
C

2003 Fall Meeting

Cite abstracts as: Eos. Trans. AGU, 84(46), Fall Meet. Suppl., Abstract #####-##, 2003.

F371

We discussed gravity data collected in 1981, 1993 and
1995 and found a favorable comparison between de-
creasing trends in the gravity data and the increasing
trends in more densely sampled observations of chang-
ing elevation. However, our analysis of those data also
suggested that while the elevation of the ice sheet was
increasing, the magnitude of the change in gravity did
not support concluding that there was a comparable
increase in mass. This year we report on the analy-
sis of an additional set of gravity and surface elevation
measurements collected at the same locations. During
June 2003, we measured surface gravity and geodetic
positions at six locations separated by about 20 km at
a site located on the South-central Greenland Ice Sheet.
We used two gravimeters and each was tied to the In-
ternational Gravity Station Network before and after
each set of field observations. A GPS unit operated at
each field site and a base station unit recorded data for
differential post-processing of the GPS data. The same
measurement sites were occupied in 1981 and all were
part of a hexagonal network of geodetic and glaciolog-
ical measurements established by The Ohio State Uni-
versity in 1980. Additional gravity observations were
acquired at three of the sites in 1993 and 1995. Gravity
data were collected in conjunction with Doppler satel-
lite measurements of position and elevation in 1981 and
global positioning system measurements subsequently.
The use of satellite navigation techniques permitted re-
occupation of the same sites in each year to within a
few 10’s of meters or better. After detrending the grav-
ity data, making adjustments for tides and removing
the residual effects of local spatial gradients in grav-
ity, we observe an average secular decrease in gravity
of about 0.01 milligal/year, but with tenths of milligal
variations about the mean trend. The trend is consis-
tent with a nearly linear increase in surface elevation
of between 7 to 10 cm/yr (depending on location) as
measured by repeated airborne laser altimeter, surface
Doppler satellite and GPS elevation measurements. We
go on to discuss differences between the residual grav-
ity anomalies after free air correction in terms of local
mass changes.
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Glaciers and Ice Sheets III (joint with
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C22A-01 1340h INVITED

A Macroscopic Approach to the
Response of Glaciers to Climate

William D Harrison (1-907-474-7706;
harrison@gi.alaska.edu)

Geophysical Institute, University of Alaska, Fair-
banks, AK 99775-7320, United States

We explore a drastic simplification of the theory of
glacier response to small climate changes, a ”macro-
scopic” one in which the distribution of thickness
change is replaced by its integrated value, the total vol-
ume change. We also deal with change of area near
the terminus rather than change in length. In the
resulting area-volume relationship there are three pa-
rameters: an ”area” time scale characterizing the time
for area to respond to changes in volume, a thickness
scale, and area characterizing the condition of the ini-
tial state. The first two characterize the dynamics of
the glacier, and are 8 years and 123 meters for South
Cascade Glacier as obtained by a fit of cumulative bal-
ance and area data from 1977 to 1997. Combining the
area-volume relationship with a version of mass conti-
nuity expressed in terms of these same variables pro-
duces a theory of response of area and volume to cli-
mate in which a second time scale appears, the ”vol-
ume” time scale. It is about 48 m for South Cascade
Glacier, and differs from the usual estimate in that it
includes the effect of both glacier length and surface el-
evation. The macroscopic theory characterizes a glacier
as a damped oscillator forced by climate. For climate
driving frequencies that are not too high, it reproduces
the response of South Cascade Glacier predicted by the
more complicated traditional theory of Nye; the analo-
gous oscillator is critically damped. The response can
be expressed in terms of a single ”reaction” time scale,
the geometric mean of the area and volume time scales.

C22A-02 1355h

Why Do Ice Streams Have Fast
Velocities in Transtion Region of Low
Surface Slope?

Johannes Weertman (847-491-3197;
j-weertman2@nwu.edu)

Northwestern University, Materials Science & En-
gineering Dept. and Geologicla Sciences Dept.,
Evanston, IL 60208, United States

It seems generally accepted that when water at the
base of a glacier flows mainly through channels (cut
into the basal ice) the basal water itself has little in-
fluence on the sliding speed of the glacier. On the other
hand, sliding speed can be increased if channel water
flow is disrupted and water is forced to flow in some
kind of broad distributed pattern. (If basal till un-
derlies the ice mass these statements still may hold if
flowing basal water is largely confined between ice and
till.) In an early paper (Weertman, Rev. Geophys. Space
Phys. (1972), 10, 287-333) we analyzed the basal pres-
sure gradient in the direction normal to a channel axis
and showed that the presence of the basal shear stress
can change the sign of the pressure gradient. The dis-
tance from the channel at which the sign reversal first
occurs is smaller the larger is the shear stress and the
greater is the water pressure within the channel. Wa-
ter is driven away from a channel in the region of sign
reversal. This effect makes it more difficult for wa-
ter flow to occur primarily through channels and more
likely that basal water will cause increased sliding ve-
locity. In this presentation it is pointed out that the
same sign reversal effect occurs if a longitudinal (with
respect to the channel axis direction) deviatoric stress
exits within the basal ice. A pressure gradient sign
reversal around water channels arising from a longitu-
dinal deviatoric stress that lead to speed up of sliding
could be important in two physical situations. (1) In
the transition zone where an ice stream of an ice sheet
becomes part of an ice shelf. In this region the basal
shear stress is greatly reduced (because the upper ice
surface becomes almost horizontal). However, the lon-
gitudinal deviatoric stress is increased to almost the
level of that of an ice shelf. (2) In a surging glacier. A
surging glacier elongates by a significant fraction of its
length in a relatively short period of time. As a conse-
quence, a large longitudinal deviatoric stress must exist
during a surge. In each of these situations the presence
of a large longitudinal deviatoric stress will help dis-
rupt water flow through channels and lead to increased
speed of sliding. This mechanism may be the solution
to the existing vexing problem: Why do ice streams
have fast velocities in the transition region of low sur-
face slope?

C22A-03 1410h

Load Sensitivity of a Surge-Type Glacier

Garry K Clarke (1.604.822.3602; clarke@eos.ubc.ca)

University of British Columbia, Earth and Ocean Sci-
ences 6339 Stores Road, Vancouver, BC V6T 1Z4,
Canada
During the winter season Trapridge Glacier, Yukon,

Canada, is subject to puzzling short-lived mechanical
events. Such events are characterized by a pronounced
increase in icequake activity, abrupt changes in the in-
ternal ice strain, and rapid local adjustments of the
mechanical interaction between the glacier and its bed.
Although the events are closely monitored by a net-
work of englacial and subglacial instruments (includ-
ing geophones and sensors to measure vertical strain,
subglacial water pressure, basal sliding, and sediment
strength) it has been unclear, until recently, whether
the events are internally or externally triggered. Obser-
vations during the winters of 1999–2000 and 2002–2003
indicate that the events are externally triggered and
that the forcing mechanism is rapid barometric and/or
precipitation loading of the glacier surface. Such sen-
sitivity to small changes in loading is unexpected and
suggests that some fraction of the sediment substrate
of Trapridge Glacier is near the threshold for mechan-
ical failure. Winter triggering of glacier surges might
be explained by fast surface loading.

C22A-04 1425h

Glacier-Scale Variability of the
Subglacial Drainage System:
Year-Long Records from Boreholes at
Sites Along the Length of a Glacier

Joel T Harper1 (307-766-6752; joelh@uwyo.edu)

Neil F Humphrey1 (307-766-2728; neil@uwyo.edu)

W. Tad Pfeffer2 (303-492-3480;
pfeffer@tintin.colorado.edu)

1Department of Geology and Geophysics, University
of Wyoming, Box 3006, Laramie, WY 82071, United
States

2Institute of Arctic and Alpine Research and Dept. of
Civil, Environmental, and Architectural Engineer-
ing, University of Colorado, Boulder, CO 80309,
United States
Borehole measurements are used to examine the

long time/space evolution of the subglacial drainage
system. Over the course of two field seasons more than
50 boreholes were drilled to the bed of Bench Glacier,
a temperate valley glacier in Alaska. The holes are lo-
cated at 15 sites that span the 8 km from the headwall
to the terminus of the glacier. Each site has at least

two boreholes and one site has a grid of 16 boreholes
spaced 20 x 20 m. The ice depth at the sites ranges
from 70 to 190 m. Each borehole was fitted with in-
strumentation for measuring borehole water level and
water flow velocity, and some boreholes were also fit-
ted with conductivity and turbidity probes. Data have
been collected at 15 minute intervals for a period in
excess of one year. The boreholes were also imaged by
video camera and used for slug/pump experiments, and
high time/space resolution measurements of surface ve-
locity were collected in the vicinity of the borehole grid.
Observations reveal important details about the evolu-
tion of the subglacial drainage system over the length of
the glacier, and over the course of the year: 1) the on-
set of summer diurnal variations in water pressure does
not undergo an up-glacier spatial progression as is com-
monly assumed; 2) the termination of summer diurnal
variations in water pressure is simultaneous along the
length of the glacier; 3) the accumulation and ablation
areas of the glacier have actively changing, but differ-
ing pressure fields; 4) short-lived subglacial events im-
pact all sites along the length of the glacier, including
those in the accumulation and ablation areas and those
above and below an ice fall. These findings have diverse
implications for the processes dictating the time/space
evolution of the subglacial drainage system and the link
between hydrology and glacier sliding.

URL: http://research.gg.uwyo.edu/joelh/benchglacier

C22A-05 1440h

Subglacial Bed Topography and Ice
Sheet Surges

Christian G Schoof (604-822-3063;
cschoof@eos.ubc.ca)

Department Of Earth and Ocean Sciences, University
of British Columbia, 6339 Stores Road, Vancouver,
BC V6T 1Z4, Canada
Bed topography at the scale of the ice thickness can

lead to multiple flow states for an ice sheet. By analogy
with classical hard-bed sliding, ice flow over this type
of bed obstacle, which occurs commonly in the form
of drumlins and similar bedforms, leads to the gener-
ation of drag on the ice, particularly when ice flow is
rapid. In this presentation, we investigate the effect
of this drag on the bulk dynamics of the overlying ice
sheet. A crucial difference with classical sliding is that
the upper, free surface of the ice has a significant ef-
fect on the sliding process through the formation of a
standing wave. The shape of this wave not only de-
pends on bed topography and sliding velocity, but also
affects the stress field in the ice and hence the slid-
ing velocity. The consequent nonlinearity in the sliding
process leads to the possibility of multiple flow states,
that is, of multiple surface wave configurations corre-
sponding to different possible sliding velocities for the
same large-scale ice sheet geometry. Using a theoretical
model, we demonstrate that such multiple flow states
are indeed possible, and that they lead to oscillatory
behaviour in the ice sheet which can be interpreted as
ice sheet surges.

C22A-06 1455h

Outburst Flooding and Surge Initiation

Richard B. Alley1 (1-814-863-1700;

ralley@essc.psu.edu); Todd K. Dupont1

(dupont@essc.psu.edu); Byron R. Parizek1

(parizek@essc.psu.edu); Sridhar Anandakrishnan1

(sak@essc.psu.edu); Daniel E. Lawson2

(dlawson@crrel.usace.army.mil); Grahame J.
Larson3 (larsong@pilot.msu.edu); Edward B.
Evenson4 (ebe0@lehigh.edu)

1Department of Geosciences and EMS Environment
Institute, Pennsylvania State University, Deike
Building, University Park, PA 16802, United States

2Cold Regions Research and Engineering Laboratory,
72 Lyme Road, Hanover, NH 03755, United States

3Department of Geological Sciences, Michigan State
University, Geological Sciences Building, East Lans-
ing, MI 48824, United States

4Department of Earth and Environmental Sciences,
Lehigh University, 31 Williams, Bethlehem, PA
18015, United States
Antarctic subglacial lakes are well-known, and pub-

lished geomorphic evidence from Pine Island Bay and
from the Transantarctic Mountains suggests outburst
flooding from subglacial lakes at different times in the
past. Sedimentary evidence also indicates that abun-
dant meltwater was involved in Heinrich events from
Hudson Strait despite cold conditions, suggesting out-
burst flooding. Trapping of subglacial water is fa-
vored by development of a locally reversed ice-air sur-
face slope, and by freeze-on; either may be sufficient
singly, and both together should be sufficient. A cy-
cle of ice-shelf grounding, freeze-on and development of
slope reversal, thickening, thawing, and outburst flood-
ing explains many observations, and is consistent with
new modeling and with a range of observations from ice
streams and ice shelves, although the ice-shelf step is
not a necessary prerequisite.
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Indication of active overthrust faulting
along the Holocene-Wisconsin
transition in the marginal zone of
Jakobshavn Isbræ

Martin P Lüthi1,2 (907 474-7443;
luthi@gi.alaska.edu)

Martin Funk1 (funk@vaw.baug.ethz.ch)

Almut Iken1

1Versuchsanstalt fur Wasserbau, Hydrologie und
Glaziologie VAW, Gloriastrasse 37-39 ETH Zen-
trum, Zurich 8000, Switzerland

2University of Alaska, Fairbanks, 903, Koyukuk Drive
PO Box 757320, Fairbanks, AK 99775, United
States
A zone of highly irregular ice motion has been de-

tected within the ice sheet adjacent to Jakobshavn Is-
bræ, a fast moving ice stream in West Greenland. Two
tilt sensors in different boreholes and frozen into the
ice show angle variations of up to 0.1◦ and 0.3◦ within
a 1200 second interval. The amplitude of these flut-
ter oscillations increases towards the transition from
Holocene to Wisconsin ice at 682 m depth, 150 m above
bedrock. All other tilt sensors above and below show
low background noise. A numerical model confirms that
the stress configuration is exceptional in the neighbor-
hood of the ice stream. Stress transfer from the ice
stream to the margins causes an extra forcing of the
basal ice at the drill site. Several possible explanations
for the observed flutter oscillations are given, the most
likely being dynamic rupture events or stick-slip mo-
tion along the Holocene-Wisconsin transition. If true,
this would correspond to an active overthrust fault with
very high loading rates.

URL: http://gi.alaska.edu/˜luthi/

C22B MCC: 3010 Tuesday 1600h

Glacier-Climate Interactions II (joint
with A, H, OS, PP)

Presiding: S Marshall, University of
Calgary; D E Lawson, Cold Regions
Research and Engineering Laboratory

C22B-01 1600h

Alpine Glacier Mass Balance Modelling:
Development and Application of an
Indexed Temperature and Radiation
Model

Faron S Anslow1 (403 210 8449;
fsanslow@ucalgary.ca)

Shawn J Marshall1 (403 220 4884;
shawn.marshall@ucalgary.ca)

1University of Calgary, 2500 University Dr. NW, Cal-
gary, AB T2N 1N4, Canada
A mass balance model utilizing a temperature and

radiation indexed approach is presented addressing the
need for high temporal and spatial resolution capabil-
ities with moderate demand for input data. This fully
distributed model relies on inputs of short wave radia-
tion, temperature, and elevation fields and incorporates
an albedo submodel and surface shading algorithms to
compute net short wave radiation and a time varying
lapse rate for temperature distribution. Model devel-
opment is described and performance is compared to
a fixed DDF positive degree-day model and a temper-
ature and radiation variable DDF positive degree-day
model. We show that the described indexed approach is
effective at capturing melt on hour-long timescales and
has application to mass balance and discharge studies
on alpine glaciers.

C22B-02 1615h

The Distributed Application of an
Enhanced Temperature-Index Melt
Model Including Albedo and Global
Radiation

Francesca Pellicciotti1 (41-1-633 2958;
pellicciotti@ihw.baug.ethz.ch); Ben Brock2 (44
-1382-345443; b.w.brock@dundee.ac.uk); Ulrich
Strasser3 (49-89-2180-6682;
u.strasser@iggf.geo.uni-muenchen.de); Javier
Corripio4 (33-476- 63 37 61;
Javier.Corripio@meteo.fr); Paolo Burlando1

(41-1-6333812; paolo.burlando@ethz.ch); Martin
Funk5 (41-1-632 4132)

1Institute of Hydromechanics and Water Resources
Management, ETH Zurich, ETH Hoenggerberg,
IHW-HIL, Zurich CH-8093, Switzerland

2Department of Geography, University of Dundee,
Dundee.DD1 4HN, Dundee DD1 4HN, United King-
dom

3Department of Earth and Environmental Sciences,
University of Munich, Luisenstr. 37, Munich D-
80333, Germany

4Centre d’Etudes de la Neige, Météo France - CNRM,
1441, Rue de la Piscine, St. Martin d’Heres F -
38406, France

5Laboratory of Hydraulics, Hydrology and Glaciology
(VAW), ETH Zurich, ETH-Zentrum, Zurich CH-
8092, Switzerland

An enhanced temperature-index (ETI) melt model
is presented, in which the classical dependency on tem-
perature is extended by considering global radiation
and albedo. An additive form of the temperature in-
dex (TI) model is proposed, aiming at clearly sepa-
rating the two important contributions to melt energy,
namely the longwave radiation and turbulent fluxes in
one term and the shortwave radiation in the other.
The ETI model is a significant improvement over other
formulations of the temperature-index method. This
was shown by comparing melt rates computed by the
temperature index based models with calculations ob-
tained using a physically based energy balance model at
five sites on Haut Glacier d’Arolla, Switzerland. Data
were provided by five automatic weather stations lo-
cated along two intersecting transects in 2001. The re-
sults show that the ETI model is capable of accounting
for about 90% of the surface melt rate variation at all
the stations tested. This is due, on one hand, to the
fact that including albedo enables the model to cap-
ture the major increases in the surface melt rate due
to snow metamorphism and the transition from snow
to ice. On the other hand, the more physically-based
melt process representation of the ETI model reduces
the over-sensitivity to temperature fluctuations which
is typical of simpler formulations of the TI approach.
Once tested at the point scale, where the availability of
high quality input data allowed to evaluate the model
performance independently from errors introduced by
parameterisations of the meteorological input data, the
ETI model was applied in a distributed manner over the
entire glacier. The paper discusses the distributed ap-
plication of the ETI model and the differences in model
performance from the point to the distributed scale,
and highlights the robustness of the model when differ-
ent extrapolation schemes for the redistribution of the
input variables, namely temperature, albedo and global
radiation, are used. In particular, a way of accounting
for cloud cover in the parametric model used to com-
pute global radiation is presented.

C22B-03 1630h INVITED

Forecasting glacier snout fluctuations in
the western italian Alps.

Sandro Calmanti1 (390644232626;
sandro.calmanti@casaccia.enea.it)

Antonello Provenzale2 (390113839833;
anto@icg.to.infn.it)

1ENEA, C.R. Casaccia via Anguillarese 301, ROMA
00060, Italy

2ISAC-CNR, Corso Fiume 4, Torino 10133, Italy

Glaciers in the western italian Alps show a long-
term (centennial) widespread retreat, modulated by
fluctuations on decadal time scales, lagging the vari-
ability of the regional temperature-precipitaion regime.
The lag of maximum correlation is 8 years for temper-
ature and 10 years for precipitation, which is consider-
ably shorter than the response-time estimates based on
linearized dynamics. We propose an empirical model
aimed at establishing a quantitative relationship be-
tween the variability of the terminus positions of a set
of selected glaciers in North-Western Italy and the cor-
responding climatic fluctuations, namely of precipita-
tion rates and mean temperatures. The link is sought in
the form of a stochastic lagged linear model. Linearity
in glacier fluctuation response is assumed as the sim-
plest working hypothesis. The stochastic component of
the model aims at accounting for the unexplained dy-
namics that is always present in natural systems with
a large number of degrees of freedom. As usual, we
require the stochastic term to be gaussian and uncor-
related. Surrogate data techniques based on the gen-
eration of synthetic datasets are used for robust esti-
mation of the model parameters and hyptesis testing.
The linear stochastic model describes about 66% of the
variance of the average snout fluctuation and precip-
itation appears to give the major contribution to the
explained variance. Using temperature and precipita-
tions data from a large set of local wheather stations,
the average trend for the snout of the glaciers is fore-
casted for the next.

C22B-04 1650h

Climate Reconstructions Derived From
Global Glacier Length Records

Lisette Klok1 (++30 253 2921; e.j.klok@phys.uu.nl)

Johannes Oerlemans1 (j.oerlemans@phys.uu.nl)
1IMAU, Utrecht University, Princetonplein 5, Utrecht

3584 CC, Netherlands
Glaciers have fluctuated in historic times and the

length fluctuations of many glaciers are known. These
length records provide useful information about past
climate. In order to derive a climate signal from numer-
ous glacier length records, a model is needed that takes
into account the main characteristics of a glacier, but
uses little information about the glacier itself. There-
fore, we developed a simple analytical model. It cal-
culates a climate reconstruction described in terms of
a reconstruction of the equilibrium line altitude (ELA)
or the mass balance. The model takes into account the
geometry of the glacier, the length response time and
the mass balance-surface height feedback. It was tested
on seventeen European glacier length records. The re-
sults reveal that the ELA of these glaciers increased
on average 54 m between 1920 and 1950. We then de-
rived historic fluctuations in the ELA on the basis of
nineteen glacier length records from different parts of
the world. The results show that all glaciers of our
data set experienced an increase in the ELA between
1900 and 1960. Between 1910 and 1959, the average
increase was 33 m. This implies that during the first
half of the twentieth century, the climate was warmer
or drier than before. The ELAs decreased to lower ele-
vations after around 1960 up to 1980, when most of our
ELA reconstructions end. These results can be trans-
lated into a global temperature increase of about 0.8 K
for the period 1910-1959.

C22B-05 1705h

Spatial Temporal Distribution of
Greenland Melt Anomalies

Russell D. Huff1 (303 492 6881;
russell.huff@colorado.edu)

Konrad Steffen1 (303 492 4524;
koni@seaice.colorado.edu)

1CIRES, Ekeley Building University of Colorado,
Boulder, CO 80306
A new algorithm for identifying melt extent and

melt intensity on the Greenland ice sheet has been
developed utilizing the am and pm orbital data from
the DMSP passive microwave satellites. The new ap-
proach is utilized to develop a set of probability sur-
faces describing the likelihood of any given pixel melt-
ing at some point in time during the melt season. The
2002 and 2003 melt anomalies are analyzed in terms
of their probability of occurrence given the previous 22
year satellite record. The general synoptic conditions
contributing to the melt anomalies are described based
on the GC-NET network of automatic weather stations
and NCEP/NCAR reanalysis.

C22B-06 1720h INVITED

Present and Past ice Sheet Mass
Balance Simulations for Greenland
and the Tibetan Plateau

Tania Gil Duarte Casal1,2 (305-361-4628;
tcasal@rsmas.miami.edu)

John E Kutzbach1 (608-262-0392; jek@wisc.edu)
1Center for Climatic Research & Depart. of Atmos.

and ocean. sciences, Univ. of Wisc.-Madison, 1225
W. Dayton st., Madison, WI 53706, United States

2Univ. Miami, Rosentstiel School (MPO), 4600
Rickenbacker Causeway, Miami, FL 33149, United
States
Net annual mass balance was evaluated for Green-

land and the Tibetan Plateau using the meteorologi-
cal forcings from the NCEP reanalysis and two GCMs
(FOAM1.0 and CSM1.4) for modern climate and for dif-
ferent time periods extending back to the beginning of
the Holocene (11,000 years ago) for the climate models.
The ice sheet budget calculations, using the degree day
methodology, were performed on a finer grid than the
model output by interpolating monthly precipitation
and surface temperature and correcting the latter to ac-
count for the GCM’s smoothed topography. The com-
puted net mass balance for Greenland in the present
day is positive and it ranges between 245 to about 297
mm water equivalent (w.e.)/year for NCEP and CSM1.4
respectively. The past climate simulations show that
the Greenland mass balance has become slightly more
positive since the beginning of the Holocene. The Ti-
betan Plateau’s present day area average net mass bal-
ance is negative for the three datasets (it ranges be-
tween -1160 to -1985 mm w.e./year for FOAM1.0 and
CSM1.4 respectively), although the balance is positive
over small regions of the plateau. The calculated past
mass balance shows an increasingly less negative value


