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RUNOFF, PRECIPITATION, MASS BALANCE, AND ICE VELOCITY MEASUREMENTS
AT SOUTH CASCADE GLACIER, WASHINGTON, 1993 BALANCE YEAR

Robert M. Krimmel

ABSTRACT

Winter snow accumulation and summer snow, firn, and ice ablation were measured at
South Cascade Glacier, Wash., to determine the winter mass balance and net mass balance for
the 1993 balance year. The 1993 winter mass balance, averaged over the glacier, was 1.98
meters, and the net mass balance was -1.23 meters. This negative balance continued a trend of
negative balance years beginning in 1977. Air temperature, barometric pressure, and runoff
Jfrom this glacier basin and an adjacent non-glacierized basin also were continuously measured.
Surface ice velocity was measured over a 1-year period. This report makes all these data
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), and are presented in detail for
1992 (Krimmel, 1993). The purpose of this report is to document the measurements of the 1993
balance year that are relevant to the relation between South Cascade Glacier and climate. These
measurements include those of basin runoff, precipitation, air temperature, snow thickness,
density and distribution, ice ablation, surface altitude, and velocity.

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 km to the west. The
region 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 mantled either 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.
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South Cascade Lake Basin has an area of ! 6.14 km?, and spans from 1,615 t0 2,518 m
altitude. A sub-basin of the South Cascade Lake Basin is the 4.46-km? Middle Tarn Basin?2 ,
which constitutes the southern two-thirds of the South Cascade Lake Basin. Virtually all
icemelt3 within the South Cascade Lake Basin takes place in the Middle Tarn Basin. Near the
end of the 1993 melt season, the total snow- and ice-covered area in Middle Tarn Basin was
2.51 km?

Salix Basin is an unglacierized basin adjacent to the South Cascade Lake Basin. It has an
area of 40.22 km?, 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 reaches 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 when used. There are other mass balance nomenclatures 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 when
appropriate. The water year is the interval between the beginning of October and the end of the
following September; it is designated by the calendar year in which it ends.

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 (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.

! The area of this basin has been previously reported as 6.02 and 6.11 km?. These
differences are due to different interpretations of the drainage divide.

2 "Middle Tarn" is an unofficial name.

3 A small, debris-covered area of perennial ice lies outside of the Middle Tarn Basin.

4 Salix Basin drainage divides are poorly defined.



BALANCE-YEAR DATA COLLECTION

Field Measurements

Several visits are made each year to the South Cascade Glacier Basin to accomplish data
collection that is impractical by remote or automated methods, and to maintain instruments and
facilities.

The first visit of the 1993 balance year was on January 31, 1993, at which time snow
thickness and level at stake 4-1992 (Krimmel, 1993) were measured to help determine the 1992
final balance increment, which is also the 1993 initial balance increment (Mayo and others, 1972).

Measurements to determine the 1993 measured winter snow balance [8=(s)] were made on May
5-6, 1993 at which time snow density (table 1, fig. 1 for pit location) and snow depth (table 2,
fig. 2) were measured. Stakes (fig. 1) were set in holes drilled entirely through the snow so that
the rate of snow melt could be determined on subsequent visits as indicated in table 3 and

figure 3. The final visit of the 1993 balance year was on October 20, 1993, after which there was
minor snow and ice melt.

Recorded Variables

Several variables are measured continuously: these are truncated to the water year (WY),
October 1, 1992 through September 30, 1993. When information beyond the WY 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. The periods for which each variable was measured are shown in figure 4, the values of
these variables are shown graphically in figures 5 and 6, and numerical summaries of daily values
of some of these variables are given in tables 4-7.

River stage, air temperature, and barometric pressure values are relayed from the South
Fork Cascade River gaging station (fig. 1) to Tacoma, Wash., through the DCP. The DCP
temperature is sampled once each hour. An analog strip-chart recorder also records air
temperature, serving as a back-up system. Separate sensors are housed in separate radiation
shields 6 m above ground level. During January 1993, 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. Air temperature data at both sites
are estimated to be accurate to 1°C. Beginning in June 1993, air temperature and relative
humidity were measured at the Hut (fig. 1) and transmitted to Tacoma via a DCP. The Hut and
Ruby air temperature sensors are separated by 19 m vertically and 278 m horizontally. A
graphical comparison of these data (fig. 7) shows that systematic diurnal differences occur, but
daily and longer period averages are nearly the same from both sensors.



TABLE 1. Snow density at South
Cascade Glacier, May 5, 1993

[Measured in a snow pit, through the entire
thickness of the snow, at local X = 1888,

Y = 2951, Z = 1844 meters]

Sample
bottom
depth length Mass  Density

entimeters) (centi ) _(grams)
49 49 735 0.37
98 49 710 0.35
145 47 730 0.38
197 52 930 0.44

Begin using coring auger
274 77 1810 0.51
340 66 1,420 0.47
i 32 685 0.47
400 25 590 0.52
455 55 1,160 0.46
490 33 770 0.51
519 28 590 0.46

TABLE 3. Stake measurements at South Cascade Glacier in the 1993 balance year

TABLE 2. Snow depths at South

Cascade Glacier, May 5, 1993

[Depths; in meters (m) measured with a probe rod;

X, Y, and Z are local coordinates, +100 meters]

Snow Snow

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

0 0 1618 2.0 1938 2781 1848 47
2670 1590 2048 56 1913 2838 1847 48
2618 1648 2036 5.6 1950 2936 1844 53
2570 1710 2034 56 1993 2972 1842 5.6
2517 1754 2032 49 2046 2997 1841 538
2463 1805 2010 49 2104 3030 1835 36
2424 1858 1993 64 2146 3066 1830 4.1
2381 1922 1962 53 2206 317 1810 28
2348 1977 1953 5.0 2246 3161 1773 3.1
2304 2039 1952 44 2217 3203 1760 3.1
2269 2095 1952 43 2171 3254 1742 3.1
2236 2149 1945 43 2128 3295 1740 25
2210 2217 1936 44 2070 3347 1740 5.0
2174 2296 1925 43 2005 3333 1745 29
2142 2361 1915 43 1906 3338 1730 25
2118 2422 1896 54 1845 3394 1700 35
2077 2491 1880 4.8 1820 3468 1690 28
2049 2552 1867 49 1815 3533 1670 1.7
2021 2613 1855 438 1808 3620 1650 1.6
1989 2672 1850 46 1798 3656 1645 1.1

1957 2733 1849 438

[Surface material may be snow (s), firn (f), or ice (i); density estimated based on interpolation
between measurements made in early May, 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 Date  Surface Depth Density Balance
material (meters) (meters) material (meters) (meters)
Stake 1-93 [X =2575, Y = 1632, Z = 2045] Stake 3-93 [ X =2075, Y = 3341, Z = 1735]
May 5 s 545 041 223 May 5 s 50 047 235
Aug. 18 s 1.17 53 0.62 June 30 s 2.0 48 0.96
Sept. 7 s 57 55 31 Aug 18 i 072 9 0.65
Oct. 12 s 21 .58 12 Sept. 7 i -1.7 9 -1.53
Oct. 12 i -2.39 9 -2.15
Stake 2-93 [X =1888, Y =2951,Z=1844]
May 5 s a7 045 212 Stake 4-93 [X =1799, Y =3672, Z = 1651]
June 30 s 2.18 48 1.05 May 5 s 1.1 0.49 0.54
Aug 18 sif 0.01 .53 - June 1 i 094 9 -0.85
Sept. 7 i 0.74 9 -0.67 June 30 i -2.24 9 -2.02
Oct. 12 i -1.29 9 -1.16 Aug 18 i 4.82 9 434
Sept. 7 i -6.01 9 -5.41
Oct. 12 i -7.18 9 -6.46
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TABLE 6. Air temperature at 1,848 meters TABLE 7. Precipitation at 1,631 meters

altitude, South Cascade Glacier Basin, altitude, South Cascade Glacier Basin,

June through September 1993 July 1993

[Daily maximum, minimum, and average air temperature, [Precipitation is sampled once every 15

in degrees Celsius. The temperature is sampled once an minutes, and the daily sum is given in

hour at the Hut (see fig. 1)] millimeters]

Day June July Aug. Sept. Day Precipitation Day Precipitation Day Precipitation
1 72 35 54| 175 100 139 157 87 120 1 11 109 21 23
2 52 25 37216 126 163| 206 122 153 2 38 12 137 2 15
3 61 33 39| 48 39 43| 210 140 168|175 115 147 3 38 13 5.8 23 3.6
4 86 36 60| 58 40 47| 207 144 168|151 104 121 4 20 14 64 24 86
5136 72 99| 57 37 44| 194 146 167|196 109 149 5 13 15 99 25 08
6 100 34 77| 55 32 41| 169 102 142| 199 132 158 6 05 16 2.0 26 0.0
7 25 02 14) 94 30 55 142 79 110] 186 147 163 7 0.0 17 173 27 102
8 50 -05 19/ 123 68 90[ 108 65 80| 178 131 151 8 0.5 18 76 28 142
9 59 10 36| 73 54 63| 89 55 66| 219 143 172 9 0.0 19 86 29
10 38 05 12| 76 50 62| 78 56 64| 170 111 146 10 05 20 475 30

31

11 09 -06 02 54 17 30{124 46 82(106 00 37
12 52 09 18] 51 15 28131 70 105 71 00 32
13 121 41 82| 64 43 48| 97 57 68104 51 72
14 90 55 60/ 55 43 32| 63 51 56/ 68 08 41
15 57 32 37| 62 43 48| 80 51 67/ 58 15 36

16 104 41 68| 67 31 43 79 64 71| 48 43 13
17 146 49 99| 69 39 52|11 66 78 91 50 52
18 134 79 103] 115 47 71)161 107 126] 58 20 41
19 106 58 82 114 68 74| 189 119 136/ 16 -05 04
20 177 54 107 66 25 38/ 151 9.1 135/ -05 -21 -13

21 79 -15 29| 83 40 58/ 86 59 66/ 65 -22 20
22 08 -20 -15( 80 53 65(130 63 73108 32 638
23 04 21 07 60 43 51f 80 03 35118 78 76
24 94 04 49) 60 45 53] 05 08 -01] 86 24 62
25 146 75 109/ 88 55 70 53 -06 26/ 116 27 69

26 155 48 116] 132 63 89| 113 44 78] 194 98 143
27 41 -02 12/162 84 104 72 40 55/ 184 135 155
28 14 -03 07{132 67 92| 59 29 43| 196 134 159
29 30 03 13 61 08 29123 53 88| 156 9.1 138
30 64 12 39] 78 09 41)165 75 112|134 66 91
31 139 48 96/ 146 97 118

MONTHLY 49 5.6 93 93
AVERAGE
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FIGURE 7. Air temperature differences between stations Hut
and Ruby, South Cascade Glacier, June to September 1993.

Precipitation is measured near the Middle Tarn at 1,631 m altitude using a tipping bucket
gage with a sensitivity of 0.0254 mm of precipitation. The cumulative precipitation for each 15-
minute interval is relayed through the DCP. The 0.2-m orifice of the gage is about 1 m above
ground level. There is no wind shield on this gage. It is suspected that the gaged precipitation, as
reported, is not representative of the true average precipitation in the basin because of the
variability of precipitation within the basin. Precipitation was measured during most of July 1993.

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 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 3 mm. The well was
frozen from early December to mid-May 1993.

Water stage is recorded at the Salix Creek gaging station on an analog strip chart and
independently on a data logger at 15-minute intervals. The stage record is accurate to 3 mm.

The stage of South Cascade Lake is measured near the outlet to the South Fork Cascade
River about 10 m from the South Fork Cascade gaging station. Lake stage is sensed by a float in
a well attached to a potentiometer. Stage is sampled at 15-minute intervals and recorded on a
data logger. These stage records are accurate to 3 mm. The water in the well was frozen from
early December to early May 1993.
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FIGURE 9. Altitude grid for South Cascade Glacier, measured from
stereo vertical photographs taken on September 1, 1993
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TABLE 8. South Cascade Glacier altitude grid, September 1, 1993

[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 (sce fig. 5). The tenths of meters
are marginally significant]

X Y Z X Y Z X Y VA X Y Z

1670.4 3700.8 1654.2 1769.5 2999.8 1835.4 1569.8 24985 1881.2 1969.9 19988 1960.9
1769.9 3698.8 1644.4 1870.9 2999.0 1840.6 1670.8 2498.7 1883.2 20719 19966 1959.9
1869.9 3700.0 1641.5 1970.1 3001.2 1841.7 1769.5 2498.4 1883.1 21703 19975 1957.2
1671.9 3601.5 16743 2070.5 3000.8 1840.0 1868.1 2499.2 1881.9 2273.0 1997.5 1959.6
1770.1 3599.6 1668.1 2171.0 29989 18343 1971.5 2501.0 1881.5 2369.3 2000.5 1966.6
1871.4 35992 1652.0 2269.1 30013 1834.1 2071.1 25009 1890.1 24688 19988 19818
15709 3501.7 1682.9 14684 2899.6 1851.7 2169.6 25028 19033 1869.2 18981 1986.0
1669.0 3500.5 1699.8 15703 29003 1846.8 22683 2502.0 1916.2 1971.3 1898.8 1974.8
1770.0 3500.8 1691.5 1669.8 2900.4 18453 2369.1 2502.8 1929.4 2171.6 18976 1975.6
1871.2 3499.2 1670.8 1769.0 2898.3 1845.1 1570.8 2399.8 1901.9 22684 1897.7 1986.0
1571.8 3401.0 1722.4 1870.7 28989 1846.0 1668.7 2399.2 18933 23700 18982 1993.6
1671.2 3401.7 17263 1968.7 28989 1847.1 17704 23980 1893.9 2470.8 1903.1 20083
17699 33993 1713.0 20703 2899.3 1844.2 1870.9 2398.4 1899.6 1870.1 1797.8 2001.9
1870.7 3398.8 1695.3 2169.8 2900.6 1841.4 1970.7 2399.4 1908.8 1970.3 1799.6 1989.4
2070.6 3399.9 1721.1 2269.4 29009 1835.1 20709 23986 1914.4 2168.4 17982 1989.0
2170.0 34003 1716.2 2371.2 2902.0 18422 21686 23990 19179 2370.7 1802.7 20189
1470.8 3302.2 1757.7 1470.9 2799.5 1866.3 2270.0 24025 19340 2470.8 1802.7 2029.2
1569.8 32986 1751.6 1569.4 2800.2 18554 2371.0 23999 1943.5 2570.8 18019 2037.5
1670.5 3299.1 17503 1670.0 2798.0 1853.4 2470.7 2402.1 1960.8 2669.1 1803.2 20534
1770.4 3299.8 17453 1770.7 2799.8 1853.5 1668.6 22993 1906.2 1967.2 1699.0 2004.5
1870.9 32983 1721.7 1871.1 2799.1 1850.6 1769.5 2299.8 19033 2169.5 1699.8 20043
1968.8 3302.1 17475 1970.1 2799.5 1849.8 18688 23004 19114 22689 1703.5 20128
20709 32994 1744.1 2070.0 2799.2 1846.0 19723 23015 19235 2371.0 1700.7 2023.6
2170.1 32985 17413 2170.6 27989 1842.0 2071.1 22986 1930.3 24698 16989 2023.6
1470.0 3200.1 1784.2 22684 2800.3 18440 2169.7 2299.0 1933.0 2570.6 1699.7 2043.4
1570.8 3199.3 1780.5 2368.7 2800.9 18579 2271.4 22993 19430 2669.1 1699.8 2052.1
1670.8 3199.1 17833 1471.1 2698.5 1872.6 2368.4 2298.0 1946.4 2769.8 1699.9 2062.8
17689 31986 1794.4 1570.8 26989 1862.2 24703 2302.1 19587 2071.8 1600.8 2028.1
1869.0 31985 1805.5 1669.6 2701.2 1861.5 1670.3 21999 1930.1 21721 15991  2021.1
1970.8 31989 1805.1 1769.0 2697.4 1860.2 1770.0 21987 1917.2 2269.0 1599.2 2023.9
2070.4 3199.0 17859 1869.4 26985 18573 1873.0 2200.7 1923.7 2369.5 1599.1 20303
2170.1 3199.1 1780.7 1969.2 2702.0 1854.0 19693 22019 19324 2469.3 15983 2036.6
2271.1 3199.2 1769.6 2069.2 2698.7 1852.7 2069.3 21999 1938.8 2570.5 15983 2046.6
1469.4 3099.5 1816.7 2168.8 2701.2 1851.7 2171.0 22023 1944.0 2669.7 15989 2046.4
1570.0 3098.8 18109 2269.4 2699.9 1863.7 2272.1 2201.5 1950.6 2771.9 1602.1 2068.4
1669.0 3101.7 1811.0 2371.5 2698.2 18743 2375.8 22020 1953.0 2169.1 1499.1 2046.1
1769.2 3099.5 1820.4 1569.5 2599.4 1873.6 2470.8 22020 1963.8 2269.8 14984 2038.2
1869.8 31015 1826.1 1671.6 26003 18717 19703 21000 1942.8 23719 14981 20376
1969.4 3099.5 1830.1 1770.5 2599.0 18703 2069.7 2099.7 1946.4 24684 1500.0 2042.8
2069.3 3098.6 18273 1870.0 2598.8 1868.1 2170.8 2099.2 1951.7 2568.4 1501.1 2050.5
2170.4 31004 1819.5 1970.1 2600.5 1866.2 22728 2099.6 1955.1 2670.8 1499.7 2063.3
2270.7 3098.8 1801.4 2070.2 2599.6 1864.6 23719 2091.0 1959.6 27709 15003 2073.0
14717 29988 18374 2171.6 26015 18749 2470.7 2100.2 1973.0 2369.4 1399.1 2061.0
1570.1 29983 1831.8 22703 2601.9 1892.4 25679 2098.2 2001.0 2470.1 1399.8 2056.4
16687 29993 18304 2370.7 2601.5 1903.8 1871.5 2000.1 1967.0 2569.6 13994 2058.4
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By arbitrarily considering the glacier to be 0.5 km wide at the terminus, the length change
for that period is -0.022 km. The distribution of these changes, which are greater toward the
northeast part of the terminus area, is shown in figure 10.

The ratio of accumulation area to total glacier area (AAR) was 0.17 in 1993. The
equilibrium altitude (ELA), the approximate maximum altitude reached by the 1993 transient
snowline, was 1986 m for the 1993 balance year.

RUNOFF AND PRECIPITATION

A river or lake stage record may be converted to a volume of discharge/unit time record if
the relation between stage and discharge (the rating curve) is known.

Rating curves for the South Fork Cascade River and Salix Creek have been previously
established and were used to make the stage-to-discharge conversions, shown as runoff, in
millimeters per day in figure 11 and tables 9 and 10. The rating curve for Middle Tarn was
established using 11 discharge measurements made during 1992 and 1993 (table 11); the daily
runoff is shown in table 12.

The time series of daily runoff are what would be expected from high altitude non-
glacierized and glacierized basins in the North Cascade Range. Maximum runoff occurs from
Salix Basin during hot weather when the basin is mostly snow covered. By late June, most of the
snow was melted, and runoff peaks later in the summer and fall were due to rain. South Cascade
Lake Basin, which is 41 percent glacierized, has high runoff during warm weather in May when it
is mostly snow covered. Runoff remains high through the warm weather of summer when snow
and ice melt are the main contributors of water. Middle Tarn Basin, which is 56 percent
glacierized, also has its peak runoff in mid- to late summer when snow and ice melt are the
dominant water source. It is also known that the glacier stores water during the spring melt
period, and releases that stored water during the summer (Tangborn and others, 1975). Each of
the basins may have very high runoff associated with fall season rain when there is little or no
snow to attenuate the runoff peak. One of these storms occurred in early November 1992
(fig. 11), but the storm was not of high enough intensity to produce extreme runoff.

Precipitation was measured directly only during part of July 1993. An indirect measure of
rainfall can be derived from the Salix Basin runoff after most of the snow has melted from the
basin. The relation between Salix Basin runoff and precipitation is shown in figure 12. A similar
relation of precipitation to the glacierized basins is not valid because of the dominance of snow
and ice melt derived runoffin those basins.
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TABLE 9. Runoff at South Cascade Glacier Basin, 1993 water year

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

DAY Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug.  Sept.
1 20.8 44 28 990 -990 -990 -990 -99.0 404 9.6 17.6 13.2
2 212 4.0 22 990 -990 990 -990 -99.0 296 104 236 16.8
3 21.2 34 990 -990 -990 -990 -990 -99.0 256 11.2 320 208
4 16.4 36 990 990 -990 -990 -990 -99.0 232 140 356 208
5 10.8 36 -990 -990 -990 990 -990 -990 276 156 340 232
6 8.4 36 -990 -990 -990 -990 -990 -990 304 15.2 304 228
7 6.8 196 -990 990 -990 -990 -990 -990 316 13.6 284 236
8 5.6 136 -990 990 -990 -990 -99.0 -990 240 15.2 232 232
9 5.2 80 990 990 -990 -990 -990 -99.0 216 17.6 212 244

10 5.6 52 -990 -990 -990 -990 -990 -99.0 284 18.0 180 252
11 10.4 44 990 990 -990 -99.0 -99.0 27.6 184 188 16.8 208
12 16.0 3.7 990 990 -990 -990 -99.0 40.4 12.8 18.8 17.2 11.6
13 204 32 990 -990 -990 -990 -99.0 46.4 9.2 152 200 6.8
14 11.2 32 990 -990 -990 -990 -99.0 36.4 12.0 15.6 19.6 6.8
15 7.2 33 990 990 990 -990 -990 268 26.0 184 208 8.0
16 5.6 36 -990 -990 990 -990 990 232 276 208 19.2 6.8
17 48 44 990 -990 -990 990 -990 224 280 184 224 6.8
18 10.0 40 -990 -990 990 -99.0 -990 272 296 276 248 6.8
19 256 36 990 990 990 -99.0 -99.0 368 328 284 264 6.4
20 272 32 <990 -990 -990 -990 -990 412 304 496 296 5.2
21 29.2 30 990 990 -990 -99.0 -99.0 344 248 380 260 3.8
22 216 29 990 -990 -990 -99.0 -99.0 256 17.6 244 21.6 29
23 22.4 26 -990 990 990 -99.0 -99.0 19.6 124 216 444 2.2
24 224 20 990 -990 -990 -99.0 -99.0 22.0 88 220 292 1.9
25 15.6 1.7 990 -990 -990 -990 -990 256 100 208 13.2 1.8
26 104 1.6 -990 -990 -990 -990 -990 248 148 224 8.4 2.6
27 7.2 21 990 -990 -990 -990 -990 280 220 248 7.6 5.6
28 6.0 28 -990 -990 -990 -990 -990 308 16.8 336 7.6 8.8
29 5.2 27 990 -99.0 -99.0 -99.0 324 120 388 8.4 12.0
30 44 3.1 990 -99.0 -99.0 -99.0 308 96 264 10.0 13.2
31 40 -99.0 -99.0 -99.0 36.8 17.2 11.6

SUM 4088 130.2 - - - - -- -- 6580 6620 6688 3549
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TABLE 10. Runoff at Salix Basin, 1993 water year

[Values in millimeters, averaged over the basin]

DAY Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July  Aug.  Sept.
1 25 27 2.7 2.7 25 1.7 3.1 98 248 54 4.1 0.8
2 24 2.6 2.7 27 25 1.7 3.1 13.0 224 5.0 3.5 0.7
3 2.6 2.5 2.7 27 24 1.7 33 6.6 16.5 58 3.0 0.6
4 24 6.1 27 2.7 24 1.7 33 48 20.1 52 27 0.6
5 20 43 2.8 2.7 22 1.7 32 68 224 5.0 2.5 0.6
6 1.7 13.0 2.3 27 2.1 1.7 3.1 17.7 18.9 45 22 0.6
7 15 484 28 2.7 20 1.5 3.0 104 224 4.0 22 0.5
8 1.4 9.2 2.8 27 1.9 1.8 35 6.7 14.2 4.1 2.0 0.2
9 1.3 5.6 2.7 27 1.9 1.9 4.6 59 248 3.7 2.0 0.1

10 12 43 2.7 27 1.7 1.9 41 59.0 16.5 3.5 1.9 0.1
11 1.2 3.7 2.7 2.7 1.7 1.9 34 873 16.5 45 1.7 0.4
12 20 33 2.7 2.7 1.7 1.9 3.1 68.4 14.2 9.0 14 0.4
13 3.5 3.4 2.7 27 1.7 1.9 28 437 11.6 6.5 1.3 0.1
14 24 43 2.7 27 1.7 1.9 27 448 18.9 6.3 1.9 0.8
15 2.0 4.5 2.7 2.7 1.7 1.9 2,6 354 224 9.1 2.5 0.7
16 20 9.9 2.7 27 1.7 1.9 2.5 342 17.7 6.7 24 0.2
17 43 71 2.7 27 1.7 1.9 24 354 16.5 10.4 2.7 0.1
18 89 47 27 27 1.7 1.9 28 484 153 11.8 1.7 0.1
19 153 3.8 2.7 27 1.7 1.9 27 519 13.0 8.6 12 0.2
20 10.4 34 2.7 2.7 1.7 19 27 472 10.2 36.6 1.1 0.8
21 14.2 25 2.7 2.7 1.7 1.9 27 36.6 8.1 15.3 0.9 0.8
22 8.1 3.0 2.7 2.7 1.7 5.2 34 307 9.3 10.4 1.2 0.5
23 54 28 27 217 1.7 16.5 34 271 8.9 8.0 113 0.2
24 54 2.7 27 2.7 1.7 50 38 401 11.7 8.9 7.9 0.1
25 4.4 2.6 27 26 1.7 3.5 37 30.7 9.6 7.4 33 0.1
26 3.8 22 2.7 2.5 1.7 34 3.5 30.7 1.7 5.6 20 0.1
27 32 64 27 2.5 1.7 34 32 30.7 9.8 5.9 1.5 0.1
28 3.0 3.7 2.7 2.5 1.7 34 3.0 30.7 7.6 7.6 1.5 0.1
29 2.7 3.1 2.7 25 34 3.1 29.5 7.7 10.6 1.2 0.1
30 25 26 2.7 25 33 45 248 6.4 9.1 0.9 0.1
31 2.5 27 25 33 425 5.1 0.9

SUM 1259 178.1 845 825 512 883 96.2 9916 4458 2493 76.7 11.1
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TABLE 11. Discharge measurements
in outlet stream of Middle Tarn,
near South Cascade Glacier

[m*/s, cubic meters per second]

Stage Discharge

(meters) (m3/s)
0.116 0.157
241 432
274 534
.299 555
335 .657
.363 1.001
479 1.671
497 1.648
.561 2.278
.588 2.549
587 2.421

TABLE 12. Runoff at Middle Tarn Basin, 1993 water year
[Values in millimeters, averaged over the basin; no data indicated by -99.0]

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

1 25.0 30 990 990 990 990 990 -99.0 33.6 129 990 19.0
2 229 27 990 990 990 990 -99.0 -99.0 26.6 137 -99.0 24.2
3 223 23 990 990 990 990 990 -99.0 24.1 160 -99.0 26.6
4 13.0 27 990 990 990 990 990 -99.0 24.6 184 990 25.1
5 9.6 25 990 990 990 990 -990 -990 30.6 193 990 287

6 79 39 990 990 990 990 -99.0 -99.0 288 176  -99.0 276
7 6.6 172 990 990 990 -990 990 -99.0 303 174 990 28.8
8 59 73 990 990 990 990 990 -99.0 20.2 206 -99.0 26.8
9 54 46 -990 990 990 990 990 -99.0 25.2 221 990 30.8
0 94 33 990 990 990 990 990 -99.0 243 218 990 29.2

11 17.0 28 990 990 990 990 -990 -99.0 15.2 217 990 18.7
12 227 24 <990 -990 990 990 990 -99.0 10.8 189  -99.0 10.2
13 16.8 22 990 990 990 990 -99.0 -99.0 9.0 170 990 89
14 8.0 25 990 990 990 9590 990 -99.0 17.1 193 990 11.3
15 5.6 24 990 990 990 990 990 -99.0 26.8 226 990 10.5

16 4.7 37 990 990 990 -99.0 -99.0 -99.0 274 212 990 10.7
17 4.7 39 990 990 990 990 -99.0 -99.0 285 224 990 10.9
18 19.9 27 990 990 990 -99.0 990 -99.0 30.4 303  -99.0 10.0
19 27.3 23 990 990 990 990 -99.0 11.2 334 29.0 40.5 8.1
20 238 20 990 990 990 -99.0 -99.0 29.2 29.6 45.0 338 53

21 25.8 64 990 990 990 990 -99.0 29.0 234 29.5 253 39
22 18.4 108 -990 990 990 -99.0 -99.0 21.2 16.0 24.2 302 3.1
23 25.1 34 990 990 990 990 -99.0 17.5 11.2 23.8 45.4 3.1
24 226 19 990 -990 -99.0 -99.0 -99.0 20.2 9.3 23.5 19.9 33
25 11.0 1.7 990 990 990 990 -99.0 21.0 13.8 23.8 119 4.7

26 89 1.2 990 990 990 990 -99.0 222 19.4 26.6 10.6 8.8
27 6.5 27 990 -990 990 990 -99.0 25.1 239 293 10.7 13.9
28 53 1.6 990 990 -99.0 990 -99.0 27.1 15.3 376 12.1 153

29 44 1.3 990 -99.0 990 990 29.0 121 -99.0 133 18.9
30 37 86 99.0 -99.0 99.0 99.0 28.0 11.7  -99.0 15.5 16.9
31 3.2 -99.0  -99.0 -99.0 349 -99.0 174

SUM 4133 1158 - - - - - - 6522 - - 4629
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MASS BALANCE

The collection of balance measurements made at specific locations at specific times and the
recorded temperatures 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, they are 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 water year,
October 1, 1992 through September 30, 1993.

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 that for 1993 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 1993 each stake represented about 0.5 km2. In both 1965-67 and 1993, 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 1993 net gave no information about
the lateral variations. The 1965-67 area-integrated balance values were derived from maps of
balance values. Because there is not sufficient spatial resolution to draw balance maps in 1993, 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 altitude 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 (Krimmel, 1993).

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 XY 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 Snow 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
May 5-6, 1993 are the principal data source for bm(s). The grid used for winter snow balance
measurements was based on photographs taken on October 6, 1992. The altitude of each of the
40 probed snow depths was estimated from the 1992 grid (Krimmel, 1993). A second degree
polynomial was fit to the snow depth and altitude at the 40 probe points and the snow depth near
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the west end of South Cascade Lake (fig. 13). The snow density at the altitude of each measured
snow depth was estimated from the measured density at 1,851 m (0.45) and the assumption of a
density gradient of 0.021/100 m of altitude, which is the same gradient that was measured in April
1992 (Krimmel, 1993). The product of the evaluation of the polynomial (for the snow depth) and
the 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, 4.09x10° m®. Dividing this volume by the October 6, 1992 grid-cell-area, 2.07x10° m?,

gives bm(s) = 1.98 m.

The maximum winter snow balance, b (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 1993, the date of maximum
snow mass was not obvious. The entire snowpack at the pit location was observed to be at 0°C
on May 5, 1993, indicating that liquid water could flow through the snow. There was a runoff
peak from Salix Basin on May 2, but this occurred with an air temperature at about freezing; thus,
the rain that caused that peak was probably snow over most of the South Cascade Glacier Basin.
The runoff peak from Salix on May 6 may indicate the start of runoff from the South Cascade
Glacier Basin, and certainly it had started by May 10 when air temperature was about 10-15°C. It

is estimated that bw (s) was reached on May 10, and was not significantly greater than bm (s).

Net Mass Balance

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

stakes (fig. 3, table 3) is the principal data source for b.. 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 between the last stake measurement and the end of ablation at each stake is
made on the basis of the continuously recorded temperatures and stream stages, and in some
cases, by measurements of the ice level on the balance stakes in the following balance year. A
third degree polynomial is fit to the final estimated balance at three of the four stakes at their
respective altitudes and a fourth point, that of the equilibrium line altitude on October 12, 1993,
where the balance was zero (fig. 14). Stake 3-93 had an anomolously high snow depth and was
excluded from the data set. There is no physical basis for the use of a third polynomial
interpolation, but rather it is used only as an empirical fit of the available data so that the GI
method can be used. 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, -2.49x10° m?, divided by the combined area of all the

grid cells, 2.03x10° m?, gives b, =-1.23 m.
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Balance Year To Water Year Adjustments

Mayo and others (1972) define two terms required to relate the stratigraphic measurements
to the water year: The initial balance increment, o, is the change in balance between the
minimum balance near the beginning of the water year and October 1; the final balance increment,
by, is the change in balance between the minimum balance near the end of the water year and
September 30.

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 (Krimmel, 1993). The first visit in the
1993 balance year was on January 31, 1993, at which time probes through the 1993 balance year
snow showed 0.17 m of ice had ablated (0.15 m W.E.) at stake 4-92 after October 10. The
average air temperature remained above freezing until early November 1992. No major periods
of precipitation occurred in October or November 1992, but several minor storms probably
resulted in mixed rain and snow as late as 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 initial balance increment (o), the melt after September 30, 1992,
was -0.05 m W.E.

The last balance measurements at South Cascade Glacier in the 1993 balance year were on
October 12, 1993. During October 1-12, the glacier lost an estimated 0.15 m of mass. Air
temperature remained near or several degrees above freezing until October 31, 1993, and minor
ablation occurred on the lower glacier. It is estimated that the final balance increment (4: ), the
melt after September 30, 1993, was -0.20 m W.E.

The annual balance, ., 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 water year.
The measured values of bo, by, and b. at South Cascade Glacier for the 1992 balance year can be
used to derive the annual balance, ba, where . = b + bo - b1 =-1.08 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 1965 and 1966, more information was used to
derive the balances than in 1992. The availability of less information in 1993 would suggest that
greater errors should be assigned to the 1993 balance. This relative paucity of data for 1993 is
offset somewhat, however, by the experience gained since the mid-1960's. Estimated errors are:
bm(s)iOZOm bw(s):t020m Bo 0.05 m, b1+ 0.05 m, bn +0.20 m, and ba + 0.25 m.
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.
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ICE VELOCITY

Some surface features, usually specific crevasses or debris, are visible on both the October
6, 1992 and the September 1, 1993 vertical photographs. The location of these features was
photogrammetrically measured on both dates (table 13), allowing the surface ice velocity to be
calculated. The displacements for each measured feature are shown in figure 15, and the value
adjacent to the vector is adjusted to an annual velocity, in meters per year. Error in measurements
made using this method are those associated with the determination of the location of the features
and those associated with the feature identification. The error of the location measurements,
based on a least squares adjustment of the available ground control, is estimated to be 0.5 m. In
the environment of South Cascade Glacier, where annual ablation may be 8 m, the feature that is
observed at the initial and final time for the velocity measurement may be severely influenced by
the interim ablation process. It is estimated that the error from this "feature change" process may
be as much as 1 m. The combined displacement error, over the 1992-93 measurement period of
0.904 year, is estimated to be 2 m/yr.

South Cascade Glacier surface velocity was measured during 1957-62 (Meier and
Tangborn, 1965). These data are reproduced in figure 15, with the minor modification that in
places where multiple measurements were reported in a small area, an average of the values is
transcribed onto figure 15 for clarity. The 1957-62 measurements are not exactly equivalent to
the 1992-93 measurements. Meier and Tangborn reported annual velocity horizontal components
parallel and perpendicular to a curved glacier center line (fig. 15), whereas the 1992-93 reported
measurements are horizontal Pythagorean in the local Cartesian coordinate system. Also, in each
of the 1957-62 and 1992-93 data sets, no adjustments were made to allow for seasonal or longer
term velocity changes. The vector magnitudes over the measurement periods were linearly
adjusted to annual magnitudes. In the former data set, periods ranged from slightly less than 2
months to slightly more than 2 years.

It is difficult to make definitive statements concerning changes that have occurred in the
glacier surface velocities over the interval between the former and latter measurements for the
following reasons: The changes are about the same as the errors in velocity measurements,
seasonal variations have not been accounted for, and the spatial gaps in both data sets require that
interpolations be made so that the location of the measurements are congruent. After the two
data sets are made as similar as possible (the 1992-93 velocities were adjusted to be the
component parallel to the 1961 glacier center line) and compared near the 1961 center line, it
appears, if anything, that the glacier was flowing at a slightly slower rate in 1992-93 than in
1958-62. In the upper one-third of the glacier, almost no velocity change is evident. In the lower
one-third of the glacier, velocity has decreased by about 1 to 2 m/yr, from about 18 to 16 m/yr.

In the central part of the glacier, velocity has also decreased slightly, remaining about 11 to 12
m/yr. Between July 9, 1962, and September 9, 1962, the speed of one marker in that area was
measured to be more than 15.1 m/d. This marker was less than 80 m from a marker that moved
at 12.2 m/d from October 2, 1959, to October 7, 1961 (Meier and Tangborn, 1965). The
anomalously high velocity may have been measured during a seasonal velocity maximum, and
erroneously extrapolated to an annual velocity. Near the edges of the lower glacier, the velocity
has decreased dramatically in the three-decade period.
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TABLE 13. Positions of velocity features on South Cascade Glacier on October 6, 1992 and
September 1, 1993

[Coordinates X, Y, and Z are local, in meters]

Oct. 6, 1992 Sept. 1, 1993 Oct. 6, 1992 Sept. 1, 1993
X Y Z X Y Y4 X Y Z X Y Z
1830.0 3570.4 1672.8 1833.6 3579.1 1665.7 2053.6 2745.2 1850.1 2054.1 2752.3 1848.2
1848.0 3433.0 1685.7 1849.4 34373 1682.2 1953.3 2732.9 18524 1953.8 2741.5 1851.6
1813.5 3397.2 1699.7 1816.2 3406.1 1695.8 1847.9 2705.0 1857.8 1847.9 2714.1 1856.1
1701.6 34129 1725.9 1702.4 34294 1718.7 1750.4 2663.3 1864.9 1750.0 2672.4 1863.4
1723.6 3336.5 1742.9 1726.8 33528 17355 1855.6 2537.1 1877.2 1854.8 2546.7 1874.1
1649.6 3276.8 1755.9 1650.1 3293.5 1750.6 1891.3 2610.9 1865.4 1891.2 2620.1 1865.0
1606.9 3174.2 1790.3 1607.2 3190.4 1783.6 1982.2 2594.7 1867.1 1982.4 2603.5 1865.1
1534.4 3191.0 1784.6 1535.1 32002 1779.9 2074.8 2671.3 1855.5 2075.0 2677.9 1853.4
1564.5 3091.6 1814.6 1563.8 3103.5 1810.4 2122.4 2649.2 1855.9 2122.1 2653.9 1854.5
1524.6 3038.7 1826.5 15245 3043.7 18252 2296.7 2711.0 1862.7 2296.7 2713.5 1861.7
1719.1 3169.6 1799.4 1717.0 3186.4 1793.7 2286.6 2592.6 1896.9 2287.1 2595.7 1894.8
1872.1 31614 1817.9 1870.9 31723 18139 2324.5 2544.1 1913.3 2324.3 2546.0 1912.0
1888.4 3127.2 1826.2 1888.8 31399 1822.7 2161.9 2528.8 1898.4 2160.8 2534.6 1895.3
1895.9 3072.9 1833.5 1895.2 3084.4 18314 2177.7 2482.0 1908.9 2177.5 2486.0 1907.0
1984.3 3150.0 1821.2 1986.5 3159.5 1816.7 2052.5 2437.5 1906.4 2050.7 2445.9 1902.1
2170.0 3236.2 1766.2 2170.6 32418 1762.7 1967.2 2437.1 1900.9 1965.1 2446.7 1896.7
2070.6 3118.2 1823.8 2071.8 31264 1819.2 1819.0 2403.1 1896.4 1815.7 2413.4 1893.8
2005.8 3041.5 1838.2 2008.0 3051.1 1836.7 1896.7 2326.5 1914.3 1893.2 2336.5 1910.6
1912.4 3012.3 1841.8 19127 3021.9 1839.9 1992.3 2366.5 1918.6 1990.2 2376.7 1915.6
1838.3 3007.3 1838.7 1837.8 3018.7 1837.2 1965.1 2290.1 1927.0 1960.7 2299.5 1922.8
1708.0 3023.3 1830.9 1706.1 3034.9 18243 2055.0 2265.1 1935.2 2052.2 2273.5 1932.0
1605.7 3017.8 1829.7 1604.5 3028.7 1826.0 2100.1 2344.8 1926.4 2098.6 2352.2 1923.1
1609.3 2941.2 1841.6 1608.9 2950.6 1838.3 2255.2 2301.6 1943.0 2254.8 2303.8 1941.5
16449 2876.2 1849.5 1644.4 2885.5 1846.9 2289.2 2395.9 1936.9 2288.9 2397.4 1935.6
1736.0 2909.2 1844.7 17356 2919.0 18428 2372.6 2434.5 1940.7 2372.6 2435.6 1939.2
1813.7 2869.0 1848.1 18143 2878.6 1847.2 2317.7 1911.9 1985.0 2315.5 1916.3 1982.5
1732.6 2977.2 1837.0 1732.5 2989.0 1835.6 2446.4 1794.8 2028.5 2445.2 1801.2 2026.8
1638.6 2791.8 1854.6 1638.2 27999 1853.5 2297.5 1743.1 2015.0 2293.8 1749.5 2012.8
1773.1 2774.8 1854.9 1773.5 27839 1853.1 2322.1 1696.0 2019.7 2318.0 1699.9 2018.5
1938.1 2928.3 1846.8 1940.4 29379 18453 2304.9 2253.4 1948.5 2305.1 2254.7 1947.6
2130.1 3041.8 1830.4 21323 3047.5 18284 2212.9 21489 1952.4 2212.3 2154.4 1950.3
2144.3 2980.3 1838.3 2145.0 29849 1836.5 1915.0 3321.3 1737.0 1913.3 3328.0 1731.2
2246.6 3010.0 1834.7 2247.5 30123 1833.7 1840.8 3121.0 1822.9 1839.4 3133.5 1821.2
2213.7 2878.6 1842.3 22147 2881.7 1840.8 1794.9 3096.5 1826.1 1791.8 3109.3 1820.6
2075.2 2862.9 18449 20758 2868.2 18445 1754.1 3149.7 1810.5 1751.5 3165.7 1805.5
2344.1 2859.9 1844.8 23428 2860.8 1844.8 1975.1 3210.4 1799.6 1976.2 3220.1 1793.8
2221.7 2798.0 1842.5 2222.2  2800.8 1840.6 1490.8 3357.1 17454 1493.7 3358.4 1742.6
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FIGURE 15. Surface velocity of South Cascade Glacier in 1957-62 and 1992-93.
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