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ABSTRACT

An abgtract of the thesis of Robin Rachelle Johnston for the Master of Sciencein

Geology presented February 12, 2004

Title Channel Morphology and Surface Energy Baance on Taylor Glacier, Taylor

Vadley, Antarctica

Deeply-incised channds on Taylor Glacier in Taylor Valey, Antarcticainitiate as
medial moraines traced tens of kilometers up-glacier, are digned with the direction of
flow, and at their most devel oped occupy about 40% of the ablation zone in the lower
reaches of the glacier. Development of the South Channd occursin three stages. The
first stage, the 1% Steady State, is characterized by rather uniform development, where
the channdl widens at much less than 0.1 m yr* and deepens at much lessthan 0.01 m
yr't, maintaining awidth to depth ratio of about 8. The second stage, the Transition
Phase, is characterized by dramatic widening channd (from 10 to 110 m) and deepening
(from 2to 24 m). During this stage, the pesk rate of widening is about 1.5 myr ™ and
the channd isabout 25 timesaswide asit isdegp. The third stage of channd
development, the 2" Steady State, is characterized by a steady decrease in the rate of

channel degpening and aleveling off of the width to depth retio as the channel ceasesto



widen. Eventualy, the channd reaches anew near equilibrium Sate of
continued uniform devel opment where the width to depth ratio is about 4.

The microdimate within the channds differs sgnificantly from conditions on
the adjacent glacier surface. The channels are warmer by 1.7°C, have wind speeds
reduced by 2.4 m s, and the net shortwave radiation is grester by about 14 W m
compared to the glacier surface. Asaresult, melt makes up a much higher percentage
of the tota ablation within the channdls than it does on the glacier surface — as much
as 75% and perhaps up to 99% under extremely low wind regimes, compared to about
45%. While the atered microclimate within the channds drives their rapid
development during the Transition Phase, the relationship between average wall
dopes and solar angles may represent the channels coming into equilibrium with the

lar regimein the valey.
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1 INTRODUCTION

The Nationa Science Foundation (NSF) established the Long- Term Ecologica
Research (LTER) network in 1980 to improve understanding of the basic properties of
Earth’s ecosystems and the factors causing changes in these systems through long-
term fidd sudies (LTER, 2001). The twenty-four Stesin the network include diverse
ecosystems such as rainforests, cold deserts, marine ecosystems, and urban
landscapes. Twenty-one Sites are located in the United States, one in Puerto Rico, and
two in Antarctica (LTER, 2001). Of these two, the PAlmer Station Site on the
Antarctic Peninsula focuses on polar marine ecosystemns and the McMurdo Dry
Valeys (MCM-LTER) ste near the Ross Sea focuses on a polar desert ecosystem
The work presented here was conducted in the MCM-LTER.

The McMurdo Dry Valeys (MCM) (~ 77° 30" S, 162° E) cover roughly 4800
kn? and are the largest relatively ice-free regions of Antarctica (Figure 1.1), about 4%
of the continent (Drewry et al., 1982). The three main valeys that comprise the heart
of the region are Victoria, Wright, and Taylor valeys. They are generdly northeast-
southwest trending valleys of exposed bedrock, sand, and debris with minor soil
development, and are flanked by mountains up to 2200 meters (m) in eevation. Polar
apine glaciers descend from the mountains, and outlet glaciers flow into the valeys
from the East Antarctic Ice Sheet. Perennidly ice-covered lakes exist at dl three
vdley floors. Lake Vidain Victoria Vdley, Lake Vandain Wright Vdley, and lakes

Fryxdll, Hoare, and Bonney in Taylor Vdley.



Dry Valleys, Antarctica

1o 00 L0 E 16300 E 640 E
— il - = : + - -
5:1‘&*
g "*...,., 5
A = ‘ L A L
90 o EEn
yti'é*i - '5#‘-:-# ' J 5% 5
A o ; Tl
s siE e —
a a1 :
. :
1
A
n
1
a
r
Tr sty
i
c.
-
I
c
&
s
|'h
rass 2
H

Figure 1.1 — Satellite image of the McMurdo Dry Valleys (NSF, 1999). Upper inset shows location of
larger image.

The MCM-LTER gteis consdered an end-member Ste, in thet it is the coldest
and driest ste within the LTER network, and life at the MCM dite approaches its
environmentd limits (NSF, 1999). Lifein the valeys conssts of microorganisms,
lichens, and mosses that inhabit the rocks and lakes. No higher plants or animas exist
inthevaleys. Infact, the top predator isthe nematode, a microscopic wormlike
cregture that inhabits the soil (Freckman and Virginia, 1998). The delicate baance
between the availability of liquid water and biologic productivity make dry valey

ecosystemns sengitive indicators of globa environmental change (Doran, 2002).



The main objective of the MCM-LTER isto define physica controls on the
sructure and function of valey ecosystems. The project is a collaboration between
Ohio State University, the University of Colorado, Montana State University,
Colorado State University, Dartmouth College, and Portland State University.
Portland State University’ srolein the MCM-LTER isto define the controls on glacid
meltwater production in the valeys. The hydrologic regimein the McMurdo Dry
Vadleys of Antarcticalargely controls the distribution of life in this polar desert
(Moorhead and Priscu, 1998) and because precipitation in the valleysis severely
limited (Keys, 1980), glacid mdt is the primary hydrologic variable.

| believe that channdls on Taylor Glacier, unlike stream channels on ice-free
terrain and mogt glacier surfaces, do not merely route water generated elsewhere, but
actualy produce the water they carry. Metwater reaching Lake Bonney - the
proglacid lake a the terminus of Taylor Glacier - is measured a gauging stationson
streams feeding the lake. However, deeply incised channdsin the lower ablation zone

of Taylor Glacier (Figure 1.2) discharge directly to Lake Bonney, and the water within

Figure 1.2 -Aeria
view looking up-
glacier at the
channels on Taylor
Glacier. Thevertica
terminus cliff inthe
foregroundis~20m
high.




these channels is not monitored. Knowledge of how these channds form, and the
processes that govern their morphology, is essentid to understanding water flow from
this glacier, and of other polar glaciers with smilar surface morphologies.

The ams of the thess are to characterize channd geometry, determine the rate
of channd development, mode! the surface energy balance to differentiate between
melt and sublimation within the channdls, and to estimate the direct run-off from
Taylor Glacier to Lake Bonney. | hypothesize that as the glacier surface flowsto
lower devations, and therefore to warmer air temperatures, the shalow channels
rapidly enlarge due to amicroclimate in the channds. To test my hypothesis, | work
through a set of objectives. examining large-scale surface features on glaciersin
Taylor Valey in an effort to place the channels on Taylor Glacier into context
(Chapter 2); measuring channel morphology to determine geometric changes of the
channels and their rate of development, as well as mesasuring meteorologica
differences between surface and channel bottom (Chapter 3); and evauating ablation
differences between the surface by cacuaing the energy baance for each setting
using the meteorologica measurements (Chapter 4). Results of thiswork are
important to understanding the spatid variability of meltwater production and the

hydrologic cycdein the vdleys.

1.1 Geographic Setting
Taylor Vdley isthe main sudy dte of the MCM-LTER project. The climate

in Taylor Valey isthat of apolar desart — cold, windy, and dry. The mean annud ar



temperature and wind speed are-17.8°C and 3.4 m s, respectively, and the mean
annud rdative humidity is 64% (Doran, 2002). The average annud precipitation a

the valley bottom, occurring as snow, is <10 cm water equivaent (Keys, 1980);
(Bromley, 1985). Thevaley is~ 35 km long from the edge of McMurdo Sound in the
eadt to the terminus of Taylor Glacier, which isthe outlet glacier flowing into the

valey from the East Antarctic Ice Sheet in thewest (Figure 1.1). The valey isflanked
to the north by the Asgard Range and to the south by the Kukri Hills. Maximum
eevation in these mountainsis ~ 2200 m. Numerous apine glaciers originate in the

mountains but only the largest reach the valey floor (Figure 1.3).

Figure 1.3 - Glaciersand lakesin Taylor Valley.



1.2 CGlacid Characteristics

The glaciers of the McMurdo Dry Valleys are polar glaciers, or “cold” glaciers
—theiceis cooler than its pressure-dependent melt temperature throughout its mass.
This contragts with temperate glaciers, where the entire ice mass warms to the melt
temperature a some time during the year. The thermd regime isimportant. Polar
glaciers are frozen to the subgtrate and flow only through internal deformation. The
reult is very dow ice flow, generdly two orders of magnitude dower than in
temperate settings. Without basad meltwater, basa erosion and valey modification are
aso dow.

The annua mass balance of aglacier isreflected in the equilibrium line
dtitude (ELA) — the devation on aglacier between the accumul ation zone (zone of net
mass gain) and the ablation zone (zone of net mass loss) — and the ELA isareflection
of theloca climate. Spatid variation in the dimate of Taylor Valey isreflected in
ELA and snowfdl trendsin thevaley (Fountain et ., 1999b). The average ELA for
glaciersin the valey, from the coast to 15 km inland, is about 450 m. From about 20
to 35 km inland the average ELA is aout 1150 m. Therefore, the average ELA rises
about 700 m over adistance of about 5 km. The shift in the ELA may in part be
controlled by the Nussbaum Riegel, which bisects the valey a about 20 km inland
(Fountain et ., 1999b) (Figure 1.4). The Nusshaum Riegel may act to contain coastal
winds to the down-valley side of the riegel and continental katabatic winds to the up-
valey sde of theriegd. Additionaly, snow depth decreases with distance inland

(Figure 1.4); thus, the riegel may suppress precipitation-bearing air masses from



reaching the up-valey regions. Therefore, glacier distribution throughout the valey is
aresult of this gpatia change in climate and topographic congraints.
Ablaionismasslossin dl itsforms. In the dry valeys, sublimation accounts
for 40-80%, melt for 20-60%, and calving for less than 5% of mass loss (Fountain et
al., 1998; Lewiset d., 1998). We measure the annua mass exchange on glaciers
using a network of poles called ablation stakes drilled into the glacier. Mass
accumulation is reflected as stakes become shorter (buried) with time. Ablationis
reflected in the lengthening of the stakes asiceislog a the surface. Mass balance
gudies on glaciersin the dry valeysindicate that the accumulation zone gains about
10-30 cm of snow and the ablation zone loses of about 6-15 cm of ice annudly
(Fountain et a., 1998). These rates are Smilar to those measured by Chinn on Wright

Glacier in Wright VValey (1980).
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The termind walls of the glaciersin the dry vdleystend to be ~ 20 m high and
nearly vertica. Severa processes produce this geometry (Fountain et d., 1998): ice
advection exceeding ablation in advancing glaciers, fagter ice flow at the upper surface
than a the base, and the low sun angle, which leads to an increase in ablation rates on

vertical wals compared to the horizonta surfaces.

1.3 Glacid Higtory

Glaciershave existed in Taylor Vdley for at leaest the last 3.5 million years
(Hall et d., 1993; Wilch et d., 1993) with variaionsin dimate controlling their
extent. Taylor Valey isaffected by the behavior of both the East Antarctic |ce Shest,
which dischargesinto the head of the valley, and the Ross Ice Shelf, at the
downstream end of the valley (Denton et ., 1989; Hall et d., 1993; and Hendy et dl.,
1979). Expansion of the East Antarctic Ice Sheet (EAIS) ~100,000 years ago resulted
in the advance of Taylor Glacier down-valey to Lake Fryxdl (Figure 1.3). By ~
70,000 years ago, Taylor Glacier retreated to its present location in the valley.
Between 40,000 and 7,000 years ago, the Ross | ce Shdlf entered Taylor Valey
multiple times, which resulted in the formation of Lake Washburn — alake that once
filled the vdley up to 300 min eevation (Denton et d., 1989). Thislake drained with
the last retreat of the Ross Ice Shelf ~ 7,000 years ago. The three main present-day
lakesin Taylor Vdley —lakes Bonney, Hoare, and Fryxdll — are remnants of Lake
Washburn. Theladt retrest of the ice shelf left a moraine that now blocks stream flow

from the valleys into McMurdo Sound, creating the enclosed Lake Fryxell. Thedpine



glaciers are rdatively stable features and have retained their gpproximate positions

sncethe Fliocene (Hall et d., 1993; Wilch et ., 1993).



2 SURFACE FEATURES AND DEBRIS DISTRIBUTION ON GLACIERSIN
TAYLOR VALLEY

2.1 Surface Festures
Severd surface morphologies exist on the glaciersin Taylor Valey. Surface
morphology is determined by both the flow of the glacier over its bed and by surface

processes. Some regions of the glacier surfaces are relatively smooth (Figure 2.1, a).

Figure 2.1 — Examples of some glacier surface features, using Canada Glacier as an example. Insets
arefor illustration only and not to scale — @) relatively smooth region such as the Non-descript
classification, b) topographically controlled ice falls such as the Topo classification, and ¢) a 10's of
meters wide channel-like feature such as the Aligned or Transver se classification.
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Other features such as crevasses, ogives, and icefals are, in part, topographicaly
controlled (Figure 2.1, b). Still other features are channe-like (Figure 2.1, c), and
oriented aither transverse or pardld to the direction of iceflow. The topographicaly
controlled and the channd-like features are clearly evident in aeria photographs. |
andyzed the glacid surfacesin Taylor Vdley usng LTER aerid photographs of 600
dots per inch resolution and 1:20,000 scale, taken a an dtitude of roughly 4500 m
above sealevel (LTER, 2001). The photographs were examined in Adobe Photoshop,
and the patterns of surface roughness were classified based on surface texture and
orientetion relaivetoiceflow. Figures2.2 —2.15 show the individud valey glaciers

overlain with the classification sysem. | classfied five surface types:

1) Aligned — These are features oriented pardle to ice flow direction. Aligned
features can be ether long, incised channd-like features (as on Taylor Glacier, Figure
2.2), or they may appear Smply as linear discolorations on the glacier surface without
having any digtinctive surface morphology, such as on Commonwedth (Figure 2.3),
Sollas (Figure 2.4), and Howard (Figure 2.5) glaciers.

2) Transverse — These are channe- like features oriented transverse to theice
flow direction. The southwest corner of Canada Glacier (Figure 2.6) isthe best
example of such afeature. The only other glacier in the valey that exhibits this
featureisasmall section of the centra terminus of Suess Glacier (Figure 2.7).

3) Mottled — These features |ook like blotchy patches on the glacier surface.
They do not exhibit any particular relationship to flow direction and are common to

nearly dl glaciers. They can ether be rdaively smooth surfaces, such as Hughes
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(Figure 2.8) and Sollas (Figure 2.4) glaciers, or can exhibit minor surface roughness,
such as portions of Suess Glacier (Figure 2.7).

4) Topo — These areicefdls, ogives, and crevasses. Icefdls occur whenice
flows rapidly over steep region of the bedrock, resulting in extreme longitudind
extension and fracture (Benn and Evans, 1998). In general, crevasses propagate in the
direction of the least comprehendve principd sress (Meier, 1960; Nye, 1952).

Ogives (convex downflow arcuate bands or waves) generdly form down-glacier of
icefdls (Nye, 1958; Waddington, 1986). Good examples of this surface feature are
seen on Suess (Figure 2.7), LaCroix (Figure 2.9), and Rhone (Figure 2.10) glaciers.

5) Non-descript — This category contains any remaining surface area, where no
specific features are present. This classfication dominates Cakin (Figure 2.11), Marr
(Figure 2.12), Goldman (Figure 2.13), Crescent (Figure 2.14), and Wales (Figure 2.15)
glaciers. Thissurfacetypeis, in essence, a specid case of the Topo dassfication, in

which the subglacid topography is rdatively smooth.
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Figure 2.8 - Surface classification for
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Figure 2.9 - Surface classification for
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Figure 2.15— Surface classification for Wales
Glacier.

To see the valey-wide digtribution of surface features, the pattern-coded
images of theindividual glaciers were drgped over a sadlite image of the valley
(Figure 2.16). The Topo features are found in and down dope of steeply inclined
topography (e.g., icefdls, ogives). This feature occurs on nearly dl glaciers flowing
from the mountain ranges flanking both sdes of the valley. The Mottled and Non-
descript features are found in regions of rdaively low rdief. While there are small

areas of Aligned on regions of the glaciers in the upper reaches of the valey walls, the
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largest regions of Aligned, aswell as Transver se, features are at or near the valey
floor. While the Topo, Mottled, and Non-descript festures are dl interesting in their
own right and worthy of discusson, it isthe Aligned and Transver se classfications

that are of particular interest to my project.
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Figure 2.16 - Pattern-coded images of individual glaciers draped over the satellite image of Taylor
Valley.
2.2 Aligned and Transverse Features

Commonwedth, Canada, and Taylor glaciersdl exhibit large regions of
Aligned features (Figure 2.16). Thereisadso alargeregion of Transverse featureson
Canada Glacier and asmadler region of Transverse a the center terminus of Suess

Glacier. Theregionsaredl located in the lower eevations of the ablation zone. All
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of the Transver se regions, and the large Aligned regions on Taylor and Canada
glaciers, have a distinct, deeply-incised morphology.

Aligned festures are more defined on Canada than on Commonwedth Glacier,
but these features are most well-defined on Taylor Glacier (Figures 2.17 —2.19). The
Taylor Glacier Aligned fegtures are very distinct channe-like, and oriented with the
direction of flow. The Transver se features on Canada Glacier (Figure 2.20), aso
digtinct and channd-like, are oriented oblique to flow direction. By visuad estimation,
the deeply-incised Aligned or Transver se features cover about 40% of the lower
ablaion zone on Taylor Gacier, 30% on Canada Glacier, and 5% on Suess Glacier.
Assuming thet al melt originatesin the ablation zone, and consdering thet ablation
rates are higher on inclined wals than on horizonta surfaces (discussed in subsequent
chapters), the occurrence of these deeply-incised features in the lower ablation zone
may, cumulatively, play an important role in the generation and evacuation of

metwater from valey glaciers and thusin regiond hydrology.
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2.3 Sediment Didribution
A smdl Mottled region islocated in the east corner of Suess Glacier (Figure

2.21). Theregion does not have channe-like features, but it does exhibit surface
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roughness. What is distinct about this region of Suess Glacier isthat it is mantled with

rock debris (sediment) that clearly affects the morphology of the surface.

Figure 2.21 - East side of Suess Glacier showing the sediment content in the Mottled zone.

Sediment has alower dbedo than theiceit lies on and absorbs more solar
radiation than theice. Concentrations of debris aslow as 13 g m can reduce glacier
albedo by greater than 6% (Lewis, 2001). Greater energy absorption by the sediment
and can lead to increased glacier melt. However, amantle of debris can aso insulate
the surface. The difference liesin the thickness of the debris layer (Ostrem, 1959).
Investigations on debris-mantled regions of Isfalsglaciaren, North Sweden, showed
that ablation rates sharply increased (Figure 2.22) with debris thicknessupto~1 cm
and decreased at thicknesses greater than ~1 cm. At about 2 cm thickness, the rate of
ablation issmilar to that of cleanice. The ablation rate decreased to nearly zero at

24



Ablation rate (cm day ")
e

o 5 10 15 20 25 30
Thickness of moraine layer (cm)
Figure 2.22 - Effects of debris mantle thickness on ablation rates on I sfall sglaciaren, North Sweden.
(Benn and Evans, 1998 from @strem, 1959)

about 25 cm debristhickness. Thisindicates that debris thicker than roughly 25 cm
insulates the ice from ablaion. A clear example of debris acting as an insulator occurs
in Beacon Valey, Antarctica, where ice possbly as old as late Miocene survives
below a 20—100 cm mantle of debris (Marchant et a., 2002; Schafer et al., 2000).
Smilar presarvation of glacier ice is observed in numerous rock glaciersin Antarctica
and esewhere (Nakawo et a., 2000). Without exception, debrisis present on glacier
surfaces in the study areathat have any kind of surface roughness, as observed on
regions of Suess (Figure 2.23, @), Commonwedth (b), and Canada glaciers (c).
Sediment is trangported to the glaciersin a number of ways. as wind-blown debris, by
avalanche, or as moraines.

The channds on Taylor Glacier result from medid moraines whose path can
be traced tens of km up-glacier from the terminus. Thisorigin is demondrated in
aerid photography, satdllite imagery, topographic maps of the region, and fidd
obsarvations. My thesis focuses on two of these channds, which | have termed the

North and South channels (Figure 2.24). The North Channel can be traced back to
25



Figure 2.23 — Sediment on a) the west side of Suess, b) the west side of Commonwealth, and c) the
west side of Canadaglaciers.

a debris-laden region of icefdl near Finger Mountain, roughly 45 km up-glacier from
the snout of Taylor Glacier. The South Channel can be traced back to amedia
moraine resulting from the confluence of Taylor and Ferrar glaciers at Knobhead,
roughly 28 km up-glacier from Taylor Glacier snout. The medid moraines are
primarily comprised of large, sporadicaly distributed blocks with minor amounts of
sand and cobble sized debris (Figure 2.25). These media moraines were described by
Taylor (1916) as conssting of “ablock here, another 20 feet off, a third somewhat

further, and so on dong aling’ down the glacier.
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Figure 2.24 - Taylor Glacier with lines added to emphasize the debris source for the North and South
Channels.

Figure 2.25 - An example of the boulders that comprise the medial moraines on Taylor Glacier
(background) and an ablation well that has devel oped around one of the boulders (foreground) dueto
the emission of longwave radiation. The foreground boulder is roughly 2 meters across.
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3 CHANNEL MORPHOLOGY AND METEOROLOGICAL MEASUREMENTS

The oldest available aeria photographs of Taylor Glacier were taken in 1961.
Comparison of these images with the most recent aerid photographs indicates that the
channdls on the glacier have changed little between 1961 and 2001. The earliest
written account of the channds are from Scott (1905), who described the channelsin
the lower ablation zone of Taylor Glacier in a December 18, 1903, narrative of their
journey down the length of the glacier, “[T]he ice grew so disturbed that we were
obliged to rope oursalves together and proceed with caution.”  Griffith Taylor (1916)
described the channelsin a February 11, 1911, account stating, “[ T]he center of the
glacier was cut up by surface sreamsinto asymmetric gullies’.

Mélt from these channds flows to Lake Bonney, the proglacid lake at the
terminus of Taylor Glacier, and one of the largest lakesin Taylor Valey. This chapter
examines the morphology of the channds as aprdiminarily step to energy baance
modeling within the channd and a the glacier surface. Detailed channel
measurements were made in January 2000 and January 2001, and focused on the two

deeply-incised North and South channdls (Figure 3.1).
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Figure 3.1— Aerial photograph of Taylor Glacier showing the locations of the North and South
Channels (MCM-LTER, 2001).

3.1 Channd Geometry

Cross-sections were surveyed on both channds and alongitudind profile was
measured on the North Channd to characterize channel geometry. Bamboo poles
drilled into the ice defined end-points for each cross-section and a Trimble GPS was
used to locate their positions. GPS errorswere + 3.2 cm in the horizontal and + 4.2
cminthevertica. The cross-sections were surveyed with a Topcon 301D Total
Station with errors of + 3.0 cmin the vertical and horizontal. Albedo readings
(discussed later) were recorded at cross-section points. Thirteen and fifteen cross-
sections were surveyed on the South and North channels, respectively (Figure 3.2;
Appendices 7.1 and 7.2). A fourteenth cross-section (South Channel cross-section 7)
was later interpolated to fill agap in the survey data. A kinematic GPS survey was
conducted adong the floor of the North Channel and on the glacier surface dong the

North Channdl periphery to define the dopes of the channd floor and the glacier
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Figure 3.2 - Location of ablation stakes (flags), cross-sections (hexagons and triangles), and the
meteorological station on Taylor Glacier (the crosslocated at stake 83). Stake 90 (boxed) is the datum
for all distances down-glacier.

surface. The floor survey began near the glacier terminus and proceeded up-glacier
aong the channd floor to the highest cross-section, then continued down-glacier dong
the periphery back to the start position. The sample interval was 5 seconds and the
GPS errors are the same as for the cross-sections. The cross-section survey for the
North Channel began roughly 4 km down-glacier from start of the South Channel
survey. Shortening the survey of the North Channel conserved time, and was
warranted because the geometry up-glacier from the survey start was very smilar to
the South Channel. All down-glacier distances reported in the manuscript are with

respect to ablation stake 90 (Figure 3.2).

3.1.1 Obsarvations

Up-glacier, the channels are rdatively narrow and shalow but toward the

glacier terminus they become great chasms, impossible to maneuver without safety
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equipment (Figure 3.3). The two channels begin to widen at about the same location ~

7 km down-glacier from stake 90 (Figure 3.4). Thewidth of the North Channel

Figure 3.3 — Progression of South Channel development with distance down-glacier. Note the
morainal material in the top channel.
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increases from 10 to 110 m over 2 km and the width of the South Channdl increases
from 10 to 120 m over about 0.5 km. The channels also both begin to degpen a about

the same location ~ 7 km down-glacier from stake 90 (Figure 3.4), and deepen from
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Figure 3.4 - Width, depth, and width to depth ratio of the North and South Channels. Symbols have
been added for reference to selected cross-section location.

only afew meters to about 24 m over roughly 1.3 and 2.5 km for the North and South
channels, respectively. For thefirst 7 km down-glacier, the ratio of width to depthis

relatively constant (about 8) for the South Channd (Figure 3.4) and likely the same for
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the North Channel. From about 7 to 8 km down-glacier, aregion of trangtion ensues
and the width to depth ratio increases dramaticaly. Thisisfollowed by a second
relatively constant width to depth ratio (gpproaching 4) toward the end of the survey.
Thetime required for channd development can be estimated using the mean
surface speed of the glacier. The estimated time of development, with respect to stake
90, for the South Channd is based on average horizontd surface velocity at ablation
stakes from November 1995 to January 1997 (Fountain, 2001; Appendix D).
Assuming thet velocity has been congstent over time, the cumulative time of channe
development is about 1486 years - that is, it takes ice at stake 90 roughly 1486 yearsto
flow about 10 km (the end of the survey location). | estimated the rate of changein
channel widening and degpening, and in the width to depth ratio (Figure 3.5;
Appendix E). During the region of trangtion, the rate of channd widening pesaks a
about 1.5 m yr™, while the pesk deepening rateis only about 15 cm yr*, and comes at
the end of the region of transition (Figure 3.5) and the tart of the 2"9 steadly state
condition. Theregion of trangtion lasts about 160 years and occurs over a distance of

roughly akilometer.
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Figure 3.5 - Rate of change in widening, deepening, and width to depth ratio of the South Channel.

Thereisadight decreasein the rate of channel development at about 4 km
down-glacier from stake 90. Comparing surface velocities with glacier and bed
elevations (Figure 3.6), the dight decrease appears to be the result of increased flow
speed — and thus reduced residence time — of icein thiszone. The increased flow

speed corresponds to a stegpening in the dope of the ice surface.
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Figure 3.6 - Cumulative time of South Channel development, velocity, and glacier and bed slope.
Surface and bed elevation are from ground penetrating radar data (Langevin, 1998).

The average dopes of the north and south-facing walls of the North Channd
were cdculated using survey points a the periphery and floor of the channd for each
cross-section (Figure 3.7). Thewal dopes are rather shalow (5°-20° from horizontd)
until about 8 km down-glacier. After this point, the dopesincrease, and the average

overall dopesare ~ 25° for the south-facing wal, and ~30° for the north-facing wall.
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Figure 3.7 — Average horizontal slopes of the north and south-facing wallsin the North Channel at
each of the 15 cross-sections (black dots). The overall averages of the north-facing and south-facing

wallsare ~ 30° and ~25°, respectively, after about 8 km down-glacier.

While the overall dope of the north-facing wal is~30°, there are regions of
the wal that, unlike the south-facing wall, have very steeply-inclined, stepped regions
(Figure 3.8). The dopes of these stepped regions range from 51° to 74° from

horizontal, and average 60°.

Figure 3.8 — Steeply-inclined, stepped regions along the north-facing wall of the North Channel.

The average down-glacier channel dope derived from the kinematic GPS
survey of the North Channel is smdll, 0.052 at the periphery and 0.061 at the floor
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(Figure 3.9). A changein dope at both the floor and the periphery occurs at ~ 8.75
km. Up-glacier of this point the dopes are 0.041 and 0.049 at the periphery and floor,
respectively, and down-glacier they are 0.065 and 0.069. Therefore, the periphery
dope increases ~ 59% and the floor dope increases ~40% down-glacier of this point.

The channe periphery is rdaively smooth until ~ 9.25 km down-glacier, where it
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Figure 3.9 - Kinematic survey of the channel periphery and floor. Errors are £3.2 cm in the horizontal
and 4.2 cmin the vertical.

becomes jagged and knife-like. The channd floor isrougher than the periphery. Its
morphology isSmilar to the pool-and-riffle pattern of asiream. Perennidly frozen
pools of various szes are often found at the channd floor. The pools are usudly

connected by steep, but shalow, streams.
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3.2 Albedo

Albedo, theratio of reflected to incident solar radiation, is an important
varigble in the surface energy balance because it controls the magnitude of net solar
energy absorbed by theice. The average abedo for dirty ice, clean ice, and dry snow
are 21%, 40%, and 74%, respectively (Paterson, 1994). Albedo was measured along
the cross-sections, noting if the location was at the surface (periphery), a channe wall,
or the channd floor (Figure 3.10) and whether the measurement was made over
sediment, ice, or snow. A field-constructed “abedometer” consisted of two LI-COR
L1200S pyranometers — one facing up and the other facing down. They were
connected to adatalogger (Campbel Scientific, Inc.) programmed to display the

abedo. Thetypicd error associated with the pyranometersis = 3% and the total

abedo error is about + 4%.

North ——
Surface
X
Wall
Floor
X

Figure 3.10— Simplified schematic showing relative location of surface, wall, or floor albedo
measurements.

3.2.1 Obsavations

The dbedo data are relatively complete for al cross-section survey pointsin

the South Channd (measured during the 1999-2000 season), but only for the 11 cross-

38



sections farthest up-gladier in the North Channel (measured during the 2000-2001
season) due to instrument malfunction. The dbedo is generdly greater in the North
Channd than in the South Channd (Figure 3.11). This may be due to acolder average
ar temperature (by ~ 3°) and a greater, dthough patchy, snow cover in the North
Channd during the 2000-2001 season. As expected, the albedo of sediment-covered
iceislower than bare ice, and the abedo of bareice islower than that of snow (Figure
3.12). The averagesfdl within the ranges of dbedo measured e sewhere (Paterson,
1994). The average abedo was higher for dl locations of the North Channel than the
South Channel (Figure 3.13), with the greatest difference between the two channels
being at the channd floor. In generd, dbedo was greeter on the north-facing walls

than the south-facing walls (Figure 3.14).
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Figure 3.11 - Average albedo at cross-sections 1-6 and 8-14 of the South Channel (dots) and 1-11 of
the North Channel (triangles). No albedo was obtained from cross-sections 12-15 in the North
Channel. Light gray lines are general trend lines.
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Figure 3.14 — Average albedo on the north and south-facing walls for the North an d South channels.

3.3 Cryoconite Holes

Cryoconite holes are cylinder shaped melt festuresin the glacier mass that
begin to form when sediment becomes trapped in adight depression on the glacier
surface, or from icebound sediment moving upward verticaly through the ice column
due to emergent ice flow (Fountain et d., Submitted February 2003). Sediment hasa
lower abedo than the surrounding ice, absorbs more solar energy, warms, and melts
into the ice (see MclIntyre, 1984; Podgorny and Grenfell, 1996; and Fountain et .,
Submitted February 2003).

Cryoconite holes vary in diameter from 1 cm to more than afew meters, and
can be more that 50 cm deep. Anidealized cross-section of a cryoconite holeis shown
inFigure 3.15. A thin layer of sediment covers the base of the hole with a column of
water above. Inthedry valeys, anicelid dmost dways covers the holes (Fountain et

a., Submitted February 2003), dthough cryoconite holes on glaciersin temperate
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regions of the world gpparently don't have ice lids (Wharton Jr. et ., 1985). Anair
gpace exigs between the ice lid and the water within the hole. The surface expression
of these featuresisacircular patch of darker ice where the ice lid has formed (Figure
3.16). The spatid didtribution of cryoconite holesis variable; they can be isolated or

Ice lid
Air

Water

= Sediment

Glacier

Figure 3.15 - Idealized cryoconite hole schematic showing icelid, air, water, and sediment at base.
Not to scale.

can occur in large numbers on the glacier surface (Figure 3.17).

Feld evidence suggests that as the channels on Taylor Glacier develop and the
channd walls ablate, cryoconite holes near the channel are scavenged (Figure 3.18 and
Figure 3.19). This process flushes water and sediment within the hole to the channe

system.

Figure 3.16 - A cryoconite hole on Taylor Glacier, ringed in black to emphasize shape.
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Figure 3.17 - Taylor Glacier surface, densely populated with cryoconite holes

p—

Figure 3.18 - Scavenged cryoconite holes Figure 3.19— View of anorth-facing

showing the sediment flushed from the channel wall, showing many scavenged

hole. cryoconite holes, and sediment at the
channel floor.

To define the spatial and tempora changes in cryoconite hole concentration

down-glecier, aswdl as estimate the sediment flux to the channels, | measured the




number and diameter of cryoconite holes greater than 1 cmina2.5 mradiuscircle
around the ablation stakes over the two seasons of fieldwork. Data were collected
from &l stakes during the 1999-2000 season, and al but stakes 82, 81, and 79 during

the 2000-2001 season.

3.3.1 Obsavations

The number of cryoconite holes around the ablation stakes is not consstent
between years (Figure 3.20 8). The most extreme example is stake 89, where the
number of cryoconite holes increased from 125 in January 2000 to 475 in 2001. The
number generally doubled from 2000 to 2001 at stakes 88, 86, and 85, but there was
little change at stakes 87, 84, and 83. There were, on average, 213 cryoconite holesin
each survey circle, and they covered 3% of the surface area. Despite the fact that
cryoconite hole populations at each stake vary from year to year, the fractiond area
covered by the holes is remarkably smilar between years, with the exception of stake
85 (Figure 3.20 b), which is so great because of one hole > 1m in diameter.

To examine the frequency of cryoconite holes by sze at each stake, | plotted
the relative frequency of 9 diameter Sze classes <25, 2.5-5, 5-7.5, 7.5-10, 10-20, 20-
30, 30-50, 50-70, and > 70 cm. Over 50% of the cryoconite holes for both the 2000
and 2001 seasonswere < 2.5 cm in diameter (Figure 3.21), and the number of
cryoconite holes per size class decreased with increasing Size class. Additiondly, for

both seasons, the frequency of the smalest holes (<2.5 cm in diameter) tended to



decrease with distance down-glacier, while the frequency of the larger holes tended to

increase (Figure 3.22).
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Figure 3.20 - @) Number of cryoconite holesin a 2.5 m radius circle around ablation stakes. Numbers
within the graph are the ablation stakes. Datawere not collected from ablation stakes 82, 81, and 79

during the 2000-01 field season. b) Total percent of areain 2.5 m radius circle around stakes covered
with cryoconite holes.
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3.4 Surface and Channd Meteorological Data

The meteorologica (met) ation on Taylor Glacier (77°44Q42 S, 162°07®22
E, 334 meters above sealeve, near ablation stake 83) has been recording temperature,
relative humidity, radiation flux, precipitation, and wind speed and direction snce the
1994-1995 season (Figure 3.23). Temperature loggers were indalled at ablation stakes

during the 1999-2000 field season to provide spatia information on temperature

Figure 3.23 — The meteorological station on Taylor Glacier. The station is about 3 min height.

variations dong the longitudind profile of the glacier. Five Onset StowAway XTI
temperature loggers (Onset Computer Corp.) were mounted one meter above theice
surface on bamboo poles near ablation stakes to record temperature hourly. For
samplicity, | termed these loggers 98, 86, 83, 80, and 92, in relaion to the ablation
stakes near which they were placed. The loggers record temperatures over arange of -
37°Cto 46°C with an error of £ 0.4°C. The period of record for each thermistor is
ligedin Table 3.1. These datawill be used in conjunction with the met station deta to

characterize temperature variation down-glacier.
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Temporary meteorologica stations were established aong the North Channel
during the 2000-2001 field season to provide information on the meteorology in the
channds. Data were collected within the channel from November 22, 2000 to January
5, 2001, at alocation near cross-section 15. Data were dso collected smultaneoudy
in the channel and at the channd periphery from January 6 to 15, 2001, near cross-
section 11 (Figure 3.24). Additiondly, Karen Lewis supplied meteorologica data

collected in January 1999 from atemporary station within one of the channelson

Figure 3.24 - Locations of meteorological stations on Taylor Glacier: star, established station operated
1994 to present; diamond, temporary channel station operated Jan. 18-25, 1999; square, temporary
channel station operated Nov. 22, 2000 - Jan. 5, 2001; check and x, simultaneous run of temporary
periphery and channel stations operated Jan. 6-15, 2001. See Table 3.1 variables recorded.

Taylor Glacier. Data collected (Table 3.1) included air temperature, wind speed and

direction, incoming and outgoing short-wave radiation, and relaive humidity.
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Table 3.1 - Meteorological instruments, periods of record, and variables recorded on Taylor Glacier.
Jan. 18 - 25, 1999 datais from Karen Lewis. The associated errors are different for the loggers and
the met stations because the met station temperature datais compiled using the Steinhart-Hart
equation, which greatly reduces error (Doran et a., 2002).

VariablesRecorded and

Instrument Period of Record Associated | nstrument Error
Air and ice temperature (+0.02°C),
relative humidity (<1%), incoming
Met. Station Nov. 21, 1994 - Present and outgoing short-wave radiation

(+3%), wind speed (+0.3ms™),
wind direction (£3°)

Temp. Station - channel

Jan. 18 - 25, 1999

Temp. Station - channel

Nov. 22,2000 - Jan. 5, 2001

Temp. Station - periphery

Jan. 6 - 15, 2001

Temp. Station - channel

Jan. 6- 15, 2001

Air temperature (£0.02°C), relative
humidity (<1%), incoming and
outgoing short-wave radiation
(+3%), wind speed (+0.3ms™),
wind direction (£3°)

Logger 89

Nov. 17,1999 - Jan. 13, 2000
and
Nov. 16, 2000 - Jan. 19, 2001

Logger 86

Nov. 17,1999 - Nov. 16, 2000

Loggers 83, 80, and 92

Nov. 17, 1999 - Jan. 13, 2000

Air temperature (£0.4°C)

341 Obsvations

Temperature loggers indicate that the air temperature warms about 3°C over

roughly 9.2 km down-glacier (Figure 3.25). The average temperatures over the

recording interval were-5.7, -5.3, -4.4, -3.8, and -2.7°C (dl ~+ 2.5°C) a dtes, in

down-glacier order, 89, 86, 83, 80, and 92, respectively. The corresponding mean

lapse rate (rate of decrease in temperature with elevation) is about -0.8°C/100 m

(Figure 3.26). However, the lapse rate varied between -0.7°C/100 m and -1.0°C/100
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m at adjacent loggers (Figure 3.27). The datalogger and met station temperature

records were highly correlated, with regression coefficients (%) between 0.96 and 0.99

(Table3.2).

Figure 3.25- Average air
temperature at loggers
with distance down-
glacier. Bars are standard
deviation, and alinear
regression line hasbeen
added. The numbers
reference ablation stakes
the loggers were near.

Figure 3.26 — Average air
temperature with elevation
from logger data, with a
linear regression line added
(black dashed).
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Table 3.2— Summarization of information at and between loggers from Nov. 17, 1999 to Jan. 13,
2000.

L ogger km gf(r) om El ?/n?;l on AV(?O'(I':e;mp Temg.gange C\?\;[ﬁ;ﬁ;}n
station
89 114 506 -5.7 17.9 0.96
86 421 455 -5.3 184 0.97
83 7.03 34 -44 19.9 0.98
80 8.68 266 -38 176 0.98
2 1041 150 -2.7 17.8 0.97
Met Station (1m) 7.03 334 -43 184
. Elevation Temp .
Between Loggers D|(T(trz;r;ce lef(?rr] ;ence Di fzsrce)nce I(_oag/sleolgami;e %%gf?il gtéz?
89& 86 31 51 04 08 0.97
86 & 83 28 121 09 0.7 0.98
83& 80 16 68 0.6 09 0.99
80& 92 17 116 11 10 0.99
89& 92 9.2 356 30 08 0.96




Only logger 89 recorded data during the second field season (2000-2001). The
average temperature was —6.4°C. At the meteorologica dation it was—5.1 °C. The
met dation isroughly 6 km down-glacier from and 172 m lower than thermistor 89,
which yields alapserate of -0.8 °C/100 m, congstent with lapse rate estimates from
the temperature records of the previous season. Only logger 86 recorded temperatures
over the winter, from mid-January 2000 to mid-November 2001. For the winter
months of June, duly, and August, the average air temperature a the logger was—
24.6°C, 0.2°C warmer than the —24.4°C recorded at the met station. The met station is
about 2.8 km down-glacier from stake 86 and is 121 m lower in elevation,
corresponding to areduced winter lapse rate of -0.1°C/100 m, which may be dueto

wesk temperature inversonsin winter (Nylen, 2002).

Comparison of Meteorological and Channd Stations

From January 18 to 25, 1999, the channel station was located in a different
channd just south of the North Channd (Figure 3.24), roughly 5 km down-glacier
from the established met sation. The mean air temperature within the channd was
warmer than the glacier surface air temperature by 2.1°C and the mean wind speed
was reduced by 2.3 ms* (Figure 3.28). Reative humidity was 5% lower in the
channd than it was a the glacier surface. Thewind direction isSmilar for both
locations, bimoda — generdly up-valey (~80°) and down-valey (~250°). Net

shortwave radiation in the channdl averaged about 20 W mi? more than the surface.
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The radiation pesks were generdly greater in the channel but the minima were about

the same.
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From November 22, 2000 to January 5, 2001, the temporary station was
located within the North Channel, about 3 km down-glacier from the met gation. The

elevation difference between the met station and the channd at the temporary station
location is193 m. With the Igpse rate of -0.8°C/100 m and the average met station

temperature of —4.5°C, the temperature in the channed should be about —3.0°C



(£0.02°C). Theaverage air temperature within the channd was—2.8°C (x0.02°C)

(Figure 3.29). The average wind speed and relative humidity werereduced by 1.8 ms

1 (419%) and 9%, respectively, relative to the station on the glacier surface. At both

gations, wind direction was bimodd in the up-and-down-valey directions. Net

shortwave radiation was greater by ~ 50 W mi? (28%) in the channel than a the met

gation.

Figure 3.29- Nov.
22,2000t0 Jan 5,
2001 - Air
temperature,
relative humidity,
and wind speed
and direction
recorded at the
established and
temporary
stations. The
temporary station
was located
within the North
Channel, roughly
3 km down-
glacier from the
established
station. Wind
direction iswith
respect to north.
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From January 6-15, 2001, two temporary stations were operated
smultaneoudy, one in the North Channel and the other on the glacier surface at the
channd periphery (Figure 3.30). The stations were about 2 km down-glacier from the
permanent met gation. Air temperature was again warmer in the channel, by about
1.3°C (20%), and wind speed was reduced by about 3.1 ms* (88%). The primary

wind direction was

-~

N

L

-

Figure 3.30— Location of the temporary periphery and channel meteorological stations (outlined in
black) near cross-section 11 in the North Channel

up-valey in both locations. However, due to the low wind speed in the channel, wind
direction in the channel was more chaotic than at the surface (Figure 3.31). Rddive
humidity was 5% greater in the channd than a the periphery. Contrary to earlier

seasons when net shortwave radiation was greater in the channel, here it was grester a
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the glacier surface by an average 21 W m2, which may be attributed to diurna

shading of the channel ation. The average hourly values (thet is, the average of
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al 0100, 0200, 0300 hour, €tc., records) of incoming and outgoing radiation at the
periphery and channel stations over the period of record are shown in Figure 3.32.
Indeed, incoming shortwave radiation was smaller a the channd gation than the
periphery station for nearly dl hours of the day, except for those hours when the sunis

highegt in the sky and incoming radiation is grestest. Outgoing shortwave radiation is
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greater in the channd during hours of greatest incoming shortwave radiation, and this

may be due to reflection off the channd walls.
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Figure 3.32— Average per hour incoming and outgoing shortwave radiation at the periphery and
channel meteorological stations from Jan. 6-15, 2001.

A great ded of meteorologica information from different locations and time
periods has been presented in this section. Some of the key findings are summarized
in Table 3.3. Considering averages of al the data, abroad generdization can be made
about the microclimate in the channels compared to the glacier surface: the channels

arewarmer by about 1.7°C, wind speed in reduced by about 2.4 m s, rdlative
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humidity is about the same, and net shortwave radiation is gregter in the channd than
at the glacier surface.

Table 3.3— Summary table of average meteorological variables at the surface and in the channels. T
isair temperature, WSp iswind speed, RH isrelative humidity, and SWnet is net shortwave radiation.
For Time Period, t1 is 1/18-25/99, 12 is 11/12/00-1/5/01, and t3 is 1/6-15/01. Surface is either the met
station (t1 and t2) or atemporary periphery station (t3). Channel is either the temporary station in the
channel 5 km down-glacier from the met station (t1), the onein the channel 3 km down-glacier from
the met station (t2), or the onein the channel 2 km down-glacier from the met station (t3) that ran
simultaneously with the periphery station at t3. Difference is the change from the surface to the
channel.

Time Period Surface Channel Difference
t1 -14 0.7 +2.1
T t2 -4.5 -2.8 +17
(°0) t3 -6.6 -5.3 +1.3
Average Difference +1.7
tl 35 12 -23
WS t2 44 26 -1.8
(ms™) t3 35 04 31
Average Difference 24
t1 63 58 -5
RH t2 62 53 -9
(%) t3 65 70 +5
Average Difference -3
tl 120 143 +23
SWnet t2 128 176 +48
(W m?) t3 109 80 29
Average Difference +14

Lapserate: rangesfrom-0.7 to -1.0°C/100 m. Averageis-0.8°C/100 mand is
consistent over the two field seasons studied.

3.5 Channd Morphology — A Working Hypothesis
Channels on Taylor Glacier develop from medid moraines that can be traced
severd kilometers up glacier (Figure 2.24). Unlike thick moraines common to

temperate glaciers, these moraines are primarily composed of sporadically distributed



boulders (Figure 2.25) interpersed with minor amounts of sand and cobble sized
materid. The shdlow channdsthat contain the moraine (Figure 3.33) are formed by
radiation absorbed by the finer-grained sediment and/or emitted in longwave form by
the larger blocks. The blocks and sediment partidly mdt into theice. However,

winds are high and persstent, so the dominant mechanism of masslossis sublimation.

Figure 3.33 - Representation of channel appearance as far back as can be traced.

The morphology of the South Channd changesllittle for severa kilometers,
maintaining areaively narrow (width < 10 m) and shdlow (depth < 3 m) state

(Figure 3.34 a). | define this phase the 1% Steady-State, during which time the channel
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widensat << 0.1 myr ™, deepens at <<0.01 myr ™ (Figure 3.34 b), and the width to
depth ratio isrelatively congtant, a about 8. This state continues for roughly 7 km
down-glacier, which is approximately equivaent to 1100 years. At ~ 7 km down-
glacier, the channd entersthe Transition Phase and it begins to widen much faster

than it degpens. Therate a which the channel widensincreases rapidly, to about
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Figure 3.34 - a) Width, depth, and width to depth ratio of South Channel with distance down-glacier,
and b) rate of change in width, depth, and width to depth ratio. The Transition Phase is hatched.

1.5 myr, then decreases toward a second relative steady- state condition. The rate of
deepening in the channd aso increases, but & a dower rate and a different spatia
trend than the widening. The deepening rate increases throughout the Transition

Phase, reaching amaximum of about 15 cm yr™* at the down-glacier end of the
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trangtion (Figure 3.34 aand b). The width to depth ratio steedily and dramatically
increases during the Transition Phase, by about 25% a year, to its maximum of 25.

The Transition Phase covers atime span of about 160 years of channel devel opment
over adistance of about 1 kilometer, and the phase terminates when widening has
ceased and the rate of degpening is at its maximum, about 8.25 km down-glacier
(Figure 3.34 b). Following the Transition Phase isthe 2" Steady-State, the find stage
of channel development. This stage is the stage is characterized by a steady decrease

in the rate of channel degpening and a return to a steady width to depth ratio. This

stage lasts about 220 years over a distance of about 1.5 km. At the end of this stage
(reflecting the end of the channel survey), the width to depth ratio is about 4.

What caused the Transition Phase of rgpid channd growth? The onset of the
Transition Phase coincides with alocd air temperature of about —4.4°C (Figure 3.35),
which may be the critica vaue for enhanced medt within the channd. Indeed, thisair
temperature also coincides with increased ablation at the glacier surface (Figure 3.35).
In the presence of rock debris within the channel, met should be enhanced due to the
dow warming of the rock. Once the channel deepens sufficiently, a microdimate
different from the glacier surface develops. The microclimate has reduced winds that
reduce sublimation and sensible heat |oss, making energy available for mdt, whichis
amuch more effective ablative process than sublimation (Chapter 4).

Ancther cause of channe widening is solar radiation, which suppliesits

greatest energy when it strikes a surface a a perpendicular angle (90°). The maximum

solar anglein the dry valeysis about 36° (Figure 3.36). Thus, at thisangle, it supplies
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the grestest energy to a surface that has a zenith angle of about 54° - or rether, in the

case of the channd wall, a horizontd dope angle of 54°. Asnoted earlier, the average

dope of the steeply-inclined, stepped regions aong the north-facing wal of the
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Figure 3.35- Air temperature, ablation, channel width, depth, and width to depth ratio with distance

down-glacier.
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North Channel is60° (Figure 3.8), yidding asolar incident angle of 84°. Therefore,

these features might be areflection of pegk solar elevation in the vdley.
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Figure 3.36— A typical peak summer solar path over Taylor Glacier on December 25, 2000 at the met

station.

The average solar angle of the sun when it isin the southern sky (20:00 — 07:00

hours) is about 15°; therefore, it supplies the greatest energy to a surface with azenith

angle of about 75°. In the well-devel oped down-glacier region of the North Channel,

the average dope of the south-facing wal is about 25° from horizonta, corresponding

to a zenith angle of about 65° and yidding asolar incident angle of 40°. The average

solar angle of the sun when it isin the northern sky (08:00-19:00 hours) is about 31°;

therefore, it supplies the grestest energy to a surface with a zenith angle of about 59°

(Figure 3.37). The average dope of the north-facing wal is 30° from horizontd,

corresponding to a zenith angle of about 60° and yielding a solar incident angle 61°.
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Consequently, the north-facing wals receive more intense (northern sky) rediation a a
higher incident angle, while the south-facing walls receive less intense radiation
(southern sky) a amore oblique incident angle. Because of this relationship between
average solar angles and average channd wall dopes, | bdieve that channelsarein

near eguilibrium with the solar regimein the valey.
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Figure 3.37 - Schematic of average wall angles and average incident solar angles on the channel
walls.

Aslong as these channdl's continue to widen, cryoconite holes are scavenged as
thewalls ablate. This process rel eases sediment within the cryoconite holes to the
channd wals and, ultimatdly, the channd floor. The holes cover about 3% of the
glacier area. The average rate of channd widening during the Transition Phase is
about 0.75 m yr* and the phase lasts for about 1 km, yielding an area.of channd
widening of 750 nf yrt. Sediment depth in cryoconite holes on glaciersin Taylor
Vadley averages 0.5 cmto 3 cm (Porazinska et al., 2003, Accepted; Fountain et d.,
Submitted February 2003). If | assume that 3% of the arealis covered with cryoconite

holes and those holes have, on average, 1.5 cm of sediment, then 22.5 n? yrt of



cryoconite holes are cannibalized by the channel, yielding a sediment flux of 0.34 n?
yr'! during the Transition Phase of channdl development. Thisisa conservative
estimate since it excludes cryoconite holes that are scavenged outside of the Transition
Phase. Any sediment flux to the system is a pogtive feedback mechaniam, asit

lowers abedo within the channdl, which leads to increased mdt in an dreedy high

mdt environment.
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4 ENERGY BALANCE

While glacier mass balance studies are used to track mass change over time,
energy balance studies define the surplus or deficit of energy at the glacier surface.
The energy baance includes short-and-longwave radiation, sensble heat (the transfer
of heet energy), latent heat (the transfer of energy through sublimation/condensation
and mdt/freeze phase changes), subsurface heat conduction (the transfer of heet
through the ice column), and melt energy. Energy baance caculations are useful for
differentiating between sublimation and melt in the ablation record - they are a bridge
between mass baance and regiona hydrology.

Spatid and tempord patterns in solar irradiance throughout Taylor Valey
show that Taylor Glacier receives more incoming solar radiation and net total
radiation than the other glaciersin the valey (Danaet a., 1998). Reasonsfor this
include the aspect of the glacier, minima shadowing by surrounding terrain, reduced
cloud cover, and lower surface abedo due to less snow cover.

Lewiset d. (1998) studied energy balance and ablation rates on Canada
Glacier for the 1994-1995 and 1995-1996 summer seasons. The 1995-1996 season
waswarmer by ~2.3°C. Net radiation was the dominant energy source for both
seasons. Latent heat was an important energy loss for both seasons and melt was a
sgnificant energy lossfor the 1995-1996 season. Sensible and ice heat fluxes were
amall and both were aminor energy loss the first season only.  Sublimation accounted

for 80% and 42% of the surface ablation for the 1994-1995 and 1995-1996 seasons,

respectively.
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Chinn (1987) examined energy fluxes and ablation rates on the glacier surface
and margind dliff of Wright Lower Glacier, located at the eastern end of Wright
Vadley. Hefound that ablation rates on vertical faces of the glaciers were 2 to 4 times
greater than rates a the nearly horizonta glacier surface. Along the glacier margin
where radiation from nearby rock walls was afactor, ablation rates could be 8 times
greater than the horizonta glacier surface.

Lewiset d. (1999) compared ablation on the horizonta surface and vertica
terminus diffs on Canada Glacier in Taylor Vdley for the 1995-1996 and 1996-1997
summer seasons. Ablation stakes and meteorological stations were erected at the
vertica terminus cliffs and compared to the same data collected at the horizontal
glacier surface. Wind speeds on the dliff faces were nearly half those recorded on the
glacier surface, which resulted in nearly haf the sublimation at the diff face. Ablation
at cliff faceswas found to be 3 to 6 times greater than on the horizonta surface. Over
the period of record, net radiation was greater on the terminus diff by 10 W m?,
which corresponds to ~ 26 centimeters water equivalent (cm weq) if gpplied entirely to
melt. Thisvalue was close to the measured ablation differences between the

horizonta glacier surface and the terminus diff.

4.1 Energy Baance Modd
| developed an energy balance modd to estimate the melt component of

ablation. The modd is developed for the glacier surface a the permanent



meteorological station where ablation measurements are dso taken. Then the modd is
gpplied to the channels where the temporary meteorological stations were located.
The god is determine the reative importance of the broad horizontal surfaces and the
channds to meltwater generation, and to use this knowledge to estimate the meltwater
flux from the channes on Taylor Glacier.

The modd is one-dimensiona and is based on Paterson’s (1994) summary of
energy balance equations. The energy balance at an ice surface can be expressed as

R+S+L +G+P+M =0 Q)

where R = net radiation flux, S = sengble hegt flux, L = latent hest flux, G = ice heat
flux, P = energy supplied through precipitation, and M = energy of fusion (caculated
asaresdud). P isneglected because therate of precipitation in the dry valeysis so
low (<10 cm water equivalent per year (Keys, 1980)) and its temperature is probably
close to the ice surface temperature. All the termsin equation (1) are in units of W mi?
and the sgn convention (Figure 4.1) is pogtive for energy fluxes toward the glacier-

ar interface and negative for fluxes away from the interface.

; + Net
+ Sensible & = Net Lon
gwave
l Latent Fluxes l Shortwave T Radiation

Radiation

- Heat
Conduction

Figure 4.1 - Sign convention for the energy balance terms.

Ice
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4.1.1 Readiative Heat Flux
Net radiation at the glacier surfaceis

R= SN + LW, @

where SWpe and LW ¢ are net shortwave and longwave radiation, respectively. Net
shortwave radiation (visible wavelengths, 400- 760 nm) is often calculated asincoming
minus outgoing radiation. However, this neglects the depth distribution of shortwave
radiation in the glacier surface and can lead to overestimations of surface mdt (Lewis,
1996). Therefore, | have formulated the net shortwave radiation caculation to take

into account radiation absorbed in the surface layer of ice (Hobbs, 1974):

SN, = §1-a)SWV j- e 7) )

where a issurface dbedo, SW  isthe incoming radiation flux, j is the absorption
coefficient (M), and z is the depth into theice. The absorption coefficient | use, j =
1.6 m*, isavaue adjusted, within reasonable limits, in calibrating the energy balance.
The coefficient is a vaue that depends on severd variables: wavdength, incident
angle, and ice structure. Grenfell and Perovich (1981), Hobbs (1974), and Perovich
(1996) provide comprehensive trestments of thistopic, and it is discussed in more
detall herein the section on error and sengtivity andyss. The maximum vaue of z |
useis 1 m, consstent with Paterson (1994).

Net longwave radigtion (LW yet) s the difference between incoming longwave
radiation from the atmosphere and outgoing longwave radiation from the surface

(LW and LW- , respectively):
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LW, = LW -LW-=esT'-esT’ 4

where e; and e are ar and ice emissvity, respectively (dimensonless), s isthe Stefant
Boltzman constant (5.67x10° W mi2 K ™), and T, and T, are air and ice temperature,
repectively in Kelvin (K). Theice emissvity istaken to be 0.95, an average for ice
(Arya, 2001). | caculated atmospheric emissvity based on empiricaly-derived
formulas that use atmospheric vapor pressure and air temperature. Three possible

formulations are

e, =0.605+0.048*V?>* (Brunt, 1932), ©)

é e T
e, =1.08 g;L- expg- V, 2016_;@ (Satterlund, 1979), (6)
e e 20

and

1

e =1 243&/3 o (Brutsaert, 1975) @)
=1L + r )
T

where V, is amospheric vapor pressure in millibars (mb) and T, is ar temperature

(K). Atmospheric vapor pressureis

V, = €611.2(10% )1 EER—O(Goff and Gratch, 1946) ®
where xazg geTT— 93- ?@&09109 _u+e08 gi L_qd ©)
e e au e gt 8 ¢é o gl
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and T, isthetriple point of water, 273.16 K at 611.2 Pascal (Pa). A fourth possbility

isto solve for e, from measured incoming longwave radiaion,

LW =esT' b e, = (10)

Longwave radiation was only measured at the Taylor Glacier met station from 1995 to

1997. Therefore, to decide which of equations 5-7 to use, | calculated e, for 1995 to

1997 usng equation 10 and compared it to values cal culated from equations 5-7.

4.1.2 Turbulent Heat Huxes

Turbulent heet fluxes include sensble and latent heat. Sensible heet, S (Eq.
11), isthe verticd flux of heet through mechanica and natural convection (wind) and
atemperature gradient between the ice and the air aboveit. For example, when theice
iswarmer than the air above it, hegt is transferred from theiceto the air, and Sis
negative.

S=(1.29x10 *) APU(T, - T)) (10)

where A = 0,001 isthe transfer coefficient, P = 9.74x10* Pa is the amospheric
pressure, uiswind speed (m s1), and T, and T are the air and ice temperatures (K),
respectively.

The latent heat term, L (Eq. 12), represents the verticd transfer of heat through
a phase change from solid or liquid to vapor, or the reverse. For example, when the
vapor pressure a the surface is greater than in the air above it, evaporation or

sublimation occurs, and L is negative.
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L=222Au(V, - V) (12)

where V, and V; are the atmospheric and ice surface vapor pressures (Pa),
respectively. V; iscdculated in the sameway as V, (Eq. 8), except that humidity at
theice surface is assumed to be saturated, and temperature is the ice temperature, T;.
Trander coefficients were usad to caculate the turbulent fluxes rather than the

more complex Monin-Obukhov smilarity theory (Kraus, 1973). The latter accounts
for stable and unstable atmospheric conditions but requires a broader set of
atmospheric measurements than | have available. The main assumptions with the use
of trandfer coefficients are that the atmospheric conditions are neutradly buoyant and

that the surface conditions are horizontally homogeneous.
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4.1.3 IceHeat Fux

A Note on Ice Temperatures

The energy baance is strongly dependent on ice surface temperature - itisa
variadlein the outgoing longwave radiation, sengble and latent heet, and ice heat
fluxes. The only measured ice temperatures | have are at 0.20 m and 1.0 m depths for
the established met station on Taylor Glacier. |ce temperature was not measured at the
temporary stations erected during the 2000-2001 field season. Also, the depth of the
temperature probes decreased due to ablation at the surface. These limitations are
handled by corrdating summer ar temperatures with ice temperatures for the first year
of ingalation and using the regresson equation to estimate ice temperature in the
2000-01 season. I ce temperatures were presumed constant and equal to the average
annud air temperature of —16.6°C at 15 m depth (Paterson, 1994). | usethe20 cmice
temperatures as suface temperatures.

The conduction of heat through theice columnis

G=- kE (13)

Iz

wherek is the therma conductivity (W ni*K ™) of ice and ﬂﬂ is the ice temperature
z

gradient (K mt). The empirica formulafor thermad conductivity of pureice (Paterson,
1994) is

—5.7x10'3Ti)

k =9.828 e( (14)
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| calculated k for the first season meteorologica data when theice
temperatures were correct and used it in the model. For the energy baance within the

channd, | calculated k using ice temperatures predicted by the regression equation.

4.2 Energy Baance Modd Results

None of the time-series of atmaospheric emissvity calculated using equations
5-7 exhibit the short-term variability in vaues that were caculated from equation 10
using the measured radiation (Figure 4.2), but they do exhibit the same seasond
fluctuation. Equation 7 consstently underestimates emissivity (¢) and equation 5
produces (a). Equation 6 appears to best replicate the variability in emissvity
caculated using equation 10 for the 1995 to 1997 data (b). The correlation
coefficients of the results from dl three equations (5, 6, and 7) with the meteorological
based emissvity are 0.41, 0.41,and 0.40, respectively, and athough not highly
corrlated, the corrations are satistically sgnificant at the 95% confidence leve.
The average atmospheric emissivity from equation 10, based on measured incoming
longwave radiation, was 0.66. The average values for emissivity from equations 5, 6,
and 7 were 0.67, 0.66, and 0.53, respectively. Therefore, | used use equation 6 for

caculating e, in my energy balance modes.
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Figure 4.2 - Emissivity as calculated by Eq. 10 (hairline black) from measured meteorological data
and the empirically-derived formulas of Egs. 5, 6, and 7 (thick gray): a) Brunt, b) Satterlund, and c)
Brustaert, respectively.

Air temperatures a the meteorologica station on Taylor Glacier for the
summer 1994- 1995 season were better correlated with 0.2 m ice temperatures (r* =
0.79) than 1.0 m ice temperatures (r* = 0.58). Both correlations are satistically
ggnificant a the 95% confidence level (Figure 4.3). However, time-series plots of the
ar and ice temperatures at the meteorologica gtation, and the ice temperatures
resulting from linear regression for the temporary sations (Figure 4.4), illudrate the

problems that arise when estimating ice temperaturesin thisway. Although the 20 cm



Ice temperatures do respond to air temperatures over the season (a), they don't respond
quickly (b). Predictably, using linear regression to estimate ice temperatures resultsin
aperfect correaion with air temperature and a congtant differencein20cmand 1 m

ice temperatures (c and d). Thiswill affect energy baance ca culations because many

of the termsrely on ice temperature. However, because my modd produces average
energy balance terms, which | then gpply to the season as awhole, this method of

edimating ice temperature should suffice.
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Figure 4.3 — Scatter plots and regression results for measured air and ice temperatures at the
meteorological station on Taylor Glacier from 11/21/94 to 1/23/95.
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Figure 4.4 - Air and ice temperature time-series plots for the 1994-1995 season at the met station (a)

and a 9-day inset of those data (b), and the ice temperatures resulting from regression at the periphery

(c) and in the channel (d) for the 2001 field season.
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4.2.1 Edablished Met Station: 1994-1995

The average daily vauesfor sensble heet, S, and latent hest, L, for the
summer 1994-95 season at the met sation on Taylor Glacier are smilar to those
reported by Lewis (1996) at Canada Glacier (Table 4.1, Figure 4.5). Average net
radiation, R, was greater by about 11 W m? a Taylor Glacier, which is consistent with
areport of ahigher overdl solar flux in the upper reaches of Taylor Valey (Dana et
a., 1998). Iceheat flux, G, a Taylor was greater than on Canada Glacier, possbly
because caculations on Taylor Glacier were based on estimated ice temperatures that
resulted in a constant temperature difference between 0.2 (surface) and 1 m depths or
because of radiationa hegting of the thermistors on Canada Glacier.

Table4.1— Average daily value for energy balance termsfor the 1994-95 summer season at Taylor
and Canada glacier met stations. All termsarein W mi%. R=net radiation, SWnet=net shortwave,
LWhnet=net longwave, S=sensible heat, L=latent heat, G=ice heat flux, and M=melt energy. Fluxes
toward the surface are positive and fluxes from the surface are negative.

Taylor Glacier

(W m'z) Can?da G|2c'):1da’
Energy Balance Term W m
Nov.21,1994-Jan. 23, pec 21,1994 Jan. 211995
1995
SW et 1126
LW et 713 -
R 413 307
S 64 6.1
L 21 2138
G -10.8 -1.0
M 2.0 -1.8
Mean Air T (°C) -45 -4.2
Mean Wind Speed (m s™) 41 29
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Figure 45— Average energy balance terms for the summer 1994-1995 season at Taylor and Canada
glaciers.

Reaults of the energy baance calculations are compared to measured ablation
on Taylor Glacier to verify how well the energy balance mode predicts ablation over
the season. The measured ablation at stake 83 for the 1994-1995 summer season was
—0.7 cm weg, but is believed to be an error (Nylen, 2002). A more accurate estimate is
—7.0 cm weq, based on the average of stakes 81 and 85, those closest to stake 83.
Averagefluxes of -22.1 W m? for latent heat and —2.0 for melt, extrapolated over a
season, correspond to -4.4 cm weg of sublimation (56%) and —3.4 cm weq of melt
(44%), respectively, for atotal ablation of —7.8 cm weq. Because ablation is measured
in cm weg, | discuss the energy balance results in terms of cmweq. The conversion

between energy (W mi?) and ablation (cm) is given by Equation 15, where Subl isthe
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sublimation rate in cm weq per day, L islatent heat in W mi?, r , iswater density
(1000 kgm®), L, isthe latent heat of vaporization (2.8x10° Jkgl), Mt ismdt ratein
cm weq per day, M isenergy for meltin W mi?, Ly is latent hest of fusion (3.34x10°
Jkg?), and b (8.64x10°) convertsm s to cm weq day™.

Subl =L(b) and Medt = M
r.b r. L

w w

(b) (15)

Congdering the errorsin the measurements (discussed later), the comparison between
the measured ablation value of —7.0 cm weq to the calculated —7.8 cm weq is quite

good.

4.2.2 Channd Energy Bdance

The dopes of the channel walls depart Sgnificantly from the horizontd asthe
channd develops. The dope of the north-facing wal in the North Channel averages
30.2° and the dope of south-facing wall averages 24.7°. Therefore, theincoming
radiation, measured in the horizonta plane, was corrected by dividing by the cosine of
the zenith angle of the sun. Additiondly, | adjusted the value of the absorption
coefficient, j, in the shortwave radiation term (discussed in the sengtivity andyss
section). Thisisreasonable because j, as afunction of wavelength, incident angle, ad
ice structure, varies over 4 orders of magnitude in the visible spectrum of solar
radiation (0.01-10 m* in the 400-800 nm wavelengths) and | used vaues of j in the

same order of magnitude as for the energy baance at the met station.
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Net shortwave radiation was about 5 W m2 higher in the channdl than at the
periphery, while the net longwave radiation was gregater at the periphery by about 3 W
m? (Table4.2). Overdl, net radiation was higher within the channel than & the
periphery. These results are condgstent with the findings of Lewis (2001) for alarge
basin on Canada Glacier. Both sensble and latent hegt fluxes are much lower in the
channel than a the periphery (Table 4.2, Figure 4.6 and 4.7), as expected with the
reduced wind speed. 1ce heet fluxes are smilar at both locations. These conditions
result in amuch higher mdt rate and reduced sublimation rate within the channd
compared to the periphery. Melt energy was about 8 times greater in the channdl than

at the periphery.

Table4.2 - Average daily value for energy balance terms for the 2001 summer season within the
channel and at the channel periphery of Taylor Glacier. All termsarein W m2. R=net radiation,
SWhet=net shortwave, LWnet=net longwave, S=sensible heat, L=latent heat, G=ice heat flux, and
M=melt energy. Fluxes toward the surface are positive and fluxes from the surface are negative.

Periphery Channd
Energy Balance Term (W m?) (W m?)
Jan. 6-15, 2001 Jan. 6-15, 2001
SW et 1064 1133
LW et -70.6 -67.8
R 358 455
S -7.3 -0.6
L -136 -15
G -101 -10.3
M -4.9 -33.0
Mean Air T (°C) -6.6 -5.3
Mean Wind Speed (ms™) 35 04
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Figure 4.6 - Time series of energy balance terms for the temporary stations during the summer of
2000-2001 at the periphery (gray) and in the channel (black).
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Figure 4.7 - Energy balance fluctuations within the channel and at the periphery for the 2000-2001
summer season. R = net radiation, S= sensible heat, L = latent heat, G = ice heat flux, and M = melt
energy calculated asaresidual.

The measured ablation at stake 79 (closest to the temporary met gations) for
the 2000-2001 season (65 days) was-11.2 cm weq. To get the total modeled ablation
at the periphery, | use Equation 15 for converting latent heat (L) and melt (M) energies
to sublimation and mdlt, repectively, and multiply by 65 days (length of season). The
modeled ablation &t the periphery equates to —10.9 cm weg, with —2.7 cm weq (25%)
sublimation and —8.2 cm weq (75%) melt (Table 4.3).

While ablation in the channd wasn't measured during the 2000-2001 field
Season, it was measured during the 2001-2002 field season through a series of stakes
in the walls and at the channel floor. These measurements were compared to the
measured surface ablation for the same year. On average, measured ablation in the

channd was 4.5 times the measured surface ablation. Assuming this surface-to-
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channdl ablation ratio applied to the 2000-2001 season, ablation in the channel would
be about —-50.4 cm weq (4.5 x -11.2 cm weq). The modeled ablation within the
channd is about —55.9 cm weg, of which -0.3 cm weq (1%) is due to sublimation and

—55.6 cm weq (99%) is due to melt.

Table 4.3— Modeled and measured ablation in the channel and at the channel periphery. Measured
ablation at the periphery isfrom Stake 79, the closest to the temporary met station.

Ablation cmweq

Modeled Sublimation 2.7

Perioher Modeled Melt -8.2
PREY  "Total Modeled Ablation 2109
Measured Ablation -11.2

Modeled Sublimation -0.3
Channe Modeled Melt -55.6
ann Total Modeled Ablation 559
Estimated Ablation (4.5 x surface) -493

4.2.3 Error and Sengtivity Andyss

Error associated with the meteorologica ingrumentation islisted in Table 3.1.
These errors must be propagated through the energy balance equationsin order to
esimate error inthefind result. Thisandyss was done using the generd law of error

propagation (Eg. 16, Baird, 1962),

(16)

where s isthe error associated with the equation (y), fiy/{ix; isthe changein equation
y with respect to each variable x;, i = 1,n where n is the number of variablesin the

equation, and sy; is the standard deviation associated with each variable.



The error associated with each term in the energy baance equationislisted in
(Table4.4). Thevery low error for net longwave radiation resultsfrom a+ 0.02°C
error in temperature (Doran et a., 2002; Nylen, 2002). The error in the net radiation
term is dominated by error in the shortwave radiation and generates an error of + 14
cmweqg in met calculated over the season. Error in the sengble heat is smal (£ 8%)
and equatesto only £ 1 cm weq mdt. Errorsfor latent heat (+ 10%) and ice heet flux
(= 1%) equate to cm wegq mdt of = 2.7 and £ 0.2, respectively. Thetota error from
Equation 16 is+ 8.7 W m? and equates to + 14.8 cm weq melt, with the greatest error,

with respect to melt equivaent, coming from the incoming shortwave radiaion term.

Table 4.4 — Error associated with energy balance terms based on the 1994-95 season at the met station
on Taylor Glacier.

Met Station (1994-1995)

Seasonal Melt
5 aIzEr?gzg'IYerm Ave. (W m?) (VI%/rrr(T)Trz) % Error  Equivaent
(cm wen)
W 1126 85 +76% $14.3
LW et -71.3 +<<01l £<<1% -
R 41.3 +85 + 20.6% +14.3
S -6.4 +05 + 8% +0.8
L -22.1 +16 + 10% 2.7
G -10.8 +0.1 + 1% +0.2

Assuming that error estimates from the established meteorologica station
gpply to the temporary met sations, error in the net radiation termis+12.4 and £15.8

cm weq melt over the season for the periphery and in the channd, respectively (Table
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4.5). With the exception of the error in the latent heat term at the periphery station,

errors associated with dl other terms are rdlaively small.

Table 45— Error associated with energy balance results from the temporary stations in the channel
and at the channel periphery for the 2000-2001 season.

Periphery 2000-2001 Channel 2000-2001
Energy Seasond Mt Seasonal Mdlt
Ave. Error . Ave. Error .
Balance 2 2 Equivaent 2 2 Equivaent
Term (Wm’) (W) (cm weq) Wm) (W) (cm weq)
SW et 106.4 +8.0 1135 113.3 +8.6 +14.4
LW et -706  +<<01 - -67.8 +<<0.1 -
R 35.8 +74 +12.4 455 +9.39 +15.8
S -7.3 +0.6 +0.9 -0.6 + 0.05 0.1
L -13.6 +1.0 +1.7 -15 +0.1 0.2
G -10.1 +0.1 +0.2 -10.3 +0.1 0.2
Senditivity Analysis

It isimportant to keep in mind that just 1 W mi2 of energy produces 0.20 cm

weq sublimation or 1.68 cm weq of melt over asummer season. A smple example of

this sengitivity as it gpplies to the energy baance: the error associated with incoming

shortwave radiaion ingrumentation is = 3%. The average incoming shortwave

radiation for the summer of 1994-1995 was ~349 W m2, 3% of whichis~10 W 2.

Thisamount of error alone amountsto £ 17 cm weq of melt over the season, more

than double the measured ablation.

Shortwave radiation (Eg. 3) isthe only term | adjusted in the energy baance

equation. Vauesof j, the absorption coefficient in ice, range 4 orders of magnitude

(0.01-10 mi?) in the visible spectrum (Grenfell and Perovich, 1981; Hobbs, 1974; and
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Perovich, 1996), varying with wavelength, incident angle, and ice conditions. |
arived a avaue of 1.6 m* for j by tuning it so that the calculated total ablation
(sublimation plus melt) was gpproximately equal to the measured ablation of —7.0cm
weqg over the 1994-1995 season. The effect of changing j on the net shortwave
radiation & the glacier surfaceisillugrated in Table 4.6. For the 1994-1995 summer

Season a the meteorologicd station, | had to be between 1.5 and 2 to actudly produce

mdlt.

Table 4.6 — Sensitivity analysisin the value of the absorption coefficient, j, and the effect it has on net

shortwave radiation and resulting melt equivalent. Altering j has no affect on sublimation.

j (m?h),withz=1

MR gy i Sl ot
0.01 140 180.39
0.1 1343 160.48
1 89.20 3B
15 109.62 159
175 11659 9.9
3 134.08 -38.90
10 141.10 -50.90

Perhaps as aresult of different meteorologica and ice conditions for the 2000-
2001 season, and to account for the incident radiation at the channe wals, | had to
adjud j for the energy balance mode in the channd and at the periphery. The
modeled seasond mdlt listed in Table 4.3 results from j values of 3.2 m* and 1.0 m*
for the periphery and channd, respectively. These vaues are the same order of
meagnitude as the value of j used in caculaing the energy baance at the met Sation

during the 1994-1995 season.
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4.2.4 Médtwater Contribution to Lake Bonney

Streamflow to Lake Bonney is monitored annudly by the MCM-LTER a
sreams that enter the lake. However, water generated within the three large center
channds (including the North Channdl) at the terminus of Taylor Glacier is not
monitored because it flows directly into the lake. | estimated the streamflow from
these three channds using some of the results from this thesis: average surface and
channel seasond ablation, survey data to make a rough estimate of area of the North
Channd, and fraction of mdt from the energy baance within the channd.

The last complete gauging record for streams entering Lake Bonney isfrom
January 1998 to January 1999. The volume change in Lake Bonney over that period
was 6.1x10° nt (taking into account winter sublimation at the lake surface) and the
monitored stream input was 4.6x10° n? (LTER, 2001). That leaves aresidud volume
change of 1.5x10° n+, which | assume to originate from the channels on Taylor
Glacier (Figure 4.8).

The average surface ablation on Taylor Glacier for the summer 1998-1999
seasons was -9.0 cm weg. Ablation measurementsin the channd made in 2001-2002
indicate that channe ablation is about 4.5 times the surface ablation. If this holds for
the 1998-1999 season and | assume that about 99% of the ablation is attributable to
melt (from energy balance modd resultsin the channd), the estimated meltwater
volumeis 3.4 x10* nt from the North Channel for the 1998-1999 season. Tripling the

above estimate to account for the other two (smilarly-szed) channels produces
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1.0x10° nt, which underestimates of the residua volume in the lake by about 33%

(Figure 4.8).

6.5 1
6.0 1
5.5 -
5.0 -
4.5 -
4.0 -
3.5 1
3.0 -
2.5 1
2.0 1
1.5 1
1.0
0.5 -
0.0

Volume (10° m?)

Lake Bonney Monitored Residual Channel
Volume Stream Input Input
Change Input Estimate

Figure 4.8 - Volume changein Lake Bonney, monitored stream input, and residual input for the 1998-

99 summer seasons, aswell asinput estimate from channels on Taylor Glacier.

Thisisavery broad estimation of metwater flow from the channels on Taylor
Glacier to Lake Bonney, asit is based on average surface and channel ablation rates,
rough estimates of channel area, and an energy balance mode with subgtantia errors.
Moreover, my results are relevant to the 2000- 2001 season while Lake Bonney
measurements were made in 1998-1999. Nevertheless, this study demonstrates the
type of stream flow estimates that can be made using survey data and energy baance
modeling. A better test of the methodology would make the comparison for ayear in

which both stream gauge data and energy balance modding are available.
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4.3 Energy Bdance Discusson

Energy balance modding based on the first year meteorologica stetion data
(summer 1994-1995) results in an estimated ablation of —7.7 cm weq compared to the
measured ablation of —7.0 cm weq, with 44% attributed to melt and 56% to
sublimation. The modd relies on two estimated parameters - an absorption coefficient
used to caculate radiation absorbed by the surface ice and the amospheric emissvity
in the incoming longwave radiation term. The former is tuned using observed and
measured ablation at a met station and the latter was computed using observationa
data and a preferred empiricd relationship. The results are Smilar to fraction of melt
(41%) and sublimation (58%) calculated on Canada glacier for the same season
(Lewis, 1996).

Energy balance modding based on data from the temporary meteorological
dations operated Smultaneoudy in the channel and on the adjacently periphery from
January 6-15, 2001 produces an ablation of —10.9 cm weg, compared to measured
ablation of —11.2 cm weq, with —8.2 cm weq (75%) attributed to melt and —2.7 cm
weq (25%) to sublimation. If ablation in the channd isindeed about 4.5 times that of
surface ablation (as measured in the 2001-2002 summer season), then the modeled
ablation of —55.9 cm weq is areasonable result. Of that modeled ablation, —55.6 cm
weq (99%) is atributable to melt and —0.3 cm weq (1%) to sublimation. This
percentage may seem rather high, but it is judtifiable, given that the average wind
speed within the channel was only 0.4 m s, and sublimation is strongly dependent on

wind speed.
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The greatest error in the energy baance equation liesin the net shortwave
radiation term, a about + 14 cm weg. While the modeled ablation at both the
established meteorologica station and the temporary periphery station closdy
resembled the measured ablation, the results fall within thiserror. Thisis one of the
problems with energy balance modes in regions of such low average ablation.
However, understanding how sengtive the energy balance isto variables such asthe
absorption coefficient and amospheric emissivity, as wel as accounting for incident
radiation on inclined surfaces, can help to reduce error.

Egtimations of meltwater flow from the channds on Taylor Glacier are based
on average surface and channd ablation rates, rough estimates of channel area, and
spot energy baance results that have large errors. Therefore, these estimations are
very broad and shouldn’t be used as a substitute to more accurate results from

comprehengve tempord and spatid energy baance modeing.
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5 CONCLUSIONS

The deeply-incised features in the lower ablation zone of Taylor Glacier in
Taylor Valey, Antarcticaaren’t unique in the valley. Thistype of feature exiss on
the lower reaches of Canada and Suess glaciersaswell. They are uniquein Taylor
Vadley, however, in that they are extensive (traced 10's of km up-glacier), initiate
from media moraines, cover alarge region of the lower ablation zone (~ 40%), and
are channel- like and aigned with the direction of flow. | hypothesized that asthe
glacier surface flowsto lower devations, and therefore to warmer air temperatures, the
shdlow channels rapidly enlarge due to amicroclimate in the channds. My results
support this hypothesis. Observations and cal culations show that the channel
microclimate is measurably different from the climate at the glacier surface. On
average, the channels are warmer by 1.7°C, wind speed is reduced by 2.4 m s, and
the net shortwave radiation is greater by about 14 W mi%. Asaresult, melt makesup a
much higher percentage of the totd ablation within the channels— energy balance
modeling results indicate as much as 75% and perhaps up to 99% under extremely low
wind regimes. Therefore, this study has demondtrated that the channels on Taylor
Glacier actudly produce the water they carry, rather than merely route water generated
elsawhere. Reduced abedo within the channels, as aresult of sediment cover, dso
plays afactor in increased melt rates in the channds. The more energy-efficient mass
loss by melt versus sublimation aso increases ablation.

In the well-devel oped down-glacier region of the North Channel, the average

dope of the south-facing wal is aout 25° from horizontd. The average horizontd
92



solar anglein the southern sky is 15°, yidding an incident angle of 40° on the south-
facing wdls. The average dope of the north-facing wal is 30° from horizontd, and
the average horizonta solar angle in the northern sky is 31°, yidding an incident angle
of 61°. While the dtered microclimate within the channels drives their rgpid
development during the Transition Phase, | believe that this relationship between
average wal dopes and solar angles represents the channd's coming into equilibrium
with the solar regimeinthe valey. It isinteresting to note that only the north-facing
walls have a high number of steeply-inclined, stepped regions. These regions have an
average dope of 60° that, a the maximum solar elevation of 36°, yidds an incident
angle of 84°.

The South Channd develops over roughly 1480 years (with respect to the
farthest up-glacier fixed location) and goes through a series of sagesinits
devdlopment. Thefirst stage, which | cal the 1% Steady State, is characterized by
rather uniform development, where the channe widens and degpens dowly,
maintaining awidth to depth ratio of about 8. The channd widensat lessthan 0.1 m
yr'! and deepenslessthan 0.01 myr™. The 1% Seady Sate lasts for about 1100 years
over adistance of about 7 km.

The second stage is the Transition Phase, which lasts for only about 160 years
and covers adistance of about 1 km. During this stage the channels widen
dramaticaly (from 10 to 110 m) and deepen (from 2 to 24 m). Therate of widening
increases to about 1.5 myr ! in ~ 70 years, and then decreases again nearly as quickly.

The rate of changein channel deegpening during this stage is less dramatic, and
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continues to increase throughout the trangition. During the height of this stage of
channd development, the South Channdl is about 25 times aswide asit is deep.

The third stage of channel development isthe 2™ Steady State, which is
characterized by a steady decrease in the rate of channel degpening and areturnto a
steady width to depth ratio. The channdl again reaches a near equilibrium state of
continued uniform devel opment where the width to depth ratio is about 4.

The Transition Phase may reflect a change in atmospheric conditions & the
surface. At about the eevation where the Transition Phase begins, the surface
ablation aso begins to increase Sgnificantly. The increase in surface ablation
coincides with an average air temperature of about —4.4°C. Thismay be acriticd
temperature for increased melt in the channels in conjunction with lower albedo
sediment within the channels

While energy baance modding at the glacier surface and within the channdls
iIsauseful tool for differentiating between melt and sublimation in the ablation record,
it is sengtive to variables such as the absorption coefficient and atmospheric
emissvity, and dependent on accurate values of ice temperature. Over-estimations of
melt can result if radiation absorption in the ice isn't accounted for in energy baance
modeling. The vaue of the absorption coefficient can be tuned using observed and
measured ablation at the glacier surface. Because of changing surface and channd
conditions (meteorological, geometric, and radiative conditions) with distance down-

glacier, more comprehensive spatid and tempora energy baance modeling would
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produce better modding results than the * spot’ energy baance modeling undertakenin
this study.

FutureWork

Part of thiswork was based on comprehensive surveying of the channels on
Taylor Glacier that produced a detailed picture of spatid and tempora changesin
channe morphology. Readily available remote sensing data could be used in
conjunction with this data to better define the total channdl area. Future modeling of
energy balance and meltwater production in the channels should be based on amore
comprehensive network of temporary stationsto dleviate problems that arise from the
‘gpot’ energy baance conducted in thisstudy. A Station located at the inception of the
Transition Phase, one at the glacier terminus, and one haf way between the two
would cover about 5 km of channd and provide some ingght into spatiad changesin
the channd microclimate. In addition, ice temperature modeling may be a better
method by which to estimate ice temperatures than the linear regression method based
on ar temperatures used in this study. While the errors associated with energy
balance modding in the dry valeys are relatively large, garting with the most accurate

Ice temperatures possible will help to reduce this error.

95



REFERENCES

Arya, S. P., 2001, Introduction to Micrometeorology, International Geophysics Series:
San Diego, Academic Press, 420 p.

Baird, D. C., 1962, Experimentation: an introduction to measurement theory and
experiment design: Englewood Cliffs, New Jersey, Prentice-Hall, Inc.

Benn, D. |., and Evans, D. J. A., 1998, Glaciers & Glaciation: New Y ork, Arnold.

Bromley, A. M., 1985, Wegther observationsin Wright Valey, Antarctica
Information Publication No 11, New Zedland Meteorologica Services,
Wedlington, 37 p.

Brunt, D., 1932, Notes on radiation in the atmosphere: Quarterly Journd of the Royd
Meteorologica Society, v. 58, p. 389-420.

Brutsaert, W., 1975, On a derivable formulafor long-wave radiation from clear skies:
Water Resources Research, v. 11, no. 5, p. 742-744.

Chinn, T. J. H., 1987, Accelerated ablation at aglacier ice-diff margin, dry valleys,
Antarctica: Arctic and Alpine Research, v. 19, no. 1, p. 71-80.

Dana, G. L., Wharton Jr., R. A., and Dubayah, R., 1998, Solar radiation in the
McMurdo Dry Valeys, Antarctica: Ecosystem Dynamicsin aPolar Desert:
The McMurdo Dry Valeys, Antarctica. Antarctic Research Series, v. 72, p. 39-
64.

Denton, G. H., Bockheim, J. G., Wilson, S. C., and Stuiver, M., 1989, Late Wisconsin
and Early Holocene Glacid Higtory, Inner Ross Embayment, Antarctica
Quaternary Research, v. 31, p. 151-182.

Doran, P. T., McKay, C. P, Clow, G. D., Dana, G. L., Fountain, A. G., Nylen, T., and
Lyons, W. B., 2002, Vdley floor climate observations from the McMurdo dry
valeys, Antarctica, 1986-2000: Journa of Geophysical Research, v. 107, no.
D24, p. 4772.

Drewry, D. J,, Jordan, S. R., and Jankowski, E., 1982, Measured properties of the
Antarctic ice sheet: surface configuration, ice thickness, volume and bedrock
characterigics: Annds of Glaciology, v. 3, p. 83-91.

Fountain, A., G, Lyons, W. B., Burkins, M. B., Dana, G. L., Doran, P. T., Lewis, K.
J,, McKnight, D. M., Moorhead, D. L., Parsons, A. N., Priscu, J. C., Wall, D.
H., Wharton J., R. A., and Virginig, R. A., 19993, Physicd Controls on the
Taylor Vdley Ecosystem, Antarctica: BioScience, v. 49, no. 12, p. 961-971.

96



Fountain, A. G., 2001, Vdocity dataon Taylor Glacier, unpublished data.

Fountain, A. G., Dana, G. L., Lewis, K. J,, Vaughn, B. H., and McKnight, D. M.,
1998, Glaciers of the McMurdo Dry Vdleys, Southern Victoria Land,
Antarctica Ecosystem Dynamicsin aPolar Desert: The McMurdo Dry
Valeys, Antarctica. Antarctic Research Series, v. 72, p. 65-75.

Fountain, A. G., Lewis, K. J,, and Doran, P. T., 1999b, Spatia climatic variation and
its control on glacier equilibrium line dtitude in Taylor Valey, Antarctica
Globa and Planetary Change, v. 22, p. 1-10.

Fountain, A. G., Tranter, M., Nylen, T. H., Lewis, K. J,, and Mudller, D., Submitted
February 2003, Evolution of cryoconite holes and their contribution to
meltwater runoff from glaciersin the McMurdo Dry Vdleys, Antarctica
Journd of Glaciology.

Freckman, D. W., and Virginia, R. A., 1998, Soil biodiversty and community
dructure in the McMurdo Dry Vadleys, Antarctica, in Priscu, J. C., ed.,
Ecosystem dynamicsin a polar desert: The McMurdo Dry Valeys Antarctica
Antarctic Research Series. Washington D.C., American Geophysical Union, p.
323-335.

Goff, J. A., and Gratch, S., 1946, L ow-pressure properties of water from -160F to
212F: Transactions of the American Society of Heating and Ventilating
Engineers, v. 52, p. 95-121.

Grenfdl, T. C., and Perovich, D. K., 1981, Radiation absorption coefficients of
polycrysdline ice from 400- 1400 nm: Journal of Geophysical Research, v. 86,
no. C8, p. 7447-7450.

Hdl, B. L., Denton, G. H., Lux, D. R., and Bockheim, J. G., 1993, Late Tertiary
Antarctic paeoclimate and ice-sheet dynamics inferred from surficid deposts
in Wright Valey: Geografiska Anndar, no. 75A, p. 239-268.

Hendy, C. H., Hedly, T. R., Rayner, E. M., Shaw, J., and Wilson, A. T., 1979, Late
Plestocene Glacia Chronology of the Taylor Vdley, Antarctica, and the
Global Climate: Quaternary Research, v. 11, p. 172-184.

Hobbs, P. V., 1974, Ice Physics. Oxford, Clarendon Press.

Keys, J R., 1980, Air temperature, wind, precipitation and atmospheric humidity in
the McMurdo region.: Department of Geology Publication No.17, Victoria
University of Welington, New Zedand. Antarctic Data Series No.9.

Kraus, H., 1973, Energy-exchange & ar-ice interface: IAHS, v. 107, p. 128-162.

97



Langevin, P., 1998, |ce measurements from ground penetrating radar, unpublished
data.

Lewis, K. J., 1996, Surface energy baance and meltwater production for adry valey
glacier, Taylor Valey, Antarcticac University of Colorado, 102 p.

-, 2001, Solar-forced roughening of Antarctic glaciers and the Martian icecaps. How
aurficid debris and roughness affect glacid mdting in Taylor Vdley,
Antarctica and how this can be applied to the Martian icecaps [ Dissertation
thesis): Universty of Colorado, 182 p.

Lewis, K. J,, Fountain, A. G., and Dana, G. L., 1998, Surface energy balance and
meltwater production for aDry Vadley glacier, Taylor Vdley, Antarctica
Annas of Glaciology, v. 27, p. 603-6009.

-, 1999, How important is cliff melt?. astudy of the Canada Glacier terminus, Taylor
Vadley, Antarctica: Global and Planetary Change, v. 22, p. 105-115.

LTER, 2001, The US Long Term Ecologica Research Network, http:/Iternet.edu/.

Marchant, D. R, Lewis, A., Phillips, W. C., Moore, E. J, Souchez, R, and Landis, G.

P., 2002, Formation of patterned-ground and sublimetion till over Miocene
glacier icein Beacon Vdley, Antarctica: Geologica Society of America
Bulletin, v. In Press.

Mclntyre, N. F., 1984, Cryoconite hole thermodynamics. Canadian Journa of Earth
Sciences, v. 21, p. 152-156.

MCM-LTER, 2001, McMurdo Dry Vdleys Long- Term Ecological Research (LTER),
http://huey.colorado.edw/L TER/.

Meier, M. F., 1960, Mode of flow of Saskatchewan Glacier, Alberta, Canada: U.S.
Geologicd Survey Professona Paper, v. 351.

Moorhead, D. L., and Priscu, J. C., 1998, The McMurdo Dry Valey ecosystem:
organization, controls, and linkages, in Priscu, J. C., ed., Ecosystem dynamics
in apolar desert: the McMurdo Dry Valleys, Antarctica: Antarctic Research
Series Washington, D.C., American Geophysica Union, p. 351-363.

Nakawo, M., Raymond, C. F., and Fountain, A., 2000, Debris-covered glaciers.
Oxfordshire, IAHS, p. 288.

NSF, 1999, McMurdo Dry Vdleys Long-Term Ecologica Research (LTER) , Project
Overview, http://huey.colorado.edu/L TER/project.html, Ingtitute for Arctic and
Alpine Research.

98



Nye, J. F., 1952, The mechanics of glacier flow: Journd of Glaciology, v. 2, p. 82-93.
-, 1958, A theory of wave formation on glaciers. IASH, v. 47, p. 139-154.

Nylen, T., 2002, Persona Communication: MCM-LTER mass baance and
meteorologica station coordinator in Taylor Valey snce 1999.

Odrem, G., 1959, Ice meting under athin layer of moraine and the existence of icein
moraine ridges.: Geografiska Anndler, v. 41, p. 228-230.

Paterson, W. S. B., 1994, The Physics of Glaciers: Oxford, Pergamon.
Perovich, D. K., 1996, The optica properties of seaice, CRREL Monograph.

Podgorny, 1. A., and Grenfdl, T. C., 1996, Absorption of solar energy in a cryoconite
hole: Geophysical Research Letters, v. 23, no. 18, p. 2465-2468.

Porazinska, D. L., Fountain, A. G., Nylen, T. H., Tranter, M. L., and Virginia, R. A.,
2003, Accepted, The biodiversity and biogeochemistry of cryoconite holes
from McMurdo Dry Valey glaciers, Antarctica: Artic, Antarctic, and Alpine
Research.

Saterlund, D. R, 1979, An improved equation for estimating long-wave radiation
from the atmosphere: Water Resources Research, v. 15, no. 6, p. 1649-1650.

Schafer, J. M., Baur, H., Denton, G. H., lvy-Ochs, S., Marchant, D. R., Schluchter, C.,
and Wider, R., 2000, The oldest ice on Earth in Beacon Valley, Antarctica
new evidence from surface exposure dating: Earth and Planetary Science
Letters, v. 179, p. 91-99.

Scott, C. R. F., 1905, The Voyage of the 'Discovery': London, John Murray, 556 p.

Taylor, G., 1916, With Scott: The Silver Lining: New Y ork, Dodd, Mead and
Company.

Waddington, E. D., 1986, Wave ogives. Journd of Glaciology, v. 32, p. 325-334.

Wharton Jr., R. A., McKay, C. P., Smmons J, G. M., and Parker, B. C., 1985,
Cryoconite holes on glaciers. BioScience, v. 35, no. 8, p. 499-503.

Wilch, T. R, Denton, G. H., Lux, D. R, and McIntosh, W. C., 1993, Limited Pliocene
glacier extent and surface uplift in Middle Taylor Valey, Antarctica:
Geografiska Annalar, no. 75A, p. 331-351.

99



Appendix A — Survey Data Sample

Bdow isaamdl sample of the survey data from the cross-sections for the
North Channd and South Channdl (Appendix B) on Taylor Glacier. All pointsin the
survey for each channel were reported with respect to northing and easting from the
southern most point of the first cross-section. Therefore, dl pointsin each cross-
section were normalized to that particular cross-section to determine true distance
across the channd. The columns numbered 1 through 5 are the raw survey data. The

others are data created from the normalization.

Sample of survey datafor cross-sections in the North and South channels. All survey pointsin the
cross-sections were shot with respect to the control point 1A (last line) and were then normalized to
obtain distance across channel. Columns numbered 1-5 are the data. The others are created from

normalization.

1 2 3 m across 4 5
m E of E m N of N channel
POINT EASTING 1A normed NORTHING 1A normed fromA ELEVATION ALBEDO

1B 1519.19 -4.81 -4.81 154261 18.61 18.61 19.22 262.81 62
101 1519.82 -4.18 -4.18 1540.18 16.18 16.18 16.71 264.03 66
102 1520.02 -3.98 -3.98 1539.40 15.40 15.40 1591 263.96 55
103 1520.14 -3.86 -3.86 1538.96 14.96 14.96 15.45 263.77 62
104 1520.45 -3.55 -3.55 1537.75 13.75 13.75 14.20 263.63 59
105 1520.75 -3.25 -3.25 1536.57 1257 1257 12.98 263.62 81
106 1521.45 -2.55 -2.55 1533.89 9.89 9.89 10.21 263.67 61
107 1522.40 -1.60 -1.60 1530.19 6.19 6.19 6.39 263.98 79
108 1523.19 -0.81 -0.81 1527.15 3.15 3.15 3.25 264.22 61
1A 152400 0.00 0.00 1524.00 0.00 0.00 0.00 264.50 63
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Appendix C - North Channdl Cross- Sections
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Appendix D - Ice Speed and Radar Data

I ce speed at the ablation stakes on Taylor Glacier calculated from data for November 1995 to January

1997 (LTER, 2001).

Taylor Glacier bed and surface elevation datafrom ice radar in January 1998 (Langevin, 1998).

Stake

Stake km from Stake 90 Speed (m yr'l)
90 0 5.28
89 1.14 5.06
88 2.10 5.56
87 3.17 4.56
86 4.21 3.44
85 5.42 7.00
84 6.95 1.50
83 7.03 6.67
82 7.19 6.86
81 7.88 7.26
80 8.68 7.16
79 9.20 6.99
91 9.79 6.37
92 10.41 4.92

km from Stake 90

Bed Elevation

(m)

Elevation (m)

Surface

90
89
88
87
86
85
84
83
82
81
80
79
91
92

0
114
2.10
3.17
4.21
5.42
6.95
7.03
7.19
7.88
8.68
9.20
9.79

10.41

278.5
284.0
272.8
270.5
185.2
320.9
69.3
322.5
-15.2
3.8
-2.9.
-8.9
66.2

503.8
489.1
467.8
452.0
393.7
245.1
335.1
87.1

294.4
266.3
266.3
234.2
148.9
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Appendix E - Rate of Change in Width, Depth, and Width to Depth Retio

The data in the following tables and graphs are from cd culating the rates of

change in width, depth, and the width to depth ratio of the South Channdl. Rates were

caculated in the South Channel because it was the more extensive survey. Rates are

probably smilar for the North Channel; however, the survey of that channel began

much closer to the region where the channel begins to widen and degpen dramaticaly.

Rate of change of width in the South Channel. The stage numbers refer to the stages of development
in the plot of channel width in the graphs below.

Rate of Changein Widening
Width Y ear
Difference Difference Rate
Stage | Stat(m) | Stop(m) m Start (yr) | Stop (yr) ) (myrY)
1 3 7 4 340 450 110 0.036
2 7 12 5 450 680 230 0.022
3 12 14 2 680 1090 410 0.005
4 14 120 106 1090 1160 70 1514
5 120 110 -10 1160 1260 100 -0.100
6 100 102 2 1260 1480 220 0.009

Rate of change of depth in the South Channel. The stage numbers refer to the stages of devel opment
in the plot of channel depth in graphs below.

Rate of Change in Deepening
Width Year
Difference Difference Rate
Stage | Start(m) | Stop(m) m) Start (yr) | Stop (yr) ) (myrY)
1 0 2 2 340 1090 750 0.003
2 2 6 4 1090 1200 110 0.036
3 6 15 9 1200 1260 60 0.150
4 15 22 7 1260 1480 220 0.032
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Rate of change of width to depth ratio in the South Channel. The stage numbers refer to the stages of
development in the plot of channel width to depth ratio in the graphs below.

Rate of Change in Width to Depth Ratio
Width:Depth Year
. Difference Rate
Stage Start Stop Difference | Start (yr) | Stop (yr) ) (yrh)
1 9 13 4 340 460 120 0.033
2 13 9 -4 460 680 220 -0.018
3 9 8 -1 680 1090 410 -0.002
4 8 265 185 1090 1160 70 0.264
5 265 6.5 -20 1160 1260 100 -0.200
6 6.5 45 -2 1260 1480 220 -0.009
South Channel
140 30
120 - — Width
— — Depth 5 29
—— W:D Ratio 6
A 100 - — T
~— B 20
E o
o 80 - E
- L 15 ©
o 4 a)
®© 60 - =
< =
©
S - 10
; 40 4 N
20 - 3 > -5
2 3 4
0 T =TT T T T 0
200 400 600 800 1000 1200 1400 1600

Time (years)

Width, depth, and width to depth ratio of the South Channel used to calculate rates of change in width
and depth. The bold and italic numbers refer to stagesin the tables above.
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Width, depth, and width to depth ratio of the South Channel used to calculate rates of changein the
width to depth ratio. The bold numbers refer to stages in the tables above.
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Appendix F — Geographic Location of Stakes, Cross- Sections, and Met Station

Survey locations for ablation stakes, channel cross-sections, and the meteorological station on Taylor
Glacier. 1d example: 6-00 is cross-section 6 of the South Channel (surveyed in 2000) and 3-01 is
cross-section 3 of the North Channel.

. . Longitude Latitude. True
d Elevation Lonogitude Iézrsl?'ftrl:)dn? Lazitude Ligtrl:ge Dis?ance Distance Distance
(m) (° E) 90 ©9S) from 90 (m) from (m) from from 90

90 90 (m)

90 463.36  161.8416 0.0000 -77.7567 0.0000 0.00 0.00 0.00
89 450.47 161.8881 0.0465 -77.7539 0.0028 1098.92 312.67 1142.54
1-00 44856 161.8892 0.0476 -77.7534 0.0033 1123.62 369.91 1182.94
2-00 438.43 1619183 0.0767 -77.7519 0.0048 1811.82 535.07 1889.18
88 433.88 161.9274 0.0858 -77.7519 0.0048 2025.87 535.39 2095.42
3-00 420.58 161.9553 0.1137 -77.7490 0.0077 2684.75 857.34 2818.32
87 416.18 161.9725 0.1309 -77.7503 0.0064 3090.83 707.59 3170.79
4-00 407.66 1619796 0.1380 -77.7466 0.0101 3260.18 1127.05 3449.50
5-00 394.38 161.9992 0.1576 -77.7447 0.0119 3724.39 1330.00 3954.74
86 400.14  162.0155 0.1739 -77.7487 0.0080 4108.65 895.12 4205.02
6-00 375.02 162.0211 0.1795 -77.7431 0.0136 4242.12 1517.58 4505.40
85 341.63 162.0608 0.2192 -77.7425 0.0142 5180.45 1585.61 5417.67
7-00 32492 162.0761 0.2345 -77.7406 0.0161 5543.25 1796.24 5827.01
82 271.78  162.1219 0.2803 -77.7318 0.0249 6630.05 2771.24 7185.91
Met 334.13 162.1284 0.2868 -77.7402 0.0165 6778.96 1833.30 7022.48
83 278.79  162.1284 0.2868 -77.7401 0.0166 6780.36 1849.41 7028.06
84 269.02 162.1306 0.2890 -77.7452 0.0115 6828.46 1279.72 6947.34
8-00 274.81 162.1311 0.2895 -77.7381 0.0186 6844.78 2074.84 7152.34
1-01 26450 162.1313 0.2897 -77.7342 0.0225 6850.96 2502.41 7293.67
2-01 249.46  162.1432 0.3016 -77.7331 0.0236 7133.84 2628.58 7602.70
9-00 255.72 162.1497 0.3081 -77.7371 0.0196 7284.22 2184.30 7604.67
3-01 242.12 162.1513 0.3096 -77.7324 0.0243 7324.26 2706.51 7808.33
81 243.81  162.1555 0.3139 -77.7331 0.0236 7423.52 2631.92 7876.27
10-00 245.03 162.1581 0.3165 -77.7364 0.0203 7484.26 2255.07 7816.61
4-01 237.76 162.1584 0.3168 -77.7319 0.0248 7493.30 2764.02 7986.83
5-01 233.99 162.1629 0.3213 -77.7313 0.0254 7600.90 2828.96 8110.28
6-01 228.23 162.1693 0.3277 -77.7307 0.0260 7751.87 2893.90 8274.43
7-01 226.19 162.1723 0.3307 -77.7306 0.0261 7824.07 2901.33 8344.68
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. . Longitude Latitude. True
d Elevation Lonogitude I(;ZZ??::)?E Lazitude Ligtrl:ﬁe Dis?ance Distance Distance
(m) CE) 92 ©S) from 90 (m) from (m) from  from 90
90 90 (m)

11-00 225.60 162.1757 0.3341  -77.7349 0.0218 7901.89 2430.97 8267.38
8-01 22357 162.1766 0.3350 -77.7300 0.0267 7925.04 2975.54 8465.23
9-01 221.25 162.1807 0.3391 -77.7297 0.0270 8022.59 3003.37 8566.34
80 211.58 162.1868 0.3452 -77.7304 0.0263 8166.38 2927.83 8675.37
10-01 208.75 162.1906 0.3490 -77.7290 0.0277 8258.11 3088.72 8816.84
11-01 200.54 162.1952 0.3536 -77.7288 0.0279 8366.24 3101.71 8922.70
12-01 18741 162.2011 0.3595 -77.7281 0.0286 8505.94 3181.49 9081.46
79 180.06 162.2076  0.3660 -77.7288 0.0279 8660.54 3101.98 9199.31
13-01 177.86 162.2089 0.3673 -77.7278 0.0289 8691.91 3216.75 9268.05
12-00 180.29 162.2110 0.3694 -77.7324 0.0243 8738.47 2707.70 9148.36
14-01 174.64 162.2122 0.3706  -77.7276 0.0291 8768.58 3242.72 9348.97
15-01 163.63 162.2179 0.3763 -77.7272 0.0295 8904.91 3283.54 9491.00
13-00 149.44 162.2277 0.3861 -77.7317 0.0250 9132.60 2786.93 9548.37
91 142.82  162.2305 0.3889 -77.7266 0.0301 9204.05 3347.56 9793.91
14-00 131.32 162.2406 0.3990 -77.7307 0.0260 9439.10 2890.21 9871.67
92 95.17 162.2531 0.4115 -77.7238 0.0329 9740.37 3660.56 10405.50
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