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destructive interference inside the slab whose occur-
rence versus angle of incidence is dependent on thick-
ness. Unfortunately, this feature cannot be use as a
detector because it is not conserved when a statistical
average is formed, as required in a realistic measure-
ment.

C11A-0981 0830h POSTER

The Importance of Snow and Ice Surface
Roughness in Ablation Processes

Ute C Herzfeld1,2,3 (herzfeld@tryfan.colorado.edu);
Jason E Box1 (jbox@ice.colorado.edu); Konrad
Steffen1 (koni@seaice.colorado.edu); Helmut
Mayer2 (mayerh@tryfan.colorado.edu); Nel
Caine2; Mark V Losleben2

1CIRES, University of Colorado, Boulder, CO 80309-
0216, United States

2INSTAAR, University of Colorado, Boulder, CO
80309-0450, United States

3Geomathematik, Universitaet Trier, Trier 54286,
Germany

The influence of surface roughness of snow and ice
on melt energy has been greatly underestimated to
date. Surface roughness has usually been included in
climatological, meteorological, and snow-hydrological
models as a one-dimensional parameter, roughness
length, than has been estimated rather than measured.
We define surface roughness as a spatial variable and
measure it with the Glacier Roughness Sensor (GRS).
GRS data from a part of the ablation area in the Green-
land Ice Sheet (ice surfaces) and from a continental
alpine environment (snow surfaces) are analyzed using
geostatistical classification. A mathematical relation-
ship between aerodynamic roughness length and spatial
surface roughness is developed. Using this relationship,
roughness length of a range of snow and ice surfaces is
calculated from the GRS measurements, and the resul-
tant values are input in energy balance calculations.
As a result, melt energy varies by a factor of two or
more dependent on surface roughness. Consequently, it
is important to measure snow and ice surface roughness
and include it more accurately in climatological, mete-
orological, and snow-hydrological models. Applications
are the assessment of ablation and surface processes on
glaciers and ice sheets in general, and in response to
global warming in particular, resultant changes in sea
level, study of changes in alpine glaciers and snowfields,
and modeling of snow-hydrological processes.
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In this paper, an enhanced degree-day melt model
for the point scale is presented, in which the classical
dependency on temperature is extended by considering
albedo and global radiation. The standard approach
has been recently improved by addition of a potential
direct radiation term. Here, this approach is taken a
step further by the inclusion of albedo, which controls
the amount of global radiation available for conversion
to melt energy at the snow or ice surface. An additive
form of the degree-day model is proposed, aiming at
clearly separating the two important contributions to
melt energy, namely the longwave radiation and turbu-
lent fluxes in one term and shortwave radiation in the
other.

The performance of the albedo enhanced degree-day
model is tested against simulations obtained from a
physically based energy-balance model. Hourly melt
rates were calculated using the energy balance model at
five sites on Haut Glacier d’Arolla, Switzerland, with
data from a recent extensive field campaign.

The results show that the enhanced degree-day
model delivers significant improvements over other ver-
sions of the degree-day model, accounting for about
90% of the surface melt rate variation. In partic-
ular, including albedo enables the model to capture
the major increases in the surface melt rate caused by
metamorphism of new snow and the transition from a
snow to an ice surface. Through a more physically-
based representation of the surface melt process, the
enhanced degree-day model offers a higher transferabil-
ity than the simpler formulations. The potential for
a distributed application of the enhanced degree-day
model to Haut Glacier d’Arolla is discussed.
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A proper energy balance calculation of snow and
ice melt is difficult to carry out in ice sheet models
due to the need for detailed meteorological data (i.e.
wind conditions, cloud cover, etc.) that are unavail-
able for the past and too complex and spatially vari-
able to be extracted from climate models. Ice sheet
models therefore resort to more simple positive degree
day (PDD) melt relationships to parameterize snow and
ice melt from air temperature inputs for mass balance
calculations. However, the PDD parameters that have
been developed for use in ice sheet models are based
on studies done in Greenland and the Canadian Arc-
tic where temperatures are relatively low and radiation
regimes different than those at lower latitudes. This
becomes a problem in applications to the former Lau-
rentide ice sheet, which was in radiation and temper-
ature conditions possibly much different than those in
which present relationships were established.

The work presented here seeks to remedy the above
problem by introducing new surface melt parameters
for an alpine glacier based on both temperature and
radiation. This study focuses on a mid-latitude alpine
glacier in the Canadian Rockies as a potential analogue
to the southern margin of the former Laurentide ice
sheet after the last glacial maximum. Meteorological
and ablation measurements were made over two sum-
mer seasons in 2001 and 2002 and have been used to
compute radiation- and temperature- melt parameters.
It is believed that the inclusion of these two variables
in melt simulations will allow extension of the model to
geographical and climate regimes other than the alpine
setting in which they were derived. We apply the new
melt model to simulations of the former Laurentide Ice
Sheet during the period from the last glacial maximum
to the present to provide insights into the pattern and
timing of ice sheet collapse.
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Most Greenland glaciers are tidewater glaciers flow-
ing directly into the ocean with little or no floating
section, but slowly moving glaciers in the north flow
into ice shelves. The largest of these is the Petermann
Gletscher, which has a 70 km long floating tongue and
is 20 km wide at the grounding line. Remote sensing
has shown that 95% of the ice that crosses the ground-
ing line melts before it reaches the calving front, with
peak values exceeding 20 m a−1 near the hinge line.
The dominant form of this mass loss (55%) has been
attributed to basal melting of the ice tongue, with the
never measured surface ablation thought to account for
about 2-3 m a−1. However, the installation of a trans-
mitting automatic weather station on the Petermann
Gletscher, prior to the onset of melt, during an exten-
sive field campaign during 2002 allows surface ablation
to be described for the first time. Measurements from

sonic ranging instruments show a surface lowering of
only 1.4 m during the melt period, which occurred be-
tween early June and mid August. This melt is com-
pared to predicted melt rates using an ablation model.
Although surface melting does not dominate the mass
budget of the Petermann Gletscher, field observations
lend support to the notion that it may be relevant to-
wards weakening and fracturing the floating tongue.
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Snow deformation affects many geophysical pro-
cesses. It is important to the stability of snow-covered
slopes and causes an evolution of snow structure that
determines hydrologic, electromagnetic, and thermal
properties. Self-weight densification influences how at-
mospheric gases are trapped in ice; an important con-
sideration for climate studies using recovered ice cores.
Snow is a relatively porous, highly structured mate-
rial that exists near its melting temperature resulting
in complex deformation processes controlled at the mi-
croscale. Unbonded snow grains are transformed into
a matrix of bonded particles by sintering. Deformation
occurs at grain contact points through grain bound-
ary sliding and rolling, power law creep, elastic com-
pression and tension, and the rupture and resintering
of particles. These processes are influenced by tem-
perature, time, and deformation rate. We use a mor-
phological discrete element method (DEM) to simulate
the structure of a three-dimensional snow sample com-
posed of realistically shaped ice grains bonded together
by frozen joints whose strength varies with time and
temperature. The DEM explicitly models the dynamics
of assemblies of individual particles modeled as a mix-
ture of axisymmetric shapes. Snow grain contact mod-
els allow bonds to grow through diffusion and power
law creep. The contact models support elastic torque,
tension, compression and tangent forces. Grain con-
tacts undergo tangential creep in response to tangential
forces that replicates grain boundary creep for ice and
is described by a temperature dependent linear viscos-
ity. The temperature dependent tensile strength of ice
and the radius of the bonds determine failure of grain
bonds. Tensile failure of a bond occurs when the ten-
sile stress acting on a particle contact equals the ice
tensile strength. Bond failure due to torque loading
occurs when the bending stress at the outer edge of a
bond equals the ice tensile strength. By incorporating
algorithms for grain bond sintering and micromechani-
cal processes we can explicitly model the temperature
and time dependent microscale processes that control
large-scale discontinuous deformations of snow.
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The annual layers at all depth horizons are found
in ice cores from different glaciers. The formation of
such layers starts at the upper part of glaciers where
snow interacts with atmosphere. Here we present a
one-dimensional model that describes the annual layer
formation. In our model firn is performed as an ice
skeleton with pore spaces. The sceleton is constructed
from cubic packed spherical ice grains. The fresh snow
layers are compressed under the weight of upper layers
and due to metamorphism. Melted in warm seasons wa-
ter permeates to the deeper cold horizons and re-freezes
on the ice grains. All these processes lead to the pore
space vanishing and ice layer formation. Short wave
radiation penetrates to the snow depth and initiates
internal melting. The top and bottom melting fronts
spread up and down. Melted water decreases the snow
albedo and intensifies melting. The interaction with
atmosphere is taken into account through the surface
heat budget. The snow surface temperature depends
on atmosphere parameters such as wind speed, specific
humidity, atmosphere pressure and temperature. The
15 year integration forced by climate fields from sta-
tion #42020 World Meteorological Organization of year
1994 results in snow firn layers with well distinct an-
nual structure characterized by different melt feature
index. These results allow establishing a connection
between the mean annual air temperature and the melt
feature index.
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Surface hoar is the most dominant persistent weak
layer for avalanche formation in many geographic loca-
tions. Insights into the microstructure and hardness of
buried surface hoar, and how they change through time
and space, improves our understanding of the role of
these weak layers in avalanche formation. We investi-
gated the microstructure of a buried surface hoar layer
in southwest Montana, U.S.A. using the SnowMicroPen
(SMP), an instrument designed to measure extremely
detailed snowpack profiles. We collected two sets of mi-
crostructure data from two adjacent parts of a slope six
days apart. In addition, one manual snowpack profile
was sampled each day, as well as 50 shear strength mea-
surements using the Quantified Loaded Column Test.
For the SMP data, a 900 m2 area was sampled on both
days in an approximate 3 by 3 m grid, with some sub-
areas of more closely spaced measurements. We col-
lected 85 SMP profiles on the first day and 130 SMP
profiles on the second day. The buried surface hoar
layer, which had relatively low-density snow both above
(180 kg m-3) and below (220 kg m-3) it, was read-
ily identifiable in the SMP profiles. In our analyses,
we manually located layer boundaries and calculated
statistics for the force signal through both the surface
hoar layer and the overlying slab. This allowed: 1) a
comparison of the SnowMicroPen data to manual snow-
pack profiles on each day, 2) a comparison of the tem-
poral changes between the two sampling days, and 3)
a comparison of the spatial variations present on each
day. Though the median thickness of the layer mea-
sured by the SMP was similar between the two days,
changes in microstructure and hardness may help to ex-
plain the observed increase in shear strength between
the days.
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It has often been difficult to compare results of dif-
ferent types of snow-structural information. Grain-size
and correlation length are such parameters of granular
media, and there exist different definitions and differ-
ent methods for both of them. The relation between
these parameters is analyzed from theoretical and from
experimental points of view, considering optical and
microwave properties. For spherical ice grains the con-
necting formulas are simple, but for other shapes the
two parameters are not directly related. Care must
be taken in the measurement procedure. Especially if
grain size is regarded as the maximum extent of con-
nected ice particles, the results are likeley to lead to
extreme overestimates. Therefore it is concluded that
grain size should be complemented by an additional

size parameter, namely the surface-to-volume ration of
equivalent spheres, i.e. a measure of the correlation
length. Methods to determine this quantity in the lab-
oratory have been known for a long time. Methods to
do such measurements in the field are described here.
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The transport of meltwater through a wet and
draining snowpack is a poorly understood aspect of
snow hydrology, even though the meltwater process is
an important component of water resource forecast-
ing and contaminant transport modeling. Numerous
field experiments have shown that a draining snowpack
does not behave as a homogeneous porous medium,
but rather routes significant quantities of meltwater
through vertical preferential pathways and horizontally
along stratigraphic interfaces.

Dye tracer experiments are often used to identify
preferential flowpaths within a snowpack. In these ex-
periments, a colored dye is applied to a melting snow
surface, and the dye is carried along into the snowpack
with the meltwater. In order to take quantitative mea-
surements of the occurrence of meltwater pathways, an
instrument (the snow guillotine) was designed to shave
thin vertical layers off the side of the snowpit wall, ex-
posing preferential pathways. A sequence of vertical
sections is then imaged with a digital camera to create
a 3-D data set of preferential pathways. Vertical sec-
tions were located 1-cm apart and images of the ver-
tical sections were resampled to a 1-cm square pixel
size, resulting in a 3-D dataset of approximately 1 mil-
lion voxels (volume elements). The 3-D datasets were
analyzed using connectivity statistics, which provide a
quantitative method of comparing different preferential
pathway networks.
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An understanding of light transmission by snow is
important for snow thermodynamics, hydrology, ecol-
ogy, and remote sensing. Snow has an intricate mi-
crostructure replete with snow-ice interfaces that scat-
ter light. Spectral observations of light transmission,
from 400-1000 nm, were made within and through tem-
perate and polar snowpacks, under cold conditions and
under melting conditions. The optical observations
were made using a dual-detector spectroradiometer.
One detector was placed above the snow surface to
monitor the incident and reflected solar irradiance. The
second detector was placed either at the base of snow-
cover to measure downwelling irradiance, or was low-
ered through the snow to measure profiles of upwelling
irradiance. The optical measurements were supple-
mented by a physical characterization of the snow in-
cluding depth, density, and an estimate of grain size. In
general, transmitted light levels were low, and showed
a strong spectral dependence with maximum values be-
tween 450 nm and 550 nm. For example, a 10-cm-thick
snow layer reduced visible transmission (500 nm) to
about 5% of the incident irradiance and infrared trans-
mission (800 nm) to less than 1%. Extinction coeffi-
cients were in the 3 to 30 per meter range, and tended
to increase with increasing grain size and snow density.
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The arrangement of crystals in sintered snow deter-
mines the mechanical properties. The microstructure of
snow is measured using optical or x-ray tomography. A
voxel-based finite element model to calculate the stress
distribution is used to determine the elastic properties
of snow samples. Snow samples of different texture are
reconstructed in 3D by optical tomography. Out of the
reconstructed cubes of 30 mm width, smaller cubes of
5 mm are used for the numerical simulation. A small

elastic deformation was then simulated and the aver-
age elastic moduli of these samples determined. Lo-
cations of stress concentrations can be extracted and
compared to the microstructural location of bonds. By
this method we are able to determine mechanical prop-
erties of thin or extremely brittle snow layers which are
difficult or impossible to measure otherwise.
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The detailed representation of the layers in snow

profiles is extremly time consuming. Translucent pro-
files are used to reveal layer boundaries, however no
method is known to relate the transmitted light inten-
sity to morphologic parameters. We use digital near-
infrared photography (NIP), centered at a wavelength
of 890 nm, to determine optical grainsize on snow pro-
files. The reflectivity was calibrated with snow samples
of different grain size and shape. The digital image of
a snow profile is optically and geometrically corrected
and the intensities are then converted to optical grain-
size. The measured snow profiles on different slopes
are compared to planar sections and classical snow pro-
files. In several cases the NIP image revealed thin lay-
ers, layer transitions and disturbances which are also
visible in the planar section, but were not recorded in
the snow profile. NIP profiles could be as large as 1
m high and 3 m long at very high spatial resolution by
assembling several images. NIP of snow profiles is well
suited to document and analyse snow stratigraphy and
to determine optical diameter .
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The vector radiative transfer (VRT) equation is an
integral-deferential equation to describe multiple scat-
tering, absorption and transmission of four Stokes pa-
rameters in random scatter media. From the integral
formal solution of VRT equation, the lower order so-
lutions, such as the first-order scattering for a layer
medium or the second order scattering for a half space,
can be obtained. The lower order solutions are usu-
ally good at low frequency when high-order scattering
is negligible. It won’t be feasible to continue iteration
for obtaining high order scattering solution because
too many folds integration would be involved. In the
space-borne microwave remote sensing, for example,
the DMSP (Defense Meterological Satellite Program)
SSM/I (Special Sensor Microwave/Imager) employed
seven channels of 19, 22, 37 and 85GHz. Multiple scat-
tering from the terrain surfaces such as snowpack can-
not be neglected at these channels. The discrete or-
dinate and eigen-analysis method has been studied to
take into account for multiple scattering and applied
to remote sensing of atmospheric precipitation, snow-
pack etc. Snowpack was modeled as a layer of dense
spherical particles, and the VRT for a layer of uni-
formly dense spherical particles has been numerically
studied by the discrete ordinate method. However,
due to surface melting and refrozen crusts, the snow-
pack undergoes stratifying to form inhomegeneous pro-
files of the ice grain size, fractional volume and phys-
ical temperature etc. It becomes necessary to study
multiple scattering and emission from stratified snow-
pack of dense ice grains. But, the discrete ordinate
and eigen-analysis method cannot be simply applied to
multi-layers model, because numerically solving a set
of multi-equations of VRT is difficult. Stratifying the
inhomogeneous media into multi-slabs and employing
the first order Mueller matrix of each thin slab, this pa-
per developed an iterative method to derive high orders
scattering solutions of whole scatter media. High or-
der scattering and emission from inhomogeneous strat-
ifying media of dense spherical particles are numeri-
cally obtained. The brightness temperature at low fre-
quency such as 5.3 GHz without high order scattering
and at SSM/I channels with high order scattering are
obtained. This approach is also compared with the con-
ventional discrete ordinate method for an uniform layer
model. Numerical simulation for inhomogeneous snow-
pack is also compared with the measurements of mi-
crowave remote sensing.
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Snow, from its fall until its full melting, undergoes a
structure metamorphism governed by local temperature
and humidity fields. Among the many possible mech-
anisms that contribute to snow metamorphism, those
that depend only on curvature are the most accessible
to modeling. The isothermal metamorphism of a dry
snow sample near 0◦C is addressed in this work. Near
0◦C, the vapor pressure of water is high: the metamor-
phism can be considered,in first approximation, as fully
curvature-driven. This corresponds to neglect crystal-
lographic orientation and diffusion-limited effects.

A law for the growth of the ice phase can be ana-
lytically obtained from Kelvin and Langmuir-Knudsen
equations. In this law, the local volume fraction vari-
ation is proportional to the difference between average
and local mean curvatures. A simple iterative model
inspired by the work of J. W. Bullard [1] was imple-
mented in three dimensions and applied on real tomo-
graphic images. First, the mean curvature map [2] of
the binary image is computed from the normal vector
field [3]. Then the new surface of the image is obtained
by applying the growth law to each point of the surface.
Such an approach allows model solution by increments
of matter (image voxels) instead of time, reducing the
required number of time-consuming curvature evalua-
tions.

First results will be presented on geometrical shapes
and subsamples (2003 voxel) of 3D images of natural
snow obtained at the ESRF by X-ray microtomography
[4, 5]. An experiment of isothermal metamorphism in
cold room at -2◦C followed by tomography at the ESRF
was held this spring. The evolution of curvature distri-
butions will be compared between natural and simu-
lated metamorphisms.

References [1] - J. W. Bullard, J. Appl. Phys. vol
81(1), 159-68 (1997) [2] - J.B. Brzoska et. al., Eur. Phys.
J. AP. vol 7, 45-57 (1999) [3] - F. Flin et. al., Image Anal.
Stereol. vol 20, 187-191 (2001) [4] - J.B. Brzoska et. al.,
ESRF Newsletter vol 32, 22-23 (1999) [5] - C. Coléou et.
al., Ann. Glaciol. vol 32, 75-81 (2001)
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Snow microstructure is a significant element in the
description of snow physical properties. However, mi-
crostructure characterization remains a complex and
challenging task. The dielectric permittivity is an elec-
tromagnetic parameter of snow that is determined by
composition and structure. Permittivity therefore, ap-
pears as a promising basis for an objective and quan-
titative characterization of snow microstructure. Many
dielectric measurement instruments that are appropri-
ate for field operation and telemonitoring have been
designed. Among them, the time-domain reflectometry
(TDR) technique is well documented following years of
application in physical chemistry, earth sciences, en-
gineering,and agriculture, and has showed some suc-
cess for the characterization of snow. A few of the ad-
vantages of TDR over other instruments are that it is
highly sensitive, it allows probe geometry optimization,
and it is a broadband system yielding a full waveform
response.

Experimental evidences have shown that density
is the main determinant of snow permittivity, while
dielectric models indicate an additionnal textural ef-
fect. However, density and microstructure of snow
are to some extent coupled parameters. The objec-
tive of this study was to evaluate the relation between

TDR response and structural parameters of snow. A
database was established from over 35 measurements
obtained in natural seasonal snowpack at 5 different lo-
cations. Pointers describing the snows complex permit-
tivity were extracted from the time-domain TDR signal
while a quantitative analysis of snow microstructure
was performed from image analysis of snow thin sec-
tions and photographs of individual ice grains. Tem-
perature, density, and chemical profiles of the snow
samples were also obtained in the field in addition to
descriptive observations on snowpack layering. Meteo-
rological records and occasionnal visits over the sea-
son to the various locations yielded a dynamic pic-
ture of the snow cover corresponding to each measure-
ments. Results show that different ice grain type ex-
hibit different trends on the TDR response. Moreover,
it appear possible to establish a classification of snow
based on TDR-measured permittivity, where new snow,
rounded grains, refrozen snow and metamorphic forms
could be discriminated. Under certain circumstances,
solid faceted grains and depth hoar grains can also be
differentiated.
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Although dry slab avalanches in maritime climates
can occur due to failure within a layer, avalanches in
more continental climates are often caused by a weak
bond between layers, usually as a result of the presence
of surface and/or depth hoar. This can make modeling
such a situation complex, as the quantitative material
properties of the strength between two layers are diffi-
cult to measure and poorly understood. In addition, it
is well known that the strength of snow shows a large
degree of spatial variability. Measurements indicate lo-
cal areas of the snowpack can have a strength which
is less than the overburden stress, while the slope re-
mains intact. The stress due the weight of snow above
these areas is redistributed to areas of greater strength,
a phenomenon which has been termed “bridging”. In-
terface elements for use in finite element analysis have
been developed in structural mechanics, which simulate
the interface between two different materials (i.e. lay-
ers) and allow modeling of discontinuities within in a
continuous system, as well as allowing the traditional
elements within the model to slip relative to one an-
other. The interface elements exhibit non-linear strain
softening behavior after failure is initiated. Prelimi-
nary finite element modeling with these interface ele-
ments in the context of snow slope stability indicate
that they may provide a useful tool for modeling the
transfer of stress from weak to strong areas within the
snowpack, as well as fracture propigation of dry slab
avalanches.
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The role of microstructure in a snowpack influences
virtually all of its thermo-mechanical properties. Den-
sity, grain size and importantly the structure of the
bonds between grains have a very significant influence.
We have focused on the microstructure of snow in a
number of studies. Among these, the restructuring of
a processed snowpack subjected to a persistent tem-
perature gradient resulted in a microstructure, which
metamorphosed from an essentially isotropic configu-
ration into what appears to be transversely isotropic.
Considering the geometric relationship of the bond to
grain to be the significant microstructural considera-
tion, a fabric tensor for snow has recently been devel-
oped and demonstrated by application to the evolving
microstructure of the processed snow. Although the
specific form of the tensor is not unique, it demon-
strates promise for using a fabric tensor as a means
to quantify the microstructural configuration of a snow
pack.

Using a scanning electron microscope (SEM) to ex-
amine the bonds between grains of well-sintered snow,
a raised feature that encircled the contact between
grains, which we termed a grain boundary ridge, was
revealed. The ridge has implications to grain bound-
ary diffusion as a sintering mechanism and may be in-
fluenced by contamination concentrated at the grain
boundary. Focusing the SEM on the attachment or
bond area of very well developed depth hoar crystals
revealed a complex microstructure, (of much smaller
scale than the crystal itself) which merge into the large
striated crystal. The many vacancies and sharp cor-
ners in this region should lead to stress concentrations,
however, the mechanism of formation and a definitive

notion on the role of these microstructural features on
strength, beyond mere speculation, is unknown. In an-
other study relevant to depth hoar crystal development,
a substrate of large crystals of known crystallographic
orientation where placed in a supersaturated vapor en-
vironment. The numerous hopper crystals that devel-
oped adopted the same crystal orientation as the sub-
strate. Crystal habit is a function of the environment
under which it is grown, based predominantly on tem-
perature and supersaturation. This led to the hypoth-
esis of a dominant grain growth theory whereby nucle-
ation onto existing crystals optimally oriented for given
conditions would dominate resulting in crystallograph-
ically oriented regions within a snowpack.
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Internal layers in ice sheets, as measured by ice-

penetrating radar, are most likely isochrones. The
depth to a shallow internal layer is proportional to
the local accumulation rate. However, low-frequency
radars often do not record very shallow layers. High-
frequency radars (GPR) record shallow layers, but can-
not detect the deeper layers that reflect longer-term
patterns of climate. Older, deeper layers are also influ-
enced to an increasing degree by accumulated strain
due to ice flow, and by the upstream accumulation
rate. For this Geophysical Inverse Problem, our For-
ward Model is a steady-state ice-flow model with mea-
sured ice-sheet surface topography, ice thickness, and
flowband width, which tracks particles to create mod-
elled internal layers. Ice motion is driven by the input
flux into the upper end of the flowband, and by the
accumulation pattern along the flowband. To solve the
Inverse Problem, our observations comprise depth of an
internal layer, and point measurements of accumula-
tion rate and surface velocity. Associated uncertainties
are also required. We use Least-Squares or Singular-
Value Decomposition to solve for model parameters (in-
put ice flux, piece-wise linear accumulation-rate pro-
file, and layer age) that minimize the mismatch be-
tween the data and the model estimates of the data.
If the layer age and its uncertainty are known inde-
pendently, they can also be used. Variable weights can
be assigned to each type of data. The data-resolution
matrix shows that, for shallow layers, we can resolve
high-wavenumber variations in accumulation rate. For
deeper layers, we resolve spatial averages of accumula-
tion rates.

We apply the model to a flowband at Taylor Mouth
between Taylor Dome and Taylor Glacier. The model
finds more variation in the inferred accumulation-rate
profile than in the depth-profile of an internal layer.
The new accumulation-rate profile produces an im-
proved chronology for an ice core collected along the
flowline.
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