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Mass Balance, Meteorological, Ice Motion, Surface
Altitude, and Runoff Data at Gulkana Glacier, Alaska,
1994 Balance Year

by Rod S. March

Abstract

The 1994 measured winter snow, maximum winter snow, net, and annual balances in th
kana Glacier basin were evaluated on the basis of meteorological, hydrological, and glaciol
data obtained in the basin. Averaged over the glacier, the measured winter snow balance w
meters on April 29, 1994, 0.9 standard deviation above the long-term average; the maximum
ter snow balance, 1.43 meters, was reached on April 18, 1994; the net balance (from Septem
1993 to September 17, 1994) was -0.72 meter, 0.7 standard deviation below the long-term av
The annual balance (October 1, 1992, to September 30, 1993) was -0.88 meter. Ice-surface
and altitude changes measured at three index sites document seasonal ice speed and glac
ness changes. Annual stream runoff was 1.93 meters averaged over the basin, approximate
to the long-term average.

INTRODUCTION

The U.S. Geological Survey (USGS) operates a long-term program to monitor climate
cier motion, mass balance, and stream runoff to understand glacier-related hydrologic pro
and improve the quantitative prediction of water resources, glacier-related hazards, and the
quences of global change (Fountain and others, 1997). The approach has been to establis
term mass balance monitoring programs at three widely spaced glacier basins in the United
that clearly sample different climate-glacier-runoff regimes. Gulkana Glacier is one of three
term, high-quality mass balance monitoring sites operated by the USGS. The other monitorin
are Wolverine Glacier in southcentral Alaska and South Cascade Glacier in Washington
report contains the mass balance, meteorological, ice motion, surface altitude, and basin
measurements made in the Gulkana Glacier basin that were used to define the values for th
hydrologic year (October 1 to September 30) and balance year (see “Measurement System a
minology” section) (in several cases this means reporting measurements made during the 1
1995 hydrologic years).

Measurements began on Gulkana Glacier during the early 1960’s with the Universi
Alaska Gulkana Glacier Project (Péwé and Reger, 1983). For several years this project me
the energy budget, mass balance, meteorology, foliation, flow, and glacier bottom topog
(from gravity anomalies) at Gulkana Glacier. In 1966, a continuing series of meteorological,
and ice balance, and runoff measurements was begun by the USGS as part of the United Sta
tribution to the International Hydrologic Decade study of mass balances on selected gla
Detailed results from 1966 and 1967 are reported by Meier and others (1971) and Tangbo
others (1977), respectively. Measured winter snow balance and annual balance from 1966
INTRODUCTION 1
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reported by Meier and others (1980). Balance studies were relatively intensive until the
1970’s, after which spatial sampling was reduced to three sites used as indexes for mass b
Measurements at the three remaining sites were expanded to include ice-motion and surfa
tude observations (for determining glacier-volume change) in addition to the balance, runof
meteorological observations already in progress. Since 1966, part of the Gulkana data set (n
ance, accumulation, ablation, accumulation area ratio (AAR), and equilibrium line altitude (E
has been published by the World Glacier Monitoring Service (Kasser, 1967; Muller, 1977;
berli, 1985; Haeberli and Müller, 1988; Haeberli and Hoelzle, 1993). Index-site glacier-surfac
summer-surface altitudes, measured winter balance, and net firn and ice balance from 1975
are reported by Mayo and Trabant (1986). Data for 1992 and 1993 similar to those presente
were published by March and Trabant (1996, 1997).

A limited portion of the glacier data (annual values of balance, temperature, and runof
the period of record is available on the Internet by linking to the USGS Water Resources of A
home page (http://www-water-ak.usgs.gov)1. Follow the links to "Glaciers" and "Benchmark Gla
ciers."

The Gulkana record (29 years of balance data, 28 years of meteorology data) is appro
the 30-year length-of-record criterion (generally considered necessary to provide reasonable
tics) used in the selection of stations for international exchange through the Global Telecom
cations Service (GTS) for global climate monitoring (Karl and others, 1989). Interpretation
regional climate-glacier relations using the Gulkana data include papers by Fahl (1973), by W
and Meier (1989), and by Letréguilly and Reynaud (1989).

Description of the Gulkana Glacier Basin and its Climate

Gulkana Glacier (figs. 1 and 2) (lat 63°16' N., long 145°25' W.) is a compound valley gla
fed from several cirques on the south flank of the eastern Alaska Range. The area-altitude
butions of the glacier and basin were defined for the 1967 balance analysis (table 1; fig. 3) (
born and others, 1977) and have not been updated. These values were defined on the bas
examination of the 1:63,360 scale USGS topographic maps, Mt. Hayes A-3 and B-3, the or
1954 vertical mapping photography, and more recent oblique aerial photography (dates unk
by Austin Post and Larry Mayo. The 1967 area values are used throughout this report, thoug
are in need of updating. The lower glacier thinned and retreated slightly from 1960 to 1973
from 1973 to 1983 (Mayo and Trabant, 1986). Since 1983, the lower glacier has continued t
about 1 m/yr and has probably been accompanied by minor terminus retreat. Cumulative th
at site A of about 20 meters has occurred since 1973 when the first altitude measurement
made as part of this study. Updating the glacier area and its distribution is not expected to al
results in this report significantly, but may be important for cumulative analysis of Gulkana Gla
data.

1Because of the rapidly evolving nature of the Internet, it is recognized that the Internet references in this
may change. In that event, the reader may alternatively find the information referenced by starting higher in the I
hierarchy of the USGS either at the Water Resources homepage (http://water.usgs.gov) or at the USGS homepage
(http://www.usgs.gov).
2 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
Gulkana Glacier, Alaska, 1994 Balance Year
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In 1967, the 31.6-km2 basin was 70 percent covered by perennial snow and ice. Gulkana
cier is the largest glacier in the basin, covering 19.32 km2 in 1967. The basin also contains Pegm
tite Glacier (fig. 1), three small unnamed glaciers, and perennial snow and ice patches tha
total area of 2.9 km2 in 1967. The accumulation region of Gulkana Glacier consists of four adja
cirques with east, south, and west exposures and reaches as high as 2,470 m altitude. Th
glaciers converge, forming a south-southwest-flowing ablation area with a terminus lightly
ered with rock debris (fig. 2) at 1,160 m altitude. Slightly contorted moraines suggest that Gu
Glacier has surged (see cover photo). However, no flow instabilities have been detected sin
entific investigation began in the early 1960's. Gulkana Glacier has been in general recessio
the culmination of its last advance around the turn of the century (Péwé and Reger, 1983). Th
recession since then has been about 3 km.

Base map, including glacier contours and boundary, from Tangborn and others, 1977.

Figure 1. Gulkana Glacier basin, Alaska.
INTRODUCTION 3



Phelan Creek drains the Gulkana Glacier basin and flows into the Delta River, which is a trib-
utary of the Tanana River, and finally into the Yukon River north of the Alaska Range. In the past,
Phelan Creek occasionally drained into Summit Lake at the head of the Gulkana and Copper Riv-
ers. The alternating drainage was diverted into the Yukon River basin when the Richardson High-
way was constructed in 1923. 

The mean ELA is near 1,760 m, which is consistent with a continental mountain climate. The
mean annual air temperature near the ELA is about -6°C, lapsed from the recorder site using the
wet adiabatic rate of -6.6°C per 1,000 m. The mean annual air temperature at the recorder site at
1,480 m altitude is about -4°C, and the average annual precipitation-gage catch is about 1 m. Daily
mean temperatures range from a low of -35°C to a high of 15°C. The average annual basin runoff
for water years 1967-78 and 1989-94 is 1.91 m.

Figure 2.  Composite vertical photograph of Gulkana Glacier and its basin, showing measurement
sites, stream-gaging station, weather station, and basin boundary, July 11, 1993 (photographs
Gulkana Gl 1 No. 5 and Gulkana Gl 2 No. 4 by AeroMap U.S., Inc.). A, B, and D are primary mea-
surement sites for mass balance, ice motion, and surface altitude.
4 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at 
Gulkana Glacier, Alaska, 1994 Balance Year
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Table 1. Area-altitude distribution of Gulkana Glacier and Gulkana Glacier basin by 100-meter
altitude intervals as defined for the 1967 balance analysis (Tangborn and others, 1977). Site alti-
tudes, in meters, are approximate averages for 1994
[m, meters; km2, square kilometers; %, percent]

Measurement System and Terminology

Seasonal monitoring on Gulkana Glacier consists of three basic measurements: surfac
balance, ice velocity, and surface altitude. These measurements are made repeatedly at thr
locations on Gulkana Glacier, referred to as the “index sites” (labeled A, B, and D on figs. 1 an
Balance-motion stakes maintained near each index site support the long-term data collectio

The combined mass balance system of measurement and reporting terminology (May
others, 1972) is adhered to in this report, with the addition of internal accumulation (Traban
Mayo, 1985) and internal ablation (March and Trabant, 1997). The combined mass balance s
is based on balance measurements relative to time-transgressive stratigraphic horizons (s
surfaces) and evaluation of adjustment quantities for determining the maximum winter balanc
balance, and fixed-date annual balance. Both net (stratigraphic) and annual (fixed-date) ba
are derived from field measurements. The balance year used for the net mass balance is the
between the minimum glacier-wide mass balance in one year and the minimum glacier-wide
balance the following year. Thus, the net balance has a beginning and ending date. To calc

Non- Total Gulkana Other

Sub-areas of glacier
represented

by index sites:
Altitude Average Basin glacier glacier Glacier glacier Site A Site B Site D
interval altitude area area area area area 1370 1683 1835

(m) (m) (km2) (km2) (km2) (km2) (km2) (km2) (km2) (km2)
1,161 - 1,200 1,181 0.84 0.72 0.12 0.12 0.12
1,200 - 1,300 1,250 1.48 0.96 0.52 0.52 0.52
1,300 - 1,400 1,350 1.92 0.72 1.20 1.20 1.20
1,400 - 1,500 1,450 2.68 1.04 1.64 1.56 0.08 1.56
1,500 - 1,600 1,550 2.44 0.72 1.72 1.36 0.36 0.36 1.00
1,600 - 1,700 1,650 3.68 0.92 2.76 2.12 0.64 2.12
1,700 - 1,800 1,750 4.00 1.08 2.92 2.04 0.88 1.20 0.84
1,800 - 1,900 1,850 4.28 1.00 3.28 2.72 0.56 2.72
1,900 - 2,000 1,950 4.32 1.04 3.28 2.92 0.36 2.92
2,000 - 2,100 2,050 2.72 0.40 2.32 2.28 0.04 2.28
2,100 - 2,200 2,150 1.92 0.48 1.44 1.44 1.44
2,200 - 2,300 2,250 1.04 0.24 0.80 0.80 0.80
2,300 - 2,400 2,350 0.24 0.04 0.20 0.20 0.20
2,400 - 2,473 2,437 0.04 0.04 0.04 0.04

Total area = 31.60 9.36 22.24 19.32 2.92 3.76 4.32 11.24
Average altitude, in m = 1,748 1,647 1,790 1,797 1,743 1,391 1,655 1,987

Upper altitude limit of zone, in m = 1,527 1,759 2,473
Lower altitude limit of zone, in m = 1,161 1,527 1,759
Fraction of Gulkana Glacier area = 19.5% 22.4% 58.1%

Fraction of basin area = 100% 30% 70% 61% 9%
INTRODUCTION 5
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true net balance it is necessary to run a simple balance model (explained later) to extrapola
the nearest measurement to the time and value of the glacier-averaged net balance. In gen
balances reported in the literature are approximations in which the net balance is determined
difference between successive balance minimums for each measurement location on the
and then combined as if the balance minimum occurred synchronously over the whole glac
most years, the balance minimum occurs at different times on different parts of the glacier (e
high on the glacier and later low on the glacier). Thus, an area integration of the local balance
imums yields a pseudo area-averaged balance that is not clearly defined with regard to tim
does not represent the actual balance on the glacier at any moment.

The hydrologic year (HY), which is the period used for the annual (fixed-date) mass bala
is the interval between October 1 and the end of the following September. It is designated
calendar year in which it ends. The hydrologic year coincides with the “water year” used for
lishing USGS hydrologic data. The temporal relations of the quantities defined and used fo
lyzing the index-site and glacier-averaged 1994 mass balances are illustrated in figures 4 a
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Figure 3. Area-altitude distribution of Gulkana Glacier in 1967. (Shown are altitudes of index sites,
the weather station (air temperature and precipitation gage), the mean equilibrium line altitude,
and mean glacier altitude.)
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All balance, precipitation, and runoff values are reported in meters of water equivalent.
sity values are reported in kilograms per liter and thus are numerically equivalent to the un
relative density (the decimal fraction of the density of water). The density of water is assum
be 1,000 kg/m3 or 1 kg/L and the relative density of glacier ice is assumed to be 0.9.

All locations are reported in local metric coordinates, with the positive Y-axis approxima
true north. Altitude is in meters above the National Geodetic Vertical Datum of 1929. Horizo
locations are defined in a local sea-level-scale network that may be converted to Universal
verse Mercator (UTM) zone 6 coordinates North American Datum 1983 by:

UTM Easting = XL + 575,000 m (1)

UTM Northing = YL + 7,011,000 m (2)

Figure 4. Time distribution of index-site mass balances for Gulkana Glacier, 1994 hydrologic year.
(Solid circles are measured values; open circles are estimated values. Seasonal maximum bal-
ances occurred during mid-April. b0(s), initial snow balance at site; bm(s), measured winter snow
balance at site; bn, net balance at site; bw(s), maximum winter snow balance at site. Site altitudes
are approximate long-term averages rounded to the nearest 10 m.)

k

k

- 4.5

- 4.0

- 3.5

- 3.0

- 2.5

- 2.0

- 1.5

- 1.0

- 0.5

0.0

0.5

1.0

1.5

2.0

2.5

M
A

S
S

B
A

LA
N

C
E

,I
N

M
E

T
E

R
S

W
A

T
E

R
E

Q
U

IV
A

LE
N

T

b n

SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT
| 1994 HYDROLOGIC YEAR |

S i te A , ~13 70 m .

S i te B , ~16 90 m .

S i te D , ~18 4 0 m .

SNOW

OLD FIRN OR ICE

b m (s)

b w (s)
b o (s)

LA TE S N OW

LA TE S N OW

LA TE S NOW

b n

b n

b w (s)
INTRODUCTION 7



factor

system
ctors
whereXL andYL are local sea-level coordinates in meters and is the mean horizontal scale
between the UTM plane and sea level.

The scale factor,k, at a point is a variable defined by:

(3)

whereE is the UTM Easting of the point and the trigonometric function is evaluated in grad.

The mean scale factor used in equations 1 and 2 to convert between the local sea-level
coordinates and UTM coordinates is the mean value of the nonlinear distribution of scale fa
between the local sea-level system origin and an observation point.E is approximated by the sum
of the UTM Easting of the local system origin (575,000 m) andXL.
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Figure 5. Time distribution of glacier-averaged mass balance of Gulkana Glacier, 1994 hydro-
logic year. (The initial balance, b0(s), is the change in balance between the balance minimum
that defines the beginning of the net balance year and the beginning of the hydrologic year (1
October). The measured winter snow balance, bm(s), is the snow above the previous summer
surface measured directly in the field near the time of the maximum winter snow balance, bw(s).
bn, net balance; ba, annual balance. Solid circles are measured values; open circles are estimat-
ed values. Symbols with a bar over them indicate the average value over the whole glacier.)
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(4)

The mean scale factor is estimated using Simpson’s 1/3 rule (Cheney and Kincaid, 198

(5)

Equation 5 is accurate within about 0.1 part per million of equations from U.S. Departm
of the Army and the Air Force (1951, specifically see page 219 and appendixes IV and V)
hence yields results accurate at the centimeter level.

1994 DATA COLLECTION

The temporal distribution of the data used to analyze the 1994 mass balance is sho
table 2.
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Table 2. Data-collection summary for the 1994 hydrologic year analysis (the locations of the sta-
tions are shown on figure 1)
[ , continuous record; , estimated record;•, occasional/discrete measurement]

1 Altitudes are approximate long-term averages rounded to the nearest 10 m

Approximate 1994 Hydrologic Year 1995 Hydrologic Year

Station Altitude1 Measurement 1993 Calendar Year 1994 Calendar Year 1995 Calendar Year

(meters) Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr.

Phelan Creek Streamflow

Gaging
Station

1140
Discharge Meas.

Mass Balance

Site A 1370 Surface Motion

Surface Altitude

Weather 1480 Air Temperature

Station Precipitation

Mass Balance

Site B 1690 Surface Motion

Surface Altitude

Mass Balance

Site D 1840 Surface Motion

Surface Altitude
1994 DATA COLLECTION 9
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Field Visits

Four field visits to the Gulkana Glacier basin between late September 1993 and late
1995 (table 2) were used to collect the data necessary to evaluate the 1994 glacier mass b
motion, and surface altitudes and to service and calibrate recorders. Generally the trips are
to define the mass balance maximums and minimums, usually during a spring
(March/April/May) and a late-summer/early-fall trip (September/October), respectively. In a
tion to measuring the near-maximum balance, observations during the spring add redunda
the previous fall measurements of the height of the summer surface on stakes, and hence su
regular assessment of errors in balance calculations made on the basis of stake readings.

Recorded Variables

Air temperature, precipitation-gage catch, and stream-runoff data are recorded continu
Runoff data are not recorded after Phelan Creek freezes over in the early fall, and runoff m
estimated for the winter. The data sets are truncated to the hydrologic year, October 1 to Sep
30. Periods of good recorder data are shown in table 2.

Air Temperature

Air temperature is recorded by an analog recorder at 1,480 m altitude on the eastern ice
moraine of Gulkana Glacier (weather station, figs. 1 and 2). The air temperature sensor, data
tion methodology, and data accuracy are described in detail by Kennedy and others (1997
sensor is a copper-finned, 20-x-300-mm, liquid-filled sensor designed for use in water. It has a
response time in air that makes it good for determining daily average temperature, but po
daily maximum and minimum temperatures that have not been extracted from the record. Th
sor is housed in a small white shelter with slatted walls and an open bottom, 1.5 to 2.0 m abo
ground. Snow accumulation is minimal at the site, so the height above the ground is not s
cantly reduced during the winter. A glass thermometer with one- or two-tenths graduations is
several times a year to make calibration measurements. The daily mean temperatures re
(fig. 6, table 3) have an accuracy of about±1.0°C (Kennedy and others, 1997). Following th
National Climatic Data Center convention (1996), monthly mean temperatures are calculat
months with nine or fewer missing daily values.

The annual average temperature for 1994 was -2.9°C, 0.8 standard deviation above th
term average (1968-91, 1993-94) of -3.9°C. The winter average temperature from Septem
1993, to May 15, 1994, was -7.0°C, about 0.7 standard deviation above the long-term averag
summer average temperature from May 16, 1994, to August 30, 1994, was 6.5°C, about 1.
dard deviations above the long-term average. The winter and summer periods are chosen to
spond with the average maximum and minimum glacier-averaged balances to the neare
month.
10 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
Gulkana Glacier, Alaska, 1994 Balance Year



Figure 6. Daily mean air temperature recorded at 1,480 meters altitude in the Gulkana Glacier
basin, 1994 hydrologic year.

Table 3. Daily, monthly, and annual average air temperatures from the recording gage at 1,480
meters altitude, 1994 hydrologic year
[Values in degrees Celsius]

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 
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1993 1994
Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept

1 - 0.1 - 8.8 - 6.0 -11.6 - 1.1 - 6.6 0.8 0.1 3.6 10.5 11.7 3.6
2 - 3.3 -10.3 - 8.1 - 8.0 - 1.0 - 6.8 - 0.3 2.5 3.4 9.5 12.1 2.1
3 - 6.1 - 9.2 -14.5 -10.0 - 2.6 -12.8 0.0 - 0.8 3.2 6.2 9.8 3.6
4 - 2.9 - 4.4 -17.4 -13.9 - 7.0 -16.9 - 1.6 - 4.2 4.7 3.1 12.5 3.5
5 - 2.3 - 1.2 - 6.2 -13.0 -10.5 -19.3 - 1.8 0.4 3.9 3.0 15.0 1.7
6 4.1 - 2.4 - 5.1 -15.1 -12.0 -13.3 - 2.4 - 0.8 4.2 3.6 14.4 0.2
7 5.1 - 3.9 -12.7 -20.4 -10.7 - 5.7 - 2.6 - 0.6 0.3 4.3 14.8 3.3
8 2.5 - 5.7 -14.3 -24.9 -12.1 - 3.4 - 4.4 - 1.8 3.8 7.6 11.8 2.4
9 0.8 - 5.0 -11.2 -21.2 -14.1 - 4.7 - 3.5 1.4 6.7 7.8 14.3 0.4

10 - 0.1 - 7.7 -10.6 -16.0 -17.6 - 5.5 - 5.9 1.8 7.4 7.7 11.7 0.2
11 - 3.0 - 9.3 -10.2 -13.0 -20.2 - 5.7 - 4.3 4.5 7.1 10.7 11.5 0.4
12 - 2.6 - 8.2 - 9.6 -10.4 -21.4 - 4.0 - 5.6 2.1 9.9 10.9 9.2 0.0
13 - 1.4 - 6.2 -13.8 -10.1 -22.3 - 7.3 - 5.4 3.8 11.7 10.5 5.3 - 1.3
14 - 1.1 - 9.4 -12.0 -11.1 -19.3 - 5.3 - 6.8 3.3 12.7 9.3 7.3 3.3
15 - 3.0 -14.1 - 6.8 -15.1 -14.2 - 5.9 - 9.4 3.5 10.8 8.7 10.5 3.1
16 - 2.9 -15.3 - 6.1 -12.9 -15.6 -11.0 -13.2 5.3 5.6 8.6 12.1 2.6
17 - 4.2 -17.3 - 6.5 -11.0 -14.9 -19.2 -10.9 4.6 6.3 6.0 12.2 2.4
18 - 8.0 -12.2 - 5.5 -11.2 -20.8 -20.7 - 2.7 3.0 3.5 5.8 10.5 1.4
19 - 6.7 -22.8 - 7.6 -12.0 -24.7 -21.1 0.3 1.8 3.1 5.5 9.0 - 1.3
20 - 7.8 -24.6 - 9.6 -10.3 -26.4 -29.1 3.6 - 0.2 1.4 4.5 8.1 - 0.7
21 - 6.6 -12.7 - 8.3 -10.9 -24.7 -21.9 3.9 2.4 2.1 4.0 2.9 - 0.7
22 -10.3 - 7.4 - 5.3 - 9.6 -20.0 -13.5 4.1 3.6 4.5 6.4 1.1 - 0.8
23 -10.3 - 8.8 - 5.5 - 7.9 -18.6 - 9.1 4.1 3.8 6.6 7.4 0.3 - 6.2
24 - 8.0 - 7.5 - 6.8 - 4.6 -18.2 - 5.8 4.8 2.5 5.2 7.2 3.1 - 0.6
25 - 4.5 -13.4 - 9.5 - 5.7 -18.3 - 6.5 5.2 1.2 2.8 9.5 3.4 - 0.8
26 - 3.0 -11.5 - 7.9 - 7.3 -17.9 - 5.7 5.1 2.3 2.2 9.2 6.4 - 2.7
27 - 3.9 - 9.8 - 3.7 - 5.0 -16.2 - 9.8 4.0 3.4 3.2 7.4 7.0 - 3.8
28 - 4.3 -12.9 - 3.6 - 5.7 - 9.0 - 4.5 0.8 0.6 2.4 9.7 1.6 - 5.0
29 - 2.9 -14.4 - 4.3 - 2.6 0.5 1.0 3.7 3.3 10.9 3.4 - 4.8
30 - 4.9 - 9.3 - 6.7 0.7 - 0.7 - 2.2 2.4 6.8 13.0 5.6 - 5.9
31 - 6.4 -12.0 0.4 - 0.5 3.4 12.7 5.8

Monthly
Average - 3.5 -10.2 - 8.6 -10.6 -15.4 - 9.7 - 1.5 1.9 5.1 7.8 8.5 0.0

Annual Average Temperature = - 2.9
1994 DATA COLLECTION     11
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Precipitation Catch

Precipitation catch is recorded by an analog recorder connected to a storage-type pre
tion gage at the weather station (figs. 1 and 2). The gage, data-reduction methodology, an
accuracy have been described by Kennedy and others (1997). Briefly, the gage consists of
storage tank that tapers to a conical orifice, 0.305 m in diameter, 3 m above the ground. A mo
Nipher shield (Warnick, 1953) is installed around the orifice to improve the catch efficiency du
windy conditions.

Unfortunately, the precipitation-catch record for the 1994 hydrologic year shows eviden
fluid loss throughout the year. This could have been caused either by a fluid leak in the storag
or by evaporation, which is normally prevented by an oil film on the surface of the stored
freeze-water solution. Because the functioning of the gage returned to normal after replaci
oil film in the storage tank, it was concluded that the oil film was inadequate for all of the 1
hydrologic year. Thus, the record is considered unreliable and it is not included in this repor

To estimate balance increments between measured values, which is necessary to de
the maximum winter balance, net balance, and annual balance (see description of temporal
olations under the "Balance at Specific Sites" section), the precipitation record from the ne
National Weather Service station, Paxson (station 50709704), has been used. Paxson is lo
823 m altitude, about 20 km south of the Gulkana weather station. The Paxson record
included in this report but is available through the Utah Climate Center at http:/
mate.usu.edu/free/. The relation between the Gulkana and the Paxson precipitation has n
examined in detail, but Paxson appears to be drier than the Gulkana weather station site be
catches only about half as much precipitation annually (on the basis of data from 1975-8
1986-92). However, this may also be caused by a reduced catch efficiency of the Paxson
because it lacks a wind shield. The Pearson (conventional) correlation coefficient between G
and Paxson daily values of precipitation is 0.62 (1975-84 and 1986-92).

Runoff

Stream-gaging station No. 15478040, Phelan Creek near Paxson2, is part of the USGS gag-
ing-station network in Alaska. Data collection and analysis are conducted by standard tech
developed by the USGS and daily values of discharge are generally reported along with tho
the rest of Alaska in annual publications of the USGS Water-Data Report series (U.S. Geol
Survey, 1968-97). The historical daily values of streamflow for this station may be obtained
line through the Internet athttp://www-water-ak.usgs.gov; follow the links to surface-water data.

The gaging station is located at 1,125 m altitude, about 1 km downstream from the pr
glacier terminus (figs. 1 and 2). The creek bed is composed of typical ground-moraine ma
poorly sorted gravel and small boulders. The channel is subject to frequent changes durin
flows. Typical winter under-ice discharge is about 0.1 m3/s; typical summer discharge ranges fro
4 m3/s to 20 m3/s; the period-of-record peak discharge is 65 m3/s (Linn and others, 1994). The typ
ical minimum winter under-ice discharge is about 0.04 m3/s, which is about three to four times th
average contribution from the combined geothermal melt of the bed of the glacier and m
caused by the loss of potential energy from ice motion.

2Before October 1968, data for this station were published as "Gulkana Creek near Paxson."
12 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
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The instrumentation continuously records the stage, or level of water, in the creek. Discharge
measurements are made periodically to determine the relation between stage and discharge at dif-
ferent streamflows and to detect any shifts in the relation due to changes in the creek bed. Because
of the low frequency of discharge measurements, the poor quality of gage-height record, and the
changeable nature of the creek bed, the published discharge record is rated as "poor," meaning that
the records do not meet the criteria for "fair," which is defined as “about 95 percent of the daily
discharges are within 15 percent of the true value” (Linn and others, 1994). This formal rating
places no limit on the possible error but indicates that the standard error is greater than ±7.5 per-
cent. It is estimated that the standard error of the non-estimated and estimated daily discharge val-
ues at Phelan Creek are 10 and 20 percent, respectively (Richard Kemnitz, USGS, oral commun.,
1997). 

A period of high flow on August 4, 1994, apparently caused changes to the channel that
shifted the stage-discharge relation. Unfortunately, no discharge measurements were made after
this date to confirm the magnitude of the shift. Hence, the error for the remainder of 1994 after this
date is estimated to be higher than normal for this time of year at ±20 percent (Richard Kemnitz,
USGS, oral commun., 1997). 

The 1994 record was not reported with the rest of the 1994 Alaska water data in the USGS
Water-Data Report series (U.S. Geological Survey, 1968-97), although it is available electronically
from the Alaska Water Resources office (see address on back of title page of this report).

The 1994 daily mean discharge data were converted to runoff (fig. 7, table 4) by dividing the
discharge values by the basin area. The 1994 runoff from the basin was 1.93 m, approximately
equal to the period-of-record (1967-78, 1990-94) average.

Figure 7. Daily runoff from Phelan Creek near Paxson (USGS stream-gaging station 15478040),
and discharge measurements, expressed as runoff, used to define the stage-discharge relation,
1994 hydrologic year.
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Table 4. Daily mean runoff from the Gulkana Glacier basin, 1994 hydrologic year

[Values in millimeters, averaged over the basin; () indicates value estimated (see text for explanation)]

No continuous stage record is collected during the winter when Phelan Creek freezes
Runoff values are estimated for the ice period on the basis of air temperature, precipitatio
winter discharge measurements (September 28, 1993; April 17, 1994; April 27, 1994; and M
1994). The relation between estimated daily runoff and the winter discharge measurements
verted to daily runoff) for the current year and for the entire period of record is shown in figu
Because the discharge measurements are so sparse in any one year, display of these meas
for the entire period of record is useful to help gage the possible error in these estimates. The
of measured values over the entire period of record suggests that the standard error in the es
from October into early May is less than±0.2 mm/d, but then rapidly increases with the onset
the melt season in mid-May to about±5 mm/d by early June. The cumulative sum of winter es
mated runoff represents about 15 percent of the annual runoff.

1993 1994
Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept Annual

1 ( 1.5) ( 0.6) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.3) ( 4.3) 11.4 24.2 ( 9.3)
2 ( 1.5) ( 0.6) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.4) ( 4.6) 10.5 27.4 ( 8.5)
3 ( 1.4) ( 0.6) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.4) ( 5.0) 14.4 23.7 ( 7.7)
4 ( 1.4) ( 0.6) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.4) ( 5.8) 17.4 (31.0) ( 7.0)
5 ( 1.3) ( 0.6) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.4) ( 6.6) 15.2 42.7 ( 6.3)

6 ( 1.3) ( 0.6) ( 0.4) ( 0.3) 0.2 ( 0.2) ( 0.2) ( 0.5) ( 7.7) 10.7 26.1 ( 5.9)
7 ( 1.2) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.5) ( 5.8) 14.2 37.2 ( 5.4)
8 ( 1.2) 0.5 ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.6) ( 7.0) 11.5 29.0 ( 5.0)
9 ( 1.2) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.7) ( 8.5) 11.5 29.0 ( 4.6)

10 ( 1.2) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.9) (10.1) 13.7 27.9 ( 4.3)

11 ( 1.1) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 1.0) (11.6) 15.5 23.2 ( 4.0)
12 ( 1.1) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 1.2) (13.9) 20.7 19.6 ( 3.8)
13 ( 1.0) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 1.5) 17.2 29.3 16.2 ( 3.6)
14 ( 1.0) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 1.7) 20.8 31.9 20.3 ( 3.3)
15 ( 0.9) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 2.0) 23.9 31.9 21.9 ( 3.2)

16 ( 0.9) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 2.2) 19.3 25.5 18.4 ( 2.9)
17 ( 0.9) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 2.0) (12.4) 31.4 27.0 ( 2.8)
18 ( 0.9) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 1.9) (13.9) 26.9 24.7 ( 2.6)
19 ( 0.9) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 1.7) 15.6 19.9 25.6 ( 2.5)
20 ( 0.9) ( 0.5) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 1.5) 21.0 18.4 34.3 ( 2.3)

21 ( 0.9) ( 0.5) ( 0.3) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 2.2) 30.0 13.9 (23.2) ( 2.2)
22 ( 0.8) ( 0.5) ( 0.3) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 2.7) 32.1 15.2 (15.5) ( 2.1)
23 ( 0.8) ( 0.5) ( 0.3) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 2.9) 21.5 18.0 (11.6) ( 2.0)
24 ( 0.8) ( 0.5) ( 0.3) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 2.8) 17.1 18.0 (13.2) ( 1.9)
25 ( 0.8) ( 0.5) ( 0.3) ( 0.3) ( 0.2) ( 0.2) ( 0.3) ( 2.6) (12.4) 20.3 (13.9) ( 1.8)

26 ( 0.7) ( 0.5) ( 0.3) ( 0.3) ( 0.2) ( 0.2) ( 0.3) ( 3.1) (10.1) 27.7 (14.7) ( 1.7)
27 ( 0.7) ( 0.5) ( 0.3) ( 0.2) ( 0.2) 0.2 ( 0.3) ( 3.6) 10.0 19.9 (15.5) ( 1.6)
28 ( 0.7) ( 0.5) ( 0.3) ( 0.2) ( 0.2) ( 0.2) ( 0.3) ( 3.1) 10.0 15.8 (13.9) ( 1.5)
29 ( 0.7) ( 0.5) ( 0.3) ( 0.2) ( 0.2) ( 0.3) ( 3.3) 10.1 15.2 (12.4) ( 1.5)
30 ( 0.7) ( 0.4) ( 0.3) ( 0.2) ( 0.2) ( 0.3) ( 3.6) 10.5 19.1 (10.8) ( 1.4)
31 ( 0.6) ( 0.3) ( 0.2) ( 0.2) ( 3.9) 25.0 (10.1)

Total (31.0) (15.5) (11.3) ( 8.8) ( 5.6) ( 6.2) ( 6.6) (55.6) (398.8) 590.0 (684.2) (112.7) 1,926.3
Total of measured values 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 259.1 590.0 653.2 0.0 1,502.3
Total of estimated values (31.0) (15.5) (11.3) ( 8.8) ( 5.6) ( 6.2) ( 6.6) (55.6) (139.7) ( 0.0) (31.0) (112.7) (424.0)
Percent measured 0 0 0 0 0 0 0 0 65 100 95 0 78
14 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
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1994 MASS BALANCE EVALUATION

Mass Balance Measurement Errors

Mass balance analysis seeks relatively small net changes in a system where accumulat
ablation are large. Because of this, even small measurement errors can significantly chan
result, including the sign of the result. Furthermore, mass balance measurement errors are d
to treat analytically because of problems inherent in sampling and extrapolation. Uncertain
the mass balance determination at index sites (the sampling points) arise from a combination
uncertainties in determining stake measurements, snow and firn densities, snow depths, an
nal accumulation. Indeed, many errors must be estimated because the number of independe
ples is insufficient to warrant error analysis; for example, seldom are there more than two ba
motion stakes at an index site or more than one snow-density pit. The error introduced by e
olating from a few index-site values to glacier-wide and basin values is uncertain at this tim
independent assessment of long-term glacier-volume change by means of profile surveyin
photogrammetric mapping is in progress to assess this error and, if necessary, revise the alg
for extrapolating glacier-wide balance from index-site values. Error estimates are included
tabular data in this report.

Figure 8. Estimated daily runoff from Phelan Creek near Paxson for the 1994 hydrologic year
(USGS stream-gaging station 15478040), with measured values for both the 1994 hydrologic
year and the entire period of record (1967-94).
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Balance at Specific Sites

Measured winter snow balance, maximum winter snow balance, net mass balance, a
annual mass balance are determined at each index site using largely traditional methods (
and Brugman, 1991; and Østrem and Stanley, 1969). The stake, pit, probing, coring, and me
logical data are shown in tables 5, 6, and 7 and figure 4.

Although mass balance measurement locations are commonly referred to as “points
glacier, they are treated as small areas 25-75 m in radius, centered on each index site, ove
samples are taken and the balance averaged. The area chosen is large enough and enough
are taken in the area so that when a quantity, such as snow depth, is averaged over the a
error caused by the glacier-surface and summer-surface roughness (up to several meters o
glaciers) is small. Likewise, stake readings are made at the intersection of the average, “v
smoothed” glacier surface (out to 25-75 m) with the stake and not just where the snow, ice, o
is right at the stake.

One departure from traditional methods is surveying of the stake and glacier-surface g
try and subsequent analysis to correct for the lean and bending which commonly occurs af
initial near-vertical installation of the stakes. These corrections affect the stake position for m
(see “Ice Motion Measurement and Errors” section) and the height on the stake of the glacie
face,b´ (table 5), that is used for some balance determinations. It is assumed that the bottom
stake is the most likely point on the stake to be “locked” into the glacier and not move relati
the glacier. The stake’s geometry above the glacier surface is surveyed, assumptions ab
stake’s geometry (lean, bend, or bow) below the glacier surface are made, and the position
bottom of the stake is calculated. The height of the point on the glacier surface directly abo
stake bottom is then calculated using the surveyed geometry of the glacier surface and is us
correctedb´ as if the stake were vertical. The local glacier surface slope is measured during
field visit for use in this calculation. The stakeb´ corrections typically change the balance readin
by about 5 cm, but occasionally up to 0.5 m.

Another departure from traditional methods is the way multiple measurements of the h
of a summer surface on a stake are used to reduce balance errors. For example, snow de
stake height of the snow surface are usually measured during the fall and again during the
or spring, resulting in two measurements of the stake height of the previous summer surface
measurements were made in the accumulation zone, a third measurement may be made the
ing fall by subtracting the snow depth and new firn depth from the stake height of the glacie
face. Because of measurement error, these successive measurements of the height of a
surface on the stake are usually different; however, barring stake slip or firn compaction (i
accumulation zone), the height of the summer surface on the stake should not have chang
interpretation that the differing stake measurements are the result of measurement error
forced by the fact that multiple measurements vary randomly, sometimes increasing and som
decreasing. For this analysis, the multiple measurements are combined using a weighted a
The weight for each measurement is proportional to the number of observations that went in
measurement. For instance, a measurement that is the average of 20 snow-depth probings
twice the weight of a measurement with 10 snow-depth probings. The weighted average
height of the summer surface is used for all calculations of balance relative to that summer su
16 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
Gulkana Glacier, Alaska, 1994 Balance Year
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Table 5. Stake readings, snow depths, and snow-density data for sites A, B, and D on Gulkana
Glacier, September 1993 through September 1995
[mm/dd/yy, month/day/year; stake name: the first two digits represent the year the stake was installed; letter (A, B, D) rep
the site on the glacier (fig. 1); a number following the letter is used to differentiate multiple stakes installed at the same site
year. LSnow (late snow), snow on top of the current year’s summer surface, occurs only after the summer surface has
Found/Left, total height on the stake before and after adjustments are made during a visit to improve its survivability. Ob
served)b', the average height on the stake of the glacier surface within a 50-meter radius of the stake.b*, stake height of surveyed
point on the stake nearb'. b**, surveyedb* corrected for stake lean, bend, or bow.b*-b**, value to be applied to correctb' for stake
lean, bend or bow. Total stake slip, cumulative distance the stake bottom has moved into the glacier since installed; it is g
assumed that the stake bottom is fixed in the glacier. Bestb', observedb' corrected for stake lean, bend, bow, and/or slippage or,
other words, the calculated height of the glacier surface directly above the stake bottom (i.e. as if the stake were vertical). Std(s),
snow depth as determined from the bestb' and previous or subsequent determinations of the stake height of the summer surfac
d(s), snow depth measured in snow pit. McCalld(s), snow depth measured with a McCall snow sampler, a small-diameter sam
used to core the entire snowpack. Probed(s), snow depth measured by probing to the summer surface with a metal rod. Meand(s),
average snow depth. s.e.d(s), standard error of snow depth.n, number of snow-depth samples. Snow density, measured in snow
by McCall snow sampler, or estimated and mean density. m, meter; kg/L, kilograms per liter]

1 Site altitudes are approximate long-term averages rounded to the nearest 10 m

Stake Readings & Data S n o w D e p t h S n o w D e n s i t y
Obs. b' Total Best

Surface Found No Lean Surveyed Diff. Stake Stake Stake Pit McCall Probe Mean s.e. Pit McCall Est. Mean

Date Stake Strata /Left Correct. b* b** b*-b** Slip b' d (s) d (s) n d (s) n d (s) n d (s) d (s) n

mm/dd/yy Name Type (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (kg/L) (kg/L) (kg/L) (kg/L)

SITE A, ~1370 m
1

9/22/93 92-A LSnow 3/6 2.39 2.39 2.33 0.06 0.00 2.33 0.20 3 0.22 15 0.22 0.01 18 0.28 0.28
9/30/93 92-A LSnow 0.30 0.30
4/18/94 92-A Snow
4/18/94 92-A Snow
4/28/94 92-A Snow 6/3 2.68 2.84 2.77 0.07 0.00 2.61 1.42 1 1.44 35 1.44 0.08 36 0.39 0.39
4/28/94 94-A Snow 0/6 7.22 0.00 7.22 1.42 1 1.44 35 1.44 0.08 36 0.39 0.39
9/17/94 94-A Ice
9/18/94 94-A Ice
9/30/94 94-A LSnow

10/31/94 94-A Snow 6/4.5 2.47 2.48 2.46 0.02 0.00 2.45 0.78 16 0.78 0.08 16 0.30 0.30
4/19/95 94-A Snow 4.5/3 2.69 2.68 2.67 0.01 0.00 2.68 1.53 1 1.34 20 1.35 0.05 21 0.39 0.39
4/28/94 94-A2 Snow 0/9 9.88 9.87 9.87 0.00 0.00 9.88 1.42 1 1.44 35 1.44 0.08 36 0.39 0.39
9/17/94 94-A2 Ice
9/18/94 94-A2 Ice
9/30/94 94-A2 LSnow

10/31/94 94-A2 Snow 9/7.5 4.95 4.96 4.87 0.09 0.00 4.86 0.78 16 0.78 0.08 16 0.36 0.36
4/19/95 94-A2 Snow 7.5/6 5.31 5.31 5.19 0.12 0.00 5.19 1.53 1 1.34 20 1.35 0.05 21 0.39 0.39

SITE B, ~1690 m1

9/24/93 91-B2 LSnow 9/9 4.10 4.09 4.09 0.00 0.05 4.15 0.48 2 0.53 25 0.52 0.04 27 0.31 0.31
9/30/93 91-B2 LSnow
4/18/94 91-B2 Snow

4/19/94 91-B2 Snow

4/29/94 91-B2 Snow 9/9 6.60 6.60 6.62 0.02 0.05 6.67 2.83 1 2.82 3 3.21 18 3.14 0.08 22 0.41 0.41
4/29/94 94-B Snow 0/12 9.86 9.86 9.89 0.03 0.00 9.89 2.83 1 2.82 3 3.21 18 3.14 0.08 22 0.41 0.41
9/17/94 94-B Ice
9/17/94 94-B Ice
9/30/94 94-B LSnow

10/31/94 94-B Snow 9/11 7.16 7.16 7.12 0.04 0.00 7.12 1.36 19 1.36 0.07 19 0.36 0.36
4/19/95 94-B Snow 11/9 8.15 8.15 8.03 0.12 0.00 8.03 1.95 1 2.11 15 2.10 0.04 16 0.35 0.35

Site D, ~1840 m1

9/24/93 93-D LSnow 9/10.5 6.03 6.03 6.06 0.03 0.00 6.06 0.77 1 0.77 1 0.34 0.34
9/30/93 93-D LSnow

4/18/94 93-D Snow

4/29/94 93-D Snow 10.5/10.5 9.01 8.99 8.96 0.03 0.00 8.98 3.55 1 3.94 7 3.89 0.11 8 0.42 0.42

7/6/94 93-D Snow
8/20/94 93-D Firn
9/17/94 93-D Lsnow
9/30/94 93-D Lsnow

10/31/94 93-D Snow 10.5/10.5 7.37 0.00 7.37 1.45 1 1.39 6 1.40 0.01 7 0.33 0.33

4/18/94 94-D Snow
4/29/94 94-D Snow 0/12 10.38 10.38 10.42 0.04 0.00 10.42 3.55 1 3.94 7 3.89 0.11 8 0.42 0.42

7/6/94 94-D Snow

8/20/94 94-D Firn
9/17/94 94-D Lsnow
9/30/94 94-D Lsnow 0.35 0.35

10/31/94 94-D Snow 9/13 8.84 8.83 8.86 0.03 0.00 8.87 1.45 1 1.39 6 1.40 0.01 7 0.33 0.33
4/19/95 94-D Snow 13/12 10.17 10.15 10.11 0.04 0.00 10.13 2.62 1 2.73 15 2.72 0.06 16 0.42 0.42
9/26/95 94-D LSnow 12/12 8.05 8.05 8.07 0.02 0.00 8.07 0.53 1 0.58 14 0.58 0.01 15 0.45 0.45
1994 MASS BALANCE EVALUATION 17
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Table 6. Snow-temperature, firn-thickness, and firn-density data for sites A, B, and D on Gulkana
Glacier, September 1993 through September 1995
[mm/dd/yy, month/day/year; summer surface temperature, observed with dial (±1.0°C) or digital (±0.1°C) thermometer in sn
or core sample. Est., estimated from previous measurements. Heights are above the stake bottom. Depths are measure
glacier surface. Initial values are those at the beginning of the hydrologic year. Obs., observed values on a date, generally
ference between the best stakeb' and multiple snow or firn depth observations. Mean (stake heights), average stake height of a
graphic surface (summer surface) observed on different dates. Mean depth, average of all pit, McCall, and probing depths fo
date. s.e., standard error;n, number of observations. ss1, first glacier summer surface down from the glacier surface (this is typica
a bare ice surface in the ablation zone and a firn surface in the accumulation zone); ss2, second glacier summer surface down from
the glacier surface (this is typically a firn surface; multiple summer surfaces only occur in the accumulation zone of the gla

1 Site altitudes are approximate long-term averages rounded to the nearest 10 m

Summer Surf. Temp. Stake Height of Depth to Bottom of 1st Firn Layer Firn Density Stake Height of
Top of 1st Firn 1st Firn Bottom

Surface Pit or Est. Mean Initial Obs. Mean Stake Pit Probe Mean s.e. Initial Obs. Est. Mean Initial Obs. Mean

Date Stake Strata Core b 0'ss 1 b 'ss 1 b 'ss 1 ss 1 Diff. d (nf) d (nf) n d (nf) n d (nf) d (nf) n Pit b 0'ss 2 b 'ss 2 b 'ss 2

mm/dd/yy Name Type (degrees Celsius) (meters) (m) (m) (m) (m) (m) (kg/L) (kg/L) (kg/L) (kg/L) (meters)

SITE A, ~1370 m1

9/22/93 92-A LSnow
9/30/93 92-A LSnow
4/18/94 92-A Snow - 1.1 - 1.1
4/18/94 92-A Snow - 1.1 - 1.1
4/28/94 92-A Snow - 1.1 - 1.1
4/28/94 94-A Snow - 1.1 - 1.1
9/17/94 94-A Ice
9/18/94 94-A Ice
9/30/94 94-A LSnow

10/31/94 94-A Snow
4/19/95 94-A Snow - 3.7 - 3.7
4/28/94 94-A2 Snow - 1.1 - 1.1
9/17/94 94-A2 Ice
9/18/94 94-A2 Ice
9/30/94 94-A2 LSnow

10/31/94 94-A2 Snow
4/19/95 94-A2 Snow - 3.7 - 3.7

SITE B, ~1690 m1

9/24/93 91-B2 LSnow
9/30/93 91-B2 LSnow

4/18/94 91-B2 Snow - 3.5 - 3.5

4/19/94 91-B2 Snow - 3.5 - 3.5

4/29/94 91-B2 Snow - 3.5 - 3.5
4/29/94 94-B Snow - 3.5 - 3.5
9/17/94 94-B Ice
9/17/94 94-B Ice
9/30/94 94-B LSnow

10/31/94 94-B Snow
4/19/95 94-B Snow - 4.2 - 4.2

Site D, ~1840 m1

9/24/93 93-D LSnow 0.0 0.0 6.33 5.29 5.11 0.18 0.54 0.61 0.61
9/30/93 93-D LSnow 6.33 5.11 1/0/00 0.61 0.61

4/18/94 93-D Snow - 3.8 - 3.8 5.11 5.11 0.61

4/29/94 93-D Snow - 3.8 - 3.8 5.11 5.09 5.11 0.02 0.61

7/6/94 93-D Snow 0.0 0.0 5.11 5.11 0.61

8/20/94 93-D Firn 5.11 5.11 0.63
9/17/94 93-D Lsnow 5.11 5.11 0.63
9/30/94 93-D Lsnow 5.11 5.97 0.61 0.59 0.59

10/31/94 93-D Snow - 1.6 - 1.6 5.97 5.97 5.97 0.59 0.58 0.60 0.59

4/18/94 94-D Snow - 3.8 - 3.8 6.53 6.53 0.61

4/29/94 94-D Snow - 3.8 - 3.8 6.53 6.53 6.53 0.61

7/6/94 94-D Snow 0.0 0.0 6.53 6.53 0.61

8/20/94 94-D Firn 6.53 6.53 0.63
9/17/94 94-D Lsnow 6.53 6.53 0.63
9/30/94 94-D Lsnow 6.53 7.42 0.61 0.59 0.59

10/31/94 94-D Snow - 1.6 - 1.6 7.42 7.47 7.42 0.09 0.59 0.58 0.60 0.59
4/19/95 94-D Snow - 4.8 - 4.8 7.42 7.41 7.42 0.01 0.59 0.73 0.75 0.74
9/26/95 94-D LSnow 0.0 0.0 7.42 7.49 7.58 0.02 0.91 1 0.91 1 0.59 0.63 0.63 7.16 7.16 7.42
18 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
Gulkana Glacier, Alaska, 1994 Balance Year
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Table 7. Ice data and mass balance calculations for sites A, B, and D on Gulkana Glacier, Sep-
tember 1993 through September 1995
[mm/dd/yy, month/day/year; LSnow (late snow), snow on top of the current year’s summer surface, occurs only after the s
surface has formed. Initial values are those at the beginning of the hydrologic year. Obs., observed values on a date, gen
difference between the best stakeb' and multiple snow or firn depth observations. Mean (stake height), average stake heigh
stratigraphic surface (summer surface) observed on different dates. ). Diff., the difference between the observed value and
value for that date, a good unbiased indication of the error in the stake height and snow and firn depth data at a site, commo
0.15 meter; ss1, first glacier summer surface down from the glacier surface (this is typically a bare ice surface in the ablation
and a firn surface in the accumulation zone);b0(s), initial snow balance;b0(i), initial ice balance;b(s), snow balance;b1(ls), late ice
balance;b(ls), late snow balance;b(f), firn balance;b(k), internal accumulation;b(i), ice balance;bn, net balance;ba, annual balance;
bw(s), maximum winter snow balance; mwe, meters water equivalent (see Mayo and others (1972) for detailed explanation o
terminology)]

1 Site altitudes are approximate long-term averages rounded to the nearest 10 m

Stake Height of Top of Ice W a t e r E q u i v a l e n t B a l a n c e s
Init. Init. Late Late Int.

Surface Initial Obs. Mean Snow Ice Snow Ice Snow Firn Acc. Ice Net Annual

Date Stake Strata b 0'ss 1 b 'ss 1 b 'ss 1 ss 1 Diff. b 0(s) b 0(i) b (s) b 1(i) b (ls) b (f) b (k) b (i) b n b a

mm/dd/yy Name Type (meters) (mwe) (mwe) (mwe) (mwe) (mwe) (mwe) (mwe) (mwe) (mwe) (mwe) Notes

SITE A, ~1370 m
1

9/22/93 92-A LSnow 6.19 2.11 1.17 0.09 0.00 0.06 0.00 0.06 0.00 0.00 - 4.52 0.06 -4.55 moraine top, not general ice surface
9/30/93 92-A LSnow 6.19 1.17 0.09 0.00 0.19 0.00 0.19 0.00 0.00 - 4.52 0.19 -4.42 estimated annual balance
4/18/94 92-A Snow 0.19 0.00 0.69 0.00 0.00 0.00 0.00 0.00 0.69 0.50 estimated local-site b w (s)
4/18/94 92-A Snow 0.19 0.00 0.69 0.00 0.00 0.00 0.00 0.00 0.69 0.50 estimated glacier-averaged b w (s)
4/28/94 92-A Snow 1.17 1.17 1.17 0.19 0.00 0.56 0.00 0.00 0.00 0.00 0.00 0.56 0.37
4/28/94 94-A Snow 5.78 5.78 5.78 0.19 0.00 0.56 0.00 0.00 0.00 0.00 0.00 0.56 0.37
9/17/94 94-A Ice 5.78 1.49 0.19 0.00 0.00 0.00 0.00 0.00 0.00 - 3.86 -3.86 -4.05 Est. glacier-averaged net mimimum
9/18/94 94-A Ice 5.78 1.48 0.19 0.00 0.00 0.00 0.00 0.00 0.00 - 3.87 -3.87 -4.06 Est. local-site net minimum
9/30/94 94-A LSnow 5.78 1.48 0.19 0.00 0.12 0.00 0.12 0.00 0.00 - 3.87 0.12 -3.94 estimated annual balance
10/31/94 94-A Snow 1.48 1.67 1.48 0.19 0.12 0.00 0.23 0.00 0.00 0.00 0.00 0.00 0.23 0.11
4/19/95 94-A Snow 1.48 1.33 1.48 0.15 0.12 0.00 0.52 0.00 0.00 0.00 0.00 0.00 0.52 0.40
4/28/94 94-A2 Snow 8.44 8.44 8.44 0.19 0.00 0.56 0.00 0.00 0.00 0.00 0.00 0.56 0.37
9/17/94 94-A2 Ice 8.44 3.95 0.19 0.00 0.00 0.00 0.00 0.00 0.00 - 4.04 -4.04 -4.23 Est. glacier-averaged net mimimum
9/18/94 94-A2 Ice 8.44 3.94 0.19 0.00 0.00 0.00 0.00 0.00 0.00 - 4.05 -4.05 -4.24 Est. local-site net minimum
9/30/94 94-A2 LSnow 8.44 3.94 0.19 0.00 0.12 0.00 0.12 0.00 0.00 - 4.05 0.12 -4.12 estimated annual balance
10/31/94 94-A2 Snow 3.94 4.08 3.94 0.14 0.12 0.00 0.28 0.00 0.00 0.00 0.00 0.00 0.28 0.16
4/19/95 94-A2 Snow 3.94 3.84 3.94 0.10 0.12 0.00 0.52 0.00 0.00 0.00 0.00 0.00 0.52 0.40

SITE B, ~1690 m
1

9/24/93 91-B2 LSnow 6.41 3.63 3.59 0.04 0.20 0.00 0.16 0.00 0.16 0.00 0.00 - 2.54 0.16 -2.58
9/30/93 91-B2 LSnow 6.41 3.59 0.20 0.00 0.37 0.00 0.37 0.00 0.00 - 2.54 0.37 -2.37 estimated annual balance

4/18/94 91-B2 Snow 3.59 3.59 0.37 0.00 1.39 0.00 0.00 0.00 0.00 0.00 1.39 1.02 estimated glacier-averaged b w (s)

4/19/94 91-B2 Snow 3.59 3.59 0.37 0.00 1.39 0.00 0.00 0.00 0.00 0.00 1.39 1.02 estimated local-site b w (s)

4/29/94 91-B2 Snow 3.59 3.53 3.59 0.06 0.37 0.00 1.30 0.00 0.00 0.00 0.00 0.00 1.30 0.93
4/29/94 94-B Snow 6.81 6.75 6.81 0.37 0.00 1.30 0.00 0.00 0.00 0.00 0.00 1.30 0.93
9/17/94 94-B Ice 6.81 5.84 0.37 0.00 0.00 0.00 0.00 0.00 0.00 - 0.87 -0.87 -1.24 Est. local-site net minimum
9/17/94 94-B Ice 6.81 5.84 0.37 0.00 0.00 0.00 0.00 0.00 0.00 - 0.87 -0.87 -1.24 Est. glacier-averaged net mimimum
9/30/94 94-B LSnow 6.81 5.84 0.37 0.00 0.21 0.00 0.21 0.00 0.00 - 0.87 0.21 -1.03 estimated annual balance
10/31/94 94-B Snow 5.84 5.76 5.84 0.08 0.21 0.00 0.49 0.00 0.00 0.00 0.00 0.00 0.49 0.28
4/19/95 94-B Snow 5.84 5.93 5.84 0.09 0.21 0.00 0.73 0.00 0.00 0.00 0.00 0.00 0.73 0.52

Site D, ~1840 m
1

9/24/93 93-D LSnow 0.23 0.00 0.32 0.00 0.32 0.00 0.11 - 0.74 0.32 -0.54
9/30/93 93-D LSnow 0.23 0.00 0.53 0.00 0.53 0.00 0.11 - 0.74 0.53 -0.33 estimated annual balance

4/18/94 93-D Snow 0.53 0.00 1.69 0.00 0.00 0.00 0.00 0.00 1.69 1.16 estimated glacier-averaged b w (s)

4/29/94 93-D Snow 0.53 0.00 1.62 0.00 0.00 0.00 0.00 0.00 1.62 1.09 some int. accum., but not estimated

7/6/94 93-D Snow 0.53 0.00 1.89 0.00 0.00 0.00 0.15 0.00 2.04 1.51 estimated local-site b w (s)

8/20/94 93-D Firn 0.53 0.00 0.00 0.00 0.00 0.51 0.15 0.00 0.66 0.13 est. local-site net minimum
9/17/94 93-D Lsnow 0.53 0.00 0.01 0.00 0.01 0.51 0.15 0.00 0.01 0.14 est. glacier-averaged net mimimum
9/30/94 93-D Lsnow 0.53 0.00 0.21 0.00 0.21 0.51 0.15 0.00 0.21 0.34 estimated annual balance
10/31/94 93-D Snow 0.21 0.00 0.46 0.00 0.00 0.00 0.00 0.00 0.46 0.25

4/18/94 94-D Snow 0.53 0.00 1.69 0.00 0.00 0.00 0.00 0.00 1.69 1.16 estimated glacier-averaged b w (s)

4/29/94 94-D Snow 0.53 0.00 1.63 0.00 0.00 0.00 0.00 0.00 1.63 1.10 some int. accum., but not estimated

7/6/94 94-D Snow 0.53 0.00 1.89 0.00 0.00 0.00 0.15 0.00 2.04 1.51 estimated local-site b w (s)

8/20/94 94-D Firn 0.53 0.00 0.00 0.00 0.00 0.51 0.15 0.00 0.66 0.13 est. local-site net minimum
9/17/94 94-D Lsnow 0.53 0.00 0.01 0.00 0.01 0.51 0.15 0.00 0.01 0.14 est. glacier-averaged net mimimum
9/30/94 94-D Lsnow 0.53 0.00 0.21 0.00 0.21 0.52 0.15 0.00 0.21 0.35 estimated annual balance
10/31/94 94-D Snow 0.21 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.48 0.27
4/19/95 94-D Snow 0.21 0.00 1.13 0.00 0.00 0.00 0.00 0.00 1.13 0.92
9/26/95 94-D LSnow 0.21 0.00 0.22 0.00 0.22 0.10 0.19 0.00 0.22 0.30
1994 MASS BALANCE EVALUATION 19
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Temporal extrapolations between measurements are necessary to estimate index-s
ances such as the maximum winter balance, net balance, and annual balance. The extrap
are made by a simple two-parameter linear model that relates the air temperature recorded
Gulkana weather station and precipitation-gage catch from Paxson (for 1994, not routinely)
mass balance at each index site. The temperature is lapsed from the recorder altitude to eac
index-site altitudes using the wet-adiabatic lapse rate of -0.66°C per 100 m altitude increas
model estimates glacier ablation at the rate of about 3.5 to 5 mm water equivalent per degre
sius above 0°C per day, when the surface is snow, and twice that when the surface is ice or o
This range of values agrees closely with those common in the literature (Braithwaite and O
1985; Braithwaite and Olesen, 1993; Braithwaite, 1995; Jóhannesson and others, 1995). G
accumulation is estimated by the model to be about 1.5 to 4.0 times the precipitation-gage
when the lapsed temperature at the site is below 1.8°C. The melt (ablation) rate and the pre
tion-catch multipliers are not fixed. Separate values are determined for each measurement
at each index site so that the modeled balances always agree with the measured balances.
model serves only to distribute the measured balance at each index site over each measu
interval. During the fall-to-spring measurement period, no ablation usually occurs, so the m
reduces to a one-parameter model dependent only on precipitation. During the spring-to-fal
surement period, little or no accumulation occurs, so the model again reduces to a one-par
model—this time dependent only on temperature. Small quantities of accumulation early
spring-to-fall measurement period are modeled using the precipitation-catch multiplier determ
for the previous winter. Small quantities of accumulation near the end of the spring-to-fall
surement period are modeled by adjusting a separate precipitation-catch multiplier until the
sured late snow balance is matched.

Area-Averaged Balances

The index-site balance values are combined using weighting factors to yield glacier-
index values that approximate the average balances for the glacier area:

b = 0.195 (bA) + 0.224 (bB) + 0.581 (bD) + ba(j) (6)

whereb is the glacier-averaged balance,bA, bB, andbD are measured index-site balance values, a
ba(j) is glacier-averaged internal ablation. The weighting factors (0.195 for site A, 0.224 for si
and 0.581 for site D) are derived by splitting the glacier into three sub-areas (index regions) a
tudes midway between the index sites (table 1). The fraction of total glacier area in each
region is the weighting factor for the index site within that region. Using this scheme, the weig
factors are allowed to change with time as the index-site altitudes and area-altitude distribut
the glacier change. To date, an unvarying area-altitude distribution has been used, although
the distribution has probably changed and needs updating. For this method to be valid, the
site balance value should equal the average balance in the index region.

This weighted index-site method was tested by applying it to the 1966 and 1967 mea
winter-snow balance and annual firn-and-ice balance data (Meier and others, 1971; Tangbo
others, 1977), and comparing the results with the published balances for those years. The 19
1967 balances serve as ground truth because they are based on detailed surface-balance m
The results of the comparison (March and Trabant, 1996) showed that the weighted index-si
ues were within the estimated errors of the mapped balances, and suggest that glacier-avera
20 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
Gulkana Glacier, Alaska, 1994 Balance Year
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ance values determined using the weighted index-site method have an error of±0.2 m. The
estimated error for 1994 could be larger than±0.2 m due to changes in the area-altitude distributi
and changes in the gradient of mass balance with altitude since the 1966 and 1967 test yea
weighted index-site method and its error are considered preliminary until further verification
adjustment from an independent assessment of the long-term, glacier mass balance ch
obtained from a photogrammetric or surveyed volume change of the entire glacier.

Because of the time- and space-transgressive nature of glacier balance, thebA, bB, andbD val-
ues used to calculate a glacier-averaged balance such as the net balance may not be the sa
site net balances.This discrepancy occurs because when the glacier-averaged balance re
minimum, snow may have already accumulated at sites D and B (see fig. 4).

The glacier-averaged internal ablation,ba(j), is calculated by combining three internal an
subglacial energy sources: (1) the geothermal heat at the bed of the glacier, (2) the potential
loss from ice motion, and (3) the potential energy loss from water flowing through the glacie
along the bed of the glacier (Mayo, 1992; March and Trabant, 1997).

Weather in 1993-94

The 1994 net balance year began September 9, 1993, when the middle and lower glac
covered by fresh snow. The seasonal runoff recession began in early September 1993. As is
no surface melt occurred on the glacier between October 1 and mid-April. The lowest daily
winter air temperature was -29.1°C on March 20, 1994. Winter (mid-September to mid-May)
perature averaged -7.6°C, 1°C above normal. The 1994 glacier-averaged mass balance ma
occurred early, on April 18, due to the start of melt low on the glacier, although accumulation
tinued on the upper glacier until early July (fig. 4). The maximum daily mean summer temper
was 15.0°C on August 5. Summer (mid-May to mid-September) temperature averaged 5
1.2°C above normal. The final glacier-averaged mass balance minimum occurred Septem
1994, although snow accumulation had started at site D in mid-August (fig. 4). The seasonal
recession began in late August. The total runoff for the 1994 water year, 1.93 m, was about
to the mean for the 17-year period of record (1967-78 and 1990-94 hydrologic years).

Measured and Maximum Winter Snow Balances 3

The measured winter snow balance,bm(s), is the snow balance measured to the previous su
mer surface during late winter or spring (Mayo and others, 1972). It was 1.34 m on April 29,
(table 8). This value was derived from the weighted index-site method and the April field visit
(tables 5, 6, and 7).

3Mayo and others (1972) define three “winter” balance values in the stratigraphic system: the measured w
ter snow balance, m(s), the maximum winter snow balance,w(s), and the winter balance,w. The World
Glacier Monitoring Service (WGMS) publishes a “winter” balance that is not clearly identified as any of these
and may vary from glacier to glacier. The measured winter snow balance,m(s), is probably the most com-
mon “winter” balance value reported by WGMS.

b b b

b
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Table 8. Site and area-integrated balance quantities for Gulkana Glacier and Gulkana Glacier
basin, 1994 hydrologic year
[m, meters; mm/dd/yy, month/day/year; km2, square kilometers; °C, degrees Celsius]

Parameter Site, glacier average, or sub-parameter Data Units
Index site w eighting factors Site A 0.195

Site B 0.224
Site D 0.581

b n0 , initia l net balance Site A 0.00 (m)

Site B 0.00 (m)
Site D -0.13 (m)
Glacier average -0.08 (m)

b 0 (s) , initia l snow balance Site A 0.19 (m)

Site B 0.37 (m)
Site D 0.53 (m)
Glacier average 0.43 (m)

b m (s) , measured winter snow balance Date of measurement 4/29/94 (mm/dd/yy)

Site A 0.56 (m)
Site B 1.30 (m)
Site D 1.62 (m)
Glacier average 1.34 (m)

b w (s) , maximum winter snow balance Date of maximum 4/18/94 (mm/dd/yy)

Site A 0.69 (m)
Site B 1.39 (m)
Site D 1.69 (m)
Glacier average 1.43 (m)

b nl , late net balance Site A 0.00 (m)

Site B 0.00 (m)
Site D 0.01 (m)
Glacier average 0.01 (m)

b 1 (ls) , final late snow balance Site A 0.12 (m)

Site B 0.21 (m)
Site D 0.21 (m)
Glacier average 0.19 (m)

b a (f) , new firn balance Site A 0.00 (m)

Site B 0.00 (m)
Site D 0.50 (m)
Glacier average 0.29 (m)

b a (k) , annual internal accumulation Site A 0.00 (m)

Site B 0.00 (m)
Site D 0.15 (m)
Glacier average 0.09 (m)

b a (i) , annual old firn and ice balance Site A -3.96 (m)

Site B -0.87 (m)
Site D 0.00 (m)
Glacier average -0.97 (m)

b a (j) , annual internal ablation (glacier averaged) From geothermal heat flux -0.005 (m)

From potential energy loss from ice motion -0.005 (m)
From potential energy loss from water flow (estimated) -0.045 (m)
Total -0.06 (m)

b n , net balance Start of net balance year for glacier average 9/9/93 (mm/dd/yy)

End of net balance year for glacier average 9/17/94 (mm/dd/yy)
Site A -3.96 (m)
Site B -0.87 (m)
Site D 0.53 (m)

Glacier average (includes b a (j) ) -0.72 (m)

b a , annual balance Site A -4.03 (m)

Site B -1.03 (m)
Site D 0.33 (m)

Glacier average (includes b a (j) ) -0.88 (m)

ELA 1,777 (m)
Accumulation area 10.87 (km2)

Ablation area 8.45 (km2)
AAR 0.56
Annual average air temperature 1480 meter weather station -2.9 (°C)
Annual total precipitation gage catch 1480 meter weather station failed
Calculated annual precipitation Basin average 1.420 (m)
Annual basin runoff 1125 meter stream gage 1.93 (m)
22 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
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The maximum winter snow balance,bw(s), is the maximum snow mass during the balan
year and may occur either before or after the measured winter snow balance (Mayo and
1972). It generally occurs after the time of the measured winter snow balance at Gulkana G
although 1994 is an exception to this rule. The balance change between the time of the me
winter snow balance and the time of the glacier-averaged maximum winter snow balance i
mated for each index site by the simple balance model discussed in the earlier section of this
“Balance at Specific Sites.” The normal time of the maximum winter snow balance tends to
time of low balance flux at Gulkana Glacier. The 1994 maximum winter snow balance of 1.4
(table 8) was reached on April 18, 1994, although accumulation continued at site D until early
(fig. 4).

Net Balance

Net balance is the change in snow, firn, and ice storage between times of minimum gl
averaged mass (Mayo and others, 1972). The net balance,bn, at each index site is calculate
directly from stake, pit, and probing data (table 8). Because of the time-transgressive nature
ance, the net balance at one site may not represent the same time period as the net ba
another site. Therefore, the simple linear balance model, described above, is run to determ
glacier-averaged net balance based on calculated site balances for the same time period.
balance year ends almost a month earlier at site D than it does at sites A and B (fig. 4). Th
mated balance at site D for September 17, 1994, that was used for calculating the glacier-av
net balance, is also shown in figure 4. These calculated site balances differ from the tabula
balances by small increments, which are the initial and late net balance increments,bn0 andbnl
(table 8). Field measurements made near the end of the balance year are checked by and co
with measurements during the next balance year before final values are assigned (tables 5
7). The glacier-averaged net balance,bn, includes the additional balance term, internal ablatio
which is not included in the net balances at individual sites. The 1994 net balance year beg
about September 8, 1993, and ended on about September 17, 1993; the net balance was
(table 8).

Summer Balance

Summer balance is the algebraic difference between the winter balance,bw(s), and the net
balance,bn (United Nations Educational, Scientific, and Cultural Organization/ International As
ciation of Scientific Hydrology (UNESCO/IASH), 1970)4. The UNESCO/IASH definition of win-
ter balance corresponds to the maximum winter balance,bw(s), term from Mayo and others (1972)
Thus, the following equation defines the summer balance:

bs = bn - bw(s) = -2.15 m (7)

4The summer balance,bs, was not defined by Mayo and others (1972).
1994 MASS BALANCE EVALUATION 23



inning
1994
snow
nce,
were
rature,

re
yield

total
ss gain
ulation

as not
1994

zero.
melt
lower
e. The
an be
tog-
for-
tion
d old
n the
ere-
ndex

isit by
place-
us, the
maxi-
have

ocities
stake

deter-
Annual Mass Balance

Annual mass balance is the change in snow, firn, and ice storage between the beg
(October 1, 1993) and end (September 30, 1994) of the hydrologic year. Evaluation of the
annual balance required estimating two adjustment quantities for each index site: the initial
balance,b0(s) (table 8), at the beginning of the hydrologic year, and the final late snow bala
b1(ls) (table 8), at the end of the hydrologic year (Mayo and others, 1972). These quantities
estimated using the simple linear balance model discussed earlier along with stake, air tempe
and precipitation data. The 1994 annual balance at each index site,ba, is derived from the net bal-
ance and adjustment quantities:ba = bn - b0(s) +b1(ls) (table 7). The index-site annual balances a
combined using the weighted index-site method, with the addition of the internal ablation, to
the 1994 annual balance,ba, of -0.88 m (table 8).

Accumulation Area Ratio and Equilibrium Line Altitude

The accumulation area ratio (AAR) is the accumulation area of the glacier divided by the
area of the glacier. The accumulation area is the area of the glacier that undergoes net ma
and includes areas of firn accumulation, superimposed ice, and areas where internal accum
exceeds old firn loss. The glacier surface area used for defining the 1994 AAR, 19.3 km2, is the
value determined for reporting the 1967 balance data (Tangborn and others, 1977), and h
been updated. Updating the glacier area is not expected to alter the AAR significantly. The
AAR was 0.56.

The equilibrium line altitude (ELA) is the average altitude where the net mass balance is
Sometimes the ELA will correspond to the highest transient snow or firn line reached in the
season (the line where snow ablation equals snow accumulation), but commonly the ELA is
on the glacier because of internal accumulation in old firn or the presence of superimposed ic
ELA seldom crosses a glacier along a single altitude contour. At Gulkana Glacier, the ELA c
extremely complicated and would require well-timed vertical or high-angle oblique aerial pho
raphy to define it over the whole glacier. Obtaining this kind of photography near the time of
mation of the ELA on a consistent basis year after year is impractical. Additionally, ELA detec
on aerial or satellite imagery can be difficult when the visual contrast is low between snow an
firn or between glacier ice and superimposed ice; currently, ELA detection is not possible whe
ELA occurs down-glacier from the snow line because of internal accumulation in old firn. Th
fore, the ELA is calculated by linear interpolation from the balance-altitude curve of the three i
sites. The 1994 ELA for Gulkana Glacier was determined to be 1,777 m (table 8).

ICE MOTION MEASUREMENT AND ERRORS

Surface-ice displacements near the fixed index sites are measured during each field v
optical surveying of balance-motion stakes. The stakes are installed about one year's flow dis
ment up-glacier from each index site. Replacement stakes are installed every year or two. Th
stakes are kept within one year’s displacement of the index site (usually less than 80 m) to
mize the year-to-year comparability of the motion data. The optical surveying techniques
been described by Mayo and others (1979) and Mayo and Trabant (1982). Reported vel
(table 9) are the average velocities derived from the linear displacement of the bottom of the
divided by the measurement interval in years. The bottom of the stake is used for the velocity
24 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
Gulkana Glacier, Alaska, 1994 Balance Year
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Table 9. Stake locations, stake lean corrections, and motion determined from optical surveys, September 1993 to October 1994
[mm/dd/yy, month/day/year; stake name: the first two digits represent the year the stake was installed; letters (A, B, D) represent the site on the glacier (fig. 2); a number following
the letter is used to differentiate multiple stakes installed at the same site in one year.Xg, Yg, Zg, stake lower target is where the stake intersects the glacier surface.Xt, Yt, Zt, stake
upper target is a point on the stake 1.5-2.0 m above the glacier surface.Ht is the height of the stake upper target above the stake bottom as measured along the stake.θ is the down-
dip direction with zero east and positive counterclockwise.φ is the dip angle with zero horizontal and positive angles up. Solution type: lean, treats the stake as a linear segment;
bend, treats the stake as multiple linear segments; bow, treats the stake as a combination of linear and arc segments.Xs, Ys, Zs, stake bottom location.b* is the calculated height of the
stake lower target above the stake bottom as measured along the stake.b** is the calculated height of the glacier surface directly above the stake bottom (as if the stake were vertical).
is the total three-dimensional displacement of the stake bottom between measurements. Velocity is the stake displacement dividedby the measurement period in years. Horizontal
(Horiz.) displacement angle is measured positive counterclockwise, zero is east. Vertical (Vert.) displacement angle is measured positive up from horizontal. m, meters; m/yr, meters
per year]

Stake, Lower Target Stake, Upper Target Glacier Surface Bend Solution Stake Angles Stake Angles Stake Bottom Displ. Angles

Date Stake Xg Yg Zg Xt Yt Zt Ht θθθθ φφφφ Depth Type θθθθ 1 φφφφ 1 θθθθ φφφφ Xs Ys Zs b* b** dXYZ Velocity Horiz. Vert.

mm/dd/yy Name (meters) (meters) (grad) (m) (grad) (grad) (meters) (meters) (m) (m/yr) (grad)

9/22/93 92-A 3,797.56 4,434.97 1,367.45 3,797.46 4,435.07 1,368.04 3.00 -152.11 -7.38 lean - 50.00 -85.02 3,797.95 4,434.58 1,365.13 2.39 2.33
4/28/94 92-A 3,790.29 4,427.01 1,368.00 3,789.96 4,427.37 1,370.10 5.00 -152.97 -7.20 lean - 52.77 -85.45 3,790.72 4,426.54 1,365.23 2.84 2.77 10.81 18.10 -146.62 0.64

4/28/94 94-A 3,814.68 4,460.23 1,371.94 -152.97 -7.20 vertical -100.00 3,814.68 4,460.23 1,364.72
10/31/94 94-A 3,807.08 4,451.45 1,367.46 3,806.75 4,451.53 1,369.45 4.50 -143.83 -6.85 lean - 15.14 -89.24 3,807.49 4,451.35 1,365.02 2.48 2.46 11.43 22.43 -143.36 1.64

9/24/93 91-B2 4,720.94 7,346.17 1,677.98 4,720.92 7,346.18 1,679.89 6.00 -117.19 -6.36 lean - 29.52 -99.25 4,720.98 7,346.15 1,673.89 4.09 4.09 8.20 55.43 -123.87 - 5.85
4/28/94 91-B2 4,712.20 7,323.61 1,678.50 4,712.05 7,323.56 1,680.39 8.50 -134.58 -6.05 lean 20.48 -94.69 4,712.72 7,323.78 1,671.92 6.60 6.62 23.92 40.42 -122.53 - 5.24

4/28/94 94-B 4,752.56 7,417.87 1,688.37 4,752.46 7,417.82 1,690.51 12.00 -134.58 -6.05 lean 29.52 -96.68 4,753.02 7,418.10 1,678.52 9.86 9.89
10/31/94 94-B 4,740.54 7,393.29 1,683.12 4,740.27 7,393.34 1,684.94 9.00 -136.96 -6.13 lean - 11.66 -90.47 4,741.59 7,393.10 1,676.04 7.16 7.12 27.60 54.16 -127.30 - 5.73

9/24/93 93-D 6,034.31 7,338.80 1,838.58 6,034.14 7,338.90 1,840.54 8.00 175.59 -6.29 lean - 33.85 -93.62 6,034.83 7,338.49 1,832.58 6.03 6.06 8.12 55.92 168.51 - 7.03
4/28/94 93-D 6,009.19 7,353.53 1,837.97 6,008.50 7,353.81 1,839.28 10.50 197.15 -7.57 3.65 bow - 33.85 -93.62 - 24.54 -83.55 6,010.51 7,352.91 1,829.17 8.99 8.96 28.47 48.11 165.93 - 7.64

4/28/94 94-D 6,041.83 7,330.15 1,841.99 6,041.72 7,330.24 1,844.11 12.50 197.15 -7.57 lean - 43.65 -95.74 6,042.37 7,329.71 1,831.63 10.38 10.42
10/31/94 94-D 6,017.32 7,344.78 1,836.58 6,017.15 7,344.95 1,838.23 10.50 158.03 -6.12 lean - 50.00 -90.79 6,018.22 7,343.88 1,827.84 8.83 8.86 28.25 55.44 166.22 - 8.57
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mination because stakes installed vertically are usually found later to be leaning, and on rare
sions bent or bowed. (The terms “bent” and “bend” are used to describe stakes with a shar
that are treated analytically as two line segments. The term “bow” is used to describe stake
a gradual bend that are treated analytically as if part of the stake were an arc.) Movement
bottom of the stake is believed to be the most representative of the motion of the glacier ic
the surface. Hence, reported stake-motion data have been corrected for changes in stake ge

The position of the bottom of the stake is determined by surveying two points on each
(one at the glacier surface and the other 1 or 2 m higher on the stake) and calculating the lo
of the stake bottom using a lean (linear), bend, or bowed stake geometry. In the long history o
observations at Gulkana Glacier, it has been rare to find melted-out stakes bent or bowe
“lean” geometry is generally assumed unless the stake is severely tilted. Occasionally, when
is severely tilted, it is partly excavated to determine if it is bent or bowed, and where. Some
stakes tend to straighten as they are dug up and the snow-creep load is removed, a sign
stake was elastically bowed. Three-meter sections of the 2.5-cm-diameter thinwall EMT co
used for stakes can be elastically bowed about 13 grads (an arc radius of about 15 m) in t
When a bend or bow does occur, it is generally at or above the most recent summer surface

Determining, measuring, and correcting the stake geometry is an important process
however, imprecise. Stake connectors, which join 3-m sections to make taller stakes, allow a
tilt of about±1.5 grad at connectors. This translates into a horizontal position change of 0.15
the bottom of the typical stake that extends 6 m into the glacier. The uncertainty in determinin
stake’s geometry (lean, bend, or bow) is estimated to double this error, resulting in a total er
the horizontal of±0.3 m from geometric corrections. Measuring this error would require digg
up a statistically significant number of stakes, an unreasonable task. The bottom of the stakeXsYs
in table 9) is typically offset horizontally 0.3 to 1.5 m from the surveyed target on the stake a
glacier surface (XgYg in table 9). Therefore, the stake-geometry corrections are significant,
their omission would typically lead to motion errors of 5-20 percent in the Gulkana data.

Location uncertainty is largely a result of the survey-control net errors (GPS for horizo
and optical surveying for vertical) and resection survey errors. Resection surveys are conduc
surveying four or five backsight targets, instead of the minimum of three backsight targets, to
error evaluation. The net and resection errors combined yield position errors of about±0.15 m in
the horizontal and±0.05 m in the vertical. Additionally, glacier-motion errors include the error
assuming a stake geometry and extrapolating from surveyed points on the stake to the bot
the stake. The error of extrapolating to the bottom of the stake is estimated to be±0.15 m, resulting
in a total horizontal error for stake-bottom positions of±0.2 m. Vertical errors are significantly less
about±0.05 m. Hence, reported displacements have errors of about±±0.3 m.

GLACIER-SURFACE ALTITUDE MEASUREMENT AND ERRORS

The glacier-surface altitude at each index site is measured during each field visit (table
11). At least three points on the glacier surface in the vicinity of the index site are optically
26 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
Gulkana Glacier, Alaska, 1994 Balance Year
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Table 10. Glacier-surface and summer-surface altitude measurements and analysis at index sites, September 1993 to October 1994
[mm/dd/yy, month/day/year; P, Q, and R are three locations on the glacier surface near the index site determined by optical surveying. Xi, Yi are the horizontal locations of the fixed

index site.Zi is the calculated altitude of the glacier surface at the index site.θ is the aspect of the glacier surface, with zero east and positive counterclockwise.φ is the slope of the

glacier surface, with positive angles up from horizontal. Dist (distance) to closest point is the horizontal distance from theindex site to the closest of points P, Q, or R.Zi error is the

altitude error inZi, derived by combining the resection errors with the error in extrapolating the glacier-surface altitude from the closest point to the index site assuming the local

glacier-surface slope is linear]

P Q R Index Site Glacier Surface Dist. to

Slope Closest Zi

Date X Y Z X Y Z X Y Z Xi Yi Zi θθθθ φφφφ Point Error
mm/dd/yy (meters) (meters) (meters) (meters) (grad) (meters)
9/22/93 3,802.25 4,463.62 1,368.32 3,832.66 4,439.30 1,368.97 3,811.58 4,421.59 1,365.77 3,825.10 4,447.27 1,368.96 -152.11 -7.38 10.99 0.09
4/28/94 3,810.21 4,436.89 1,369.78 3,800.55 4,453.32 1,370.23 3,814.68 4,460.23 1,371.94 3,825.10 4,447.27 1,371.82 -152.97 -7.20 16.63 0.13

10/31/94 3,823.62 4,444.01 1,367.64 3,804.85 4,454.78 1,367.25 3,818.09 4,461.54 1,368.72 3,825.10 4,447.27 1,368.01 -143.83 -6.85 3.58 0.03

9/24/93 4,744.54 7,392.20 1,683.06 4,720.94 7,346.17 1,677.98 4,715.02 7,376.87 1,680.79 4,728.61 7,391.17 1,682.53 -117.19 -6.36 15.96 0.13
4/28/94 4,715.11 7,383.13 1,683.69 4,727.42 7,373.71 1,683.53 4,752.56 7,417.87 1,688.37 4,728.61 7,391.17 1,685.01 -134.58 -6.05 15.71 0.13

10/31/94 4,731.62 7,377.83 1,681.40 4,740.54 7,393.29 1,683.12 4,732.53 7,398.79 1,683.14 4,728.61 7,391.17 1,682.32 -136.96 -6.13 8.57 0.09

9/24/93 6,034.31 7,338.80 1,838.58 5,986.27 7,352.73 1,833.65 6,004.66 7,361.53 1,835.01 5,999.01 7,353.57 1,834.79 175.59 -6.29 9.76 0.08
4/28/94 6,031.86 7,327.01 1,840.82 6,041.83 7,330.15 1,841.99 6,009.19 7,353.53 1,837.97 5,999.01 7,353.57 1,836.76 197.15 -7.57 10.18 0.08

10/31/94 5,999.66 7,355.33 1,834.61 6,017.32 7,344.78 1,836.58 6,005.75 7,373.34 1,834.01 5,999.01 7,353.57 1,834.66 158.03 -6.12 1.88 0.02

Average = 10.36 0.09
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veyed. One of the points is placed as closely as possible to the index site. The mathematica
defined by the three surveyed points is calculated as an approximation of the local glacier su
The altitude of this plane at the fixed horizontal position of the index site is calculated to deter
the index-site altitude (Mayo and Trabant, 1982).

Table 11. Continuation of glacier-surface and summer-surface altitude measurements and anal-
ysis at index sites, September 1993 to October 1994
[mm/dd/yy, month/day/year; Stake naming convention is described in headnote for table 12. Bestb' is the height of the glacier sur-
face directly above the stake bottom. Change inb' is the change from the previous measurement to the current measurem
Emerg. (emergence) is the change inZi minus the change inb' divided by the measurement period in years. Snow depth is the de

from the glacier surface to the summer surface (see table 13).Zi(ss1) summer surface (altitude) at index site isZi - snow depth. m/yr,

meters per year]

Surveyed glacier-surface points typically have an altitude uncertainty of about±0.05 m; this
uncertainty is a combination of survey-net errors. Additionally, the locations used to defin
plane of the glacier surface may not be representative of the average glacier surface; hence,
olating along this plane to the index site may introduce further error. The glacier-surface orien
and slope determinations have a small random variability that is used to assess the magni
this error. While this error is site-specific, depending largely on the local surface roughness
glacier, an average glacier-surface-slope error of 0.5 grad was applied to the distance betw
closest surveyed point and the index site. This error combined with the surveying error yiel
average error of±0.15 m for the index-site altitudes. Index-site errors are calculated separate
each measurement and are included in table 10.

Stake 1 Stake 2 Stake 3 Zi(ss 1)

Change Change Change Snow Summer
Date Name Best b' b' Name Best b' b' Name Best b' b' Emerg. Depth Surface

mm/dd/yy (meters) (meters) (meters) (m/yr) (meters)
9/22/93 92-A 2.33 0.22 1,368.74
4/28/94 94-A 7.22 94-A2 9.88 92-A 2.61 0.28 4.32 1.44 1,370.38

10/31/94 94-A 2.45 -4.77 94-A2 4.86 -5.02 2.13 0.78 1,367.23

9/24/93 91-B2 4.15 0.52 1,682.01
4/28/94 94-B 9.89 91-B2 6.67 2.52 - 0.07 3.14 1,681.87

10/31/94 94-B 7.12 -2.77 0.16 1.36 1,680.96

9/24/93 93-D 6.06 0.77 1,834.02
4/28/94 93-D 8.98 3.25 94-D 10.42 - 2.16 3.89 1,832.87

10/31/94 94-D 8.87 -1.55 - 1.08 1.40 1,833.26
28 Mass Balance, Meteorological, Ice Motion, Surface Altitude, and Runoff Data at
Gulkana Glacier, Alaska, 1994 Balance Year
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