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

Multiply By To obtain

degree Celsius (°C) 1.8, then add 32 ‘ degree Fahrenheit
kilogram 2.205 pound

kilogram per cubic meter (kg/m3) 0.06243 pound per cubic foot
kilometer (km) 0.6214 ' mile

meter (m) 3.281 foot

millimeter (mm) 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, for-
merly 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 water year and
October 1.

by The change in balance between the minimum balance near the end of the water year and
September 30.

b, The change in snow, firn, and ice storage between the beginning and end of some fixed period,

which here is the water year.

bm(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.

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

Approximate east/west position in the local survey net.
Approximate north/south position in the local survey net.
Altitude above NGVD of 1929.

N < X o

Machine-readable files:

Most of the data contained in this report 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 <URL: http://www-nsidc.colorado.edu/NOAA/>.






Water, Ice, and Meterological Measurements at
South Cascade Glacier, Washington,
1986-1991 Balance Years

By Robert M. Krimmel

ABSTRACT

Mass balance and climate variables are reported for South Cascade Glacier, Washington, for the years
1986-91. These variables include air temperature, precipitation, water runoff, snow accumulation, snow and ice
melt, terminus position, surface level, and ice speed. Data are reduced to daily and monthly values where
appropriate. The glacier-averaged values of spring snow accumulation and fall net balance given in this report
differ from previous results because a more complete analysis is made. Snow accumulation values for the
1986-91 period ranged from 3.54 (water equivalent) meters in 1991 to 2.04 meters in 1987. Net balance values
ranged from 0.07 meters in 1991 to -2.06 meters in 1987. The glacier became much smaller during the 1986-91
period and retreated a cumulative 50 meters.

INTRODUCTION

The mass balance program at South Cascade Glacier is part of a larger U.S. Geological Survey (USGS) effort
to monitor glacier mass balance throughout the western states. Mass balance at two other glaciers, Gulkana Glacier
and Wolverine Glacier, both in Alaska, is also monitored by the USGS (Kennedy, 1995; March, 1998). The broad
USGS glacier monitoring program is discussed in a separate document (Fountain and others, 1997), and South
Cascade Glacier is considered to be a “benchmark glacier” as described in that document. The collective records
from these glaciers have formed the basis for the analysis of glacier-climate relations on a synoptic scale (Hodge
and others, 1998).

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 detail 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). Hydrologic and meteorological data for 1957-67 are presented by
Sullivan (1994). Mass balance results for 195885 are summarized by Krimmel (1989), and are presented in detail
for 1992-97 (Krimmel, 1993, 1994, 1995, 1996a, 1997, 1998). The purpose of this report is to document the
measurements for the 1986-91 balance years that are relevant to the relation between South Cascade Glacier and
climate. These measurements include basin runoff, precipitation, air temperature, barometric pressure, snow
thickness and density, ice ablation, surface speed, and surface altitude.
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Description and Climate of the 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 kilometers (km) to the west. The region is dominated by steep
terrain, with local relief of more than 1,000 meters (m). Areas within the basin not covered by glacier ice or water

are thinly veneered bedrock. The bedrock either is 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. '

South Cascade Lake Basin has an area! of 6.14 km? and spans from 1,615 to 2,518 m altitude. Salix Creek
Basin (fig. 1) is an unglacierized basin adjacent to the South Cascade Lake Basin. It has an area? of 0.22 km?2, spans
from 1,587 to 2,140 m altitude, and is predominantly south facing.

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 amounts to 4.5 m
annually (Meier and others, 1971), falls as snow in the period October to May.

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
where first used. Other mass balance nomenclatures are in use, notably those described by @strem and Brugman
(1991), which could as well be used to report these results. The definitions by Mayo and others (1972) are used to
maintain consistency with earlier reports on South Cascade Glacier work.

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 in this report because most of the field
measurements reference the surface formed at the end of the previous balance year. This report contains recorded
data for the 1986-91 water years (WY), October 1, 1985, through September 30, 1991. The WY is identical to the
hydrologic year that was used in earlier mass balance reports (Mayo and others, 1972; Meier and others, 1971).
When information concerning these variables is required, but is outside of the WY, the required data are discussed.

All local geodetic coordinates are in meters, in which the local +Y axis is approximately true north. Vertical
locations are in meters above the National Geodetic Vertical 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 (0.99985) + 642,000
UTM northing = local Y (0.99985) + 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 (kg/m3). All balance measurements are given as water equivalents unless
otherwise stated.

IThe area of this basin has been previously reported at 6.02 and 6.11km2. These differences are due to different interpretations of the
drainage divide.
2Salix Creek Basin drainage divides are poorly defined.



DATA COLLECTION

Recorded Variables

Several variables were measured continuously during the 1986-91 period in so far as environmental and
instrumentation complications could be overcome.

At the South Fork Cascade River Gaging Station (1,615 m) air temperature was measured above the peak
of a building about 6 m above the ground elevation. Usually the temperature was measured hourly, the value of
which was stored digitally. In addition the air temperature was recorded on an analogue strip chart. The hourly
data are shown graphically on figure 2. During periods when the digital system was not functional, the analogue

- record was used and those data are shown as dots on figure 2, each dot representing the daily average, which is the

average position of the trace during the day. These daily averages or the average of the 24 daily hourly values are
given in tables 1a—f. The hourly values and averages are estimated to be accurate to +1°C, and the analogue
averages to +2°C.

Air temperature was measured continuously, but with many gaps in the record, at the Hut about 1 m above
the roof of a building about 4 m above the ground elevation of 1,842 m. Temperature was recorded on a circular
chart with an ink pen. The recorder ran for about 50 days unattended but began over-writing the trace after 31 days.
Subsequently, the trace sometimes became ambiguous and could not be used. The daily average temperature at
1,842 m, taken as the average position of the trace, is given on figure 3 and tables 2 a-f. Accuracy is estimated at
+2°C.

All temperature sensors were in enclosures designed to perpetually shade the sensors from direct sun, prevent
direct contact with precipitation, and to allow passive air circulation. Air circulation was not forced. A systematic
error in temperature readings may occur because of possible radiation loading.

Hourly bardmetric pressure was measured at the South Fork Cascade River Gaging Station, at an elevation
of 1,617 m. These data are shown graphically on figure 4.

Water stage was measured continuously near the outlet of South Cascade Lake. Three recording systems
were used, and usually provided redundant data. The primary system utilized a float-activated shaft encoder, and
the hourly dafa stored digitally. This float was in a well adjacent to the lake outlet, and was usually covered by
snow during the winter, and thus normally did not freeze during the winter. Two other recorders were in a well
about 6 m from the other well, about 3 m upstream from a covered weir. Stage was recorded at 0.5-hour intervals
on a paper punch recorder, and continuously on an analogue strip chart recorder. Both sensors were activated by
floats in a well that sometimes froze during winter. The stage from the primary recorder, supplemented with
equivalent stage from the other recorders when necessary, is shown graphically on figure 5. Stage is accurate to
+3 millimeters(mm).

Water stage was continuously measured in a well about 2 m upstream of a covered weir controlling Salix
Creek. Redundant recorders, each with an independent float, but in the same well, were used. Stage was recorded
every 0.25 hour on a paper punch recorder, and continually on an analogue strip chart. The punch recorder was the
primary record, supplemented with data from the analogue chart when necessary. These data are accurate to
+3 mm, and are shown on figure 6.

Precipitation was measured near the South Fork Cascade River Gaging Station at about 1,615 m elevation.
Two different gages were used during the 1986-91 period, sometimes redundantly, but neither of which were

dependable. The water level in a tank that stored precipitation as it fell through a 150-mm diameter orifice about
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5 m above the ground was sensed with a float and recorded on an analogue strip chart. This gage operated about
10 percent of the time, and was not carefully maintained. A tipping bucket precipitation gage, with a 150-mm
orifice about 1 m above the ground was used for some of the 1986-91 period. Hourly data from this gage were
stored digitally. This tipping bucket gage was destroyed by an avalanche in early 1990. Neither gage had a wind
shield. The available precipitation data, a composite from both gages, is given as daily totals in table 3. Because
of uncertainties in the orifice catch efficiency during windy periods and problems with snow, the precipitation
measurements should only be considered as an indication of timing and intensity of precipitation. Errors are
thought to be more than 50 percent of the recorded values.

Aerial Photography

Aerial photography provides an accurate record of a glacier at a specific time. Ideally the glacier is
photographed shortly before the end of the balance year and without any fresh snow cover. Under that
circumstance, the transient summer snow line is at its highest elevation, and the terminus is near its most annually
retracted position. Stereo vertical photography allows digital elevation models (DEM) to be made, and other
features to be mapped. Oblique photography offers a view from a “human” perspective. In practice, the
photography is usually acquired several days or weeks prior to the date of maximum elevation of the transient snow
line. Large format aerial photography acquired during the 198691 period is described in table 4, the negatives for
which are archived at the GeoData Center, Geophysical Institute, University of Alaska, Fairbanks, Alaska.
Examples of this photography are shown on figures 7 a—f. No attempt has been made to list 35 mm or other small
format ground or aerial photographs; aerial photography that may have included South Cascade Glacier, but was
acquired for purposes other than the South Cascade Glacier work; or satellite imagery that may be relevant to this
mass balance work.

The stereo vertical photography, which was available for each year 1986-91, is used to derive the extent of
ice cover, the surface elevation of the glacier, and for some periods the ice displacement. The terminus of the glacier
is defined by recording points at about 5 m spacing along the ice edge as seen on stereo models. The terminus
outline is shown for each year on figure 8. No attempt was made to define the edge of the glacier where the edge
was snow or fim. A DEM was formed from the stereo models for each year and these are shown on figures 9 a~f
and tables 5 a—f. Ice displacement can be measured between certain dates of photography when the same natural
feature can be identified on each date. Suitable features could be found on date pairs of 1986-87 and 1987-89.
The displacements are shown on figure 10 and table 6.

Field Measurements

Site visits were made periodically for facility maintenance, instrument repair and installation, and direct
measurement of variables. In most years about six visits were made: instruments were serviced in mid-winter, the
balance measured near the time of maximum accumulation in mid-spring; snow and ice ablation were measured
several times in the summer, and final ablation measurements made after snow had fallen in mid-fall.

Each year the glacier was visited near the time of maximum accumulation, for measurement of bm(s) the
measured snow balance. A vertical profile of snow density through the entire snow pack was usually measured near
P-1 (fig. 1) in a hand-dug snow pit or by using a coring auger, from which the total snow pack water equivalent
(WE) was determined (tables 7 a—f). For some years bulk snow pack density and WE were also measured near the
South Fork Cascade River Gaging Station, elevation 1,618 m, at 7 to 9 points along a predetermined 100-m long
line using a snow tube (table 8). Snow depth was probed, using a slender sectional metal rod at anywhere from 5
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to 35 points (figs. 11 a—f, table 9). Extra care was used to determine snow depths at locations where 30-mm
diameter sectional aluminum stakes were set through the snow pack into ice or firn (figs. 11.a—f). A wood plug was
inserted into the base of the lower stake section to reduce possible melt into the ice.

During the summer the level of snow, firn, or ice was measured on these stakes anywhere from 2 to 12 times
(table 10, fig. 12). If there had been enough ablation to make it probable that a stake would melt from the glacier
before the next visit, the stake was usually reinstalled. If there was freshly fallen snow, as was often the case by
fall, the level of underlying snow, firn, or ice, and the new snow depth, were measured. If the new snow did not
melt completely away prior to the winter season, that underlying level was the seasonal minimum balance at that
stake.

DATA REDUCTION AND ANALYSIS

Runoff

Stage measurements are converted to instantaneous discharge using a unique stage-discharge relation for
each measurement site. The stage measurements are initially recorded in units of 0.01 foot, and discharge
measurements are made in English units, resulting in a stage-discharge relation in similar units. For convenience,
the English units are preserved in the calculations until an average daily cubic feet per second (ft3/s) is determinéd,
which is then converted to a one-dimensional value of runoff averaged over the basin, in mm (tables 11, 12;
fig. 13).

Winter Balance

The measurements of snow depth and density near the time of the end of the accumulation season are the
basic data used to determine the maximum balance. The location of the snow depth probes was determined at the
time of the measurement by visual reference to known points near the glacier perimeter, and by pacing regular
intervals along specific headings. These locations are accurate to £100 m. The altitude of the probe locations was
taken from the DEM for the previous fall and is accurate to +30 m. The snow depth measurements for each year
were plotted with their respective altitudes (fig. 14) and a curved line was hand drawn to approximate the trend of
the altitude - depth function. In years 1989-91 there were many measured snow depths and these spanned most of
the altitude range of the glacier, and the curve probably represents the true altitude - depth function well. In 1986
and 87 measurements were sparse, but they covered a fairly good altitude representation. In 1988 there were no
measurements above 1,900 m altitude and the curve above that altitude was formed using the lower altitude points
and the shape of other years as a guide. The hand-drawn curves were segmented, which allowed tables of altitude
- depth to be formed (table 13). The tables allowed an interpolation to be made to determine the snow depth at
every point in the respective DEMs. The snow density at each measurement location was determined on the basis
of density measurements at one or two altitudes. If density was measured at both the snow course and P-1
(tables 7 a—f, 8) then that altitude - density gradient was applied linearly to every DEM point. If density was
measured at only P-1, then the snow density gradient was assumed to be -0.0002/m, based on the typical spring
snow pack density gradient (table 14). The calculated density is used to determine the WE at each DEM point, and
an average of all the WE values is the measured winter balance, b(s). This grid-index method of balance
calculation is described by the author in an earlier paper (Krimmel, 1996b). No correction was made to adjust for
the time offset between the date on which measurements were made and the actual date of maximum balance.



Net Balance

Glacier net balances were also calculated for each year using a grid-index method. Each altitude grid was
measured photogrammetrically from late season vertical photographs (table 4). The minimum net value at each
stake was plotted with its respective altitude (fig. 15). For years 1986-91 a curve was drawn that approximated the
balance change as altitude changed and balance at any grid point altitude was determined by interpolation of values
(table 15) between points on the curve.

Net balance was only measured at one spot in 1988. The shape of the 1988 balance curve is based on the
shapes of curves for 1986, 87, 89, and 91, when there was a fairly good balance measurement representation over
the entire altitude span of the glacier. Similarly, the curve for 1990, when minimum balance was measured at only
two places, was based on the curve shapes of years when balance was measured over more of the glacier.

Balance Year Transitions

The balance year begins when the total mass of the glacier begins to increase from the minimum mass that
occurred as the glacier ablated in the summer and fall season. Ablation may continue in the lower glacier area after
the beginning of the balance year even when accumulation is occurring on the upper glacier. A precipitation event,
during which rain fell on the lower glacier and snow fell on the upper glacier, would cause such a condition.
Ablation may even occur on the upper glacier after the beginning of the balance year, but by definition can not
reduce the mass of the glacier to less than that of the previous total minimum mass. Usually the beginning of the
balance year is not witnessed by personnel because it normally occurs during a fall storm—a situation avoided by
most people. Instead, proxy methods can be used to determine the time of transition between balance years. At
South Cascade Glacier the runoff records from Salix Creek and South Fork Cascade River, and local air temperature
and precipitation (if available) records are used to estimate the date of the balance year transition, and may be used
to estimate the magnitude of the balance year to annual system conversions (by and b;). By the end of the
summer nearly all the snow has melted from the Salix Creek Basin and a rapid rise in runoff indicates that
precipitation fell. If a precipitation record exists, Salix runoff and the precipitation total are compared—if they are
nearly the same, it is assumed that rain occurred over the basin, and hence also South Cascade Glacier, and the
accumulation season was not beginning. If however the precipitation is much greater than the runoff, snow
probably fell over much of the glacier, and the accumulation season has begun. The air temperature record can also
be used to estimate the rain-to-snow ratio—during near-freezing temperature, it is probable that the upper glacier
was receiving snow and offsetting any ablation still occurring on the lower glacier. The relative stage records at
South Fork and Salix are also useful to determine the late season conditions. During periods when the South Fork
runoff record indicates a greater runoff than that from Salix Creek Basin, it is assumed that the glacier is melting,
and that is usually accompanied by mild temperatures, and the balance year has not changed.

The best measurement of the magnitude of the by and b, is a stake measurement after the ablation has
ended at the stake. This is possible after snow falls, at which time the level of buried ice (or firn) is measured at the
stake.

The final determination of the balance year transition date and magnitude of the conversion factors is
subjective. '

At South Cascade Glacier the balance year usually ends in October or early November. At the altitude of
South Cascade Glacier it is usual to have snow accumulate in mid-summer, but this snow always melts away within
a few days. Snow falls almost every September, but usually this snow melts completely off the lower glacier
allowing additional ice to melt. September snow may or may not entirely melt from the upper glacier, and if it does
not it becomes part of the following balance year’s accumulation. Usually September snow melts entirely from the
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lower glacier, allowing October ablation. A heavy snow in early October may remain over the entire glacier, or if
clear weather prevails ablation may continue for most of the month, but ablation is minor. By November snow
usually covers the entire glacier, but if not, ablation has nearly stopped. Intense storms sometimes occur in the fall,
and if associated with a warm front, rain may fall over the entire glacier. The warm conditions may ablate all earlier
snow and some additional ice from the lower glacier, but rain on the upper glacier usually is absorbed by the snow,
resulting in an increase of mass.

The 1986 balance year began on November 3, 1985, as indicated by a rise in Salix Creek stage accompanied
with near freezing temperatures. Ablation between October 1, and November 3, 1995, was minor as several storms
occurred, most of which probably deposited snow on the upper glacier, and perhaps also temporarily covered the
lower glacier.

The 1987 balance year began on November 5, 1986, when snow fell on all of the glacier (as indicated by the
below freezing air temperature near that time). A major storm around November 20 may have been mixed snow
and rain, but certainly added sufficient snow to the upper glacier to offset lower glacier ablation.

A mild October and early November of 1987 resulted in ablation until November 12, 1987, when snow fell,
marking the beginning of the 1988 balance year.

October and early November of 1988 were mild and wet. The 1989 balance year began on November 5,
1988, when the temperature went below freezing and snow began to fall. The extreme storm in mid-October
resulted in rain on the lower glacier, and possible snow on the upper glacier. The extreme storm in mid-December
probably caused melting on the lower glacier, but resulted in a thick snow cover on the upper glacier.

Two extreme storms occurred in the fall of 1989, both of which came with above-freezing air temperature at
the lower glacier, but below-freezing temperature high on the glacier. The 1990 balance year probably began in
early November.

An extreme storm in early October 1990, combined with near-freezing air temperature, probably began the
1991 balance year. A second extreme storm in mid-November added thick snow to the upper glacier. The 1991
balance year ended October 16, 1991, after which the glacier was snow covered continuously (Krimmel, 1993).

In each of the balance years 1986-91, the balance year began after the respective hydrologic year, thus the
terms to relate the balance year to the hydrologic year, by and b;, are all negative. Because ablation is reduced
by the cooler temperatures and low sun angle in early fall, and is partially offset by snow that often begins to
accumulate on the upper glacier, the magnitude of by and b, is small compared to the values of b,,(s) and b, .
Furthermore, these terms tend to become cumulatively less important as the length of record increases, and are used
only to relate the balance year to hydrologic year measurements. For these reasons, the temperature, precipitation,
runoff, and stake measurements were not analyzed in the detail required to determine the absolute values for
by and b, but rather the generalization was made that they were typical of the values normally seen at South
Cascade Glacier, somewhere between -0.05 and -0.20 meters. Because these values were not reported, neither are
annual balance values, b, : instead, only the net balance values, b,, are reported.

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). In 1965 and 1966, more information was used to derive the balances than in 1986-91. The availability of
less information in these years would suggest that greater errors should be assigned to the 198691 balance values.
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The relative paucity of data for 1986-91 is offset somewhat, however, by the experience gained since the mid-
1960's, when 20 to 30 ablation stakes were used and it was found that spatial variations in balance were similar
from year to year (Meier and Tangborn, 1965). Estimated errors for the 198691 balance values are given in
table 16. 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 unknowns are thought to
be small and do not change the error estimates.

Concluding Remarks

The b,,(s) and b, values given in this report (table 16) differ considerably from the estimates given in the
1992-98 South Cascade Glacier annual reports. This is because no thorough analysis of the entire data sets for
years 1986-91 had been made prior to this report. Instead, the P-1 index station measurements were considered to
be representative of the entire glacier (Krimmel, 1996b). Values for b,,(s) and b,, are the best currently obtainable
by the methods used in this report. If different methods are used to expand discreet measurements into area
averages, or other reference is used, these values will likely be modified. Data in this report may be the basis for
new interpretations as other methods evolve.

Data presented in this report are all derived from the most fundamental source: field notes, analogue strip
charts, digital files, and photographs. The original field notes and strip charts have been archived, but due to the
volume will probably not be stored beyond one more generation of scientists. Because of the difficulty in working
with the analogue material, it is unlikely that any attempt will be made to derive more information from those data
sources. The original digital files, as they were downloaded from data loggers, have not been preserved. The
derived digital files, cleaned of spurious values, tagged with time, and prefaced with descriptions (meta data), will
hopefully be available for many decades into the future. The stereo vertical photographic negatives, which are the
most fundamental and detailed descriptive record of the former condition of the glacier, will hopefully be preserved
indefinitely, and will likely be used in the future as improvements are made in the methods of photogrammetry.
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FIGURE 7a. Oblique photograph of South Cascade Glacier, September 5, 1986. The maximum width of the glacier is about
1 kilometer, photograph 86R1-025.
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FIGURE 7b. Vertical photograph of South Cascade Glacier, September 9, 1987. The maximum width of the glacier is
about 1 kilometer, north is approximately up, photograph A19-008.




FIGURE 7¢. Oblique photograph of South Cascade Glacier, October 10, 1988. The maximum width of the glacier is
about 1 kilometer, photograph 88R2-124.
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FIGURE 7d. Vertical photograph of South Cascade Glacier, September 12, 1989. The maximum width of the glacier is
about 1 kilometer, north is approximately up, photograph A19-002.
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FIGURE 7e. Oblique photograph of South Cascade Glacier, September 5, 1990. The maximum width of the glacier is
about 1 kilometer, photograph 90R2-072.
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FIGURE 7f. Oblique photograph of South Cascade Glacier, September 9, 1991. The maximum width of the glacier is
about 1 kilometer, photograph 91R2-098.
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Figure 9a. Altitude grid for South Cascade Glacier, measured from stereo vertical photographs taken
on September 5, 1986. Tabular data are in Table 5a.
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Figure 9b. Altitude grid for South Cascade Glacier, measured from stereo vertical photographs taken
on September 9, 1987. Tabular data are in Table 5b.
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Figure 9c. Altitude grid for South Cascade Glacier, measured from stereo vertical photographs taken
on August 21, 1988. Tabular data are in Table Sc.
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Figure 9d. Altithde grid for South Cascade Glacier, measured from stereo vertical photographs taken
on September 12, 1989. Tabular data are in Table 5d.
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Figure 9e. Altitude grid for South Cascade Glacier, measured from stereo vertical photographs taken
on September 5, 1990. Tabular data are in Table Se.
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Figure 9f. Altitude grid for South Cascade Glacier, measured from stereo vertical photographs taken
on September 9, 1991. Tabular data are in Table 5f.
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FIGURE 10. South Cascade Glacier surface speed, measured from vertical photographs taken on
September 5, 1986, September 9, 1987, and September 12, 1989. Vectors with single line head are

for the 1986-87 interval and vectors with double head are for the 1987-89 interval. Point identification
(refer to Table 6) and speed in meters per year (both underlined for the 1987-89 interval) are shown
below the vectors. Vector endpoints are accurate to 1 meter.

29



LOCALY, IN METERS

4,000

3,000

2,000

1986 Glacier outline

STAKE3® N\ e
2.42%

1994 Glacier outline

1 0O  Density measurement
O  Stake location
+ .

5.98 Snow depth, in meters

n
P1 TOWER
®
STAKE 2 “.|
®
5.98 .

~~~~~

.......

STAKE 1
®
6.25

—_—Z

.....

1,500 2,000 2,500 3,000
LOCAL X, IN METERS

FIGURE 11a. Snow depths, pit, and stake locations on South Cascade Glacier, 1986.

30




4,000 |- DELTA

0

&@73 o . ‘ O

1987 Glacier terminus
1994 Glacier outline
Density measurement

Stake location

. 4.46 Snow depth, in meters
3,000 ;

_ STAKE 3 |
®

(c’r) A

o 4.46

=

w ;

E a" -

r4 “

>

|
<
8 H
ort o

STAKE 2
2,000 |- ' 9

/
/
Lo
e
-/
4 v
il \
. ,
\ 4
‘ Y
-
/
S
. ’
HE
S
ey
3
/
/
’

. A e
~ AN PRl PO
Y
.
N
o

) 485 e g

~ "o
. *
Py
'
g
btd
.
-, Lo

1,500 2,000 ‘ 2,500
LOCAL X, IN METERS
FIGURE 11b. Snow depths, pit, and stake locations on South Cascade Glacier, 1987.

31




4,000

3,000

LOCALY, IN METERS

2,000

1988 Glacier terminus
--------- 1994 Glacier outline
Density measurement

Stake location

Snow depth, in meters

A
H
'
H
'
/
/
.
¢
)
L
.
1
;
/
e,
e
\
'
y .
J .
b S 1 \
s \
' ® ‘
/ .
! .
. "
! 4.67 :
) \
N \
b \
“ \
“ \
. ot
” .
-
A H
R .
\ \
\ \
" \
' v
\ S
0 ,'
' P
. D]
4 .
. [
et \
e \
\
4 £y .,
SN .
/ S
. . .,
[ s Sesy
2 . B
"' A) ‘~‘
\
/ \ ]
. ’ '~
: ,
. s
" P
H ;
] N
/ ;
“ '\
NN "
) vy
. 3
- b
~ [}
M .
\
\ 1
. )
\ /
\ ,
\ /
I o
< )
S g
|
Y (A N
N SSPTe Ry
X Lee / .
\ o emnan ¥ - e,
\ B
', |
\
W
H
Y
Ny
\ 8
~ .
l~ ‘\ ""~‘
(Y Ay -
RIS \ LeraeTT e
N d -
. Vi -
N Wt A H
. ma Ve by -
N . T
.. (RN .= ten \ M .
e 0N ) . Y
.- ., heY (NN .-
. Seng TN
. PR - P
Y - ' s ;
=T . 3 +
~ b Vo o
. X N vens <
LR ’ ’ - ~ema .
AU A B y .- S
oot [ e o
— : -
v Ly
o
\ .

1,500 2,000 2,500
LOCAL X, IN METERS

FIGURE 11c. Snow depths, pit, and stake locations on South Cascade Glacier, 1988.
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SOUTH FORK BASIN AND SALIX BASIN RUNOFF AND PRECIPITAION, IN MILLIMETERS
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FIGURE 14. Measured winter snow depth at South Cascade Glacier for years 1986-91. Solid circles
are measured, open circles are along a hand-drawn curve used for interpolation.
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Table 1a. Air temperature at 1,615 meters altitude, South Cascade Glacier Basin, 1986 water year
[Daily average air temperature, in degrees Celsius. The temperature was recorded continuously on an analog strip
chart at the South Fork Cascade River gaging station (fig. 1) and averaged graphically]

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

1 4 1 -10 -4 0 4 24 32 11.7 10.5 15.2 79
2 4 2 -6 -5 0 5 -2.3 1.9 11.2 8.1 16.8 9.6
3 3 2 -1 -3 0 5 0.7 0.0 10.1 2.5 14.0 11.2
4 6 -2 2 -4 -1 2.6 -0.9 -1.0 6.5 1.6 12.3 12.7
5 7 -3 1 -1 -4 5.7 -13 0.9 7.1 3.9 12.6 - 13.5
6 2 -2 -1 -1 -3 4.7 44 33 4.5 10.9 16.6 10.1
7 -3 -3 -3 5 -5 2.1 7.8 0.3 3.7 11.8 18.8 10.5
8 -3 -4 -4 0 -2 -0.8 2.8 0.7 35 9.1 16.7 49
9 2 -6 -4 2 0 -09 -0.6 -0.8 8.5 7.9 19.5 5.9
10 2 -7 -5 3 -3 -0.2 -34 -2.6 11.0 7.4 13.5 4.2
11 0 -6 -2 1 -5 0.1 -2.0 -2.1 10.3 6.5 8.8 3.6
12 -2 -2 -2 5 -6 -1.5 -3.0 0.8 11.7 49 9.1 7.6
13 0 0 -2 3 -7 -1.7 -39 -3.2 12.6 7.0 12.4 4.8
14 2 1 2 0 -4 -3.8 -0.2 -2.8 8.2 5.7 13.6 49
15 4 1 -1 0 -1 -2.7 -0.1 -1.1 4.8 2.7 11.7 4.6
16 1 -4 2 -1 -5 2.0 -19 2.6 6.4 1.5 13.6 4.1
17 1 -6 3 -1 -8 -3.6 -2.0 3.9 7.8 42 13.1 5.1
18 4 -8 5 1 -8 -0.6 -2.5 4 31 11.0 13.9 5.1
19 3 -1 8 -1 -6 34 2.0 7.2 2.6 14.1 12.6 54
20 4 -8 6 -4 -7 6.4 58, 2.0 23 139 16.6 5.1
21 1 -9 3 -3 -5 -1.8 6.0 -1.9 6.5 14.0 15.1 55
22 -1 -9 4 -3 -2 -2.1 -33 -0.7 11.0 10.9 14.0 6.5
23 -1 -8 6 -2 1 09 -5.7 44 12.5 7.8 12.5 53
24 0 -8 7 -3 4 -35 -33 9.7 10.2 9.1 9.5 1.3

.25 -2 -9 8 2 3 -23 -3.0 12.3 10.2 8.7 14.7 3.8
26 0 -9 7 5 3 3.8 -19 9.0 11.3 6.3 17.6 1.4
27 2 -9 3 1 7 57 -1.1 7.7 12.5 6.0 18.8 1.1
28 -3 -8 1 -2 6 24 -4.6 8.6 10.4 4.7 15.3 22
29 0 -9 3001 0.6 -5.1 12.6 4.8 6.4 9.9 3.8
30 -3 -9 -3 3 -3.3 -1.6 13.0 8.3 93 7.9 1.6
31 -3 -2 3 -2.2 135 12.5 8.1

Average 09 -49 05 -01 -2.1 0.6 -0.9 3.4 8.2 7.8 13.7 5.8
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Table 1b. Air temperature at 1,615 meters altitude, South Cascade Glacier Basin, 1987 water )}ear
[Daily average air temperature, in degrees Celsius. The temperature was recorded continuously on an analog strip
-chart at the South Fork Cascade River gaging station (fig. 1) and averaged graphically]

Day Oct Nov Dec Jan Feb Mar Apr May  June July Aug  Sept
1 24 4.5 -2 -2 -3.5 -5.0 8.8 -0.2 -0.7 15.2 66 176
2 2.7 6.7 -3 -1 -3.1 0.6 7.6 0.7 40 10.5 11.1 7.8
3 47 6.6 1.3 0 -1.2 33 3.0 2.8 12.0 8.1 15.4 7.8
4 7.9 52 4.1 -2 1.7 7.7 0.2 59 15.0 7.5 12.7 12.0
5 12.2 0.6 20 -4 5.6 3.1 1.1 8.6 7.0 4.2 9.5 143
6 122 -2 08 -4 6.9 -1.1 1.2 11.9 7.1 55 11.7 159
7 84 -3 09 -3 6.9 -0.6 0.3 13.4 124 7.3 15.3 142
8 82 4 -3 09 6.5 0.8 -2.6 12.7 7.7 45 17.0 13.6
9 7 -5 19 2.8 59 0.7 0.2 11.8 5.0 4.7 16.5 14.3
10 6 -4 3.8 4.7 3.8 0.6 0.3 9.3 4.7 9.5 8.2 16.3
11 6 -1 1.8 5.7 1.3 1.4 -3.5 9.2 10.5 113 - 95 14.6
12 11 0 -1 1.6 0.6 20 -2.7 29 104 13.9 9.5 8.4
13 10 22 07 -7.8 -01 -0.2 44 3.8 11.7 14.7 7.3 6.5
14 9 -2 0 -11.6  -24 -0.9 29 6.1 11.9 152 7.2 6.6
15 12 -3 -1 93  -1.7 -1.9 1.0 2.6 49 8.1 6.0 1.3
16 11 -2 2.1 35 -16 -1.7 0.2 3.0 1.0 6.4 4.5 2.8
17 5 -3 42 -39 59 2.1 -3.6 4.4 5.9 10.5 8.1 8.0
18 5 1.3 20 -50 -56 -4.3 -5.3 22 9.2 9.6 9.8 9.1
19 9 1.6 04 -48 29 -39 -4.3 -0.7 10.6 6.9 10.1 9.5
20 10 1.0 1.1 -1.2 27 -3.7 0.6 3.0 8.5 10.2 6.2 124
21 9 -1 2.7 30 -4.1 -1.6 3.9 32 3.2 12.8 9.5 15.8
22 10 -1 25 16 -52 -1.4 35 3.9 2.6 9.1 144 16.4
23 10 1.5 -1 -1.5  -46 -0.7 5.7 5.0 6.4 12.2 15.5 15.5
24 7 -3 -2 30 58 -0.4 1.9 5.8 10.8 12.2 13.6 12.5
25 6 1.0 12 30 -72 -1.4 23 6.1 15.1 92. 134 59
26 6 -2 04 -28 45 -59 9.5 3.6 15.6 14.2 13.2 1.9
27 2 -1 1.2 0.1 -62 -6.2 129 2.8 13.9 9.0 13.5 59
28 3 -2 3.1 26 -6.6 -3.3 9.3 1.9 16.8 = 10.6 11.7 11.1
29 3 -4 0 -1.3 2.1 8.5 4.1 19.6 10.2 12.6 14.0
30 1.8 -1 -4 -25 5.8 4.6 33 17.3 7.2 15.0 14.1
31 3.1 -3 -13 4.6 0.2 40 17.1

Average 7.1 -04 06 -20 -13 -0.4 2.4 4.8 9.3 9.5 11.3 10.9
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Table 1c. Air temperature at 1,615 meters altitude, South Cascade Glacier Basin, 1988 water year
[Daily average air temperature, in degrees Celsius. The temperature was recorded continuously on an analog strip
chart at the South Fork Cascade River gaging station (fig. 1) and averaged graphically]

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

1 17.2 49 -1.6 12 -122 1.6 22 -4.0 04 7.1 5.7 19.9
2 133 34 -1.0 -35 -8.8 0.0 0.6 -0.7 3.6 7.6 114 227
3 7.4 2.8 -0.1 -33 -6.4 -5.3 -4.1 -1.5 3.6 44 142 233
4 6.8 7.1 -1.7 -4.4 -2.1 -1.2 -5.5 0.2 1.1 4.5 149 209
5 10.4 9.8 22 -3.8 2.4 -3.2 -0.2 1.7 14 2.4 11.1 16.3

6 13.8 44 1.6 -3.5 -1.5 -4.7 -1.6 0.0 2.9 3.6 5.0 9.0
7 12.4 2.7 -1.9 -3.7 -1.8 -1.1 -6.9 3.7 2.7 10.0 8.1 5.8
8 9.6 32 -2.1 -49 -1.3 0.8 -3.6 53 3.1 13.5 11.3 7.8
9 9.5 33 -1.0 -2.5 -2.5 -5.1 0.7 3.7 6.0 11.6 10.0 55
10 12.2 4.8 -3.7 -43 -0.3 -5.8 72 8.0 25 11.2 10.0 4.0
11 14.5 42 -6.7 -6.2 0.7 -39 70 122 4.1 5.0 12.3 93
12 9.3 3.0 -9.1 -4.7 1.0 -0.6 89 127 53 6.0 11.2 14.0
13 7.8 -0.5 -4.9 -13 -4.5 0.8 7.8 1.0 8.7 6.5 8.9 15.9
14 2.4 -3.7 -6.3 0.1 -2.1 29 7.8 22 12.7 5.6 8.3 15.2
15 24 -2.5 -9.5 -4.5 -4.8 -0.3 8.3 8.4 11.0 7.5 7.0 7.6
16 49 -5.6 -1.7 -6.1 -5.8 0.8 4.4 24 10.6 9.0 7.7 24
17 24 -1.5 -5.6 -1.2 -3.7 32 1.2 -0.2 6.8 9.6 6.3 0.8
18 43 4.9 -7.1 -79 -3.7 6.1 1.3 04 73 14.5 6.9 3.2
19 7.8 7.0 -8.8 -24 -1.1 35 53 34 8.4 17.9 7.8 2.7
20 8.7 5.7 -3.8 -3.5 6.7 0.1 6.0 5.5 8.4 18.4 5.4 4.1
21 7.7 -1.2 -5.6 -3.1 -0.5 -3.8 40 119 10.2 140" 100 4.7
22 8.2 -1.6 -8.2 -13 -0.8 -1.6 1.1 8.7 9.4 10.8 15.5 4.6
23 83 -14  -104 -5.5 2.7 -3.0 -14 0.9 6.3 11.7 19.1 35
24 29 -1.1 -6.0 -0.9 5.1 -3.8 -4.4 4.4 10.3 14.8 20.5 25
25 3.0 -3.6 1.3 -03 5.5 -1.7 -0.8 5.5 11.1 16.6 11.8 49
26 7.6 2.0 3.7 53 72 -3.8 32 5.4 6.7 17.2 12.5 4.4
27 10.5 1.4 -1.4 5.9 6.6 -1.5 5.8 4.6 4.2 12.6 15.8 1.1
28 11.0 2.8 -34 1.6 7.4 -5.7 4.2 1.9 22 10.4 16.5 8.0
29 9.1 -1.2 4.8 -33 24 -4.8 -1.5 -1.0 1.8 123 10.8 13.7
30 6.7 -2.8 -5.0 -9.2 -4.0 4.2 0.2 55 13.2 8.5 12.4

31 53 -60 -120 0.8 1.8 10.0 13.1

Average 8.3 1.7 -4.0 -3.5 -0.6 -1.8 1.8 35 5.9 10.3 10.9 9.0
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Table 1d. Air temperature at 1,615 meters altitude, South Cascade Glacier Basin, 1989 water year
[Daily average air temperature, in degrees Celsius. The temperature was recorded continuously on an analog strip
chart at the South Fork Cascade River gaging station (fig. 1) and averaged graphically]

Day Oct Nov Dec Jan Feb Mar Apr  May June July Aug  Sept
1 16.2 4.4 6.2 -44 -188 -114 -3.8 2.9 -4.8 5 5.6 5.7
2 15.8 24 3.5 24 -248 -143 -5.0 2.8 -1.2 7 52 4.6
3 16.1 0.5 6.5 09 -225 -111 -43 4.7 -2.8 5 7.1 9.0
4 13.2 1.1 52 -48 -152 -6.9 -1.6 6.3 9.1 5 11.5 8.9
5 8.3 4.0 2.6 -7.8  -11.0 -0.1 0.9 8.8 11.2 8 14.7 7.2
6 124 24 1.5 -9.7 -8.5 -3.0 4.7 7.7 85 11 16.5 10.2
7 13.8 -24 0.1 -11.7°  -65 -4.7 -0.1 6.9 74 101 172 13.7
8 14.0 -2.1 1.1 -4.6 -4.9 -1.0 -51 6.9 8.0 6.7 141 14.1
9 16.0 -1.9 1.3 -4.3 0.8 05 -114 6.3 4.6 83 111 11.3
10 17.8 -1.3 0.9 -7.1 -3.8 1.0 -100 -15 6.8 6.9 9.4 11.9
11 14.0 -25 33 -5.8 -6.2 14 -116 -24 109 129 108 12.7
12 12.1 -2.8 2.0 -1.5 -1.5 0.6 -9.8 0.7 11.6 169 1338 13.3
13 8.5 -2.5 -6.0 -6.3 -9.6 -3.7 -6.7 4.2 92 126 11.1 14.7
14 5.7 -2.7 -6.3 -7.6 -9.6 -4.8 -2.2 5.6 62 139 7.5 15.0
15 5.7 -1.7 23 -23 -6.6 -35 -32 6.3 2.7 79 5.1 12.6
16 4.0 -1.6 8.7 -1.2 -71.1 -3.4 -2.1 2.6 22 7.3 6.6 5.6
17 3.8 -33 6.0 24 -6.1 -2.6 1.6 0.2 38 100 107 3.6
18 5.0 -3.7 0.2 -2.8 -15 2.6 70 29 46 125 126 47
19 6.1 -0.5 -5.5 2.0 -3.6 34 43 22 3 12.7 109 6.2
20 7.4 -1.0 -5.2 1.4 -1.9 0.8 2.8 1.2 3 8.6 9.4 11.9
21 8.4 -0.5 -6.1 -13 0.1 -1.8 -5.5 2.8 6 5.8 8.4 144
22 1.4 -1.2 -6.5 -8.8 -0.1 45 -122 19 8 11.5 6.7 16.3
23 5.0 -6.1 -5.8 -9.0 -2.4 -38 -106 -0.8 1 12.6 7.4 14.7
24 52 -6.8 -6.6 -1.2 -59 -1.6 82 -10 12 12.0 7.6 16.6
25 7.3 -6.3 -8.8 -2.5 -5.3 -09 -8.1 1.0 11 15.5 9.6 15.9
26 -0.3 -6.8 -9.0 2.8 -6.0 -0.9 -9.4 2.5 5 169 107 7.7
27 0.4 -1.4 -6.8 -4.5 -5.5 -19 -94 0.5 6 8.0 9.3 11.3
28 3.0 -4.3 -7.1 -1.1 -4.9 -39 -6.4 1.1 5 10.5 107 14.3
29 5.8 -2.2 -1.3 44 -4.4 2.5 3.1 8 132 127 14.1
30 6.4 7.1 -3.6 0.0 -1.9 8.6 45 6 8.9 8.4 6.6
31 9.2 -6.4  -11.7 -4.2 22 8.2 6.6

Average 8.6 -1.6 -1.3 -4.1 -1.3 -3.3 -3.8 2.7 55 100 100 11.0
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Table 1e. Air temperature at 1,615 meters altitude, South Cascade Glacier Basin, 1990 water year
[Daily average air temperature, in degrees Celsius. The temperature was recorded continuously on an analog strip
chart at the South Fork Cascade River gaging station (fig. 1) and averaged graphically]

Day Oct  Nov Dec Jan Feb Mar Apr May  June July Aug  Sept
1 4.3 3.6 52 -5.4 -54 2.7 6.5 2.8 1.0 7.1 10.4 8.2
2 6.2 3.1 6.5 -8.0 -2.8 29 35 4.8 6.2 35 11.0 8.0
3 7.0 29 42 -3.8 -3.2 0.6 3.7 6.6 4.0 7.6 13.8 12.5
4 55 -0.3 3.1 -2.1 -6.0 -0.6 57 10.8 0.6 11.4 18.7 14.6
5 8.0 -0.8 0.1 -0.3 -54 -0.7 6.0 10.4 42 8.2 20.1 14.9
6 10.1 -0.6 -0.3 -1.3 -8.2 -0.7 6.1 -33 5.0 5.4 14.1 16.0
7 9.8 -2.5 27 -1.2 -8.0 -1.3 53 -1.9 22 84 145 14.9
8 8.9 1.9 -1.7 24 -5.6 -1.3 -0.4 2.4 5.0 11.7 15.4 13.4
9 10.2 5.6 -4.5 -1.1 -1.3 2.2 2.1 5.1 6.9 11.6 17.2 13.8
10 35 29 -8.1 -6.5 02 -6.5 6.1 5.8 1.0 14.4 18.6 15.6
11 2.1 -0.2 -6.6 -3.0 -6.4 -6.3 35 1.7 0.0 18.8 19.1 13.8
12 32 -29 -2.6 35  -125 -6.8 23 1.7 0.7 15.9 19.5 75
13 1.6 -3.7 1.6 08 -149 -5.2 2.6 0.5 49 13.0 13.4 13.4
14 -0.6 -5.7 2.0 0.7 -139 -2.2 6.6 1.0 9.0 15.0 13.5 15.3
15 1.8 0.4 22 -23  -10.8 0.2 9.3 2.7 8.6 14.9 11.1 7.2
16 3.6 1.5 04,  -35 -107 5.5 9.8 5.0 53 11.6 8.9 6.4
17 7.8 2.5 -39 -5.8 -104 34 42 24 6.7 11.3 9.9 9.5
18 6.3 53 -6.3 23 -8.8 5.4 4.7 1.3 6.0 11.8 8.8 10.7
19 6.7 3.0 -3.2 -1.7 -4.3 2.1 44 5.1 5.4 144 10.3 9.6
20 4.5 3.8 -2.8 -0.9 -1.6 04 45 1.7 8.3 16.5 14.1 12.4
21 2.7 0.2 1.2 -0.6 -1.3 1.2 4.6 33 147 17.7 11.0 15.3
22 43 3.0 52 -3.6 3.1 -0.7 3.9 35 131 16.8 8.1 16.2
23 3.8 -0.9 0.6 -6.6 6.4 -1.0 1.8 1.9 9.4 11.2 6.1 14.8
24 03 -40 23 -39 14 32 -12 01 86 7.7 6.5 134
25 0.5 -43 4.6 -4.7 08 -0.6 -1.3 3.1 79 6.5 5.0 11.7
26 - -0.1 -4.9 6.2 -8.4 1.8 1.7 2.4 6.6 6.8 7.8 9.0 9.1
27 2.2 26 .08 52 22 39 -2.6 7.4 7.1 9.7 11.0 13.6
28 -3.0 0.2 -4.5 -3.5 4.1 44 -2.3 6.9 7.5 16.7 12.6 13.6
29 1.2 0.2 2.7 -6.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>