s) Material Thickness p b'ss Material Change p Ice Fim Snow Internal Net 

b' Surf- as) p as) Mea n Mean s.e. n Est. Obsv. Est. Ed. MI b(f) b(s) b(k) bn 

DATA FOR 1982 BALANCE YEAR: 
STAKE 81-20 (continued) 
3/25/82 5.59 Snaw 
9/10/82 1.28 Ice 
4/21/83 2.90 Snow 

1.40 10 Snow 1.40 0.02 10 0.32 4.20 0.45 0.45 
1.28 Ice -2.92 0.90 -2.62 -2.62 

1.77 10 Snow 1.77 .02 10 .32 1.13 Ice -3.06 .90 -2.76 .57 -2.76 

STAKE 82-20 ~nstalled 3/25/82) 
3/25/82 9.47 Srtwv 1.4010 Snow 1.40 .G2 10 .32 8.08 -45 -45 
9/1W82 5.20 Ice 5.20 Ice -2.88 .90 -2.59 -2.59 
4/21/83 6.81 .Snow 177 10 Snow 1.77 .02 10 .32 5.04 Ice -3.03 .90 -2.73 -57 -2.73 

RESULTS FOR 1982 BALANCE YEAR: laverme of st&es 81-20 and 82-20) 5.04 -2.74 -2.74 

STAKE 82-20 (continued) 
4/21/83 6.81 Snow 
9/8/83 2.57 Snow 
3/19/64 4.00 Snow 

DATA FOR 1983 BALANCE YEAR: 

1.77 10 Snow 1.77 0.02 10 0.32 5.04 0.57 0.57 
.14 12 Snow -14 .01 12 .20 2.43 2.43 Ice -2.61 0.90 -2.35 .03 -2.35 

1.57 10 Snow 1.57 .04 10 .32 2.43 2.43 .50 

STAKE 83-20 (Installed 4/21/83) 
4/21/83 9.88 Snow 1.77 10 Snow 177 -02 10 -32 8.11 .57 -57 
9/8/83 5.58 Snow .14 12 Snow -14 .01 12 .20 5.44 548 Ice -2.63 .90 -2.37 .03 -2.37 
3/19/84 7.09 Snow 1.57 10 Snow 1.57 .04 10 .32 5.52 5.48 .50 

RESULTS FOR 1983 BALANCE YEAR: (average of stakes 82-20 and 83-20) -2.36 -2.36 

DATA FOR 1984 BALANCE YEAR: 
STAKE 84-20 (installed 3/19/84) 
3/19/84 11.42 Snow 1.57 10 Snow 1.57 0.04 10 0.32 9.85 0.50 0.50 
8/28/84 7.27 Ice 7.27 Ice -2.58 0 90 -2.32 -2 32 
4/4/85 8.93 Snaw 1.67 10 Snow 167 -03 10 .32 7.27 .53 

RESULTS FOR 1984 BALANCE YEAR: -2.32 -2.32 

DATA FOR 1985 M N C E  YEAR: 
STAKE 84-20 (continued) 
4/4/85 8 93 Snow 1.67 Snow 1.67 0.03 10 0.32 7.27 0.53 0.53 
9H1185 5.17 Snow 0.03 Snow 03 1 .20 5.14 Ice -2.13 0.90 -1.91 .01 -1.91 
4/2/66 6.60 Snow 1.72 Snow 1.72 .03 8 .32 4.89 Ice -2.38 .90 -2.14 .55 -2.14 

RESULTS FOR 1985 BALANCEYEAR: -2.14 -2.14 

DATA FOR 1986 BALANCE YEAR: 
STAKE 84-20 (continued) 
4/2/86 6.60 Snow 
9/25/86 2.32 Snow 

STAKE 86-20 Fnstalled 4/2/86) 
4/2/86 10 76 Snow 1.72 B Snow 172 03 8 .32 9.05 .00 .55 -55 
9/25/86 6 23 Snow 2710  Snow .27 0 2 1 0  -20 5.97 5.99 Ice -3.06 -90 -2.75 05 -2 75 
3/18/87 7.92 Snow 192 10 Snow 192 03 10 .32 6.01 5.99 61 

RESULTS FOR 1986 BALANCE YEAR: (average of stakes 84-20 and 86-20) -2.65 -2.65 
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Table 2E, continued 

Obswrvations Accumulation calculations Summar surface W o n  dculatims Mass bdance results 
pp 

Dale Stake readng Stake Pit Probe d(s) Malend Thickness p b'ss Matend Change p Ice Fim Snow Intern+ Net - 
b' Surface d(s) p d(s) Mea n Mean s.e. n Est. Obsv. Est. Est. b(l) b(s) b(k) bn 

ddly (m) materid (m) (gfcm3 (m) (m) (m) (m) (&&) (m) (m) (m) (&m3) (h) (me) (me) @=I 

DATA FOR 1987 BALANCE YEAR: 
STAKE 86-20 (continued) 
3/18/87 7.92 Snow 
8127/87 3.57 Ice 

STAKE 87-20 (instdled 3/18/87) 
3/18/87 8.97 Snow 1.92 10 Snow 1.92 .03 10 .32 706 .61 .61 
8/27/67 4.66 Ice 4.66 Ice -2.40 .90 -2.16 -2.16 
4/16/68 6.35 Snow 2.37 4 Snow 2.37 .08 4 .32 3.98 Ice -3.08 .90 -2.77 .76 -2.77 

RESULTS FOR 1987 BALANCE YEAR: -2.77 -2.77 

DATA FOR 1988 BALANCE YEAR. 
STAKE 87-20 (continued) 
4/16/68 6.35 Snow 2.37 4 Snow 2.37 0.08 4 .32 3.98 0.76 0.76 
4/15/89 3.1 1 Snow 1.50 1 Snow 1.50 1 .32 161 Ice -2.37 0.90 -2.13 .48 -2.13 

RESULTS FOR 1988 BALANCE YEAR: -2.13 -2.13 

DATA FOR 1989 BALANCE YEAR: 

STAKE 87-20 (continued) 
4/15/89 3.11 Snow 1.50 Snow 1.50 1 0.32 1.61 

RESULTS FOR 1989 BALANCE YEAR: na results 

DATA FOR 1990 BALANCE YEAR: 

STAKE 90-20 (installed 5/26/90) 
W O  11.82 Snow 1 . 8 0 1  Snow 1.80 10 .32  10.02 0.58 0.58 
5/1/91 7.91 Snow 1.5010 Snow 1.50 .03 10 .32 641 Ice -3.62 0.90 -3.25 .48 -3.25 

RESULTS FOR 1990 BALANCE YEAR: -3.25 -3.25 

DATA FOR 1991 BALANCE YEAR: 
STAKE 90-M (continued) 
5/1/91 7.91 Snow 
5/2/92 5.55 Snow 

1.50 10 Snow 1.50 0.03 10 0.32 6.41 0.48 0.48 
2.06 10 Snow 2.06 .06 10 .32 349 Ice -2.92 0.90 -2.62 .66 -2.62 

RESULTS FOR 1991 BALANCE YEAR: -2.62 -2.62 

DATA FOR 1992 BALANCE YEAR 
STAKE 90-20 (wnlmnued) 
5/2/92 5.55 Snow 2.06 10 Snow 2.06 0.06 10 0.32 3.49 0.66 0.66 
9/23/92 1.37 Snow .26 .37 20 Snow .37 .02 21 .20 1.00 Ice -2.49 0.90 -2.24 .07 -2.24 

STAKE 92-20 (installed 5/2/92) 
5/2/92 11.42 Snow 2.06 10 Snow 2.06 .06 10 .32 936 .66 .66 
9/23/92 7.25 Snow .26 .37 M Snow .37 .02 21 .20 6 88 Ice -2.48 .XI -2.24 .07 -2.24 

RESULTS FOR 1992 BALANCE YEAR: -2.24 -2.24 
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Table 2F. Mass balance, 26 km site, Black Rapids Glacier 

[mldly, monthldaylyear; b', height of surface on stake, measured relative to base of stake; m, meters, p, density; glcm3, grams per cubic centimeter, d(s), depth 
of snow; Stake d(s) 1s calculated by sublracting a previously observed summer surface height (b'ss) from b'; Probe d(s) is measured by forcing a thin probe rod 
through the snow pack unlil it is stopped by the hard summer surface; n, number of observations; s.e., standard error; Est., estimated; b'ss, height of summer 
surface on stake, measured relative to base of stake; Obsv., observed; b(i), ice balance; b(f), fim balance; b(s), snow balance; b(k), internal accumulation--rain 
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b, net mass balance; m ~ ,  meters water 
equivalent; Sup. ice, superimposed ice] 

Obse~ations Accumulation calculations Summer surface Ablation calculations Mass balance results 
Date Stake reading Stak Pit Pmbe d(s) Material Thickness p b'ss Materid Change p Ice Firn Snow lntemd Net 

b' Surface d(s) p d(s) Mean n Mean s.e. n Est. Obsv. Est. Ed. b(i) b(f) b(s) b(k) b, 
m/d/y (m) matenal (m) (g/cm3) (m) (m) (m) (m) (g/cm3) (m) (m) (m) (slcm?) (m,) (m,) (m,) (m,) (m,) 

DATA FOR 1972 BALANCE YEAR. 
STAKE 73-4 (range rnot~on stte C, 25 2 km, ~nstalled 813/72) 
8/3/72 544 Ice 5.44 
1011917 428 Snow 0.53 8 Snow 0.53 0.08 8 0 20 3.75 3.83 
4/1/73 4 92 Snaw 102 8 Snow 102 .08 8 .31 3.90 3.83 

RESULTS FOR 1972 BALANCE YEAR no results 

DATA FOR 1973 BALANCE YEAR: 
STAKE 73-4 (wnt~nued) 
4/1/73 4 92 Snow 1.02 8 Snow 1.02 0.08 8 0.31 3.90 383 0.32 0.32 
5/22/73 4 77 Snow 0 94 Snow .94 I .40 3.83 .32 32 
7/24/73 1 60 Ice 1 60 Ice -2.23 0.90 -2.00 

STAKE 73-26 0 (installed 7/21/73) 
7/21/73 5 00 Ice 5 00 -2.00 -2.00 
10/25/7 322 Snow 48 4 Snow .48 4 20 2.75 2.70 Ice .90 -4.08 10 -4.08 
3/29/74 3 70 Snow 105 I Snaw 1.05 1 31 265 270 .33 

RESULTS FOR 1973 BALANCE YEAR. -4.08 -4.08 

DATA FOR 1974 BALANCE YEAR. 
STAKE 74-26 0 (~nstalled 3/29/74) 
3/29/74 6 34 Snow 1 05 Snow 105 1 0 31 5.29 0.33 0.33 
7/21/74 3 50 Ice 3.50 Ice -1.79 0.90 -1.61 -1.61 
3/3/75 2 12 Snow 0.31 1.21 162 13 Snow 1.59 009 14 obsv. .53 Ice -4 76 90 -4.28 .49 

RESULTS FOR 1974 BALANCE YEAR: -4.28 -4.28 

DATA FOR 1975 BALANCE YEAR 
STAKE 75-26 0 (installed 3/3/75) 
3\3/75 9 90 Snaw 0.31 1.21 162 13 Snaw 159 .09 14 obsv. 8.31 0.49 0.49 
8/26/75 5 00 Ice 5.00 Ice -3 31 0 90 -2.98 -2.98 
3/26/76 6 66 Snow 1.81 Snow 1.81 09 12 0.31 485 Ice -346 .90 -3.12 56 

RESULTS FOR 1975 BALAllCE YEAR -3 12 -3 12 

DATA FOR 1976 BALANCE YEAR: 
STAKE 75-26 (continued) 
3Q6176 6 66 Snow 1.81 Snow 1.81 0.09 12 0.31 485 0.56 0.56 
9/13/76 1 27 Ice 1.27 1.30 Ice -3 55 0.90 -3.20 -3.20 
3/16/77 3 50 Snow 2.17 Snow 2-17 01 6 31 1 33 1.30 .67 

RESULTS FOR 1976 BALANCE YEAR' -3.20 -3 20 

DATA FOR 1977 BALANCE YEAR: 
STAKE 77-26 (~nstalled 3116177) 
3/16/77 9 05 Snow 2.17 Snow 2.17 001 6 0 31 6.88 0.67 0.67 
9120ff7 3 57 Snow .02 Snow .02 1 .20 3.55 Ice -3 33 0.90 -3.00 00 -3.00 

RESULTS FOR 1977 BALANCE YEAR: -3.00 -3.00 
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Table 2F, continued 

Observations Accumulation calculations Summer surface Ablaticm calntlations Mass balance results 
Date Stake readng Stak Pit Pmbe d(s) Materid Thickness p b'ss Material Change p Ice Fim Snow lntemd Net 

b' Surface d(s) p d(s) b a n  n Mean s.e. n Est. Obw. Est. Est. b(i) b(f) b(s) b(k) 'b, 
m/d/y (m) material (m) (g/cm3) (m) (m) (m) (m) (9'cm3) (m) (m) (m) (9'cm3) (mw) (h) (mw) (mw) (m-) 

STAKE 77-26 (mtinued) 
3119178 5 26 Snow 1.71 

DATA FOR 1978 BALANCE YEAR: 

Snow 1.71 1 0.31 3.55 

STAKE 78-26 (mstdled 3/19/78) 
3/19/78 9.02 Snow 1.71 Snow 1.71 1 31 7.31 .53 .53 
9123178 3.50 Snow 0.12 10 Snow .12 0.01 10 20 3.38 Ice -3.93 0.90 -3.54 .02 -3.54 
3/29/79 4 62 Snow 1.43 10 Snow 1.43 05 10 .31 3 19 Ice -4.12 .90 -3.71 .44 -3.71 

RESULTS FOR 1978 BALANCE YEAR. -3.71 -3.71 

DATA FOR 1979 BALANCE YEAR: 
STAKE 79-26 (instdled 3/29/79) 
3129179 8 85 Snow 1.43 10 Snow 143 0 05 10 0 31 7.42 0.44 0.44 
8i2379 304 Ice 3.04 Ice -4.38 0.90 -3.94 -3.94 
3/26/80 4.63 Snow 1.87 10 Snow 1.87 03 10 31 2.76 Ice -4.66 .90 -4.20 .58 -4.20 

RESULTS FOR 1979 BALANCE YEAR. -4.20 -4.20 

DATA FOR 1980 BALANCE YEAR. 
STAKE 80-26 (installed 3/26\80) 
3/26/60 8 73 Snow 1.87 10 Snow 1.87 003 10 031 6.86 0.58 0.58 
914180 3.62 Ice 3.62 Ice -3.24 0.90 -2.91 -2.91 
3/24/81 4 48 Snow 1.13 10 Snow 1.13 03 10 .31 3.35 Ice -3.51 .90 -3.16 . .35 

RESULTS FOR 1980 BALANCE YEAR: -3.16 -3.16 

DATA FOR 1981 BALANCE YEAR: 
STAKE 79~26 (continued) 
3124181 4 48 Snow 1.13 10 Snow 1.13 003 10 0.31 335 0.35 0.35 
6/22/81 2 50 Ice 2 50 Ice -0.85 0.90 -0.77 - .77 

STAKE 81-26 (instdled 3/24/81) 
3124181 8 22 Snow 1.13 10 Snow 1.13 .03 10 .31 7.09 .35 .35 
6/22/81 650 Ice 6 50 Ice - .59 .90 -0.53 - .53 
9/22/81 2 85 Snow .07 7 Snow .07 .O1 7 20 2 78 2.63 Ice -4.46 .90 -4.01 .01 -4.01 
3/22/62 3.83 Snow 1.35 21 Sncw 1.35 ,051 21 31 248 263 .42 

Note: Temperature record fmm Gulkana Glacier indicates that melting after 9/22/81 is unlikely. The net balance result for the year is the average b(i) on 9/22/81 
plus the b(i) of stake 81-26 from 9/22/81 lo the end of the balance year 

RESULTS FOR 1981 BALANCE YEAR: -4.13 -4.13 

DATA FOR 1982 BALANCE YEAR: 
STAKE 82-26 (installed 3/22/82) 
3122182 9.50 Snow 135 21 Snow 1.35 005 21 0.31 8 15 0.42 0.42 
9110182 4 08 Ice 4 08 Ice -4.07 0.90 -3.66 -3.66 
4120183 5 35 Snow 1.80 20 Snow 1.80 0 6 2 0  31 355 IR -4.60 .90 -4.14 .56 -4.14 

RESULTS FOR 1982 BALANCE YEAR: -4.14 -4.14 

DATA FOR 1983 BALANCE YEAR 
STAKE 83-26 (mstalled 4/20/83) 
4/20163 8 90 Snow 1.80 20 Snow 180 0 6 2 0  31 710 .56 .56 
9/8/83 3 98 Snow .09 8 Snow .09 03 8 .20 3 89 Ice -3 21 0 90 -2 89 02 -2.89 
3/19/84 4 95 Snow 141 17 Snow 141 04 17 .31 3.54 Ice -3.55 .90 -3.20 .44 -3.20 

RESULTS FOR 1983 BALANCE YEAR: -3.20 -3.20 
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Table 2F, continued 

Observations Accumulation cdculations Summer surface Ablation calculations Mass balance results 
Date Stake reading Stak Pit Probe d(s) Material Thickness p b'ss Material Change p Ice Fim Snow lntemal Net 

b' Surface d(s) p d(s) Mean n Mean s.e. n Est Obsv. Est. Est. b(i) b(f) b(s) b(k) b. . .  . .  . .  
rnldly (m) material (m) (glcm3) (m) (m) (m) (m) (dcm3) (m) (4 (m) (&m3) (mw) (mw) (mw) (m,) (h) 

DATA FOR 1984 BALANCE YEAR. 
STAKE 84-26 (~nstalled 3/19/84) 
3/19/84 11.87 Snow 1.41 17 Snow 1.41 0.04 17 0 31 10.46 0.44 0.44 
W U 8 4  6.45 Ice 6.45 Ice -4.01 0.90 -3.61 -3.61 
4/5/85 7.61 Snow 1 34 29 Snow 134 .03 29 31 6 27 Ice -4 20 .90 -3.78 .42 -3 78 

RESULTSFOR 1984 BALANCE YEAR: -3.78 -3.78 

DATA FOR 1985 BALANCE YEAR: 
STAKE 84-26 (contlnued) 
4/5/85 7.61 Snow 1 .3429 Snow 1.34 0 0 3 2 9  031 627 0 42 0 42 
9/5/85 2 77 Snow 03 1 Snow 03 1 20 2 74 2 80 Ice -3 46 0.90 -3 12 01 -3 12 
4/9/86 3.95 Snow 1.08 15 Snow 1.08 04 15 31 287 2.80 .34 

STAKE 85-26 (~nstalled 46/85) 
4/5/85 12.93 Snow 1.34 29 Snow 1.34 , 0 3 2 9  31 1159 .42 .42 
9/5/85 8.35 Snow .03 1 Snow .03 1 .20 8 32 8 21 Ice 3 37 90 3 04 .01 -3 04 
4/9/86 9 19 %ow 108 15 Snow 108 ,0415 31 811 821 .34 

RESULTS FOR 1985 BALANCE YEAR: laveraae of stakes 84-26 and 85-26] -3.08 -3 08 

DATA FOR 1986 BALANCE YEAR 
STAKE 85-26 (contlnued) 
4/9\86 9 19 Snow 108 15 Snow 108 0 0 4 1 5  031 811 821 0 34 0 34 
1017/86 3 64 Snow 24 13 Snow .24 02 13 .20 3.40 Ice -4 82 0.90 -4.34 05 -4 34 
3/19/87 494 Snow 154 17 Snow 1.54 04 17 .31 3.40 .48 

RESULTSFOR 1986 BALANCE YEAR, -4 34 -4 34 

DATA FOR 1987 BALANCE YEAR 
STAKE 87-26 (Installed 3/19/87) 
3/19/87 9.00 Snow 1.54 17 Snow 1.54 0.04 17 0 31 7 46 0.48 0.48 
4/22/88 5.56 Snow 209 1 Snow 209 1 31 3 47 Ice -3 99 0.90 -3 59 65 

STAKE 87-261 (Installed 3/19/87) 
3/19/87 9 73 Snow 1.54 17 Snow 1.54 04 17 31 819 .48 
8/27/87 3 83 Ice 3 83 Ice -4 36 90 -3 93 -3.93 
4/22/86 4 92 Snow 1 71 1 Snow 1.71 1 31 321 Ice -4 98 .90 -4 49 .53 

RESULTS FOR 1987 BALANCE YEAR (stake 87-261. best data) -4.49 -4.49 

DATA FOR 1988 BALANCE YEAR: 
STAKE UA88-26 (~nstalled 4/22/88) 
4122W8 969 Snow 158 2 Snow 158 004 2 031 811 0 49 0 49 
9/2/88 3 63 Snow .02 1 Snow .02 1 20 361 Ice -4 50 0.90 -4 05 .00 -4 05 
4R1189 437 Snow 1 07 1 Snow 1.07 1 31 331 Ice -4 81 .90 -4.33 .33 

RESULTS FOR 1988 BALANCE YEAR -4 33 -4.33 

DATA FOR 1989 BALANCE YEAR. 
STAKE UA89-26 (~nslalled 4/21/89) 
4/21/89 8 40 Snow 107 1 Snow 107 1 0 3 1  733 0 33 0.33 
5/26/90 3 65 Snow 78 1 Snow 78 1 40 2 87 Ice -4.47 0.90 -4 02 .31 -4.02 

RESULTSFOR 1989 BALANCE YEAR. -4 02 -4.02 
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Table 2G. Mass balance, 32 km site, Black Rapids Glacier 

[mldly, monthldaylyear; b', height of surface on stake, measured relative to base of stake; m, meters; p, density; g/cm', grams per cubic centimeter, d(s), dq th  
of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height (b'ss) from b'; Probe d(s) is measured by forang a thin probe rod 
through the snow pack unlil it is stopped by the hard summer surface; n, number of observations; s.e., standard error; Est., estimated; b'ss, height of summer 
surface on slake, measured relative to base of stake; Obsv., observed; b(i), ice balance; b(9, firn balance, b(s), snow balance; b(k), internal accumulalion--rain 
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b,, net mass balance; mc, meters water 
equivalent; Sup. ice, superimposed ice] 

ObservaCons Accurnllat~on calculations Summer surface AblaSon calcllations 
P 

Date Stakereadng Slake Pil Probe d(s) Material Thickness p b'ss Material Change p 
b' Surface d(s) p d(s) Mean n Mean s.e. n Est. Obsv. Esl. Est. 

Mass balance results 
Ice Firn Snow Internal Net 

mldly (m) material (m) (g/cm') (m) (m) (m) (m) (9'cm7) im) (m) (g /cd )  (me) ( b e )  ( b e )  ( h e )  (ma) 

DATA FOR 1972 BALANCE YEAR: 
STAKE 72-2 (installed 424172) 
4/24/72 7.82 Snow 1.32 10 Snow 132 0.07 10 035 6.50 0.46 0.46 
8/3/72 3 50 Ice 3.50 Ice -3.00 090 -2 70 

STAKE 73-3 (installed W 7 2 )  
8W72 5.85 Ice 5 85 -2.70 -270 
8/5/72 5.60 Ice 5 60 Ice -3 25 .90 -293 -2.93 
1WlW7 432 Snow .14 6 S n w  .14 .04 6 .M 419 4.13 Ice -4.72 .90 -425 03 -4.25 
414173 4.74 Snow 0.33 0.83 .65 6 S n w  .67 .04 9 33 407 4 13 .22 

RESULTS FOR 1972 BALANCE YEAR: -4 25 -4.25 

DATA FOR 1973 BALANCE YEAR 
STAKE 73-3 (conlinued) 
4/4/73 4.74 Snow 033 083 065 8 Snow 067 004 9 033 407 413 0 22 0 22 
7/22/73 1.25 Ice 1.25 Ice -288 090 -2 59 

STAKE 73-32-8 (installed 7/22/73) 
7/22/73 5.00 Ice 5.00 -2 59 
1012517 3.24 Snow .47 9 Snow .47 .03 9 20 2 77 2.71 Ice -2.29 90 -4 65 .09 -4 65 
3/29/74 3.33 Snow .68 6 Snow 68 04 6 35 2.65 .24 

RESULTS FOR 1973 BALANCE YEAR: -4.65 -4.65 

DATA FOR 1974 BALANCE YEAR 
STAKE 74-32-8 (installed Y29174) 
3/2W4 638 Snow 0.68 6 Snow 0.68 0.04 6 0.35 5.70 0.24 0.24 
7/21/74 260 Ice 2.60 Ice -3.10 0.90 -2.79 -2.79 

RESULTS FOR 1974 BALANCE YEAR no results 

DATA FOR 1975 BALANCE YEAR 
STAKE 75-32 5 B  (installed Y4R5) 
3/4/75 10.06 Snow 120 10 Snow 1.20 .03 10 0.35 886 0.42 0.42 
8/25/75 471 Ice 4.71 Ice -4.15 0.90 -3.73 -3.73 
3/26/76 5.36 Snow 0.27 1.14 144 10 Snow 1.42 .ffi 11 27 394 Ice -491 .90 -4.42 38 

RESULTS FOR 1975 BALANCE YEAR: -4.42 -4 42 

DATA FOR 1976 BALANCE YEAR: 
STAKE 76-32 Cnstalled 3/26/76) 
3/26/76 10 07 Snow 0.27 1.14 1.44 10 Snow 142 006 11 027 8.65 0 38 0.38 
9/13/76 3 27 Ice 3.27 3.34 Ice -5.32 .90 -4.79 -4.79 
3/14/77 5.45 S n w  168 2.10 7 Snow 2.05 .03 7 .35 3 40 3.34 .72 

RESULTS FOR 1976 BALANCE YEAR -4.79 -4.79 
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Table 2G, continued 

Observations Accumulatim calculations Summersurface Ablation calculations 
Probed(s) Material Thickness p Date Stake reading Stake Pit b'ss Material Change p 

b' Surface d(s) p d(s) Mean n Mean s.e. n Est. Obsv. Est. Est. 

Mass balance results 
Ice Firn Snow Internal Net 

rnld'y (m) material (m) (@cm3) (m) (m) (m) (m) ( 4  (m) (m) (@cd)  (b) (m,) I&) (n-4~) I&) 

DATA FOR r s n  BALANCE YEAR: 
STAKE 77-32 (installed 314n7) 
3/14/77 8.48 Snow 0.35 1.68 2.10 7 Snow 2.05 0.W 8 0.35 6.43 0.72 .72 
9120177 1.49 Ice 1.49 Ice -4.94 .90 -4.45 -4.45 

Temperature record from Gulkana Glacier indcates that melting after EY20177 is unlikely. 

RESULTS FOR 1977 BALANCE YEAR: -4.45 -4.45 

Stake 77-32 (cont~nued) 
3123n8 2.95 Snow 1.46 

DATA FOR 1978 BALANCE YEAR: 

Snow 1.46 1 0.35 1.49 

STAKE 78-32 (installed 323178) 
3123178 8.85 Snow 1 46 Snow 1.46 1 .35 7.39 .51 51 
9/22/78 1.82 Snow 0.13 Snow .13 0.01 10 .20 1.69 Ice -5 70 -90 -5.13 .03 -5.13 
3129179 3.15 Snow I 2 2  10 Snow 1.22 0.03 10 .35 1.93 0.43 0.43 

Note: This slake prcbably sank. 

RESULTS FOR 1978 BALANCE YEAR -5.13 -5 13 

DATA FOR 1979 BALANCE YEAR: 

RESULTS FOR 1979 BALANCE YEAR no results 

DATA FOR I480 BALANCE YEAR: 
STAKE 80-32 (installed 3'29180) 
3/291&0 10.04 Snow 1.94 10 Snow 1.94 0.03 10 0.35 8.10 0.68 0.68 
91480 3.69 Ice 3.69 3.70 Ice -4.41 .90 -3.97 -3 97 
3/24/81 4.97 Snow 127 10 Snow 1.27 04 10 .35 3.70 3.70 .44 

RESULTS FOR 1980 BALANCE YEAR: -3.97 -3 97 

DATA FOR 1981 BALANCE YEAR: 
STAKE 81-32 (installed 3/24/81] 
324/81 8 86 Snow 1 27 10 Snow 1.27 0.04 10 0.35 7.59 0 44 0 44 
9H4/81 231 Ice 2.31 Ice -5.28 0 90 -4.75 -4 75 
3/22/82 3 48 Snow 101 20 Snow 101 03 20 .35 2.47 35 

Note: Stake apparentty sank. Glltana Glacier temperatue records shaw six days of mean temperatures above 0 Cafier 9114iBI Estimate 15 cm of additional abBtiin afier 911U81 

RESULTS FOR 1981 BALANCE YEAR: -4.90 -4 90 

DATA FOR-1982 BALANCE YEAR: 
STAKE 8232 (installed 3/22/82) 
3122182 9.68 Snow 101 20 Snow 101 0 03 20 0.35 8.67 0.35 0 35 
9/11/82 3.60 Ice 3.60 Ice -5.07 0.90 -4.56 -4 56 
4120183 4 73 Snow 0.32 1.57 1.63 10 Snow 163 02 11 .32 3.10 Ice -5.57 .90 -5.01 .52 5 0 1  

RESULTS FOR 1982 BALANCE YEAR -5.01 -5 01 

DATA FOR 1983 BALANCE YEAR: 
STAKE 8332 (~nstalled 4120183) 
4/20183 9.52 Snow 0.32 157 163 10 Snow 163 02 11 0.32 7.89 0 52 0 52 
918183 3.52 Ice 3 52 Ice -4.37 0.90 -3.94 -3 94 

36 1 39 134 14 Snow 134 02 15 .36 3.39 3/18/84 4.73 Snow 'Ice -4.50 90 -4.05 .48 -4 05 

RESULTS FOR 1983 BALANCE YEAR -4 05 -4 05 
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Table 2G, continued 

Obsewations Accumulation calculations Summer surface Ablation calculations Mass balance results 
Date Stake readng Stake Pit Pmbe d a  Material Thickness p b'ss Material Change p Ice Fim Snow Internal Net 

b' Surface d(s) p d(s) Mean n Mean s.e, n Est. Obsv. Est. Est b l )  b(f) b(s) b(k) b, 

mldly (m) material (m) (@cm3) (m) (m) (m) (m) (dew (m) (m) (m) (@cm3) (a*) ( h e )  (a) ( h e )  (4 

DATA FOR 1984 BALANCE YEAR: 
STAKE 8432 (installed 3H8184) 
3/18/84 14.50 Snow 0.36 1.39 1.34 14 Snow 1.34 0.02 15 0.36 13.16 0.48 0.48 
8/28/84 8.41 Ice 8.41 Ice -4.75 0.90 -4.27 -4.27 
415185 9.66 Snow 1.34 Snow 1.34 05 12 35 8.32 Ice -4.84 .90 -4.36 -47 -4.36 

RESULTS FOR 1984 BALANCE YEAR: -4.36 -4.36 

DATA FOR 1985 BALANCE YEAR: 
STAKE 84-32 (continued) 
415185 9.66 Snow 
9/5/05 4.36 Ice 

1.34 Snow 1.34 005 12 035 8 32 0.47 0.47 
4.36 Ice -396 0.90 -3.56 -3.56 

STAKE 8532 finstalled 415185) 
4/5/85 10.50 Snow 1.34 Snow 1.34 .05 12 35 9 16 .47 .47 
91Y85 4.90 Ice 4.90 Ice -4 26 .90 -3.83 -3.83 
419186 6.28 Snow 166  Snow 1.66 .04 15 35 4.62 Ice -4 54 .90 -4 09 .58 -4.09 

Nole The net balance result f a  the year is Ihe average b(i) on 9/5/85 plus the b ( ~ )  of stake 8532 from 91Y85 to the end of the balance year 

RESULTS FOR 1985 BALANCE YEAR: (average of stakes 84-32 and 85-32) -3 95 -3.95 

DATA FOR 1986 BALANCE YEAR. 
STAKE 86-32 (installed 4/9/06) 
419186 8.86 Snow 1.66 15 Snow 1.66 0.04 15 0.35 7.20 0.58 .58 
ICY7186 2.52 Ice 2 52 2 28 Ice -4.92 0.90 -442 -4.42 
3119187 3.66 Snow 1.62 10 Snow 1.62 .07 10 35 2.04 228 .57 

Note: Slake was severely affected by ice melt around base, giving mediocre results. 

RESULTS FOR 1986 BALANCE YEAR: -4 42 -4 42 

DATA FOR 1987 BALANCE YEAR: 
STAKE 87-32 (installed 3/19/87) 
3119187 9.94 Snow 1.62 10 Snow 1.62 007 10 0 35 8 32 0.57 0.57 
8127187 4.10 Ice 4 10 Ice -4.22 0.90 -3.80 -3 80 
4119188 5.99 Snow 2.38 Snow 2.38 1 .35 3.61 Ice -4.72 .90 -4.24 .83 

RESULTS FOR 1987 BALANCE YEAR: -4.24 -4 24 

DATA FOR 1988 BALANCE YEAR: 
Note. Site move to 31 km. 
STAKE UA87-31 (tnstalled 4130187) 
1114188 5.36 Snow 1 70 Snow 1.70 035 367 
4119188 6 00 Snow 2 38 Snow 2.38 1 35 3.62 

STAKE UA88-31 (installed 4H9/88) 
4119188 11.04 Snow 2.38 Snow 2.38 1 .35 8.66 .83 -83 
4/21/89 5.33 Snow 61 Snow .El 1 35 4.72 Ice -3.95 0.90 -3.55 .21 -3.55 

Note: Snow depth on 4121189 estimaledfrom measurements at 26 km and 38 km sites 

RESULTS FOR 1988 BALANCE YEAR. -3 55 -3.55 
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Table 2H. Mass balance, 38 km site, Black Rapids Glacier 

[mldly, monthldaylyear; b', height of surface on stake, measured relative to base of stake; rn, meters; p, density; glcms, grams per cubic centimeter, d(s), depth 
of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height (b'ss) from b'; Probe d(s) is measured by forcing a thin probe rod 
through the snow pack unlil it is stopped by the hard summer surface; n, number of observations; s.e., standard error; Est., estimated; b'ss, height of summer 
surface on stake, measured relative to base of stake; Obsv., observed; b(i), ice balance; b(f), firn balance; b(s), snow balance; b(k), internal accumulation--rain 
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabanl and Mayo, 1985); 8, net mass balance; m,, meters water 
equ~valent; Sup. ice, superimposed ice] 

mldly (m) material (m) ($cmJ) (m) (m) 

DATA FOR 1973 BALANCE YEAR: 
STAKE 73-38.0 Cnstalled 7122173) 
7122173 5.20 Ice 5.20 
10125173 2.42 Snow 0.13 7 Snow 0.13 0.07 7 0.20 2.29 

RESULTS FOR 1973 BALANCEYEAR no resdls 

STAKE 73-38.0 (conbnued) 
3/31/74 2 34 Snow 

DATA FOR 1974 BALANCE YEAR: 

0.51 6 Snow 0.51 0.06 6 0.36 1.83 

STAKE 74-38 8 Installed 3/31/74) 
3/31/74 9.00 Snow .51 6 Snow 51 06 6 36 8.49 .18 .18 
7121174 5 00 Ice 5 M) Ice -3.49 0 90 -3.14 -3.14 

RESULTS FOR 1974 BALANCE YEAR. no results 

DATA FOR 1975 BALANCE YEAR. 
STAKE 75-38.8 finstalled W75) 
316175 1000 Snow 0.36 1.26 0.92 15 Snow 0.92 010 16 9.08 0.33 0.33 
8125175 4.50 Ice 4.50 Ice -4.58 0.90 -4.12 -4.12 
3/26/76 3.86 Snow .80 1 Snow .80 1 036 306 Ice -6.02 .90 -5.42 .29 

RESULTS FOR 1975 BALANCE YEAR -5.42 -5.42 

DATA FOR 1976 BALANCE YEAR: 
STAKE 76-38 (albtude 942 m, installed 32W6) 
3126176 6 25 Snow 0 80 Snow 0 80 1 0 36 5 45 
9113176 .OO Ice completely ablated out 

RESULTS FOR 1976 BALANCE YEAR no res l lh  

DATA FOR 1977 BALANCE YEAR, 
STAKE 77-38 (~nstalled 314n7) 
3/14/77 8 45 Snow 0.70 10 Snow 0.70 002- 10 0 36 7.75 0.25 0 25 
9/19/77 1 00 Ice 1 00 1.06 Ice -6.69 0.90 -6.02 -6.02 
3120178 2 31 Snow 1.19 10 Snow 1 19 04 10 2.6 112 1.06 .43 

RESULTS FOR 1977 BALANCE YEAR: -6.02 4.02 

DATA FOR 1978 BALANCE YEAR: 
STAKE 78-38 3 Fnslalled 3120178) 
3120178 10.19 Snow 1.19 10 Snow 1 19 004 10 0 36 900 0.43 0.43 
9123178 2 12 Snow 08 4 Snow 08 .OO 4 20 2 04 2.27 Ice -6.74 0.90 -6.06 .02 -6.06 
3/29/79 2 79 Snow 30 18 Snow 30 .04 18 36 249 2.27 .l l  

RESULTS FOR 1978 BALANCE YEAR -6.06 -6 06 

DATA FOR 1979 BALANCE YEAR: 
STAKE 79-38 3 (installed 329179) 
3125179 8 85 Snow 0.30 18 Snow 0 30 18 036 855 0.11 0 11 
8123179 2 23 Ice 2 23 Ice -6.32 0.90 -5.69 -5.69 
3129180 1 13 Snow .21 10 Snow .21 .04 10 .36 92 Ice -7.63 .90 -6.87 .08 

RESULTS FOR 1979 BALANCE YEAR: -6.87 4.87 
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Table 2H, continued 

Obsecvalions Accumdation calcdalions Summer swface Ablation calculations Mass balance results 
Probe d(s) Material Thickness p Date Stake readng Stake Pit b'ss Malerial hang p Ice Fim Snow Internal Net 

b' Surface d(s) p d(s) Mean n Mean s e. n Est. Obsv. Est. Est b(i) b(f) b(s) b(k) 4, 

mldly (m) material (m) (glcm3) (m) (m) (m) (m) ( m 3 )  (m) ( 4  ( g c k )  (-1 (%I (%I (&I (h~) 

DATA FOR 1980 BALANCE YEAR: 
STAKE 80-38 (instaled m 8 0 )  
3129180 9.82 Snow 
914180 3.13 Ice 

3/24/81 2.84 Snow 

0.21 10 Snow 0 21 0 04 10 0.36 9.61 0.09 0.M 
3.13 Ice -6.48 0.90 -5.83 -5.83 

. I3  10 Snow 13 03 10 .36 271 Ice -6.90 .90 -6.21 .05 

RESULTS FOR 1980 BALANCE YEAR: -6.21 -6.21 

DATA FOR 1981 BALANCE YEAR' 
STAKE 81-38.3 (installed 3124181) 
3124181 9 44 Snow 0.13 10 Snow 0 13 003 10 0.36 931 0.05 0 05 
9114181 2 11 Ice 2.11 Ice -7 20 0.90 -6.48 -6.48 
3/22/82 2 22 Snow .12 10 Snow 12 03 10 .36 2 10 Ice -7.21 .90 -6.49 .04 

RESULTS FOR 1981 BALANCE YEAR: -6.49 -6.49 

DATA FOR 1982 BALANCE YEAR: 
STAKE 82-38 (Installed 3/22/82) 
3/22/82 9 95 Snow 0.12 10 Snow 0 12 0 W 10 0 36 9.83 0.04 0.04 
9/11/82 3 17 Ice 3.17 Ice -6.66 0.90 -5.99 -5.99 
4120183 3.36 Snow .49 10 Snow .49 07 10 .36 2.87 Ice 4.95 .90 -6.26 18 

RESULTS FOR 1982 BALANCE YEAR: -6.26 -6.26 

DATA FOR 1983 BALANCE YEAR: 
STAKE 83-38 (installed 412W83) 
4120183 9.95 Snow 0.49 10 Snow 49 0.07 10 0.36 9.46 0.18 0.18 
9/8/83 3.67 Ice 3.67 Ice -5.79 0.90 -5.21 -5.21 
3118184 3.46 Snow .24 15 Snow -24 03 15 .36 3.22 Ice -6.24 .90 -5.62 .09 

RESULTS FOR 1983 BALANCE YEAR. -5.62 -5 62 

DATA FOR 1984 BALANCE YEAR: 
STAKE 84-38 (inslalled 3/18/84) 
3118184 14 83 Snow 0.24 15 Snow 24 0 03 15 0.36 14.59 0.09 0.09 
8/29/84 8 46 Ice 8.46 Ice -6 13 0.90 -5.52 -5.52 
416185 8 24 Snow .28 15 Snow 28 03 15 .36 7.96 Ice -6.63 .90 -5.97 .10 

RESULTS FOR 1984 BALANCE YEAR: -5.97 -5.97 

DATA FOR 1985 BALANCE YEAR: 
STAKE 84-38 (continued) 
416185 8 24 Snow 
915185 2 51 
416186 2.53 Snow 

028 15 Snow 0 28 003 15 0 36 7.96 0.10 0.10 
2.51 Ice -5.45 0.90 -4.91 -4.91 

.45 20 Snow 45 03 20 36 2.08 Ice -5 88 .90 -5.29 .16 

STAKE 8538 (~nstalled 4/6/85) 
4/6/85 11 14 Snow .28 15 Snow 28 03 15 .36 10.86 .M) .10 .10 
915185 5 51 5.51 Ice -5.35 .90 -4.82 -4.82 
4/6/86 5.43 Snow .45 20 Snow 45 03 20 36 4.98 Ice -5 88 .90 -5.29 .16 

RESULTS FOR 1985 BALANCE YEAR: -5.29 -5.29 

DATA FOR 1986 BALANCE YEAR: 
STAKE 86-38 (~nstalled 416186) 
416186 10.05 Snow 0 45 20 Snow 0 45 0 03 20 0.36 9.60 0.16 0.16 
1017186 2 85 Ice 2 85 Ice -6.75 0.90 -6.08 -6.08 
3119187 2 65 Snow .03 1 Snow 03 1 .36 2.62 Ice -6.98 .90 -6.29 .01 

RESULTS FOR 1986 BALANCE YEAR: -6.29 -6.29 
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Table 2H, continued 

Observations Accumulation calculal~ons Summer surface AblaCon calculaCons Mass balance results 
Probe d(s) Malerial Ttickness p Date Stake readng Stake PIt b'ss Material hang p Ice Flm Snow lnlwnal Net 

b' Surface d(s) p d(sJ Mean n Mean s.e. n Est. Obsv. Est. Est. b(i) b(fJ b(s) b(k) b. 

mldly (m) material (m) (g'cm3) (m) (in) ( 4  ( 4  (slcm3J (m) (m) (m) (~Yc+) (me) (G) ( 4 )  ( h e )  ( 4 1  

DATA FOR 1987 BALANCE YEAR: 
STAKE 87-38 (installed 311987) 
3/19/87 9.93 Snow 0 03 1 Snow 0.03 1 036 990 0.01 0.01 
8/27/87 4.00 Ice 4 00 Ice -5.90 0 90 -5.31 -5.31 
4120188 3.60 Snow .24 3 Snow 24 0.03 3 36 3 36 Ice -6 54 90 -5.88 .09 

RESULTS FOR 1987 BALANCE YEAR' -5.68 -5.88 

DATA FOR 1988 BALANCE YEAR' 
STAKE UA88-38 3 (installed 4120188) 
4120188 7.10 Snow .24 Snow .24 0.03 3 0.36 6 86 0 09 0.09 
9/2/88 .35 Ice 35 Ice -651 0.90 -5 86 -5.86 

Note: Very poor data: stake had fallen over and a hde 0 35 meters deep was observed 

RESULTS FOR 1988 BALANCE YEAR: no results 

DATA FOR 1989 BALANCE YEAR. 
STAKE UA89-38 3 (~nstalled 4/15/89) 
4120189 7.92 Snow 0 30 1 Snow 030 1 0 3 6  762 0.11 0 11 
4/15/90 1.85 Snow 57 2 Snow 57 004 2 36 1 28 Ice -6.34 90 -5 71 .21 -5.71 

RESULTS FOR 1989 BALANCE YEAR. -5 71 
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Table 21, continued 

Observations Accumdat~on cdculations Summer surface Ablat~on calculations Mass balance results 
Date Stake readng Stake Pit Probe d(s) Material Thickness p b'ss Material Change p Ice Firn Snow Internal Net 

b' Surface d(s) p d(s) Mean n Mean s.e n Esl Obsv. Est. Est. b(l) blf) b(s) b(k1 4 
mldly (m) material (m) (glcmJ) (m) (m) (m) (m) (glcm') (m) (m) Im) (glcm3) (mu) (-1 (-1 ( 4 )  ( b )  

DATA FOR 1985 BALANCE YEAR: 
STAKE 84-L19 (continued) 
415185 7 78 Snow 2 77 Snow 2.77 0.02 9 0.35 5 01 
9\5/85 5 41 Snow 0.03 Snow 03 1 .20 5.38 5 41 

12 Sup Ice 12 1 9 0  
.24 Firn 24 1 .51 

412186 7 72 Snow 2.28 Snow 2 28 .O1 10 .35 5 44 5.41 

RESULTS FOR 1985 BALANCE YEAR: 23 .23 

DATA FOR 1986 BALANCE YEAR 
STAKE 84-L19 (conlinued) 
412186 7 72 Snow 0.35 2.28 Snow 2.28 0.01 10 5 44 5 41 0.80 0.80 
9/25/86 4 69 Snow .20 .30 Snow 30 02 12 4 39 Sup. Ice -0 12 0.90 -0.1 1 

Fim - 24 .51 - .12 
Ice - .66 .90 -0.59 - .82 

STAKE 86-L19 (installed 412186) 
4/2/86 8 25 Snow 35 2.28 Snow 2 28 01 10 5 97 
3/25/86 5 30 Snow 20 .30 Snow 30 .02 12 5 W 4 93 Sup. Ice - 12 -90 

Firn - .24 .51 
Ice - .68 .90 

3120187 8 06 Snow 0.440 3.21 Snow 3 21 10 4 85 4.93 

RESULTS FOR 1986 BALANCE YEAR. faveraae of stakes 8dL19 and 86-L19) - .60 - .23 - .83 

DATA FOR 1987 BALANCE YEAR 
STAKE 86-L19 (continued) 
3120187 8 06 Snow 3.21 Snow 321  005  10 035  485 
4120188 8 30 Snow 3.19 Snow 3.19 .07 3 35 5 11 

Firn 26 1 51 

RESULTS FOR 1987 BALANCE YEAR: -13 -13 
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Table 25. Mass balance, L-22 km site, Black Rapids Glacier 

[m/d/y, monthldaylyear; b', height of surface on stake, measured relative to base of stake; m, meters; p, density; glcm', grams per cubic centimeter, d(s), depth 
of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height @'ss) from b'; Probe d(s) is measured by forcing a thin probe rod 
through the snow pack until it is stopped by the hard summer surface; n, number of observations; s.e., standard error; Est., estimated; b'ss, height of summer 
surface on stake, measured relative to base of stake; Obsv., observed; b(i), ice balance; b(9, firn balance; b(s), snow balance; b(k), internal accumulation-rain 
and snow melt water refrozen in the pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b, net mass balance; mm, meters water 
equivalent; Sup. ice, superimposed ice] 

Observations Accumulation calculations Summer surface Ablation calculations Mass balance results 
Date Stake readng Stake Pit Probe d(s) Material Thicknass p b'ss Materia Chang p Ice F i  Snow Internal Net 

b' Surface d(s) p d(s) Mean n Mean s.e. n Est. Obsv. Est. Est. b(i) b(f) b(s) b(k) b,, 
m / w  (m) material (m) (g~cm') (m) (m) (m) ("'1 (g lcd )  (ml 1"') (m) (g/CmJl (%I (%I ( m ~ l  (b) ( h e )  

DATA FOR 1977 BALANCE YEAR: 
STAKE 77-L23 (installed Y 18177) 
3/18/77 9.94 Snow 2.75 4 Snow 2.75 0.07 4 0.32 7.20 0.88 0.88 
3/21/78 7.53 Snow 2.07 5 Snow 2 07 -03 5 .32 5.46 Ice -1.74 0.90 -1.56 .66 -1.56 

DATA FOR 1978 BALANCE YEAR: 
STAKE 78-L22 (installed 3121178) 
3/21/78 8.08 Snow 2 20 5 Snow 2.20 0.03 5 0.32 5.88 0.70 0.70 
3/3W9 491 Snow 197 10 Snow 1.97 .03 10 .32 2.94 Ice -2.94 0.90 -2.64 63 -2.64 

RESULTS FOR 1978 BALANCE YEAR. -2.64 -2.64 

DATA FOR 1979 BALANCE YEAR: 
STAKE 78-L22 (continued) 
313W9 4.91 Snow 1.97 10 Snow 1.97 0.03 10 0.32 2.94 

RESULTS FOR 1979 BALANCE YEAR no results 

DATA FOR 1980 BALANCE YEAR: 
STAKE 80-L22 (installed 328160) 
3/28/80 8.97 Snow 2.66 10 Snow 2.66 0.03 10 0.32 6.31 0.85 0.85 
914180 4.89 Snow 07 10 Snow -07 .O1 10 .20 4.83 4.81 Ice -1.50 0.90 -1 35 .01 -1.35 
3/23/87 6 64 Snow 1.80 10 Snow 1.80 .02 10 .32 4.84 4.81 .58 

RESULTS FOR 1980 BALANCE YEAR: -1.35 -1.35 

DATA FOR 1981 BALANCE YEAR: 
STAKE 80-L22 (continued) 
323181 6.64 Snow 1 80 10 Snow 1.80 0.02 10 0.32 4.84 4.81 0 58 0.58 
6/22/81 5.10 Snow 35 9 Snow .35 .04 9 .50 4.75 4.81 .17 .17 
9/22/81 3.15 Snow .40 1 Snow 40 1 .20 2.75 Ice -2.06 0.90 -1.85 .08 -1.85 

STAKE 81-L22 (installed 323181) 
3/23/81 8.27 Snow 180 10 Snow 180 .02 10 .32 6.47 6.44 .58 .58 
6/22/81 6 75 Snow 35 9 Snow 35 .04 9 .50 6 40 6.44 .17 .17 
9/22/81 4 80 Snow 40 1 Snow .40 1 .20 4.40 4.39 Ice -2.05 .90 -1.84 08 -1.84 
312382 5.94 Snow 1.56 10 Snow 156 .02 10 .32 4.38 4.39 .50 

RESULTS FOR 1981 BALANCE YEAR: (average of stakes 80-L22 and 81-L22) -1.85 -1.85 

DATA FOR 1982 BALANCE YEAR: 
STAKE 81-L22 (continued) 
312382 5 94 snow 
9111182 2.04 Ice 
4/22/83 3 85 Snow 

1.56 10 Snow 1.56 0.02 10 0.32 4.38 0 50 0.50 
2.04 Ice -2.34 0.90 -2.11 -2.11 

1.98 10 Snow 198 .02 10 .32 187 Ice -2.51 .90 -2.26 63 

STAKE 82-L22 (installed 312382) 
3/23/82 9.52 Snow 156 10 Snow 156 -02 10 32 7.96 .50 .50 
9111182 5.33 Ice 5.33 Ice -2.63 .90 -2.37 -2.37 
4/22/83 7.20 Snow 1.98 10 Snow 1.98 .02 10 .32 5.22 Ice -2.74 .90 -2.47 .63 

RESULTS FOR 1982 BALANCE YEAR: laveraae of stakes 81-L22 and 82-L22I -2.37 -2.37 
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Table 2J, continued 

Observations Accurnulat~on calculations Summer swface Ablation calculalions Mass balarce results 
Dale Stake readina Stake Pit Probe dlsl Material Thickness n b'ss Matm-a Chano n Ice Firn Snow lnfwnal Net . , . .. . . . .. . . . .. . . . . . . . - v .-- . .... .... " ..-. 

b' Surface d(s) p d(s) Mean n Mean s.e n Est Obsv. Est. Est. bit) bM b(s) b(k) b. 

mldy (m) material (m) (g/cm3) (m) (m) (m) (m) (glcm3) (m) (m) (m) (glcm3) (b) (b) (h) 

DATA FOR 1983 BALANCE YEAR: 
STAKE 83-L22 (inslaled 4/22/83) 
4/22/83 10.21 Snow 1.98 10 Snow 1 98 0.02 10 0.32 8.23 0.63 0.63 
9/8/83 6.11 Snow .21 17 Snow .21 .02 17 .20 590 594 Ice -2.29 0.90 -2.06 .04 -2.06 
3/17/84 7.96 Snow 1.97 10 Snow 197 04 10 .32 5.99 594 .63 

RESULTS FOR 1983 BALANCE YEAR: -2.06 -2 06 

DATA FOR 1984 BALANCE YEAR. 
STAKE 83-L22 (continued) 
3/17/84 7.96 Snow 
8/28/84 4.12 Ice 
4/5/85 5.91 Snow 

1.97 10 Snow 197 004 10 0.32 599 594 0.63 0 63 
4 12 Ice -1.82 0 90 -1 64 -1 64 

1.96 10 Snow 196 01 10 32 3 95 Ice -1 99 90 -1.79 .63 

RESULTS FOR 1984 BALANCE YEAR. -1.79 -1.79 

DATA FOR 1985 BALANCE YEAR. 
STATE 83-L22 (continued) 
4/5/85 5.91 Snow 1.96 10 Snow 196 001 10 0.32 395 0.63 0 63 
9/11/85 2.48 Ice 2 48 Ice -1.47 0.90 -1.32 -1.32 

STAKE 85-L22 (inslalled 4/5/85) 
4/5/85 9 88 Snow 196 10 Snow 196 01 10 32 7.92 .63 .63 
9/11/85 6.22 Ice 6.22 6.24 Ice -1 68 90 -1.51 -1.51 
4/2/86 7.98 Snow 172 10 Snow 172 06 10 .32 626 624 .55 

RESULTS FOR 1985 BALANCE YEAR: (average of sldtes 8SL22 and 85.L22) -1.42 -1.42 

STAKE 85-L22 (conlinued) 
4/2/86 7.98 Snow 
10/7186 4 09 Snow 

DATA FOR 1986 BALANCE YEAR. 

1.72 10 Snow 1 72 0 06 10 0.32 6 26 6 24 0.55 0 55 
36 14 Snow 36 02 14 20 3 73 Ice -2.51 0 90 -2.26 .07 -2 26 

RESULTS FOR 1986 BALANCE YEAR: -2.26 -2.26 

DATA FOR 1987 BALANCE YEAR 
STAKE 87-L22 (inslaled 3120187) 
320187 7.92 Snow 238 15 Snow 238 005 15 0.32 5.54 0.76 0.76 
8/27/87 3.91 Ice 3.91 4.17 Ice -1.37 0.90 -1.23 -1 23 
4/14/88 6 36 Snow 1.93 3 Snow 193 06 3 32 443 4.17 .62 

RESULTS FOR 1987 BALANCE YEAR -1.23 -1 23 

DATA FOR 1988 BALANCE YEAR 
STAKE 87-L22 (continued) 
4114188 6.36 Snow 1.93 3 Snow 1 93 0 06 3 0 32 4 43 4 17 0.62 0.62 
9/2/88 1.45 Snow .03 1 Snow 03 1 .20 1.42 1 43 Ice -2.74 0 90 -2.47 .01 -2.47 
4/22/89 3.27 Snow 184 1 Snow 184 1 32 1.43 1 43 .59 

RESULTS FOR 1988 BALANCE YEAR -2 47 -2.47 
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Table 3. Example mass balance calculation from the ablation'area, 14 km site, 1983 
[mldly, monthldaylyear; b', height of surface on stake, measured relative to base of stake; m, meters; p, density; glcm3, grams per cubic 
centimeter, d(s), depth of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height (b'ss) from b'; 
Probe d(s) is measured by forcing a thin probe rod through the snow pack until it is stopped by the hard summer surface; n, number of 
observations; s.e., standard error; Est., estimated; b'ss, height of summer surface on stake, measured relative to base of stake; Obsv., 
observed; b(i), ice balance; b(f), fim balance; b(s), snow balance; b(k), internal accumulation--rain and snow melt water refrozen in the 
pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b,, net mass balance; meters water equivalent; 
Sup. ice, superimposed ice] 

Observations Acarmulatian calculations Summer surface Ablatian calculations Mass balance results 
Date Stake readng Stake Pit Probe d(s) Material Thickness p b'ss Material Change p Ice Fim Snow lnlemal Nel 

b' Surface d(s) p d(s) Mean n Mean s e. n Est Obsv. Est ESI b(i) b(f) b(s) b(k) b,, 

m/d/y (m) material (m) (gIcm-7) (m) (m) (m) (m) (dcm") (m) ( 4  (rn) (glcm") (m,) (inw.) (m-) (Inw.) (m.J 

DATA FOR 1976 BALANCE YEAR: 

STAKE 75-14 (contmued) 
3/24/76 8 46 Snow 
9/13/76 531 Snow 
3/19/77 800 Snw 

2.23 5 Snow 2.23 0.01 5 0 34 6 23 0.76 0.76 
.27 1 Snow .27 1 20 5 04 4 97 Ice -1 26 090 -1 13 05 -1.13 

309 3 Snow 309 01 3 34 4.91 497 1 05 

STAKE 76-14 (installed 3/24/76) 
3/24/76 8 10 Snow 2 23 5 Snow 2 23 01 5 34 5 87 76 76 
9/13/76 4 92 Snow 27 1 Snow 27 1 20 465 471 Ice -116 90 -104 05 -1 04 
3/19/77 7 87 Snow 3 09 3 Snow 309 01 3 34 4 78 4 71 1 05 

RESULTS FOR 1976 BALANCE YEAR:(average of stakes 75-14 and 76-14) -1.09 -1 09 

Table 4. Example mass balance calculation from the ablation area, 20 km site, 1975 
[mldly, month/day/year; b', height of surface on stake, measured relative to base of stake; m, meters; p, densrty; g/cm3, grams per cubic 
centimeter, d(s), depth of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height (b'ss) from b'; 
Probe d(s) is measured by forcing a thin probe rod through the snow pack until it is stopped by the hard summer surface; n, number of 
observations; s.e., standard error; Est., estimated; b'ss, height of summer surface on stake, measured relative to base of stake; Obsv., 
observed; b(i), ice balance; b(f), firn balance; b(s), snow balance; b(k), internal accumulation-rain and snow melt water refrozen in the 
pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b,, net mass balance; m,, meters water equivalent; 
Sup. ice, superimposed ice] 

Observations Accumulation calculations Summer surface Ablatlon calculabns Mass balance results 
Date Stake readng Stake Pit Pmbe d(s) Material Thickness p b'ss Matenal Change p Ice Fim Snow Internal Net 

b' Surface d(s) p d(s) Mea n Mean s e  n Est Obsv Est Esl b(i) b(f) b(s) b(k) b,, 

midly (m) matend (m) (g'cm3) (m) (m) (m) (m) (4'cm") (m) (m) (m) (dcm-7) (m,) (m,) (m,,) (m,) (mw.) 

DATA ~ 0 ~ 1 9 7 5  BALANCE YEAR 
STAKE 75-20 (tnstalled 3/2/75) 
3/2/75 9 90 Snow 1.45 10 Snow 145 03 10 32 8 46 46 46 
8/25/75 6 05 Ice 6 05 Ice -2 41 0.90 -2.16 -2 16 
3/24/76 7 07 Snow 1 28 8 Snow 1.28 .03 8 32 5 79 Ice -2 66 .90 -2.40 .41 -2.40 

RESULTS FOR 1975 B U N C E  YEAR. -2.40 -2.40 
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Table 5. Example mass balance calculation from the accumulation area, 8 km site, 1980 
[mldly, monthldaylyear; b', height of surface on stake, measured relative to base of stake; m, meters; p, density; g/cm3, grams per cubic 
centimeter, d(s), depth of snow; Stake d(s) is calculated by subtracting a previously observed summer surface height (b'ss) from b'; 
Probe d(s) is measured by forcing a thin probe rod through the snow pack until it is stopped by the hard summer surface; n, number of 
observations; s.e., standard error; Est., estimated; b'ss, height of summer surface on stake, measured relative to base of stake; Obsv., 
observed; b(i), ice balance; b(f), firn balance; b(s), snow balance; b(k), internal accumulation-rain and snow melt water refrozen in the 
pore space of permeable firn in the accumulation area (Trabant and Mayo, 1985); b., net mass balance; m,, meters water equivalent; 
Sup. ice, superimposed ice] 

Obsetvations Accumulation calculalions Summer surface Ablation calculations Mass balance results 
Date Stake reading Stake PII Probe d[s) Malerial Thickness p b'ss Material Change p Ice Fim Snow Inla-nal Nel 

b Surface d[s) p d(s) Mean n Mean s.e. n Esl. Obsv. Est. Est. b(i) b(f) b(s) b(k) b. 
mldy [m) malenal (m) (g/cm3) (m) (m) (m) ( m 3 )  (m) (m) (m) (glcm3) Im-1 (-1 (me) (h) (mm) 

DATA FOR 1980 BALANCE YEAR: 
STAKE 788 (continued) 
3127180 8.33 Snow 3.11 5 Snow 3 11 0.01 5 0.36 5.22 
914180 6 83 Snow 0 32 Snow 32 1 .26 6.51 

Firn 1.29 1 51 

RESULTS FOR 1980 BALANCE YEAR: .66 27 .93 

Table 6. Uncertainties in mass balance quantities 
[m, meters; glcm', grams per cubic centimeter; "C, degree Celsius] 

Quantity Estimated Comments 
uncertainty 

Stake reading, (by 
On snow surface 50.02 m Snow surface is usually smooth. 
On ice surface iO.10 m Ice surface is rough and uneven. b'is a visual average of 

the ice surface height. 
Snow or firn density 

Estimated (snow) k0.04 g/cm3 (215 percent) Most snow and firn densities were estimated. 
Estimated (firn) 50.1 g/cm3 (220 percent) 
Observed in pit 50.005 g/cm3 (1.5 percent) See description of snow pit uncertainties in 

the appendix "Snow Pit Datan 

Depth of snow 
Probing 

Pit 

Stake firn depth 

Summer surface 
temperature 
Observed 
Calculated 

Standard error Reported in the 9th column of the mass balance data 
tables. 

Standard A single observation on an uneven surface. Typically 0.05- 
deviation 0.20 m. 

k0.15 m Firn compaction and stake slip can move the stake relative 
to the summer surface. 

- +1 "C Reading from a dial-type thermometer. 
i1-3°C Error associated with extrapolating summer surface 

temperatures. See section "Temperatures at the 
Summer Surface". 

Internal *I 0 percent Error reported by Trabant and Mayo (1 985). 
accumulation 
estimate 
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Table 7. Combined uncertainties for mass balance site data: Examples of typical situations 
[These terms are defined in section "Mass Balance Data Tables": b', stake height reading; d(s), snow depth; d(f), firn depth; s.e., 
standard error; p, density; ss, summer surface; m, meters; T, temperature; "C, degree Celsius; b(k), internal accumulation] 

Area First Second First observation Second observation Combined 
observation observation uncertainties uncertainties uncertainty 

Ablation Spring, on Fall, on ice b': k0.02 m, b': i0.10 m, k O . l l  m 
snow surface d(s): s.e.=*0.03 d(s): s.e.=*0.03 m 
surface m 

Ablation Spring, on Fall, on b': k0.02 m, b': *0.02 m, k0.05 m 
snow snow d(s): s.e.x*0.03 d(s): s.e.ck0.03 m 
surface surface m ------------------------------------------------------------. 

Accumu- Spring, on Fall, on b': 10.02 m, b': k0.02 m, For 1.0 m of 
lation snow snow d(s): s.e.&0.03 d(s) in pit: k0.10 m firn: 28 percent 

surface surface m d(f): stake depth: (k0.28 m), 
k0.15 m, For 2.0 m of 

p(firn): k10 percent, firn: 22 percent 
T(ss): calc. *2"C, (k0.44 m) 
b(k): k10 percent 

Table 8. Additional snow depth measurements, Black 
Rapids Glacier 
[Snow depths were measured in pits or by probing. Locations 
refer to centerline coordinates (see "Coordinate Systems" 
section) and were determined by estimating location on a map. 
Locations are accurate to 200 meters. km, kilometers; m, 
meters; g/cm3, grams per cubic centimeter] 

Date Location TY Pe Data 
8/27/70 3.6 km Snow depth 0.80 m 

Snow depth 
Firn depth 

Snow depth 
Firn depth 

Snow depth 
Snow depth 
Snow depth 
Snow depth 
Snow depth 

Snow density 
Snow depth 
Snow depth 
Snow depth 
Snow depth 
Snow depth 
Snow depth 
Snow depth 
Snow depth 
Snow d e ~ t h  
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Table 9A. Ice velocity: 2 km site, Black Rapids Glacier 
[Speeds are plotted in figure 3A. The coordinates for the base of the stake (X, Y, and 2) are reported in the local coordinate system 
(see "Coordinate Systems" section). Displacement is the length of the three-dimensional vector representing the net displacement 
of the base of the stake between the measurement dates. Seasonal speed is the speed measured between consecutive 
observations. Flow azimuth is measured relative to the positive y-axis (north) in the local coordinate system, positive clockwise. 
Vertical displacement and speed are reported separately. (Vertical displacement is included in the displacement and seasonal 
speed.) Annual speed is the speed over a period of approximately 1 year. Whenever possible, annual speed is calculated between 
consecutive spring observations. m, meters; mlyr, meters per year; --, no data] 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y i! (days) ment (m) (mlyr) (degrees) ment (m) (mlyr) (mlyr) 
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Table 9B. Ice velocity: 4 km site, Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) ment (m) (nv'yr) (degrees) ment (m) (m/yr) (mlyr) 
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Table 9C. Ice velocity: 8 krn site, Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) ment (m) (mlyr) (degrees) ment (m) (mlyr) (mlyr) 

7/15/73 73-8 9126.7 7794.5 1895.1 --- -- - -- -- - -- 
3/27/74 73-8 91 17.8 7826.8 1894.0 255 33.5 48.1 344.6 -1.1 -1.6 --- 
7/22/74 73-8 9111.9 7845.1 1893.7 117 19.2 60.4 342.1 -0.3 -0.9 51.8 
3/27/74 74-8 91 17.8 7826.8 1891.7 -- -- -- --- --- -- --- 
7 / 2 n 4  74-8 91 1 I .9 7845.1 1891.4 117 19.2 60.4 107.9 -0.3 -1 .O --- 

2/28/75 74-8 9104.7 7870.3 1890.7 221 26.3 43.6 105.9 -0.7 -1.1 49.3 
8/28/75 74-8 9097.5 7894.5 1889.9 181 25.3 51.3 106.7 -0.8 -1.6 -- 
3/24/76 74-8 9089.7 7920.6 1889.3 209 27.3 47.8 106.7 -0.7 -1.2 49.3 
9/13/76 74-8 9082.2 7944.5 1888.5 173 25.0 53.1 107.3 -0.7 -1.5 --- 
3/18/77 74-8 9076.1 7966.3 1888.1 186 22.7 44.7 105.6 -0.5 -0.9 48.6 
9/23/77 74-8 9068.2 7991.5 1887.4 189 26.5 51.4 107.5 -0.7 -1.3 --- 
3/22/78 748  9062.4 801 1.4 1887.2 180 20.7 42.1 106.3 -0.2 -0.4 46.7 
10/23/78 7 4 8  9053.6 8038.2 1886.6 215 28.2 48.2 108.0 -0.6 -1.1 --- 
9/23/77 77-8 9034.7 8063.9 1889.1 --- -- --- -- --- --- --- 

3/22/78 77-8 9029.3 8083.8 1888.9 180 20.6 42.0 343.7 -0.2 -0.4 --- 
3/22/78 78-8 9087.3 8076.1 1885.0 --- --- --- -- --- --- --- 
10/23/78 78-8 9079.2 81 03.9 1884.1 21 5 29.0 49.5 343.9 -0.9 -1.6 --- 
3/28/79 78-8 9073.5 81 22.5 1883.9 156 19.4 45.7 342.8 -0.2 -0.4 47.8 
8/23/79 78-8 9066.4 81 45.5 1882.9 148 24.1 59.8 342.9 -1 .I -2.6 --- 
3/27/80 78-8 9059.4 81 70.0 1882.4 21 7 25.5 43.0 344.1 -0.5 -0.8 49.7 
9/4/80 78-8 9052.4 81 93.0 1881.7 161 24.1 55.0 343.1 -0.7 -1.5 --- 
3/22/81 78-8 9045.1 8217.2 1881.6 199 25.2 46.5 343.1 -0.1 -0.3 50.2 
6/22/81 78-8 9040.6 8232.2 1881.0 92 15.7 62.8 343.2 -0.6 -2.4 --- 
3/22/81 81-8 9082.6 8093.3 1887.0 --- --- --- -- -- --- --- 
6/22/81 81-8 9078.2 8107.2 1886.4 92 14.7 58.8 342.3 -0.6 -2.4 --- 
911 0181 81-8 9073.9 81 19.6 1885.9 80 13.2 60.8 341 .O -0.5 -2.4 -- 
3/24/82 81-8 9065.5 8145.3 1885.4 195 27.0 50.9 341.8 -0.4 -0.8 53.5 
9/10182 81 -8 9058.0 8172.4 1884.7 170 28.1 60.7 344.5 -0.8 -1.7 --- 
4/21/83 81 -8 9049.4 8203.4 1884.3 223 32.2 52.9 344.6 -0.4 -0.6 56.1 
4/21/83 83-8 91 22.7 801 1.3 1889.9 --- --- --- --- --- --- --- 
9/8/83 83-8 91 15.6 8033.7 1889.1 140 23.5 61.7 342.6 -0.8 -2.0 --- 
3/17/84 83-8 91 07.1 8059.6 1888.2 191 27.3 52.4 341.7 -0.9 -1.8 56.2 
8/28/84 83-8 9099.2 8087.2 1887.2 164 28.7 64.4 344.1 -1 .O -2.3 -- 
4/4/85 83-8 9089.4 81 17.3 1886.6 219 31.7 53.0 342.0 -0.6 -1 .O 57.7 
911 1 185 83-8 9081.8 8143.0 1885.7 160 26.7 61.4 343.4 -0.9 -2.0 --- 
4/3/86 83-8 9073.9 8172.3 1885.0 204 30.4 54.6 344.8 -0.7 -1.3 57.4 
4/3/86 86-8 9082.8 8077.3 1890.3 --- --- -- -- --- --- --- 

9/25/86 86-8 9073.7 8105.2 1889.2 175 29.3 61.5 341.8 -1 .I -2.2 --- 
311 8/87 86-8 9066.2 81 29.8 1888.7 174 . 25.8 54.3 343.2 -0.5 -1 .I 57.8 
8/27/87 86-8 9058.4 8156.4 1887.6 162 27.7 62.8 343.5 -1 .O -2.3 --- 
4/21/88 86-8 9048.1 8190.1 1887.0 238 35.3 54.3 343.0 -0.6 -1 .O 57.6 
4119190 UA90-8 9080.8 8063.9 1889.3 -- -- -- --- --- -- --- 
5/1/91 UA90-8 9066.1 81 12.0 1887.8 377 50.3 --- 343.0 -1.5 -1.5 48.8 
5/4/92 UA90-8 9051.5 8162.6 1887.5 369 52.7 --- 343.9 -0.2 -0.2 52.3 

9/23/92 UA90-8 9044.6 81 85.4 1886.6 142 23.8 61.6 343.0 -1 .O -2.5 --- 
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Table 9D. Ice velocity: 14 km site, Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) ment (m) (mlyr) (degrees) ment (m) (rnlyr) (mlyr) 
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Table 9E. Ice velocity: 20 km site, Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) ment (m) (mlyr) (degrees) ment (m) (m/yr) (mlyr) 
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Table 9F. Ice velocity: 26 km site, Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) rnent (rn) (rnlyr) (degrees) rnent (rn) (rnlyr) (rnlyr) 
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Table 9G. Ice velocity: 32 km site, Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) rnent (m) (mlyr) (degrees) ment (m) (mlyr) (mlyr) 
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Table 9H. Ice velocity: 38 km site, Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) ment (rn) (mlyr) (degrees) ment (m) (mlyr) (mlyr) 
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Table 91. Ice velocity: L-19 km site, Loket Tributary of the Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) ment (m) (mlyr) (degrees) ment (m) (mlyr) (mlyr) 
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Table 9J. Ice velocity: L-22 km site, Loket Tributary of the Black Rapids Glacier 

Seasonal Flow Vertical Vertical Annual 
Coordinate Period Displace- speed azimuth displace- speed speed 

Date Stake X Y Z (days) rnent (m) (m/yr) (degrees) ment (rn) (rnlyr) (m/yr) 

76 Observations of the Surge-Type Black Rapids Glacier, Alaska, During a Quiescent Period, 1970-92 



Table 10. Additional velocity measurements, Black Rapids Glacier 

[Velocity measurements made over periods of time substantially different from the usual spring and fall observation cycle are 
reported below. Additionally, measurements made at sites other than the 10 index sites are reported below, The coordinates for 
the base of the stake (X, Y, and 2) are reported in the local coordinate system (see "Coordinate Systems" section). 
Displacement is the length of the threedimensional vector representing the net displacement of the base of the stake between 
the measurement dates. Speed is the speed measured between consecutive observations. Flow azimuth is measured relative 
to the positive y-axis (north) in the local coordinate system, positive clockwise. Vertical displacement and speed are reported 
separately. (Vertical displacement is included in the displacement and seasonal speed.) m, meters; mlyr, meters per year; -, 
no data] 

Flow Vertical Vertical 
nate Period Displace- Speed azimuth displace- speed 

Stakes at index sites surveyed at times of the year other than the usual spring/fall monitoring trips. 
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Table 10. Additional velocity measurements, Black Rapids Glacier --continued 

Flow Vertical Vertical 
Coordinate Period 

Date Stake X Y Z (days) 
Displace- 
ment (rn) 

Speed 

0 
azimuth 

(degrees) 
displace- speed 
rnent (m) (mlyr) 

Stakes surveyed at locations other than index sites, 
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Table I I. Longitudinal velocity profile, Black Rapids Glacier, July 1973 to July 1974 

[Speeds are plotted in figure 7. The coordinates for the base of the stake (X, Y, and Z) are reported in the local coordinate 
system (see "Coordinate Systems" section). Displacement is the length of the three-dimensional vector representing the net 
displacement of the base of the stake between the measurement dates. Speed is the speed measured between consecutive 
observations. Flow azimuth is measured relative to the positive y-axis (north) in the local coordinate system, positive clockwise. 
Vertical displacement and speed are reported separately. (Vertical displacement is included in the displacement and seasonal 
speed.) m, meters; dyr ,  meters per year; --, no data] 

Flow Vertical Vertical 
Coordinate Period Displace- Speed azimuth displace- speed 

Date Stake X Y Z (days) ment(m) (dyr)  (degrees) ment(m) (dyr)  
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Table 12. Velocity cross-profiles, Black Rapids Glacier 

[Velocity measurements across the width of the glacier are reported below. Velocities are plotted in figure 8. The coordinates (X, Y, 
and 2)  are reported in the local coordinate system (see "Coordinate Systems" section). Displacement is the length of the three- 
dimensional vector representing the motion of the base of the stake between the measurement dates. Flow azimuth is measured 
relative to the positive x-axis in the local coordinate system. Vertical displacement and speed are reported separately. (They are 
included in the displacement and seasonal speed.) See the note attached to each profile for special consideratiins. rn, meters; mlyr, 
meters per year] 

Flow Vertical Vertical 
Coordinate Period Displace- Speed azimuth displace- speed 

Date Stake X Y Z (days) ment (m) (mlyr) (degrees) ment (m) (rnlyr) 

Willsear (15 km) velocity cross-profile 
Note: The markers for this profile were surface riding tetrahedrons. Only the horzontal velocities are reported for this site. 

20 km velocity cross-profile 
Note: The markers for this profile were stakes drilled into the ice. The tops were surveyed, and the velocity for the top of the stake is 
reported with no corrections made for stake lean. 
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Table 12. Velocity cross-profiles: Black Rapids Glacier, --continued 

Flow Vertical Vertical 
Coordinate Period Displace- Speed azimuth displace- speed 

Date Stake X Y Z (days) ment (m) (rntyr) (degrees) ment (m) (mlyr) 

24.0 km velocity cross-profile 
Note: The markers for this profile were stakes drilled into the ice. The tops were surveyed, and the velocity for the top of the stake is 
reported with no corrections made for stake lean. 

32 km velocity cross-profile 
Note: The markers for this profile were stakes drilled into the ice. The tops were surveyed, and the velocity for the top of the stake is 
reported with no corrections made for stake lean. 
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Table 13. Range-line speed measurements, Black 
Rapids Glacier 

[In the early days of the Black Rapids Glacier project, ice velocities were 
measured by visually lining up pairs of markers fixed to the rock adjacent to 
the glacier. (See "Range-Line Speed Measurements" section in the text for the 
full description of techniques.) The locations of these "range-line" motion 
obselvation sites are indicated stake name. For example, stake 738 was near 
the 8 km site. Period is the number of days between observations. 
Displacement is the distance the marker moved between observations. Speed 
is calculated over the period of observation. Abbreviations: m, meters; mlyr, 
meters per year] 

Period Displace- Speed 
Date Stake (days) rnent (m) (Ayr )  

10127173 73-8 installed -- --- 

2/28/75 74-8 221 31.5 52.3 .............................................................................................................................................. 
7/25/73 73-1 4 installed --- -- 

7/21 /74 73-1 4 113 22.6 73.7 .............................................................................................................................................. 
811 8/71 72-1 9 installed --- -- 

711 9/73 73-1 9 58 17.5 112.1 .............................................................................................................................................. 
811 8/71 72-26 installed --- - 
8/03/72 72-26/73-26 351 44.3 46.2 
1011 9/72 73-26 77 9.6 46.1 
4/02/73 73-26 165 14.2 31.6 
5/22/73 73-26 50 3.9 29.1 
7/24/73 73-26 63 12.5 73.6 
1 0/25/73 73-26-b installed -- -- 
3/29l74 73-26-b 155 17.2 40.8 .............................................................................................................................................. 
811 8/71 71 -32 installed --- --- 
8/03/72 71 -32/72-32 351 13.6 14.2 
1 OH 9/72 72-32 77 3.2 15.4 
5/22/73 72-32 215 5.4 9.2 
7/22/73 72-32/73-32 - 61 5.0 30.4 
1 0125ff 3 73-32 95 4.3 16.7 
3/31 /74 73-32 157 4.6 10.8 .............................................................................................................................................. 
7130173 73-38.0 installed --- --- 
10125173 73-38.0 ' 87 4.2 17.8 
3/31 /74 73-38.0 157 3.1 7.3 
7/21 /74 73-38.0 112 11.7 38.5 
3/31 /74 73-38.8 installed --- -- 
7/21 /74 73-38.8 112 10.4 34.2 

.c 
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Table 14A. Surface altitude: 2 km site, 
Black Rapids Glacier 
[Surface altitudes are plotted in figure 3A. Surface altitude 
is the computed attitude of the index site, which has a fixed 
horizontal position. (See "Monitoring of Index Site 
Altitudes" section in text.)] 

Surface Snow 
altitude depth 

Date (meters) (meters) 

311 8/77 2229.6 6.00 
9/23/77 2225.9 1.49 
3/22/78 2227.1 4.39 
9/4/80 2225.7 0.63 
312218 1 2227.5 3.67 
911 018 1 2227.4 1.25 
3/24/82 2228.7 no data 
911 0182 2227.1 no data 
3/16/84 2228.7 no data 
8/28/84 2226.9 no data 
4/4/85 2229.0 no data 
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Table 14B. Surface altitude: 4 km site, 
Black Rapids Glacier 
[Surface altitudes are plotted in figure 38. Surface altitude 
is the computed altitude of the index site, which has a fixed 
horiiontal position. (See "Monitoring of Index Site 
Aliudes" section in text.) -, no data] 

Date 

7/24/7 3 
3/27/74 
7/22/74 
2/27/75 
8/28/75 
3/24/76 
911 3/76 
311 8/77 
9/23/77 
311 8/78 
7/28/78 
1 012 317 8 
3/28/79 
8/23/79 
3/27/80 
9/4/80 
312218 1 
911 018 1 
3/24/82 
911 0182 
4/23/83 
911 8/83 
311 6/84 
8/28/84 
4/4/85 
911 218 5 
4/3/86 
9/25/86 
311 8/87 

Surface 
altitude 
(meters) 

Snow 
depth 

(meters) 
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Table 14C. Surface altitude: 8 km site, Black Rapids Glacier 

[Surface altitudes are plotted in figure 3C. Surface altitude is the computed altitutde of the 
index site, which has a fixed horizontal position. (See "Monitoring of Index Site Altitudes" 
section in text.) glcm', grams per cubic centimeter] 

Surface Snow Snow 
altitude depth density 

Date (meters) (mete rs) (g/cm3) 

3/27/74 1889.4 1.40 0.36 
7/22/74 1888.4 0.35 0.51 
2/28/75 1889.5 2.45 0.33 
8/28/75 1887.5 0.78 0.51 
3/24/76 1890.3 2.85 0.33 
911 3/76 1888.1 0.25 0.26 
311 8/77 1891.5 3.87 0.40 
9/23/77 1889.8 0.77 0.28 
3/22/78 1890.7 2.28 0.36 
10/23/78 1889.4 1.12 0.26 
3/28/79 1892.0 2.57 0.36 
8/23/79 1889.1 0.26 0.26 
3/27/80 1891.6 3.1 1 0.36 
9/04/80 1890.0 0.32 0.26 
312218 1 1892.4 2.67 0.36 
612218 1 1891.3 1.86 0.40 
911 018 1 1891.1 0.55 0.26 
3/24/82 1893.5 2.70 0.36 
911 0182 1891.1 0.25 0.26 
412 1 183 1893.6 2.30 0.36 
9/08/83 1891.7 0.61 0.26 
311 7/84 1893.9 3.07 0.36 
8/28/84 1892.0 0.81 0.26 
4/04/85 1894.5 . 2.74 0.36 
911 1/85 1893.1 0.40 0.26 
4/03/86 1895.1 2.25 0.36 
9/25/86 1893.3 0.38 0.26 
311 8/87 1895.8 3.00 0.44 
8/27/87 1893.4 1.31 0.51 
411 9/90 1896.9 4.40 0.36 
5/01 19 1 1896.2 2.99 0.36 
5/04/92 1 897.1 3.27 0.36 
9/23/92 1895.0 0.49 0.26 
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Table 14D. Surface altitude: 14 km site, Black Rapids Glacier 

[Ice equivalent altitudes are plotted in figure 30. Surface altitude is the computed altitude of the 
index site, which has a fixed horizontal position. (See "Monitoring of Index Site Altitudes" 
section in text.) Ice equivalent altitude is calculated by converting the snow depth to its 
equivalent ice thickness and adding this number to the ice surface altitude. g/cmJ, grams per 
cubic centimeter; m, meters; --, not applicable] 

Surface Snow Snow Ice 
altitude depth density equivalent 

Date (meters) (meters) (g/crn3) altitude (rn) 

7/23/73 1718.3 0.00 --- 171 8.3 

3130174 171 8.9 1.49 0.34 171 8.0 
712 1 174 171 7.5 0.00 --- 171 7.5 

310 1 175 1718.6 2.26 0.34 1717.1 
8/26/75 1716.1 0.02 0.20 1716.1 
3/24/76 171 8.9 2.23 0.34 171 7.5 
911 3/76 1716.3 0.27 0.20 1716.1 
311 8/77 171 9.8 3.09 0.34 171 7.9 
9/23/77 171 7.4 0.66 0.20 1716.9 
311 8/78 171 9.4 2.34 0.34 171 8.0 
9/24/78 1716.1 0.1 7 0.20 171 6.0 
3/28/79 171 8.8 2.09 0.33 171 7.5 
8/23/79 171 5.0 0.00 --- 171 5.0 

3/27/80 171 8.6 2.90 0.33 1716.8 
9/04/80 1716.3 0.08 0.20 171 6.2 
312218 1 171 8.9 2.22 0.33 171 7.5 
612218 1 1718.1 1.14 0.40 171 7.4 
911 0181 1717.1 0.30 0.20 171 6.9 
3/25/82 171 9.9 2.06 0.32 171 8.6 
911 0182 171 8.0 0.1 1 0.20 171 7.9 
4/21/83 1720.5 2.29 0.36 1719.1 
9/08/83 171 8.0 0.46 0.20 171 7.7 
311 6/84 1720.7 - 2.43 0.36 171 9.2 
8/28/84 171 7.9 0.16 0.20 171 7.7 
4/05/85 1720.9 2.38 0.36 171 9.4 
9/05/85 171 8.8 0.08 0.20 171 8.7 
4/04/86 1721.7 2.09 0.37 1720.5 
9/25/86 1.71 9.8 0.37 0.20 171 9.5 
3/20/87 1722.7 2.63 0.37 1721.1 
8/27/87 171 9.8 0.00 --- 171 9.8 
412 1 188 1723.2 2.54 0.37 1721.7 
411 5/89 1722.6 1.95 0.37 1721.5 
5/23/90 1722.8 2.70 0.37 1721.2 
5/01/91 1721.7 2.45 0.37 1720.3 
5/04/92 1722.3 2.72 0.37 1720.7 
9/23/92 171 9.2 0.55 0.37 171 8.9 
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Table 14E. Surface altitude: 20 km site, Black Rapids Glacier 

[Ice equivalent altitudes are plotted in figure 3E. Surface altitude is the computed altitude of the 
index site, which has a fixed horizontal position. (See "Monitoring of Index Site Altitudes" 
section in text.) Ice equivalent altitude is calculated by converting the snow depth to its 
equivalent ice thickness and adding this number to the ice surface altitude. g/cm3; grams per 
cubic centimeter; m, meters; ---, not applicable] 

Surface Snow Snow Ice 
altitude depth density equivalent 

Date (meters) (meters) (g/cm3) altitude (m) 

7/21/73 1514.1 0.00 --- 1514.1 
712 1 174 151 3.2 0.00 --- 151 3.2 
3/02/75 151 3.6 1.45 0.32 151 2.6 
8/25/75 151 0.5 0.00 --- 151 0.5 
3/25/76 1512.8 1.28 0.32 151 2.0 
911 3/76 1509.7 0.25 0.20 1509.5 
311 9/77 1512.4 2.23 0.32 151 0.9 
9/21 177 1509.6 0.16 0.20 1509.5 
311 8/78 1511.9 1.56 0.32 151 0.9 
9/23/78 1508.0 0.1 5 0.20 1507.9 
3/29/79 151 0.2 1.43 0.32 1509.3 
3/26/80 1510.1 2.27 0.32 1 508.6 
9/04/80 1507.0 0.07 0.20 1507.0 
312318 1 1509.6 1.55 0.32 1508.6 
612218 1 1509.3 0.00 --- 1509.3 
911 0181 1507.3 0.01 0.20 1507.3 
3/25/82 1509.4 1.40 0.32 1508.5 
911 0182 1506.7 0.00 --- 1506.7 
4/21 183 151 0.2 1.77 0.32 1509.0 
9/08/83 1506.9 0.14 0.20 1506.8 
311 9/84 1510.1 1.57 0.32 1 509.1 
8/28/84 1507.8 0.00 --- 1507.8 
4/05/85 1511.4 . 1.67 0.32 151 0.3 
911 1 I85 1509.7 0.03 0.20 1509.6 
4/02/86 151 3.6 1.72 0.32 151 2.5 
9/25/86 1.510.8 0.27 0.20 151 0.6 
311 8/87 151 4.6 1.92 0.32 151 3.4 
8/27/87 151 2.2 0.00 --- 1512.2 
411 6/88 151 5.3 2.37 0.32 151 3.8 
411 5/89 151 5.4 1.50 0.32 151 4.4 
5/26/90 151 5.2 1.80 0.32 151 4.0 
510 1 19 1 151 3.2 1.50 0.32 1512.3 
5/05/92 151 4.0 2.06 0.32 151 2.7 
9/23/92 151 0.8 0.37 0.20 151 0.5 
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Table 14F. Surface altitude: 26 km site, Black Rapids Glacier 

[Ice equivalent altitudes are plotted in figure 3F. Surface altitude is the computed altitude of the 
index site, which has a fixed horizontal position. (See "Monitoring of Index Si Altitudes" 
section in text.) Ice equivalent altitude is calculated by converting the snow depth to its 
equivalent ice thickness and adding this number to the ice surface altitude. g/cm3, grams per 
cubic centimeter; m, meters; --, not applicable] 

Surface Snow Snow Ice 
altitude depth density equivalent 

Date (meters) (meters) (g/cm3) altitude (m) 

88 Observations of the Surge-Type Black Rapids Glacier, Alaska, During a Quiescent Period, 1970-92 



Table 14G. Surface altitude: 32 km site, Black Rapids Glacier 

[Ice equivalent altitudes are plotted in figure 3G. Surface altitude is the computed altitude of 
the index site, which has a fixed horizontal position. (See "Monitoring of Index Site Altitudes" 
section in text.) Ice equivalent altitude is calculated by converting the snow depth to its 
equivalent ice thickness and adding this number to the ice surface altitude. glcml; grams per 
cubic centimeter; rn, meters; --, not applicable] 

Surface Snow Snow Ice 
altitude depth density equivalent 

Date (meters) (meters) (g/cmJ) altitude (m) 

7/23/73 1142.1 0.00 --- 1 142.1 
313 1 174 1 140.9 0.68 0.35 1 140.5 
712 1 174 11 39.4 0.00 --- 11 39.4 
3/4/75 1 138.9 1.20 0.35 11 38.2 
8/25/75 11 34.8 0.00 --- 11 34.8 
3/26/76 1 137.3 1.42 0.27 11 36.3 
911 3/76 1131.2 0.00 --- 1131.2 
311 4/77 11 34.5 2.05 0.35 1 133.2 
9120177 1 128.3 0.00 --- 1 128.3 
3/23/78 1131.5 1.46 0.35 1 130.6 
9/22/78 1 125.2 0.1 3 0.20 1125.1 
3/29/79 11 27.6 1.22 0.35 1126.8 
3/29/80 11 24.8 1.94 0.35 1123.6 
9/4/80 1119.7 0.00 --- 1119.7 
3/24/81 1122.2 1.27 0.35 1121.4 
911 418 1 1117.1 0.00 --- 1117.1 
3/22/82 1119.6 1.01 0.35 1118.9 
911 1 182 1114.5 0.00 --- 1114.5 
4120183 1117.7 1.63 0.32 1116.6 
9/8/83 1112.7 0.00 --- 1112.7 
311 8/84 11 15.1 1.34 0.36 11 14.3 
8/28/84 1109.7 0.00 --- 11 09.7 
4/5/85 11 12.7 1.34 0.35 1111.8 
9/5/85 1109.1 0.00 --- 1109.1 
4/9/86 1111.5 1.66 0.35 1110.5 
10/7/86 1 107.6 0.00 --- 11 07.6 
311 9/87 11 09.6 1.63 0.43 1 108.8 
8/27/87 11 04.9 0.00 --- 11 04.9 
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Table 14H. Surface altitude: 38 km site, Black Rapids Glacier 

[Ice equivalent altitudes are plotted in figure 3H. Surface altitude is the computed altitude of the 
index site, which has a fixed horizontal position. (See "Monitoring of Index Site Altitudes" 
section in text.) Ice equivalent altitude is calculated by converting the snow depth to its 
equivalent ice thickness and adding this number to the ice surface altitude. g/cm3; grams per 
cubic centimeter; m, meters; ---, not applicable] 

Surface Snow Snow Ice 
altitude depth density equivalent 

Date (meters) (meters) (g/cm3) altitude (m) 

7130173 958.8 0.00 --- 958.8 

313 1 I74 956.5 0.51 0.36 956.2 
712 1 I74 953.3 0.00 --- 953.3 
3/6/75 952.8 0.94 0.36 952.3 

8/26/75 948.4 0.00 --- 948.4 

3/26/76 948.7 0.80 0.36 948.2 
911 3/76 942.7 0.00 --- 942.7 

311 4/77 943.5 0.70 0.36 943.0 
9120177 936.5 0.00 --- 936.5 
3120178 939.0 1.19 0.36 938.3 
9/23/78 932.5 0.08 0.20 932.4 
3/29/79 932.3 0.30 0.36 932.1 
8/23/79 926.4 0.00 --- 926.4 

3/29/80 926.6 0.21 0.36 926.5 
9/4/80 921 .O 0.00 --- 921 .O 

312418 1 921 -8 0.13 0.36 921.7 
911 418 1 91 5.7 0.00 --- 915.7 

3/22/82 916.8 0.12 0.36 916.7 
911 1 I82 91 1 .I 0.00 --- 911.1 
4120183 91 2.9 0.49 0.36 91 2.6 
9/8/83 907.4 0.00 --- 907.4 

311 8/84 908.6 - 0.24 0.36 908.5 
8/29/84 903.4 0.00 --- 903.4 

9/5/85 900.1 0.00 --- 900.1 

4/6/86 901.2 0.45 0.36 -900.9 
311 9/87 895.9 0.03 0.36 895.9 
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Table 141. Surface altitude: L-19 km site, Loket 
Tributary of the Black Rapids Glacier 
[Surface altitudes are plotted in figure 31. Surface altitude is the computed 
altitude of the index site, which has a fixed horizontal position. (See "Monitoring 
of Index Site Altitudes" section in text.) g/cm3; grams per cubic centimeter; m, 
meters; -, not applicable] 

Surface 
altitude 

Date (meters) 

3/28/80 1654.8 
9/04/80 1652.1 
312318 1 1654.7 
9/22/81 1652.3 
3/23/82 1654.4 
911 0182 1651.4 
4/22/83 1654.0 
910 918 3 1650.7 
311 7/84 1653.2 
8/28/84 1649.8 
4/05/85 1652.7 
9/05/85 1650.3 
4/02/86 1652.9 
9/25/86 1649.2 
3120187 1652.7 
4120188 1653.2 
4/22/89 1652.0 

Snow 
depth 

(meters) 

3.65 
0.22 
2.64 
0.52 
2.38 
0.15 
2.84 
0.00 
2.74 
0.04 
2.77 
0.1 5 
2.28 
0.30 
3.21 
3.19 

no data 

Snow 
density 
(9/cm3) 

0.35 
0.50 
0.35 
0.20 
0.35 
0.20 
0.35 

--- 
0.35 
0.20 
0.35 
0.80 
0.35 
0.20 
0.44 
0.35 
no data 
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Table 14J. Surface altitude: L-22 km site, Loket Tributary of the 
Black Rapids Glacier 
[Ice equivalent altitudes are plotted in figure 35. Surface altitude is the computed altitude of the 
index site, which has a fixed horizontal position. (See "Monitoring of Index Site Altiiudes" 
section in text.) Ice equivalent altitude is calculated by converting the snow depth to its 
equivalent ice thickness and adding this number to the ice surface altitude. g/cms, grams per 
cubic centimeter; rn, meters; -, not applicable] 

Surface Snow Snow Ice 
altitude depth density equivalent 

Date (meters) (meters) (g/cm3) altitude (m) 

312 1 178 1503.3 2.07 0.32 1502.0 
3130179 1501.4 1.97 0.32 1 500.1 
3/28/80 1500.3 2.66 0.32 1498.6 
9/04/80 1496.6 0.07 0.20 1496.5 
312318 1 1499.8 1.80 0.32 1498.6 
912218 1 1496.7 0.40 0.20 1496.4 
3/23/82 1499.3 1.56 0.32 1498.3 
911 0182 1495.7 0.00 --- 1495.7 
4/22/83 1499.1 1.98 0.32 1497.8 
9/08/83 1495.7 0.21 0.20 1495.5 
311 7/84 1498.9 1.97 0.32 1497.6 
8/28/84 1496.1 0.00 --- 1496.1 
4/05/85 1499.3 1.96 0.32 1498.0 
911 1/85 1 496.4 0.00 --- 1496.4 
4/02/86 1499.6 1.72 0.32 1498.5 
10/07/86 1496.7 0.36 0.20 1496.4 
3120187 1500.0 2.38 0.32 1498.4 
8/27/87 1496.8 0.00 --- 1496.8 
411 4/88 1499.9 1.93 0.32 1498.7 
4/22/89 1498.5 1.84 0.32 1497.3 
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Table 15. Extensive glacier surface altitude s 
Rapids Glacier 
[See figure 9 for target locations] 

Coordinate 
Date Taraet X Y Z 

;urveys of 1973 and 1976, Black 

Coordinate 
Date Target X Y Z 
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Table 15, continued 

Coordinate 
Date Target X Y Z 

A1 20856.3 
A2 20824.6 
A3 20842.9 
A4 20763.1 
A5 20746.9 
A6 20730.2 
A7 20715.3 
A8 20697.2 
A9 20652.2 
A10 20675.5 
A9-A 20652.7 
A1 1 20624.4 
A1 2 20594.3 
A1 3 20625.2 
A15 20656.7 
A1 4 20670.1 
A16 20610.2 
A1 7 20581.6 
A1 8 20514.8 
A20 201 18.3 
A21 201 49.6 
A23 20217.7 
A24 20253.7 
A25 20296.8 
DENOSE 20320.5 
8 1 2891 8.4 
82 28894.6 
83 28876.6 
84 28862.9 
85 28842.2 
86 28822.3 
87 28803.5 
88 28786.3 
89 28768.7 

Table 16. Altimeter altitude measurements 
made on August 27, 1970 
[Locations refer to centerline coordinates (table 21, later in the 
report) and were determined by map reading. Locations are 
accurate to about 200 meters. km, kilometers; m.a.s.l., meters 
above sea level] 

Location Altitude 
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Table 17. Ice thickness, Black Rapids Glacier 

[Thickness profiles are plotted in figure 10. The coordinates for the shot location (X, Y, and Z) are reported in the local coordinate 
system. All thicknesses were measured using ice penetrating radar systems. Some shots had two returns; the second return is 
marked with an asterisk ('). Ice radar measurement positions that were not surveyed were estimated either by map reading 
(labeled: map est.) or compass and tape measure "surveys" (labeled: taped est.)] 

Delay Antenna Return Position 
time (micro- separation radius Shot location coordinate surveyed or 

Date Shot Profile seconds) (meters) (meters) X Y Z estimated 

25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 km 
25.9 krn 
25.9 km 
25.9 km 

Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 

Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
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Table 17. Ice thickness: Black Rapids Glacier --continued 

Delay Antenna Return Position 
time (micro- separation radius Shot location coordinate surveyed or 

Date Shot Profile seconds) (meters) (meters) X Y Z estimated 

Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 
Surveyed 

5/23/90 S2 14 km 7.0 55 603 8782 13526 no data Taped est. 
5/23/90 S1 14 km 6.2 55 535 8782 13326 no data Taped est. 
5/23/90 14 km site 14 km 5.4 55 468 8782 13126 1725 Surveyed 
5/23/90 N1 14 km 4.9 55 426 8782 12946 no data Taped est. 
5/23/90 N2 14 km 3.1 55 274 8782 12766 no data Taped est. 

5/26/90 S3 20 km 1.7 55 156 14785 12814 no data Taped est. 
5/26/90 S2 20 km 3.0 55 266 14785 13014 no data Taped est. 
5/26/90 S1 20 km 5.2 55 451 14785 13214 no data Taped est. 
5/26/90 20 km site 20 km 6.4 55 552 14785 13414 1516 Surveyed 
5/26/90 N1 20 km 6.0 55 519 14785 13614 no data Taped est. 
5/26/90 N2 20 km 5.8 55 502 14785 13814 no data Taped est. 

Terminus 
Terminus 
Terminus 
Terminus 
Terminus 
Terminus 
Terminus 
Terminus 

Map est. 
Map est. 
Map est. 
Map est. 
Map est. 
Map est. 
Map est. 
Map est. 

3/27/79 4km Point shots 4.0 I00 357 11224 4750 2028 Surveyed 
3/28/79 8km Point shots 7.5 5.0 644 9074 8123 1894 Surveyed 
3/18/78 14km Point shots 5.6 46 483 8877 13142 1713 Surveyed 
3/18/78 20km Pointshots 6.7 58 578 14790 13402 1513 Surveyed 
3120178 26km Point shots 6.0 126 531 20433 12225 1342 Surveyed 
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Table 18. Local coordinates of monuments used for geodetic surveys, Black Rapids Glacier 

~ o n u m e n t  Coordinate Monument Coordinate 
name (meters) 

X Y z 
The End 
Torque 
Adrenaline 
Perfect 
Ozone 
Smoke 
Red 
Green 
Fireweed 
Rotten 
Potholes 
Rainbow 
No Return 
Willsear 
Wills Left 

Ear 
Calcite 
Shudder 

name (meters) 
X Y z 

Lake 
Soaked 
Blank 
Blue 
Devil 
Eagle 
Erratic 
All Wrong 
Denali 
Rubble 
Disaster 
Hook 
Crook 
O'Damnit 
Flop 

Table 19. GPS-derived coordinates for Lake and Potholes monuments. 
[GPS survey to top of monuments, in North American Datum 1927 (NAD27). Local coordinate was 
converted to UTM, then into the local system using equations 1 and 2. GPS, Global Positioning System; h, 
ellipsoid height] 

Monument GPS-derived position Local coordinate 
Latitude Longitude h (meters) 

(decimal degrees) (meters) X Y 
Lake 63.494457 146.388807 1625.03 14440.10 14635.39 

Potholes 63.478584 146.581736 1944.62 4841.13 12788.72 
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Table 20. Additional points surveyed in both the GPS derived coordinate system and the local 
coordinate system 
[These points help serve as a check on the network shift based on the GPS surveys. Note that the stakes were displaced by ice motion in 
the period between surveys. GPS, Global Positioning System] 

Target GPS derived position GPS derived local coordinate Geodetically surveyed local 
coordinate 

Latitude Longitude Date X Y Date X Y 

(decimal degrees) (meters) (meters) 

8 km 63.436607 146.500457 9 May 92 9050.37 8163.58 4 May 92 9051.52 8162.64 
stake -__ - -___- -__  _---------------------------------------------- 
14 km 63.481 361 146.504979 9 May 92 8782.78 131 50.82 4 May 92 8781.97 131 50.46 
stake ----- _- -_ -__  ............................................... 
20 km 63.483151 146.384453 9 May 92 14787.86 13406.33 5 May 92 14786.87 13406.41 

Table 21. Centerline coordinate system, Black Rapids Glacier 
[km, kilometers] 

Site Coordinate Site Coordinate Site Coordinate 
(km) (meters) (km) (meters) (km) (meters) 

X .  Y X Y X Y - ~ 

0 13455.1 1450.6 24 18760.6 12699.1 48 40025.6 17277.6 
1 12905.9 2286.7 25 19733.4 12465.6 49 40334.8 18229.1 
2 12317.9 3096.0 26 20698.3 12201.6 50 40178.3 19217.1 
3 11742.7 3914.5 27 21667.3 11952.9 51 39869.1 20168.5 
4 11 193.4 4750.6 28 22640.0 11719.3 52 39635.6 21141.3 
5 10618.2 5569.1 29 23612.7 11485.8 
6 10069.0 6405.2 30 24589.0 11267.6 Loket Tributary 
7 9546.3 7258.2 31 25565.3 11049.3 Site Coordinate 
8 9064.3 8134.8 32 26541.6 10831.1 (km) X Y 
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Appendix A. Terminus motion during the 1936-37 surge 

Hance (1937) estimated that the terminus of Black Rapids Glacier advanced approximately 3 
miles between September 1936 and February 1937, giving an average speed of 115 feet per day. 
Dr. Otto Geist's (University of Alaska) observations near the end of the advance are reported 
below. We have one of the few (perhaps only) known copies of Geist's data and present it here to 
preserve it. A description of the field work was written by Giddings (1988), a member of Geist's 
field party. 

The locations of Geist's observations along the surge front are recorded on a map. The map is 
not reproduced here due to problems with the control and scale. The approximate distance of the 
observation lines measured from the south ice margin along the surge front is: Line 1 : 750 m, line 
3A: 1200 m, line 4: 1400 m, line 4A: 1450 m, line 5: 1850 m, line 6, 2000 m, and the north ice 
margin: 2350 m. 

Table A l .  Geist's observations of the 1937 terminus advance, 
Black Rapids Glacier 

Advance Date Time Speed 
(feet) (feet per day) 

From first Between 
observation measurements 

Line Number 1 
0 02-Apr-1937 1 1 :32 
4 02-Apr-1937 15:50 22.3 22.3 
7 02-Apr-1937 18% 22.8 23.4 
25 03-Apr-1937 1 1 :00 25.6 26.9 
29 03-Apr-1937 14:42 25.6 25.9 
34 03-Apr-1937 1 8: 14 26.6 34.0 
35 03-Apr-1937 19:40 26.1 16.7 
47 04-Apr-1937 08:05 25.3 23.2 
55 04-Apr-1937 1522 25.5 26.4 
59 04-Apr-1937 1 9:00 25.5 26.4 
79 05Apr-1937 06:50 28.2 40.6 
80 05-Apr-1937 13:40 25.9 3.5 
83 05-Apr-1937 19:OO 25.1 13.5 
100 ObApr-1937 08:00 26.0 31.4 
115 07-Apr-1937 18:OO 21.8 10.6 
153 08-Apr-1937 1650 24.6 39.9 

Line Number 2 
0 
4 
6 
26 
29 
35 
50 
59 
64 
n 
82 
85 
95 
112 
136 
168 



Table A1. Geist's observations of the 1937 terminus advance, 
Black Rapids Glacier, continued 

Advance Date Time Speed 
(feet) (feetiday) 

From first Between 
observation measurements 

Line Number 3 
0 04Apr-1937 14% 

23 05-Apr-1937 07:55 32.2 32.2 
35 05-Apr-1937 18:34 30.2 27.0 
52 06-Apr-1937 08:30 29.9 29.3 
92 07-Apr-1937 15:46 30.2 30.7 
1 30 08-Apr-1937 1750 31.5 35.0 
179 10-Apr-1937 10:05 30.8 29.2 

Line Number 3A 
0 05-Apr-1937 14:47 
4 05-Apr-1937 18:30 25.8 25.8 
19 06-Apr-1937 20:40 15.3 13.8 

Line Number 4 
0 04-Apr-1937 11 :08 
50 05-Apr-1937 12:40 47.0 47.0 
55 05-Apr-1937 18:20 42.3 21.2 
97 06-Apr-1937 08:40 51.1 70.3 
151 07-Apr-1937 15:58 47.2 41.4 
164 08-Apr-1937 18:05 38.2 11.9 

Line Number 4A 
0 02-Apr-1937 17:lO 
1 02-Apr-1937 18:30 18.0 18.0 

38 05-Apr-1937 12:30 13.5 13.5 
42 05-Apr-1937 18:lO 13.8 16.9 
51 06-Apr-1937 08:50 14.0 14.7 
79 07-Apr-1937 16: 10 15.9 21.4 
102 08-Apr-1937 18:15 16.9 21.2 
1 37 10-Apr-1937 10:OO 17.8 21.1 

Line Number 5 
0 04Apr-1937 14:lO 
1 05-Apr-1937 12:OO 1.1 1.1 

21 05-Apr-1937 18:05 18.1 78.9 
29 06-Apr-1937 09:OO 16.2 12.9 
62 07-Apr-1937 16:15 20.1 25.3 
82 08-Apr-1937 18:25 19.6 18.3 
132 10-Apr-1937 1 0:00 22.7 30.3 

Line Number 6 
0 04-Apr-1937 1 3:55 
20 05-Apr-1937 12:15 21.5 21.5 
25 05-Apr-1937 17:55 21.4 21.2 
39 06-Apr-1937 09: 1 0 21.6 22.0 
78 07-Apr-1937 1625 25.1 30.0 
100 08-Apr-1937 18:30 23.9 20.2 
1 45 10-Apr-1937 09:45 24.9 27.5 
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Appendix B. Data Disk Information 

A data disk is included with this report. The disk contains the mass balance, ice velocity, sur- 
face altitude, and ice thickness data tables. It is a 3.5-inch, 1.44 megabyte disk formatted with 
IBM PC operating system MS-DOS 6.0. Data tables are written to it in two formats: ASCII text 
and Lotus 123 version 2.01 .WK1 spreadsheet format. The ASCII files are in a subdirectory 
named ASCII and the Lotus 123 files are in a subdirectory named lotus123. 

In the root directory on the disk there is an ASCII file named README.TXT. It says: 

This text file contains an overview of the files available on 
this data disk. 

Report title: 
Observations of the Surge-Type Black Rapids Glacier, Alaska, 

During a Quiescent Period, 1970-92 
by TA Heinrichs, LR Mayo, DC Trabant, and RS March, 1995 
US Geological Survey Open File Report 94-512 

For additional information write to: 
District Chief 
US Geological Survey 
4230 University Drive, Suite 201 
Anchorage, Alaska, 99508-4664 

This disk contains the mass balance, ice velocity, surface 
altitude, and ice thickness data tables. It is a 3.5-inch, 1.44 
megabyte disk formatted with IBM PC operating system MS-DOS 6.0. 
Data tables are written to it in two formats: ASCII text and 
Lotus 123 version 2.01 .WK1 spreadsheet format. The ASCII files 
are in a subdirectory named "ASCII" and the Lotus 123 files are 
in a subdirectory named "LOTUS123". 

The following tables are on this disk. Listed below are the Lotus 
123 file names with .WK1 extension. The ASCII text files have the 
same names, except the file name extension is .TXT. For example, 
Table 1 is TABLEI-TXT 

Table # 
- - - - - - - 

1 
9A 
9B 
9 C 
9D 
9E 
9F 
9G 
9H 
91 
9 J 
10 

File name 
- - - - - - - - - 
TABLEl.WK1 
TABLE9A.WKl 
TABLE9B.WKl 
TABLE9C.WKl 
TABLE9D.WKl 
TABLE9E.WKl 
TABLE9F.WKl 
TABLE9G.WKl 
TABLEgH.WK1 
TABLE9I.WKl 
TABLE9J.WKl 
TABLElO.WK1 

Table description 
............................... 

Net mass balance (summary) 
Ice velocity data 2 km site 
Ice velocity data 4 km site 
Ice velocity data 8 km site 
Ice velocity data 14 km site 
Ice velocity data 20 km site 
Ice velocity data 26 km site 
Ice velocity data 32 krn site 
Ice velocity data 38 km site 
Ice velocity data L-19 km site 
Ice velocity data L-22 km site 
Additional ice velocity measurements 



Longitudinal velocity profile (7/73 to 7/74) 
Velocity cross-profiles 
Surface altitude 2 km site 
Surface altitude 4 km site 
Surface altitude 8 km site 
Surface altitude 14 km site 
Surface altitude 20 km site 
Surface altitude 26 km site 
Surface altitude 32 km site 
Surface altitude 38 km site 
Surface altitude L-19 km site 
Surface altitude L-22 km site 
Extensive surface altitude surveys (1973 & 19761 
Ice thickness 
Local coordinates of geodetic control monuments 
Centerline coordinate system 
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Table Cl .  Area-altitude distribution of Black Rapids Glacier 

[The area-altitude distribution was measured from figure 2 by laying a dot grid over map and 
counting the number of dots between contours.] 

Altitude Area Percentage 
(meters) (square kilometers) debris-covered 

From To Total Debris-covered ice ice 

Totals 





Table C2. Area-altitude distribution of all the glacier snow and ice 
in the Black Rapids Glacier drainage basin 
[This table includes all the snow and ice in the drainage basin, including unattached glaciers 
in tributary valleys. The area-altitude distribution was measured from figure 2 by laying a dot 
grid over map and counting the number of dots between contours.] 

Altitude Area Percentage 
(meters) (square kilometers) de bris-covered 

From To Total Debris-covered ice ice 

Totals 277.25 33.94 
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Appendix D. Snow Pits 

Data were gathered from 23 snow pits on Black Rapids Glacier. Uncertainties in the snow pit 
density observations are reported below in table Dl.  The snow pit data are in tables D2-D24. 
Density was measured by taking vertical core sections from the wall of the pit (fig. 5). The sample 
mass was measured with a spring scale. The sample depth range is the top and bottom of the core 
section. The sample cross-sectional area is listed in the notes section at the bottom of the table. 
Using the area and the depth range, the volume and density of the sample can be calculated. The 
average density for the entire length of core is listed at the bottom of the density column. The 
water equivalent of the core section is calculated by multiplying the relative density [p(s)/p(w)] 
by the sample length. The total snow balance, b(s), for the core is at the bottom of the snow bal- 
ance column. The depth at which the temperatures were measured is reported in the right-hand 
column. Temperature depth is measured down from the snow surface. In the "Notes" section, the 
summer surjace is identified; the type of material and the observed qualities used to identify it are 
reported here. The average snow depth is the average of the pit depth and the snow probings. 
Temperatures in the snowpack were measured with calibrated, dial-type thermometers. Accuracy 
is estimated to be 21°C. 

Table Dl. Uncertainties in snow pit density observations 
[m, meters; p, density; g/cm3, grams per cubic centimeter] 

Quantity Estimated uncertainty Comments 
Individual quantities: 
Sample depth k0.01 m 
Sample diameter 0.001 m 
Samqle mass 1 Ograms _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - _ _ - - - - - - - - .  
Combined: 
Error for each 3.6 percent 0.01 g/cm3 for a sample with 0.40 m depth, 0.0723 m 
sample diameter, 500 g mass (p=0.305 g/cm3); errors 

combined in quadrature 
Error for entire core -Lx3.6 percent 0.005 g/cm3 for a 2 m deep pit (5 samples); n is the 

J;; number of samples in the core 



Table D2. Snow pit: 4 krn site, 3/27/74, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water 
(cm) mass equivalent 

Top Bottom (S) (g/cm3) ( ~ W J  
0 15 80 0.21 0.03 

Snow Temperature 
Depth Value 
(cm) ("C) 

0 -1 3.0 
10 -1 3.8 
30 -1 3.8 
60 -12.5 
100 -1 1.8 
1 50 -10.3 
193 -8.0 

Average: .32 Total b(s): 0.62 
Notes: 
Summer surface: dirt at 1.93 m; depth hoar 1.05-1.93 m 
Average snow depth: 1.93 m 
Sample cross-sectional area: 25.5 cm2 

Table D3. Snow pit: 4 krn site, 2/28/75, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water 
(cm) mass equivalent 

Top Bottom (S) (9/cm3) ( m ~ )  
0 40 365 0.22 0.09 

4 0 80 430 .26 . I0  
80 120 51 5 .31 . I3 
120 160 61 0 .37 .I 5 
160 200 695 .42 . I7  
200 240 725 .44 .I 8 
240 280 785 .48 . I9 
280 320 820 .50 .20 
320 350 600 .49 .I 5 
350 368 31 0 .42 .08 

Snow Temperature 
Depth Value 

Average: .39 Total b(s): 1.43 
Notes: 
Summer surface: dirt layer at 3.68 m; depth hoar 3.50-3.68 m 
Average snow depth: 3.76 m 
S a m ~ l e  cross-sectional area: 41.05 cm2 



Table D4. Snow pit: 8 km site, 8/28/75, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, rneters of water equivalent; glcm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm> mass equivalent Depth Value 

Top Bottom (9) (g/cm3) ( m ~ e )  (cm) ("c) 
0 30 655 0.53 0.16 throughout 0.0 
30 54 520 .53 .13 
54 78 470 .48 .ll 

Average: .51 Total b(s): -40 
Notes: 
Summer surface: heavy dirt layer at 0.78 m 
Average snow depth: 0.78 m 
Sample cross-sectional area: 41.05 cm2 

Table D5. Snow pit: 8 km site, 3/24/76, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; g/crn3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water 
(cm) mass equivalent 

Top Bottom (9) (g/cm3) (mw=) 
0 40 285 0.17 0.07 

40 8 0 435 .26 . l l  
80 120 585 .36. .14 
120 160 655 .40 .16 
160 200 635 .39 .15 
200 250 570 .28 .14 
250 283 660 .49 . I6  

Average: .33 Total b(s): -93 
Notes: 
Summer surface: slightly dirty at 2.83 m; many melt crusts 2.34-2.83 m 
Average snow depth: 2.85 m 
Sample cross-sectional area: 41.05 cm2 

Snow Temperature 
Depth Value 



Table D6. Snow pit: 8 km site, 9/13/76, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,.. meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (S) (g1cm3) (mw> (cm) (‘"7 
0 25 270 0.26 0.07 10 -3.0 

Notes: Average: .45 Total b(s): .51 
Summer surface: dirt at 0.25 m--1976 summer surface; 

very dirty at 1 .I 5 m--1975 summer surface 
Average snow depth: 0.25 m 
Sample cross-sectional area: 41.05 cmZ 

Table D7. Snow pit: 8 km site, 3/19/77, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; glcm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (g/cm3) ( m ~ )  (cm) (9 
0 40 335 0.20 0.08 0 -12.0 

Average: -40 Total b(s): 1.42 
Notes: 
Summer surface: slight dirt at 3.89 m, iced firn below 
Average snow depth: 3.87 m 
Sample cross-sectional area: 41.05 cm2 



Table D8. Snow pit: 8 km site, 8/23/77, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,,, meters of water equivalent; glcm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (9/cm3) (mvd (cm) ("c) 
0 40 380 0.23 0.09 0 -0.5 

40 82 565 .33 . I4 10 -4.0 
30 -2.0 

Average: .28 Total b(s): .23 60 -1 .O 
Notes: 82 -0.5 
Summer surface: dirt at 0.82 m; very hard firn below 
Average snow depth: 0.78 m 
Sample cross-sectional area: 41.05 cm2 

Table D9. Snow pit: 8 km site, 3/22/78, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; 'C, degrees Celsius; cmz, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water 
(cm) mass equivalent 

Top Bottom (9) (glcm3) (We) 
0 40 325 0.20 0.08 

40 80 565 .34 . I4 
80 120 625 .38 . I5 
120 160 605 .37 - . I5  
160 200 71 5 .44 . I7 
200 228 525 .46 .13 

Average: .36 Total b(s): .82 
Notes: 
Summer surface: medium dirt layer at 2.28 m, refrozen firn below 
Average snow depth: 2.28 m 
Sample cross-sectional area: 41.05 cm2 

Snow Temperature 
Depth Value 



Table D10. Snow pit: 8.7 km site, 10127173, Black Rapids Glacier 

I See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; glcm', 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (g/cm? ( m ~ )  (cm) ("c) 
0 40 320 0.19 0.08 0 -8.8 

40 79 475 .30 .12 10 -12.0 
79 103 455 .46 .I 1 3 0 -9.2 
103 142 790 .49 .19 60 -5.3 

100 -3.0 
Average: .35 Total b(s): -50 150 -1.8 

Notes: 
Summer surface: 1973 summer surface at 0.79 m--dirt layer; 

1972 summer surface at 1.03 m--dirt layer; 
1971 summer surface at 1.42 m--slight dirt and crystal change 

Average snow depth: 0.79 m 
Sample cross-sectional area: 41.05 cm2 

Table D l  1. Snow pit: 14 km site, 3/1/75, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cmZ, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

TOP Bottom (9) (s/cm3) (mw> (cm) TC> 
0 40 350 0.21 0.09 0 -18.5 

40 8 0 480 .29 .12 10 -1 9.0 
80 . 120 585 .36 -14 30 -1 5.5 
120 160 625 .38 .15 60 -1 1.8 
160 200 725 .44 .18 100 -1 0.0 
200 21 4 21 0 .37 .05 150 -8.0 

200 -7.5 
Average: .34 Total b(s): .72 21 4 -5.5 

Notes: 
Summer surface: ice 
Average snow depth: 2.26 m 
Sample cross sectional area: 41.05 cm2 



Table D12. Snow pit: 14 km site, 3/28/79, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; &, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (g/cm3) ( m ~ )  (cm) ("c) 
0 40 31 5 0.19 0.08 0 -25.0 

40 8 0 470 .29 .I 1 10 -20.0 
80 120 550 .33 . I3  30 -1 4.0 
120 160 640 .39 .16 60 -10.5 
160 190 51 5 .42 .I 3 100 -9.5 
190 21 1 360 .42 .09 150 -8.0 

21 1 -7.0 
Average: .33 Total b(s): .69 

Notes: 
Summer surface: ice 
Average snow depth: 2.08 m 
Sam~ le  cross sectional area: 41.05 cm2 

Table D l  3. Snow pit: 14 km site, 3/25/80, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; glcm' 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value . , 

Top Bottom (9) (g/cm3) @he) (cm) PC) 
0 40 300 0.18' 0.07 10 -1 5.3 

Average: .32 Total b(s): .66 
Notes: 
Summer surface: ice 
Average snow depth: 2.90 m 
Sample cross sectional area: 41.05 cm2 



Table D14. Snow pit: 14 km site, 4/22/83, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m.,,,, meters of water equivalent; glcm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, rn, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (gIcm3 (mwe) (cm) ("c) 
0 40 375 0.23 0.09 0 -0.5 

40 80 52 5 .32 .13 10 -1.5 
80 120 680 .41 .17 30 -6.0 
120 160 665 .40 .16 60 -7.2 
160 205 760 .41 . I9 100 -7.2 

150 -6.7 
Average: -36 Total b(s): .73 21 0 -5.5 

Notes: 
Summer surface: ice 
Average snow depth: 2.29 m 
Sam~le cross sectional area: 41.05 cm2 

Table D15. Snow pit: 14 km site, 4/4/86, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square Centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (g/cm? (mw4 (cm) ("c) 
0 40 385 0.23 0.09 0 -10.5 

40 80 525 .32- .13 10 -21.1 
80 120 665 .40 .16 30 -1 6.7 
120 160 765 .47 .19 60 -1 4.0 
160 200 620 .38 .15 100 -1 1.5 . 
200 226 505 .47 . I 2  150 -10.0 

200 -7.2 
Average: .37 Total b(s): .84 226 -6.5 

Notes: 
Summer surface: ice 
Average snow depth: 2.09 m 
Sample cross-sectional area: 41.05 cm2 



Table D16. Snow pit: 19 km site, 4/3/73, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; 'C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (S) (g/cm3) (mw=) (cm) ("c) 
0 40 475 0.29 0.12 0 0.0 
40 8 0 540 .33 .I 3 10 -1 2.0 
80 I I6 505 .34 .I2 30 -9.6 

60 -7.6 
Average: .32 Total b(s): .37 100 -6.8 

Notes: 116 -6.8 
Summer surface: ice 
Average snow depth: 1.22 m 
Sample cross-sectional area: 41.05 cm2 

Table 017. Snow pit: 19 km site, 3/28/74, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,., meters of water equivalent; g/cma, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, rn, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (g/cm3) (mwd (cm) ("'3 
0 15 100 0.26 0.04 0 -9.6 

Average: .29 Total b(s): .26 
Notes: 
Summer surface: ice 
Average snow depth: 0.90 m 
Sample cross-sectional area: 25.5 cm2 



Table D18. Snow pit: 26 km site, 3/3/75, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (!J/cm3) ( m ~ )  (cm) 
0 

("C) 
40 475 0.29 0.12 0 -13.5 

40 80 51 5 .31 -13 10 -1 5.0 
80 121 565 .34 .14 30 -14.0 

60 -10.0 
Average: .31 Total b(s): .38 121 -6.5 

Notes: 
Summer surface: ice 
Average snow depth: 1.59 m 
Sample cross-sectional area: 41.05 cm2 

Table 019. Snow pit: 32 km site, 4/4/73, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,., meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
Icml mass eauivalent D e ~ t h  Value 
1 ,  

Top Bottom (9) (g/cm3) ( m ~ )  (cm) ("c) 
0 40 490 0.30 0.12 0 -5.4 

40 8 3 625 .35 .15 10 -5.2 
30 -6.9 

Average: .33 Total b(s): .27 60 -6.8 
Notes: 
Summer surface: ice 
Average snow depth: 0.67 m 
Sample cross-sectional area: 41.05 cm2 



Table D20. Snow pit: 32 km site, 3/26/76, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (S) (g/cm3) h e )  (cm> ("c) 
0 40 240 0.1 5 0.06 0 -1 6.0 

40 80 530 .32 .I 3 I 0  -1 2.0 
80 114 495 .35 . I2 30 -1 0.5 

60 -9.5 
Average: .27 Total b(s): .31 100 -7.0 

Notes: 126 -6.0 
Summer surface: ice 
Average snow depth: 1.42 m 
Sample cross-sectional area: 41.05 cm2 

Table 021. Snow pit: 32 km site, 3/14/77, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water Snow Temperature 
(cm) mass equivalent Depth Value 

Top Bottom (9) (g/cm3) (m~e) (cm) ("c> 
0 40 475 0.29 0.12 0 -5.0 

40 80 620 .38 . I5 10 -9.0 
80 120 61 0 .37- .15 3 0 -1 0.0 
120 168 735 .37 . I8 6 0 -9.0 

100 -6.0 
Average: .35 Total b(s): .59 168 -4.0 

Notes: 
Summer surface: ice 
Average snow depth: 2.05 m 
sample cross-sectional area: 41.05 cm2 



Table 022. Snow pit: 32 km site, 4/20/83, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cm2, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Densitv Water Snow Tem~erature 
- 

(cm) mass equivalent Depth Value 
Top Bottom (9) (g/cm3) oh=) (cm) ("(7 

4 0 8 0 575 .35 .14 10 -2.0 
80 120 585 .36 . I4  3 0 -4.0 
120 157 600 .40 . I 5  6 0 -4.0 

100 -4.0 
Average: .32 Total b(s): .51 157 -3.5 

Notes: 
Summer surface: ice 
Average snow depth: 1.63 m 
Sample cross-sectional area: 41.05 cm2 

Table D23. Snow pit: 32 km site, 3/18/84, Black Rapids Glacier 

[ See Appendix D text for explanation of methods and terminology. cm, centimeter; g, grams; m,, meters of water equivalent; g/cm3, 
grams per cubic centimeter; "C, degrees Celsius; cmZ, square centimeters, m, meters, b(s), snow balance.] 

Sample depth range Sample Density Water 
(em> mass equivalent 

Top Bottom (9) (g/cm3) (mw3 
0 4 0 550 0.33 0.13 
40 80 51 0 .31. . I 2  
80 120 505 .31 . I2  
120 139 500 .64 . I 2  

Average: .36 Total b(s): .50 
Notes: 
Summer surface: ice 
Average snow depth: 1.34 m 
Sample cross-sectional area: 41.05 cm2 

Snow Temperature 
Depth Value 



APPENDIX E 

Summer Surface Temperature Estimates 



Appendix E. Summer surface temperature estimates 

The summer surface temperature used to estimate internal accumulation at a site was mea- 
sured occasionally. However, in most cases it had to be estimated from observations at other sites 
on Black Rapids Glacier or from unpublished observations at Gulkana Glacier. Gulkana Glacier is 
60 km southeast of Black Rapids Glacier (fig. 1) and has been monitored since 1960, which is 
before the inception of the Black Rapids monitoring program. For some years, unpublished snow 
pit data from Gulkana Glacier were used to estimate Black Rapids summer surface temperatures. 
The following summer surface temperature estimation techniques are used: If more than one sum- 
mer surface temperature was measured at Black Rapids Glacier, the missing values are calculated 
from a regression line through the data measured there. This technique was used in 1974, 1975, 
1976, 1977, and 1983. If only one summer surface temperature was measured at Black Rapids 
Glacier and two or more measured at Gulkana Glacier, the temperature gradient with altitude cal- 
culated with a regression of the Gulkana data is used to extrapolate the single Black Rapids tem- 
perature measurement to the altitudes of the observation sites. This was done with data for 1973, 
1978, and 1984. If only one summer surface measurement was made at both Black Rapids and 
Gulkana, then the summer surface temperature measured at Black Rapids is extrapolated in alti- 
tude using the average observed gradient at Black Rapids Glacier (0.89 degrees/1,000 m). This 
was used in 1979, 1980, 1986. If no pits were dug at Black Rapids and only one at Gulkana, the 
average difference between the two glaciers' summer surface temperature at the same altitude 
(1.4"C) is used to extrapolate the observed Gulkana temperature to Black Rapids, and the average 
gradient is used to extrapolate it with altitude (1981, 1982, 1985, 1987, 1988, 1990, 1992.) And 
finally, if no pits were dug at either glacier, the average of all observed and calculated tempera- 
tures at a site is used for the summer surface temperature (1989, 1991). 



Table El. Summer surface temperatures and internal accumulation, Black Rapids Glacier 

[The summer surface temperature is used to calculate internal accumulation, b(k). In the "Site" column, the Gulkana Glacier 
(Alaska, 63" I S  N, 145" 25' W) sites are as follows: Gulkana A is at 1390 meters altitude in the ablation zone. Gukana B is at 1660 
meters, near the equilibrium line. 'Gulkana D is at 1830 meters in the accumulation area. "C, degree Celsius; ---, no data or not 
applicable.] 

Date Site Summer surface temperature Internal accumulation 
("C) (meters of watertyear) 

Obselved Estimated 

L19 km --- -6.9 0.27 .............................................................................................................................................................................. 
3130181 Gulkana B -4.2 --- --- 

L19 km --- -5.6 0.21 .............................................................................................................................................................................. 
3/27/82 Gulkana B -5.0 --- -- 



Table El. Summer surface temperature and internal accumualtion-continued 

Date Site Summer surface temperature Internal accumulation 
("C) (meters of waterlyear) 

Observed Estimated 

3/23/85 Gulkana A -6.5 --- - 
4km --- -8.5 0.33 

4km -- -7.2 0.27 
8km --- -7 1 0 27 .............................................................................................................................................................................. 

3/24/87 Gulkana A -5.6 --- --- 
8 km --- -7.5 0.29 .............................................................................................................................................................................. 

411 6/88 Gulkana B -4.0 --- -- 
8km --- -5.9 0.23 .............................................................................................................................................................................. 

4 1  9/89 8km --- . --- 0.26 .............................................................................................................................................................................. 
5/06/90 Gulkana D -4.8 --- - 

8 km --- -6.7 0.26 .............................................................................................................................................................................. 
5/01/91 8 km --- --- 0.26 .............................................................................................................................................................................. 
3/26/92 Gulkana D -4.6 --- - 
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