MASS BALANCE, METEOROLOGICAL, AND RUNOFF |
MEASUREMENTS AT SOUTH CASCADE GLACIER,
WASHINGTON, 1992 BALANCE YEAR

By Robert M. Krimmel

U.S. GEOLOGICAL SURVEY

Open-File Report 93-640

Tacoma, Washington
1993



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
Robert M. Hirsch, Acting Director

For additional information
write 10:

Chief, Ice and Climate Project
U.S. Geological Survey
University of Puget Sound
Tacoma, Washington 98416

ii

Copies of this report can
be purchased from:

U.S. Geological Survey .

Earth Science Information Center
Open-File Reports Section

Box 25286, MS 517

Denver Federal Center

Denver, Colorado 80225



CONTENTS

Page
ADSITACE ... e 1
INtrOdUCHON ... e e 1
Description and climate of area ... 1
Measurement SYSTEIMS ..........coiiiiiiiiiii oot 2
1992 Balance year data collection......................ocooooiiiiii e 3
Recorded variables. ..o e 3
Aerial photOgraphy ..o e 4
Measurements near the 1991 mass balance minimum. ... 5
Measurements near the 1992 mass balance maximum................................................ 5
Measurements during June through October ... 5
Runoff measurements. ... 6
1992 mass balance evaluation....................ooooioi i e 6
WINEr BAlanCe ........cooooiiiiii i e 7
NEEDALANCE ... e 8
Balance year to hydrologic year adjustments ... 8
Balance Measurement €ITOTS.............coitiiiriit ittt 9
Conclusions and long-term balance record.........................ccoc SRUU U UUPUPPSR 10
RETETEICES ..ottt 11
ILLUSTRATIONS
Page
Figure 1. Map showing South Cascade Glacier and vicinity........................coovviiiiii i, 13
2. Graphs showing air temperature and barometric pressure in
South Cascade Lake Basin, 1992 hydrologic year .........................c...cco.o.. 14
3. Graphs showing precipitation at South Cascade Glacier and river stage
at Salix Creek, South Fork Cascade River, and Middle Tarn,
1992 hydrologiC Yar ..........ccoccooi i 15
4. Mosaic of vertical photographs of South Cascade Glacier...................................... 16
5. Vertical photograph of South Cascade Glacier terminus........................c..o.oooo 17
6. Map showing altitude grid for South Cascade Glacier..............................oo 18
7. Map showing snow depths on South Cascade Glacier.......................................... 19
8. Graph showing snow depth as a function of altitude............................................ 20
9. Graph showing snow depth and firn or ice loss at stakes ................................. 21
10. Graph showing net balance as a function of altitude ..................................... 22
11. Graph showing balance of South Cascade Glacier...................................l 23
12. Map showing terminus positions of South Cascade Glacier
N 1991 and 1992....eoniiiiiicc s 24

iii



Table 1.

2.

A S g

11.
12.
13.
14.

TABLES

Areas of distinct units within and near South Cascade Glacier Basin,

OcCtober 6, 1002 . e 25
Air temperature at 1,615 meters altitude, South Cascade Glacier Basin,

1992 hydrolOZIC YEAT.........cc.oiiiiiiiiie e 26
Air temperature at 1,867 meters altitude, South Cascade Glacier Basin,

1992 hydrolOZIC YEAT..........oooiiiiiiiiiii e 27
Precipitation at 1,615 meters altitude, South Cascade Glacier Basin,

1992 hYdrolOZIC YEAT.........covviiiiiiiiii et 28
Aerial photography of South Cascade Glacier Basin, 1992 ... 29
South Cascade Glacier altitude grid, October 6, 1992..................cccoviiiiiiiiie 30
Snow density at South Cascade Glacier, April 15, 1992.............cooviiiiivciccin, 31
Snow depths at South Cascade Glacier, April 15-16, 1992 ... 32
Snow density at 1,618 meters altitude in South Cascade Glacier Basin,

APTIL 16, 19092, ... i 33
Stake measurements at South Cascade Glacier in the 1992 balance year .................... 34
South Cascade Glacier Basin runoff, 1992 hydrologic year.................c.cooceevvinnnnnnnn, 35
Salix Basin runoff, 1992 hydrologic year...............c..ooeeviiiiiiiiccc e 36
South Cascade Glacier mass balance time Series ....................cooeeeviieeiiieneiecee 37
Machine-readable files available as a supplement to this report ...............ccocevvivncnn. 38

v



CONVERSION FACTORS, VERTICAL DATUM, SYMBOLS,
AND MACHINE-READABLE FILES

Multiply By To obtain
centimeter (cm) 0.3937 inch
degree Celsius (°C) 1.8, then add 32 degrees Fahrenheit
foot (ft) 0.3048 meter
gram 0.002205 pound
hectare (ha) 2.471 acres

inch 2.54 centimeter
kilogram (kg) 2.205 pounds
kilometer (km) 0.6214 mile

meter (m) 3.281 : foot
millimeter 0.03937 inch

square kilometer (km?) 0.3861 square mile

Vertical datum:

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.

Symbols used in this report:

bo The change in balance between the minimum balance near the beginning of the
hydrologic year and October 1.

b The change in balance between the minimum balance near the end of the
hydrologic year and September 30.

ba The change in snow, firn, and ice storage between the beginning and end of
some fixed period, which here is the hydrologic year.

bn(s) The snow above the previously formed summer surface as measured directly by
field work in late spring as near as possible to the time of greatest glacier mass.

bu The change in snow, firn, and ice storage between times of minimum mass.

by (s) The maximum of snow mass during the balance year.

1, The time at which the minimum glacier mass occurs at the beginning of the

balance year.

The time at which the minimum glacier mass occurs at the end of the balance
year.



Machine-readable files:

To make the data contained in this report more usable, most of these data have been recorded on
easily copied computer media. This machine-readable material is available from the World Data
Center, Campus Box 449, University of Colorado, Boulder, CO, 80309.
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MASS BALANCE, METEOROLOGICAL, AND RUNOFF MEASUREMENTS AT SOUTH
CASCADE GLACIER, WASHINGTON, 1992 BALANCE YEAR

Robert M. Krimmel

ABSTRACT

Values of winter snow accumulation and summer snow, firn, and ice ablation were
measured at South Cascade Glacier, Wash., to determine the winter and net balance for the 1992
balance year. The 1992 winter balance, averaged over the glacier, was 1.91 meters, and the net
balance was -2.01 meters. This extremely negative balance continued a trend of negative balance
years beginning in 1977. Air temperature (at 1,615 meters and 1,867 meters), barometric
pressure, precipitation, and runoff from this glacier basin and an adjacent non-glacierized basin
were also continuously measured. This report makes all these data, in tabular, graphical, and
machine-readable forms, available to users throughout the glaciological and climatological
community.

INTRODUCTION

South Cascade Glacier is a small valley glacier near the crest of the North Cascade Range,
Washington State (fig. 1). Numerous variables relating to the glacier regime have been measured
on and near South Cascade Glacier since the late 1950's. The long-term goal of this project is to
understand the climate-glacier relation. A short-term goal is to document the measurements with
sufficient precision so that an internally consistent record of conditions on and around the glacier
can be assembled despite personnel changes, discontinuous records, and changing methods of
data collection and analysis. Some periods of record at South Cascade Glacier have been
documented. Work from 1957-64 is described by Meier and Tangborn (1965), work from
1965-67 is described by Meier and others (1971) and by Tangborn and others (1977). Mass
balance results for 1958-85 are summarized by Krimmel (1989). The purpose of this report is to
document the measurements of the 1992 balance year that are relevant to the South Cascade
Glacier-climate relation.

Description and Climate of Area

South Cascade Glacier is located at the head of the South Fork of the Cascade River, a
tributary to the Skagit River, which flows into Puget Sound about 100 km to the west. The
glacier area is dominated by steep terrain, with relief of more than 1,000 m. Areas within the
basin not covered by glacier ice or water are underlain by bedrock. The bedrock is either mantled
by a thin layer of soil and, in places, by scrub conifer, heather, or other vegetation typical of the
high North Cascade Range, or is covered by glacial moraine or outwash material. The climate of
the region is maritime. Near the glacier, typical winter low temperatures are about -10°C, and
typical summer high temperatures are about 20°C. Most of the precipitation, which commonly
reaches 4.5 m annually (Meier and others, 1971), falls as snow in the period October to May.



South Cascade Lake Basin has an area of 16.14 km? (table 1), and spans from 1,615 to
2,518 m altitude. A sub-basin of the South Cascade Lake Basin is the 4.46-km? Middle Tarn
Basin?, which constitutes the southern two-thirds of the South Cascade Lake Basin. Virtually all
ice melt? within the South Cascade Lake Basin takes place in the Middle Tarn Basin. Near the
end of the 1992 melt season, the total snow and ice covered area in Middle Tarn Basin was 2.50
km?,

Salix Basin is adjacent to the South Cascade Lake Basin, has an area of 40.22 km?, spans
from 1,587 to 2,140 m altitude, and is predominantly south facing.

Measurement Systems

Glacier mass balance definitions (Mayo and others, 1972), are adhered to in this report, and
the stratigraphic system, which is more field compatible than the fixed date system, is usually
used.  The specific terms are defined when used.

The balance year, defined by Mayo and others (1972) as the interval between the minimum
glacier mass in one year and the minimum glacier mass the following year, is used when
appropriate. The hydrologic year is the interval between the beginning of October and the end of
the following September.

Units used is this report are a mix of metric and English. Graphical representations preserve
the units in which the data were collected. The computed tabular data are converted to metric
units.

All local coordinates are in meters, in which the local +Y axis is approximately true north.
Vertical location is in meters above the National Geodetic Datum of 1929. Horizontal locations
are defined by a local system that can be converted to Universal Transverse Mercator (UTM)
zone 10 coordinates by:

UTM easting = local X + 642,000
UTM northing = local Y + 5,355,000.

Densities are given as a decimal fraction of the density of water, the density of which is
considered to be 1,000 kilograms per cubic meter.

IThe area of this basin has been previously reported as 6.02 and 6.11 km2. These differences are
due to different interpretations of the drainage divide.

2"Middle Tarn" is an unofficial name.
3A small, debris-covered area of perennial ice lies outside of the Middle Tarn Basin.

4Salix Basin drainage divides are poorly defined.



1992 BALANCE YEAR DATA COLLECTION

Recorded Variables

Several variables are measured continuously; these are truncated to the hydrologic year
(HY), October 1, 1991 through September 30, 1992. When information beyond the HY
concerning these variables is required for analysis of the glacier mass balance, the required data
are discussed. The continuous measurements may be stored on analog recorders, which give a
continuous trace of the variable; on digital recorders, which store instantaneous data at regular
time intervals; or transmitted via satellite through a data collection platform (DCP) to Tacoma.
The time interval may be different for different variables. Some variables are stored on redundant
analog and digital recorders.

River stage, air temperature, wind speed and direction, barometric pressure, and
precipitation values are relayed from the South Fork Cascade River gaging station (fig. 1) to
Tacoma, Wash., through the DCP. On June 12, 1992, the DCP failed. Repairs were made and
the unit was replaced, and successful data transmissions began on August 18. However, because
of changes in ground station hardware and software, data transmissions after August 18 were also
intermittent.

Air temperature is measured at the South Fork gaging station at 1,615 m altitude. The DCP
temperature is sampled once each hour. An analog strip-chart recorder also records air
temperature, serving as a back-up system. Both sensors are housed in radiation shields 6 m above
ground level. This temperature record is shown in figure 2 and in table 2. When the DCP was
not working, data were obtained from the strip chart, which was calibrated using prior data from
the DCP.

Air temperature is also sampled and recorded once each hour on a data logger at 1,867 m
altitude at RUBY (fig. 1). This sensor is housed in a radiation shield 1.5 m above the ground.
Wind scour keeps the winter snow from burying this sensor. The temperature record is shown in
figure 2, and in table 3. Air temperature data at both sites are estimated to be accurate to 1°C.
Air temperature is also measured at the hut (fig. 1), at 1,844 m altitude, on a 30-day circular
analog chart. The record is used only as a backup system, and for the convenience of personnel at
the station.

Barometric pressure is sampled near the South Fork gaging station at 1,615 m altitude once
each hour and transmitted through the DCP. A data gap appears in the record (fig. 2) when the
DCP was not working.

Precipitation is measured near the South Fork gaging station at 1,615 m altitude using a
tipping bucket gage with a sensitivity of 0.01 inches of precipitation. The cumulative precipitation
for each hour is relayed through the DCP (fig. 3, table 4). The 8-inch orifice of the gage is about
5 m above ground level. There is no wind shield on this gage. An attempt was made to heat the
orifice using a catalytic propane heater, but the propane supply was exhausted by December 5,
1991, and was not replenished. Thus the gage orifice was probably snow covered at times after
December 5. The 1992 hydrologic year precipitation record ended on June 12, 1992, when the



DCP transmission system failed. It is suspected that the gaged precipitation, as reported, is not
representative of the true average precipitation in the basin because of low gage catch in blowing
snow, snow caps over the orifice, and the variability of precipitation within the basin.

Water stage is recorded at the Salix Creek gaging station on an analog strip chart and
independently on a digital paper punch at 15-minute intervals. The stage record is accurate to
0.01 ft. The entire record shown in figure 3 is from the digital recorder. Both recorders were
non-functional from late February until mid April.

The stage of the South Cascade Lake is measured near the outlet to the South Fork Cascade
River about 10 m from the South Fork gaging station. Lake stage is sensed by a float in a well
attached to a potentiometer. Stage is sampled once an hour and relayed by the DCP. The South
Fork Cascade River stage is measured as it leaves South Cascade Lake at the South Fork gaging
station. The stages of the lake and the outlet river are equivalent. The river stage is sensed by a
float attached to a digital paper punch, and is recorded at 30-minute intervals. An independent
float, in the same well, is attached to an analog recorder. These stage records are accurate to
0.01 ft. The record shown in figure 3 is from the DCP data except for December 9-11, 1991, and
June 12 to September 30, 1992, when the DCP was not working, for which period the record is
from the analog recorder.

The stage of Middle Tarn is measured in a stilling well at the edge of the tarn about 50 m
from the outlet stream. The stage (fig. 3) is sensed by a float attached to a potentiometer, and is
recorded at 15-minute intervals on a data logger. This stage record is accurate to 0.01 f&. This
well and recorder were installed in late June 1992,

Aerial Photography

Aerial photography provides an accurate record of a glacier at a specific time. Aerial
photographs of South Cascade Glacier were acquired July 28, September 15, 18, and 29, and
October 6, 1992 (table 5). A calibrated 9-inch camera with a 6-inch lens was used for the vertical
photography. On September 15, 18, and 29, a thin cover of new snow obscured the transient
snow and firn lines. On October 6, only a trace of obscuring new snow was present, and
photographs were acquired at two scales: nearly the entire basin was photographed at 1:12,000
scale (fig. 4), and most of the basin below 2,000 m altitude was photographed at 1:8,000 scale
(fig. 5).

The October 6 photographs were used to measure the terminus position, transient snow and
firn lines, and a surface grid over the entire glacier. Stereo photogrammetry was used for these
measurements, and was done by the author using standard photogrammetric procedures. The
perimeters of distinct surficial units (such as snow patches, water bodies, and basin boundaries)
were defined by numerous points encompassing the respective unit. The area of each polygon
(shown on fig. 1) was calculated and given in Table 1. Gridded altitudes are shown in figure 6
and table 6. All photogrammetrically measured altitudes are accurate to 1 m in horizontal and
vertical location; however, the actual altitude measurement may be up to 3 m from the nominal
grid point.



Measurements Near the 1991 Mass Balance Minimum

The 1992 balance year began in the autumn of 1991 when new snow fell on the glacier, and
remained throughout the winter. Air temperature generally remained above freezing in the lower
basin until October 16, 1991. A snow depth of 0.15 m was recorded at the lower glacier stake
(5A-1991, near 4-1992 [fig. 1]) at the time of the last 1991 visit to the glacier basin on November
1, 1991. Early November was wet and generally above freezing at 1,615 m altitude. At 1,867 m
altitude, air temperature was generally below freezing after mid-October. A temperature sensor
0.10 m above ground level at 1,615 m altitude, stabilized at 0°C on November 20, indicating that
the ground was snow covered , and remained so until the following spring. The glacier was
probably snow covered continuously beginning on or about October 16, which would mark the
beginning of the 1992 balance year.

Measurements Near the 1992 Mass Balance Maximum

Density measurements were made along the entire vertical column of snow in a snow pit
(PIT, fig. 1) on April 15, 1992 (table 7). The depth to firn was 4.23 m. The presence of firn,
rather than ice, under the snowpack verified that there was indeed a positive balance at this
location for the previous balance year. Bulk snowpack density was 0.49, and zones of frozen
snow were found in the pit. No detailed temperature or stratigraphic profile of the snow pit was
made. On April 15, the depth of snow on the upper glacier was probed about every 50 m,
estimated by pacing, on a direct line between approximately known points (fig. 7, table 8).
Penetration of the snowpack was fairly easy over the entire profile, and at most probe points a
layer of depth hoar could be felt near the bottom of the snowpack.

On April 16, snow depth probings were made at approximately 50 m intervals along both
the east and west sides of the lower glacier (fig. 7, table 8). Snow depth and density
measurements were made at eight locations between two marker poles near the South Fork
gaging station using a snow tube that penetrated the entire snowpack (table 9). Average snow
depth between the marker poles was 142 cm and density was 0.54.

Measurements During June Through October

Several visits are made to South Cascade Glacier each summer. The purpose of these visits
is to monitor the melting of snow and ice, to make discharge measurements at the streamgaging
stations, to set and reset ablation stakes as needed, and to do maintenance that cannot be done
when there is snow around the facilities.

On June 3-4, four stakes were set on the glacier. Each stake was 6 m long, and set in a hole
7-8 m deep. An attempt was made to set the stakes so that they would be visible on the next visit,
and so that they would not need to be reset during the summer. The terminus was about 50
percent snow free, and the lake was 90 percent snow and ice free.



On June 23-25, the stilling well was installed in Middle Tarn, and repairs were made at the
hut. The glacier was again visited August 17-18, at which time the DCP was restarted and all
balance stakes were measured and reset as necessary. On September 7-9, a trip was made to
measure balance stakes.

The final trip of the balance year was made on October 10. It was expected that ablation
would be negligible after that time. All stakes were measured (table 10), the hut was closed for
the winter, and all recorders were serviced for the winter.

RUNOFF MEASUREMENTS

Runoff from the South Cascade Glacier Basin has been measured since 1957 and from Salix
Basin since 1960. In 1992, an additional station, Middle Tarn, was installed to measure runoff
from the northern 73 percent of the South Cascade Glacier Basin.

Discharge measurements made in the outlet stream from South Cascade Lake are used to
develop a stage-discharge rating curve, which is then used to convert recorded stage to water flux
The flux is shown as runoff, in millimeters per day, in table 11.

The stage of Salix Creek is converted to water flux using a stage-discharge rating that was
developed several years ago. Because the control and channel are stable, the relation of stage to
discharge does not change. Daily values of runoff from Salix Basin are given in table 12.

A tarn at the glacier terminus--called Middle Tarn in this report--that first became exposed
in 1985 was 1.4 ha in area by 1992. A stable bedrock channel controls the outlet from Middle
Tarn, and virtually all of the glacier runoff is directed through that outlet. Three discharge
measurements were made at the outlet in 1992, but no runoff calculations were made because the
rating curve was not sufficiently defined by these measurements. Significant advantages are
gained by measuring runoff from the Middle Tarn Basin rather than from the entire South Cascade
Lake Basin. Although Middle Tarn Basin is entirely contained within the South Cascade Lake
Basin, portions of the South Cascade Lake Basin are not included in the Middle Tarn Basin.
These include South Cascade Lake, which tends to attenuate the distinctive "signal" of glacier
runoff--strong diurnal fluctuation and release of stored water--and a large area of steep and
inaccessible cliffs where there is no perennial snow or ice.

1992 MASS BALANCE EVALUATION

The collection of balance measurements made at specific locations at specific times and the
recorded temperatures, precipitation, and runoff are used to estimate several area-averaged mass
balance values and the dates on which they occur. At South Cascade Glacier, the field
measurements are stratigraphic, that is, referenced to the time-transgressive surface that formed as
the previous ablation season ended. Area-averaged stratigraphic balance values are estimated, as
are adjustments to these values, so that the glacier balance values can be related to the hydrologic
year, October 1, 1991 through September 30, 1992.



Previously published South Cascade Glacier mass balances for the years 1965-67 (Meier and
others, 1971, Tangborn and others, 1977) were derived from the same types of data as those used
in this report. A major difference between the data sets for 1965-67 and 1992 was a denser stake
network in the former years--in 1965-67 each stake represented about 0.1 km? of the glacier
surface, and in 1992 each stake represented about 0.5 km?. In both 1965-67 and 1992, the stake
networks covered nearly the entire altitude range of the glacier, but the 1965-67 network allowed
lateral balance variations to be observed, whereas the 1992 net gave no information about the
lateral variations. The 1965-67 area integrated balance values were derived from isopack maps of
balance. Because there was not sufficient spatial resolution to draw balance maps in 1992, a
different method to determine area integrated balances was devised.

A graphical procedure called the Grid-Index (GI) method is used to create a representation
of the area/altitude distribution of a glacier. The GI method is based on gridded surface altitudes
(essentially a digital elevation model) and functions of balance variables that are dependent on
altitude. The altitude-dependent functions are determined by finding a curve that approximates all
the available data. The curve is then evaluated at the altitude of each grid node, and the product
of each value and the grid cell area is a balance volume. The cumulative volume is the balance
volume, which can be converted to a one dimensional quantity by division by the number of grid
cells. Although the GI method accounts for the area-altitude distribution of the glacier, it does
not account for variations of balance values at a given altitude.

The surface altitude grid used at South Cascade Glacier has a cell size of 0.1 by 0.1 km. The
altitude of the entire cell is considered to be the altitude at the nominal center of the cell, which is
based on the local X,Y coordinate system; the cell centers are at

XGrid =70, 170, 270....

YGrid = 100, 200, 300....
This particular translation was chosen to allow the entire South Cascade Lake Basin to be
included within a 24 by 40 grid area.

Winter Balance

The measured winter snow balance, b (s), is defined by Mayo and others (1972) as the
snow above the previously formed summer surface as measured directly in late spring as near as
possible to the time of greatest glacier mass. The snow depth and density measurements made on

April 15-16, 1992 are the principal data source for bm(s). The grid used for winter snow balance
measurements was based on photographs taken on September 9, 1991. The altitude of each of
the 64 probed snow depths was determined from a contour map drawn from the 1991 grid. ‘A 2d
degree polynomial was fit to the snow depth and altitude at the 64 probe points and the snow
depth at the 1,615 m altitude snow course (fig. 8). A linear fit was made between the density
measurements made at 1,615 m altitude (0.54) and at 1,852 m altitude (0.49). The product of the
evaluation of the polynomial (for the snow depth) and the line (for density) at the altitude of each
grid point gives the snow water equivalent (W.E.) at each grid point. The product of the W.E. at
each grid and the grid cell area (0.01 km?) gives the water volume at each cell, and the cumulation



of all the cells gives the total water volume of the winter snow, 4.32x10° m®>. Dividing this volume
by the September 9, 1991 glacier area, 2.26x10° m?, gives b (s)=191m.

The maximum winter snow balance, bw (s), is defined by Mayo and others (1972) as the
maximum of snow mass during the balance year. This quantity is computed or estimated from the

measured winter snow balance, b (s), and from other information that may be available, such as
recorded temperature, precipitation, and runoff data. In the spring of 1992, the date of maximum
snow mass was not obvious. The precipitation on April 16 was observed to be rain over the
entire glacier, and the precipitation near the end of April coincided with above-freezing
temperatures, and was also probably rain. Zones of frozen snow were observed in the pit dug on
April 15, thus some of the rain may have frozen in the snow. The runoff from South Cascade
Lake Basin was substantial for a few days in early April and mid-April, and major runoff began

April 27. 1t is estimated that b. (s) was reached on April 26, and was not significantly greater
than b (s).

Net Balance

Net balance, Zn, is defined by Mayo and others (1972) as the change in snow, firn, and ice
storage between times, 7, and ¢, of minimum mass. The observation of the balance at each of the

stakes (fig. 9, table 10) is the principal data source for .. The stake balances are referenced to
the surface formed at the end of the previous ablation season at the stake location. An estimation
of the balance change after the last stake measurement and the end of ablation at the stake is made
on the basis of the continuously recorded temperatures, precipitation, and stream-stages; and in
some cases by measurements of the ice level on the balance stakes in the following balance year.
A 2d degree polynomial is fit to the final balance at each of the four stakes and their respective
altitudes and a fifth point, that of the equilibrium line altitude on October 6, 1992, where the
balance was zero (fig. 10). The grid used in the GI method net balance integration is determined
from the October 6, 1992 photographs. The polynomial is evaluated at the altitude of each grid
cell, and the cumulation of the grid cell volumes, -4.16x10° m?, divided by the combined area of

all the grid cells, 2.07x10° m?, gives b, = -2.01 m.

Balance Year To Hydrologic Year Adjustments

Mayo and others (1972) define two terms required to relate the stratigraphic measurements

to the hydrologic year. The initial balance increment, bo, is the change in balance between the
minimum balance near the beginning of the hydrologic year and October 1; the final balance

increment, b, is the change in balance between the minimum balance near the end of the
hydrologic year and September 30.



The last visit to South Cascade Glacier in the 1991 balance year was on September 20,
1991. At that time no new snow had fallen on the glacier, and neither the hydrologic nor balance
year had ended. The first visit of the 1992 balance year was on November 1, 1991, at which time
0.15 m of new snow had fallen at the lowest 1991 stake (near 4-1992). A measurement at that
stake indicated 0.94 m of ice (0.85 m W.E.) had melted between September 20 and November 1.
No other stakes were measured on November 1. The only other data available to help determine
the balance year ending date, and balance change from September 20 to the end of the 1991
balance year, are the 1,615 and 1,867 m altitude temperature and precipitation data, and the
runoff records for Salix and South Cascade Lake Basins. At 1,867 m altitude, the average daily
temperature was above freezing from September 20 to October 15. Average daily temperature at
1,615 m altitude dropped below freezing on October 22, but was not persistently below freezing
all winter. The 0.009 m of precipitation on October 16 almost certainly fell as snow over most of
the glacier and a storm beginning on October 21 deposited snow over the entire glacier. The
streamflow records show a general seasonal reduction in runoff during October, with increases
during storms, and do not indicate a definitive date for the end of the balance year. It is estimated
that the 1991 balance year ended on October 15, that there was a glacier-averaged mass loss of
0.2 m from September 20 through September 30, and a loss of 0.1 m from October 1 through

October 15. The initial balance increment (50 )is -0.1 m (fig. 11)..

The last visit to South Cascade Glacier in the 1992 balance year was on October 10, 1992 at
which time there was virtually no new snow on the glacier. The first visit in the 1993 balance year
was on January 31, 1993 at which time probes through the 1993 balance year snow showed there
had been 0.17 m of ice ablation (0.15 m W.E.) at stake 4-92 after October 10. The 1,867 m
altitude air temperature remained mostly above freezing until November 6, the 1,615 m altitude
air temperature remained above or slightly below freezing until November 6. There were no
major periods of precipitation in October or November of 1992, but several minor storms
probably resulted in mixed rain and snow into early November. It is estimated that the glacier was
covered with snow, and remained so, after November 6, 1992, at which time the 1993 balance

year began. It is estimated that the final balance increment (51), the melt after September 30, was
0.05mW.E.

The annual balance, b., is defined by Mayo and others (1972) as the change in snow, firn,
and ice storage between the beginning and end of some fixed period, which here is the hydrologic

year. The measured values of bo, 1, and b at South Cascade Glacier for the 1992 balance year
can be used to derive the annual balance, Ea; where s = bn + bo - b1 = -2.06 m.

Balance Measurement Errors

Errors in glacier balance measurements are difficult to quantify. In prior years of balance
measurements at South Cascade Glacier, error values ranging around 0.10 m were placed on the
balance values (Meier and others, 1971). For the years 1965 and 1966, more information was
used to derive the balances than in 1992. The availability of less information in 1992 would
suggest that greater errors should be assigned to the 1992 balance. This relative paucity of data
for 1992 is offset somewhat, however, by the experience gained since the mid-1960's. The error



of the 1992 balance values is estimated to be 10 percent. Although other factors that affect the
balance, such as internal accumulation of ice, superimposed ice, internal melt, and basal melt, are
possible, they are not considered in this report. These factors are insignificant compared with the
errors assigned to the surface balance values.

CONCLUSIONS AND LONG-TERM BALANCE RECORD

The negative mass balance of 1992 resulted in major changes to the glacier. Measurements
made on aerial photographs taken on September 9, 1991 and October 6, 1992 show that the
terminus retreated 38 m between those dates. This recession is considered extreme, and does not
account for the appearance of new nunataks in 1992 (fig. 12). The equilibrium line altitude was
2,070 m on October 6, 1992, and the area accumulation ratio was 0.08. Taking 83 m as the
average thickness of the glacier (Hodge, 1979), this loss represents more than 2 percent of the
glacier mass. Furthermore, the negative balance continues a negative trend in balances at South
Cascade Glacier which began in 1977 (table 13).

Total HY 1992 runoff from South Cascade Lake Basin was 3.9 m. Total basin averaged

precipitation for HY 1992 can only be estimated, but on the basis of knowledge of bm (s) and the
partial precipitation record from 1,615 m altitude, a reasonable estimate is 2.2 m. The large
discrepancy between runoff and precipitation is due to the loss of glacier ice during the year.

The mass balance results obtained from field measurements should agree with the mass
change measured from aerial photographs (Krimmel, 1989). The photogrammetrically determined
change in volume of South Cascade Glacier between late 1985 (photographs were taken near the
end of the 1985 balance year) and late 1992 was -10.2 m averaged over the glacier arca. When
adjusted for the density of material lost, this value should be the same as the cumulative mass
balance (determined from field measurements) for the years 1986 through 1992, which is -8.53 m.
If the glacier were in a state of equilibrium, the density of the material lost would be that of ice,
about 0.9. However, South Cascade Glacier has not been in equilibrium, it has lost considerable
mass since late 1985, and the excess mass lost has included firn with a density between 0.6 and
0.9. In a similar volume change-cumulative balance change comparison at South Cascade Glacier
for the years 1958-85 (Krimmel, 1989), also a period of general mass loss, about one-half the
material lost had a density of firn. For the 1986-92 period, 0.9 is a better approximation of the
average density of the glacier than it was for 1958-85, because most of the firn was melted in the
earlier period, leaving a more dense glacier (a higher ratio of ice to firn) in the later period. By

‘using an average density of 0.84 for the mass lost for 1986-92, agreement between the two
methods can be obtained. The similarity in results obtained from the two methods--volume
change and cumulative balance change--indicates that the balance methods are approximately
correct. Even without any adjustment to the density of the mass lost, the difference between the
methods is within the errors of either method.

The application of the GI method for mass balance measurement has limitations. 1) The
relations between altitude and various balance components must be defined. Certain
characteristics of snow density, snow depth, and ablation can be expected on the basis of previous
experience at South Cascade Glacier. For instance, it is expected that the bulk density of the

10



spring snowpack will decrease with increasing altitude. This decrease in density occurs because
snow at 1,615 m altitude has usually been rained on several times during a winter, whereas at
higher altitudes, winter rain is less frequent. 2) It is especially important to carefully define the
snow-depth/altitude relation in that case. For the altitude range of South Cascade Glacier--about
500 m--the gradients of density, snow depth, and ablation seem to be simple. For some glaciers,
however, particularly those that have a large altitude range, these gradients may be more
complex--for instance, an increase of snow depth with altitude to a certain altitude, then
decreasing snow depth at higher altitudes. 3) The altitude dependence of variables must be
consistent. For instance, wind redistribution of snow, shading of the glacier surface by adjacent
ridges, and prevailing storm patterns can cause a great variation in snow accumulation at a given
altitude. If such variation is extreme, some method to obtain a valid average at the altitude must
be devised. At South Cascade Glacier, it is known that there is variation in net balance within a
given altitude interval. For instance, taken literally, the balance curve (fig. 11) would suggest
there was no 1992 firn accumulation, yet firn did accumulate on a small area of the glacier which
had no ablation stakes. It is assumed that this unmeasured firn accumulation was offset by areas
of excessively negative balance.

No attempt was made to extend the GI method to include the entire South Cascade Glacier
Basin, and such extension would require a large increase in field effort. Because the fieldwork did
not include probing of snow depths or installation of stakes above 2,050 m, the extrapolation of
the balance/altitude functions may be invalid. The data presented in this report represent a modest
field program which, if continued, can be expected to show any long-term trends in this glacier's
mass balance.
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242, 243, and 244. The maximum dimension of the lake north of terminus of the glacier is about 800 meters.
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FIGURE 7.--Snow depths, in meters, determined by probing on South Cascade Glacier,
April 15-16, 1992. The locations of the probes were estimated in the field by pacing, and
are accurate to 100 meters horizontally. The probe depths are accurate to 0.1 meter.
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FIGURE 8.--Snow depth on South Cascade Glacier, determined by probing on April 15-16, 1992,
as a function of altitude. A 2d degree polynomial fit between points was used to determine
the probe depth at any altitude.
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FIGURE 9.--Snow depth and firn or ice loss at each South Cascade Glacier 1992 stake, as a
function of time. Depths are accurate to 0.1 meter.
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FIGURE 10.--Net balance at South Cascade Glacier at each 1992 stake (solid circles), as a function
of altitude. A 2d degree polynomial fit was used to determine the net balance at any altitude.

The data point at balance = 0.0 is the equilibrium line altitude.
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FIGURE 11.--Balance of South Cascade Glacier, 1992 hydrologic and balance years. bo is the change in balance
between the minimum balance near the beginning of the hydrologic year and October 1. b is the change in

balance between the minimum balance near the end of the hydrologic year and September 30. Za is the
change in snow, firn, and ice storage between the beginning and end of some fixed period, which here is the

hydrologic year. Zm (s) is the snow above the previously formed summer surface as measured directly by field
work in late spring as near as possible to the time of greatest glacier mass. bn is the change in snow, firn, and

ice storage between times of minimum mass. bw (s) is the maximum of snow mass during the balance year.
The balance year is the interval between the minimum glacier mass in one year and the minimum glacier mass
the following year. The hydrologic year is the interval between the beginning of October and the end of the
following September.
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TABLE 1. Areas of distinct units within and
near South Cascade Glacier Basin,

October 6, 1992

[The letter in the left column refers to polygons

designated on figure 1]

Area!
Classification (square
kilometers)

a Glacier 2.089
b Non-glacier ice 0.040
¢ Non-glacier ice 0.015
d Non-glacier ice 0.010
e Non-glacier ice 0.039
f Non-glacier ice 0.013
g Non-glacier ice 0.007
h Non-glacier ice 0.055
i Non-glacier ice 0.011
j Non-glacier ice 0.109
k Non-glacier ice 0.018
1 Non-glacier ice 0.091
m Nunatak 0.000
n Nunatak 0.002
o Nunatak 0.001
p Middle Tarn 0.014
q South Cascade Lake 0.232
r Middle Tarn Basin 4.457
s South Cascade Lake Basin 6.142
t Salix Basin 0.219
u 1992 firn 0.161

! Total snow and ice area within South
Cascade Glacier Basin = 2.497 square

kilometers
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TABLE 4. Precipitation at 1,615 meters altitude, South Cascade Glacier Basin, 1992
hydrologic year

[Daily gaged precipitation, in millimeters, -99 indicates the gage was non-functional]

DAY Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 0 0 4 0 4 5 0 0 0 -99 -99 -99
2 0 0 1 0 3 0 0 0 0 -99 -99 -99
3 0 7 2 0 0 1 4 0 0 -99 -99 -99
4 0 30 1 0 0 0 1 0 0 -99 -99 -99
5 0 22 51 0 0 0 0 0 0 -99 -99 -99
6 0 0 0 0 0 0 0 0 0 -99 -99 -99
7 0 2 0 0 0 2 0 0 0 -99 -99 -99
8 0 38 1 2 1 0 0 3 0 -99 -99 -99
9 0 3 -99 32 1 0 0 3 7 -99 -99 -99

10 0 3 -99 3 0 0 0 9 0 -99 -99 -99
11 0 60 -99 0 0 0 0 8 1 -99 -99 -99
12 0 30 0 1 0 0 3 0 0 -99 99 -99
13 0 10 0 3 1 0 5 0 -99 -99 -99 -99
14 1 1 0 2 0 0 2 0 -99 -99 -99 -99
15 0 0 0 0 6 7 1 0 -99 -99 -99 -99
16 9 8 0 0 1 1 24 0 -99 -99 -99 -99
17 5 4 0 1 0 5 10 0 -99 -99 -99 -99
18 0 1 0 0 0 1 2 0 -99 -99 -99 -99
19 0 31 0 0 0 0 0 1 -99 -99 -99 -99
20 2 14 0 0 2 0 4 5 -99 -99 -99 -99
21 16 6 2 0 3 0 3 1 -99 -99 -99 -99
22 2 0 0 0 3 0 1 0 -99 -99 -99 -99
23 4 6 1 11 3 0 1 0 -99 -99 -99 -99
24 9 30 1 9 6 0 0 0 -99 -99 -99 -99
25 1 13 0 0 0 0 0 2 -99 -99 -99 -99
26 0 0 0 0 0 3 1 25 -99 -99 -99 -99
27 1 2 0 14 0 2 15 0 -99 -99 -99 -99
28 1 1 0 5 0 0 5 13 -99 -99 -99 -99
29 0 0 0 4 1 0 42 4 -99 -99 -99 -99
30 1 1 0 13 0 4 0 -99 -99 -99 -99
31 8 0 19 0 0 -99 -99

TOTALS 60 323 - 119 35 27 128 74 - - - -
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TABLE 5. Aerial photography of South Cascade Glacier

Basin, 1992

[An "R" in the roll number indicates the photograph was oblique,

with a 12-inch lens. A "V" in the roll number indicates the

photograph was vertical, with a 6-inch lens. All photographs in
black and white, with 9-inch film. Altitude is flight height in feet
above sea level]

Roll Frame Date Altitude
number numbers (feet)
92V3 34-37,54-58 July 28, 1992 12,000
92R1 4, 10-12 Sept. 15, 1992

92VSs  15-20 Sept. 15,1992 12,500
92Vs5s 29-35 Sept. 15, 1992 8,200
92VS5 139-145 Sept. 18, 1992 12,000
92R1 58, 59 Sept. 29, 1992

92V5s 179-189 Sept. 29, 1992 12,000
92R1 117, 119-123 Oct. 6, 1992

92VS5s 243-247 Oct. 6, 1992 12,000
92VS  248-257 Oct. 6, 1992 9,000
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TABLE 6. South Cascade Glacier altitude grid, October 6, 1992

[Surface altitude (Z), in meters above National Geodetic Vertical Datum of 1929, was measured near the
nominal point for each grid cell. Coordinates X and Y are local (see fig. 6). The tenths of meters are
marginally significant]

X Y Z X Y Z X Y Z X Y Z
1671.4 3698.8 1660.6 2270.5 3000.7 1836.1 1670.4 23986 1895.6 1868.4 1803.7 20125
1771.6 37022 16463 1471.6  2900.5 1852.0 17682 23987 1896.5 1968.7 1803.0 19993
1869.2 3699.5 16424 1570.9 -2898.9 18485 1871.9 2401.6 19009 2067.0 17993 19854
16709 3599.5 1678.8 1670.4 2900.1 1848.3 1969.4 23993 1910.8 2172.6 18037 19873
1770.8 3599.6 1674.0 1771.4 2900.0 18454 2069.6 2401.5 1915.1 2269.1 18022 2005.5
18728 35979 1656.8 1870.3 29014 18474 21687 23994 1919.5 23692 1799.8 20203
1569.3 34983 1680.5 1969.7 2899.4 18475 22697 24009 19354 2469.2 1803.4 20322
1667.3 35008 1702.1 2071.0 29003 18457 2370.8 2400.2 1944.6 2567.1 1800.5 20389
1769.6 34978 1692.7 2170.6 2900.7 1842.9 2469.0 24025 1963.1 2669.0 17993 20515
1873.1 3498.1 16744 2269.3 2901.0 18375 15685 22989 19323 2769.5 1799.1 20713
1571.0 34022 17242 2370.7 28999 1843.0 1669.2 22979 1909.4 2869.6 17979 20786
1669.2 3401.0 17283 1371.8 2800.1 18975 1768.1 2300.5 1905.9 29684 1799.6 2085.0
17679 33973 1716.3 14664 2799.0 1863.6 18723 22998 1914.0 3072.1 1800.7 2083.6
1873.7 33953 1699.5 1567.8 2798.0 18554 1970.2 2301.6 1925.5 3170.6 1800.7 2093.3
1971.1 34058 1705.5 1668.1 27994 1854.7 20687 22999 19319 19702 1702.8 2007.9
2063.3 3404.6 17224 1770.5 27999 1854.7 2170.2 22987 1936.0 2073.6 1703.0 20089
2171.4 33999 17179 1869.9 2800.1 1851.4 22707 2300.6 1943.7 2173.1 17029 2010.0
14689 3300.5 17589 1970.6 2802.0 1850.4 2370.8 2298.8 1946.2 22739 1703.6 20173
1567.4 32959 1754.7 2069.6 2800.3 18473 2468.8 2300.1 1959.9 2372.8 1699.4 2025.1
1664.0 3299.1 1752.8 2169.1 2799.6 1843.1 2569.9 2300.1 2003.4 2472.5 17014 20320
1771.9 32983 17492 2270.2 28012 1846.7 16693 21987 1930.0 2572.5 17021 2036.0
1872.2 32934 17310 2370.6 2800.5 18593 17687 2201.8 1933.2 2667.0 1700.0 20529
19627 33046 1749.1 14707 27014 18742 1869.8 2199.8 19248 2770.7 1699.5 2065.7
2068.4 3295.6 17483 1569.5 2698.4 1863.1 1969.5 2199.6 1934.0 2871.8 1702.0 2076.3
21684 3301.4 17406 1670.0 26999 1862.2 20709 2201.4 1941.2 2971.8 16989 20759
22687 3301.6 1753.9 1771.4 26983 1861.8 2171.1 22019 19453 3069.7 1704.6 2103.3
14704 32014 1784.0 18703 2700.0 18584 22699 2201.1 19518 3172.1  1702.8 2116.4
15707 3203.8 1779.5 1970.5 27009 1855.5 23683 21985 1954.1 2069.7 16012 2030.9
1669.4 3198.0 17844 2072.7 27023 18534 24700 2200.8 1965.0 2170.0 1599.9 2025.7
17674 3203.0 17943 21703 27015 1853.2 17723 2103.0 19399 22709 1599.4 2025.8
1871.3 31978 18049 22712 27021 1863.6 1868.0 21023 19414 23672 1600.7 2026.8
1972.8 31982 1806.7 2371.6 2703.2 1874.2 1969.5 2098.0 19454 2469.4 15999 2038.7
2072.1 3200.5 1786.9 1569.1 25983 1875.0 20723 2099.2 1949.0 2566.5 15979 20478
2173.1 31986 1782.1 1670.7 2599.5 1873.1 2171.6 2101.8 19534 2672.4 15981 20574
2275.5 31972 17727 1770.8 25984 18714 2270.6 2098.1 19583 2769.8 1601.6 2070.2
1469.6 3101.6 18184 1870.7 2601.6 1868.1 23719 21008 19614 2868.6 1603.1 2082.6
15707 3099.8 1812.7 1970.6 2600.0 18674 24717 21016 1973.8 2968.1 1604.0 20984
1671.2 3098.6 1812.6 2069.8 2599.6 1864.8 2569.8 21022 2008.7 30683 16027 2124.0
1769.8 3096.9 1822.1 2169.7 25989 1876.1 1870.7 2001.8 1969.4 2172.8 1501.1 20473
1870.5 3098.1 1829.3 22709 2600.0 1894.0 1970.1 19970 1959.7 22683 14973 2042.0
1970.0 3099.1 1832.4 23693 2601.7 1903.7 20729 20022 1961.4 23727 15004 20422
20715 3099.5 18287 1471.5 24978 19023 2167.0 2002.6 19589 2468.4 14963 2044.6
21729 31009 18289 1568.0 24993 18877 2268.6 2001.7 1960.5 2570.1 1503.9 20504
2268.1 31013 1803.3 16724 2501.0 1884.2 23712 19978 1961.7 2669.6 1502.2 2064.4
1469.5 2999.7 1839.8 17693 2500.4 1883.4 2471.0 2002.6 1981.7 2770.0 15043 2076.5
15687 29989 18334 1868.4 25004 1883.0 1871.1 1897.1 1990.9 2870.6 15069 2091.8
1669.6 2998.0 1830.7 1969.2 2499.5 1884.2 19689 19004 1976.1 23732 13981 2062.0
1768.5 29976 18372 20703 2501.1 1893.8 20712 19014 19721 2464.1 13963 2059.4
18713 29999 18421 2167.6 2499.5 1904.6 21679 1902.5 1970.5 2573.6 13973 2061.8
19715 2999.6 18439 22693 2501.2 19186 2271.0 1900.2 1987.1 2669.8 14003 2087.7
20699 2999.6 18413 2371.7 2502.0 1930.4 2369.5 1901.0 1994.8 27709 13994 2110.2
2169.8 3000.4 18358 1569.5 2398.0 19089 2472.8 1899.4 2009.5
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TABLE 7. Snow density at South
Cascade Glacier, April 15, 1992

[Measured in a snow pit, through the entire
thickness of the snow, at local X = 1856,
Y =2793, Z = 1852. cm = centimeters]

Sample
bottom Sample
depth length Mass Density
(cm) (cm) (grams)
42 42 725 041
85 43 735 0.41
127 42 775 0.44
163 36 715 0.47
191 28 570 0.49
230 39 810 0.50
268 38 810 0.51
309 41 835 0.49
349 40 900 0.54
387 38 830 0.52
423 36 885 0.59
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TABLE 8. Snow depths at South Cascade Glacier, April 15-16, 1992

[Depths; in meters (m) measured with a probe rod; X, Y, and Z are local coordinates, £100 meters]

Snow Snow

X Y Z depth X Y Z depth
(m) (m)

2524 1375 2065 5.5 2216 3113 1810 2.9
2484 1429 2056 5.1 2270 3155 1780 33
2453 1484 2049 4.7 2233 3206 1770 2.1
2411 1545 2041 4.9 2201 3255 1760 2.5
2379 1606 2035 48 2167 3307 1745 4.0
2345 1669 2028 44 2096 3332 1743 2.5
2306 1731 2021 4.7 2027 3356 1740 2.0
2270 1793 2012 4.1 1965 3373 1730 2.4
2234 1861 1996 43 1909 3384 1720 34
2198 1916 1979 4.6 1879 3449 1690 2.9
2165 1966 1967 45 1854 3505 1680 2.2
2131 2021 1961 4.5 1822 3554 1675 2.1
2107 2092 1955 4.4 1800 3612 1665 1.1
2080 2162 1950 44 1782 3675 1660 1.5
2055 2223 1943 42 1730 3692 1650 1.1
2034 2288 1937 42 1685 3721 1650 2.7
2008 2347 1927 4.0 1636 3744 1655 2.7
1991 2402 1916 44 1633 3705 1660 1.5
1966 2467 1897 48 1620 3659 1675 3.2
1939 2527 1885 45 1612 3599 1685 1.8
1913 2602 1875 42 1605 3558 1690 23
1890 2657 1869 4.3 1595 3498 1705 2.7
1864 2705 1865 42 1584 3453 1720 1.9
1844 2762 1862 43 1570 3408 1730 2.8
1828 2825 1859 42 1559 3355 1740 2.8
1872 2857 1857 39 1551 3312 1755 31
1919 2892 1856 4.0 1543 3266 1765 3.3
1972 2928 1855 34 1534 3221 1780 3.7
2017 2963 1853 3.6 1524 3176 1790 4.0
2071 3004 1848 3.9 1516 3122 1810 40
2122 3038 1840 3.6 1510 3071 1820 4.1
2170 3079 1832 3.9 1512 3012 1835 4.6
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TABLE 9. Snow density at
1,618 meters altitude in
South Cascade Glacier
Basin, April 16, 1992

[Measured with a snow tube that
penetrated the entire snowpack in
one sample. The distance
between sample locations was
about 15 meters. Depth and water
equivalent (W.E.) in meters]

Sample Depth W.E.

(m) (m)

Westend 1.30 0.71
2 1.42 .79

3 1.32 71

4 1.32 .66

5 1.47 .79

6 1.32 .69

7 1.73 .97

East end 1.50 81

Average depth=1.42 m
Average W.E. =0.77 m
Average density = 0.54
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TABLE 10. Stake measurements at South Cascade Glacier in the 1992 balance

year.

[Surface material may be snow (s), firn (f), or ice (i); density estimated based on interpolation between
measurements made in mid-April, and assumed density of firn of 0.6. Balance is the gain or loss of
material, referenced to the previous year's melt horizon, in water content. Local X, Y, and Z coordinates
(in meters) given for each stake]

Date Surface Depth Density Balance Remarks
material  (meters) (meters)

Stake 1-1992 [X =12534, Y = 1598, Z = 2045]
June 4 S 3.98 0.52 2.07
Aug. 18 s/f 0.0 0.0 At snow/firn contact
Sept. 7 f =73 .6 -.44
Oct. 10 f -.90 .6 -.54

Stake 2-1992 [X = 1856, Y = 2793, Z = 1852]
Apr. 15 S 423 0.48 1.90  Dug snow pit here on this day
June 3 S 3.20 .55 1.76
June 25 s 2.09 .55 1.15
Aug. 18 i -1.49 .6/.9 -1.23
Sept. 7 i 2.19 9 -1.86
Oct. 10 i -2.54 9 -2.18

Stake 3-1992 [X =2111,Y =3254, Z=1761]}
June 4 s 2.50 0.55 1.38
Aug. 18 i -3.12 9 -2.81
Sept. 7 i -4.06 9 -3.65
Oct. 10 i -4.67 .9 -4.20

Stake 4-1992 [X = 1821, Y =3645, Z = 1658]
June 4 s/i 0.0 0.0 At snow/firn contact
June 24 i -1.33 0.9 -1.20
Aug. 18 i -5.61 9 -5.05
Sept. 7 i -6.51 .9 -5.86
Oct. 10 i -7.35 .9 -6.62
Jan. 31 i -7.52 9 -6.77  Measured through snow
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TABLE 11. South Cascade Glacier Basin runoff, 1992 hydrologic year

[Values in millimeters, averaged over the basin]

DAY Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept

I 116 1.5 1.5 0.3 1.0 1.7 164 268 240 340 164
2 100 1.2 1.4 0.4 23 0.9 33 128 252 188 316 16.0
3 84 1.1 1.2 0.4 1.8 0.8 64 104 200 172 264 1638
4 6.8 3.3 1.0 04 1.2 0.7 52 124 180 204 248 232
5 60 140 2.0 04 0.9 0.5 33 172 172 344 240 124
6
7
8

6.0 136 4.4 03 0.7 0.4 23 212 180 332 260 7.2
6.0 8.8 38 03 0.6 0.4 16 240 196 292 324 4.8
52 168 33 03 0.5 0.4 1.2 216 196 244 248 220
9 52 1438 3.1 04 04 0.4 09 136 200 208 232 144
10 72 8.0 28 1.7 04 0.4 0.7 96 184 216 244 104

11 104 212 23 2.5 0.3 0.4 0.6 68 188 200 316 9.6
12 120 340 24 1.9 03 0.5 0.6 52 328 224 368 9.2
13 92 148 1.8 1.2 0.3 0.7 0.6 44 324 236 416 6.0
14 88 8.0 1.2 0.9 0.3 1.0 0.6 44 208 240 408 4.4
Is 120 5.6 0.8 0.7 0.3 14 0.8 52 168 224 324 3.5

16 156 52 0.7 0.7 03 1.6 2.0 56 168 228 300 29
17 100 52 0.5 0.6 03 L5 5.6 72 172 268 332 2.4
18 6.4 4.0 0.5 0.4 0.2 1.2 44 100 204 280 328 2.2
19 4.8 3.8 0.5 0.4 0.3 1.0 31 112 260 292 2638 24
20 52 4.8 0.4 0.4 0.3 0.8 25 100 280 336 224 8.4

21 144 3.9 04 04 0.3 0.8 2.2 72 308 312 200 156
22 1238 28 0.4 0.4 0.3 0.8 1.9 60 356 240 220 152
23 8.4 22 0.4 1.0 0.4 0.8 1.6 68 388 272 136 212
24 6.4 23 0.4 1.6 0.4 0.9 12 132 388 264 100 308
25 43 44 0.3 1.1 04 1.0 1.1 216 396 268 108 192

26 38 3.7 03 0.8 03 1.2 20 284 408 272 128 164
27 3.2 28 0.3 0.6 04 1.5 72 272 400 252 168 13.6
28 2.6 24 0.3 1.0 0.7 13 136 228 436 240 176 72
29 2.1 2.1 0.3 1.1 0.9 1.0 236 236 632 264 152 6.4
30 1.8 1.6 0.3 1.2 1.0 09 272 240 416 296 140 116
31 1.7 03 1.7 1.0 23.6 336 16.0

suM 2288 2179 393 255 168 272 1290 4336 8456 7984 7688 3518
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TABLE 12. Salix Basin runoff, 1992 hydrologic year

[Values in millimeters, averaged over the basin; -99.0 indicates no data]

DAY Oct Nov Dec Jan Feb Mar Apr May  June July Aug Sept
1 0.5 1.1 2.1 0.8 79 990 -99.0 165 212 3.7 0.7 0.4
2 0.5 0.9 2.0 0.8 34 -990 990 11.8 165 3.2 0.7 0.4
3 0.5 1.1 1.7 0.8 26 -990 -990 189 142 2.7 0.6 0.5
4 0.5 236 14 0.8 24 -990 -990 330 118 6.3 0.7 2.7
5 04 283 117 0.8 21 990 -990 378 114 113 0.6 22
6 04 55 130 0.8 19 -990 -99.0 425 110 118 1.3 2.1
7 0.4 4.0 3.7 0.8 1.9 -990 -99.0 389 9.8 7.6 33 2.0
8 04 2438 2.5 0.8 1.8 990 990 212 9.4 52 3.1 201
9 04 7.4 21 5.8 1.7 990 -99.0 13.0 9.2 3.8 3.0 2.7

10 0.4 4.0 1.7 142 14 -990 -99.0 9.1 7.9 38 15 14
11 04 389 1.5 5.0 1.3 990 -99.0 6.6 6.8 3.7 1.1 1.1
12 04 224 14 3.9 12 990 -99.0 53 260 3.1 0.8 2.2
13 04 9.2 1.3 3.9 12 -990 -99.0 66 224 2.6 0.8 3.8
14 0.4 5.8 1.3 3.9 1.1 990 -990 118 118 22 0.7 54
15 0.2 4.7 1.3 2.7 1.1 990 -990 130 83 1.9 0.6 3.9
16 1.3 4.6 13 2.0 1.1 -990 -990 165 6.7 1.5 0.6 22
17 0.9 4.6 12 2.0 1.1 990 153 236 6.3 1.4 0.5 1.5
18 0.9 4.1 1.2 1.8 1.1 -99.0 72 260 54 1.3 0.5 1.2
19 0.8 5.0 1.2 12 1.1 -99.0 53 212 5.0 14 0.5 1.1
20 0.6 8.6 12 12 1.1 -99.0 6.7 142 5.1 1.8 0.5 2.7

21 7.0 4.0 1.1 12 990 -99.0 68 10.0 5.2 1.5 0.5 1.8
22 3.5 34 1.1 1.1 990 -99.0 50 112 5.0 14 19 12
23 2.5 3.2 1.1 1.1 -99.0 -99.0 40 224 4.7 6.4 0.8 8.0
24 22 54 0.9 14 -990 -99.0 35 342 44 33 06 236
25 20 130 0.9 1.3 990 -99.0 65 330 3.9 2.0 05 153
26 20 4.5 0.9 12 -990 -990 165 36.6 3.7 1.5 05 153
27 1.7 31 0.9 12 -990 -99.0 413 248 3.3 1.3 0.5 5.9
28 1.5 25 0.8 26 -990 -990 307 212 33 1.1 0.5 3.7
29 1.5 2.2 0.8 32 990 -990 649 224 189 0.9 04 3.0
30 1.4 2.2 0.8 6.4 990 40.1 20.1 5.1 0.8 04 2.7
31 13 08 153 -99.0 224 0.8 0.5

SUM 373 2521 649 90.0 -- - -- 6458 2837 1013 292 140.1
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TABLE 13. South Cascade Glacier mass balance time

sSeries

[For years 1986-91 net balance, En, was determined by the index
regression method discussed in Krimmel (1989) and has an error of
0.23 m. For years 1959-64 and 1968-1982 winter balance, B (s), from
unpublished snow accumulation maps, and has an error of 0.12 m. For
years 1983-1991 Ew (s) determined using a similar index station

regression as discussed in Krimmel (1989), and has an error of 0.23 m]

Yearl Bn Ew (S) Yearl En Bw (S)
(meters)  (meters) (meters)  (meters)
1959 0.70 3.28 1976  0.95 3.53
1960  -0.50 221 1977  -130 1.57
1961  -1.10 2.40 1978  -0.38 2.49
1962  0.20 2.50 1979  -1.56 2.18
1963  -1.30 223 1980  -1.02 1.83
1964  1.20 3.25 1981  -0.84 2.28
1965  -0.17 3.48 1982  0.08 3.11
1966  -1.03 247 1983  -0.77 1.91
1967  -0.63 3.29 1984  0.12 2.38
1968  0.01 3.00 1985  -1.20 2.18
1969  -0.73 3.17 1986  -0.71 2.43
1970 -1.20 241 1987 -2.56 1.88
1971  0.60 3.51 1988  -1.64 1.89
1972 143 427 1989  -0.71 235
1973  -1.04 221 1990 -0.73 2.80
1974  1.02 3.65 1991  -0.20 3.35
1975  -0.05 3.06 1992  -2.01 1.91

! Balance year (for example, 1959 is from the minimum
balance in 1958 to the minimum balance in 1959, and the
1959 b, (s) occurred in the spring of 1959)

2 B, for years 1959 through 1964 from Meier and Tangborn
(1965)

> Years 1965 through 1966 from Meier and others (1971)
' Year 1967 from Tangborn and others (1977)

* B for years 1968 through 1985 from Krimmel (1989)
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TABLE 14. Machine-readable files available as a supplement to this report

Time Unit of

Parameter interval measurement
South Fork Cascade River stage 60 minutes  0.01 foot
Salix Creek stage 15 minutes  0.01 foot
Middle Tarn stage 15 minutes  0.01 foot
1,615 meters altitude precipitation 60 minutes  0.01 inch
1,615 meters altitude temperature 60 minutes  0.1°Celsius
1,867 meters altitude temperature 60 minutes  0.1°Celsius
1,615 meters altitude barometric pressure 60 minutes  0.01 inch Hg
South Cascade Glacier Basin runoff day 1 millimeter
Salix Basin runoff day 1 millimeter
1,615 meters altitude precipitation day 1 millimeter
1,615 meters altitude minimum temperature  day 0.1°Celsius
1,615 meters altitude maximum temperature day 0.1°Celsius
1,615 meters altitude average temperature ~ day 0.1°Celsius
1,867 meters altitude minimum temperature  day 0.1°Celsius
1,867 meters altitude maximum temperature day 0.1°Celsius
1,867 meters altitude average temperature  day 0.1°Celsius
Perimeters and areas of features 0.001 square kilometers
Probe depths 10 centimeters
Altitude grid 1 meter
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