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ABSTRACT

An abstract of the thesis of Jonathan Clifford Ebnet for the Master of Science in
Geology presented February 5, 2010.

Title: An Energy Balance Model of Melt-water Production for Polar Glaciers in
Taylor Valley, Antarctica

Within the polar desert of Taylor Valley, Antarctica, water is essential to
promote the stability of the local ecosystem. Due to the arid conditions, the primary
source of water within Taylor Valley is generated from the melting of alpine glaciers.
I adapted an energy balance model to predict daily melt-water production. The model
uses measured meteorological variables including air temperature, relative humidity,
wind speed and short-wave radiation to estimate the surface heat balance of the glacier
and ablation (sublimation and melting) of its surface. I adapted the model to include
an estimation of snowfall from meteorological values of relative humidity, albedo,
wind speed, and incoming short-wave radiation. The model was calibrated against a
single site on Taylor Glacier and applied to the entire ablation zone of Canada Glacier.
Results show that the model predicts total surface ablation over a period of 7 years for
Taylor Glacier within 5% and ice temperatures at 20 cm and 100 cm depth over one

year within ±0.8ºC and ±0.9ºC respectively. For Canada Glacier, the model predicts
total surface ablation over 7 years within 10% and ice temperatures at 20 cm and 100
cm depth within ±3.0ºC and ±2.7ºC respectively. The larger errors associated with
Canada Glacier are believed to be due to snow-cover which inhibits the accuracy of
the model. On Taylor Glacier, over the 7 year period, melting accounted for 20% of
the ablation whereas on Canada Glacier it was 16%. Modeled discharge from Canada
Glacier showed good correspondence between modeled and measured peak flow and
daily modeled flow values were always within an order of magnitude of measured.
Errors at each stream gauge ranged from -57% to 94%.
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Introduction

The National Science Foundation’s Long Term Ecological Research (LTER)
Program was created to better understand the structure and function of ecosystems.
The McMurdo Dry Valleys
alleys (7
(77˚ 00’ S 162˚ 00’ E) (Figure 1), comprise one of 26
study sites that span a range of climatic conditions.. The climate of the McMurdo Dry
Valleys is at the cold and dry extreme of the 26 LTER sites (Fountain et al., 1998) and
represent a region where life reaches its “environmental limits”
limits”. Because of the cold,
dry conditions, the ecosystem in the McMurdo Dry Valleys
alleys is microbial dominated
with no higher plants or animals
animals. Water is a key limitation to life
fe in the valleys,
valleys and
this thesis addresses the processes that affect the supply of water to the ecosystem.

Figure 1:: Antarctica showing the location of the McMurdo Dry Valleys
(www.nasa.gov)
The dominant source of water within the McMurdo Dry Valleys is melt
melt-water
derived from the glaciers descending into the valley produced during the austral
summer (Fountain et al., 1999)
1999).

Small
mall variations in the availability of glacially

derived melt-water
water will have profound effects on life in this ecosystem (Foreman et
1

al., 2004; Fountain et al., 1999). Consequently, to understand the stability of the
McMurdo Dry Valley ecosystem, an understanding of melt-water production on the
glaciers needs to be achieved.
The McMurdo Dry Valleys are the largest ice-free area of Antarctica covering
~2500 km2 (Chinn, 1990). The McMurdo Dry Valleys remain ice-free because the
Transantarctic Mountains block the East Antarctic Ice Sheet from flowing into
McMurdo Sound (Chinn, 1990). During the austral summer, ephemeral streams flow
from the termini of the glaciers within the valleys into perennially ice-covered lakes
that occupy the valley bottom (McKnight et al., 1999). These ephemeral streams are
the primary sources of water, sediment, and nutrients to the lakes (Conovitz et al.,
1998; Fountain et al., 1999). Most lakes are enclosed with no outlets to McMurdo
Sound. The lake levels result from the balance between water gain (stream inflow and
snowfall) and water loss (evaporation and sublimation). Over the past century, the
lake levels in the Dry Valleys have been rising due to increased stream inflow versus
the constant evaporation and sublimation losses (Chinn, 1993; Doran et al., 2002b).
Taylor Valley is the focus of the LTER project (Figure 2). The valley is
bounded to the north by the Asgard Range and to the south by the Kukri Hills. Alpine
glaciers descend into Taylor Valley from the surrounding mountain ranges while
Taylor Glacier, an outlet glacier of the East Antarctic Ice Sheet, flows into the valley
from the southwest. The valley is a polar desert, with annual average air temperatures
between -17ºC and -20ºC, austral summer temperatures rarely rising above 0ºC, and
annual precipitation of less than 10 cm water equivalent (Doran et al., 2002a).
2

ry valleys
alleys showing the location of Taylor Valley with inset of
Figure 2: McMurdo dry
Canada Glacier
recipitation in Taylor Valley is snow and quickly sublimates due to the windy, arid
Precipitation
conditions prior to making a significant hydrologic contribution (Chinn, 1990).
1990) On
the valley floor, Taylor Valley receives less than 10 cm of precipitation annually
(Keys, 1980) but, at higher elevations, snowfall occur
occurs more frequently and at higher
intensities (Keys, 1980).. Each year, especially during winter,, katabatic winds descend
from the polar plateau into Taylor Valley
Valley, dramatically affecting valley weather
(Nylen et al., 2004).. During the initial few hours of a katabatic event, air temperatures
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can increase by more than 20ºC, relative humidity can decrease by 30%, and wind
speeds can increase by 12 m·s-1 (Nylen et al., 2004).
Many of the Taylor Valley glaciers have microenvironments across the ablation
zones due to highly variable topography (Johnston, 2004).

Canada Glacier in

particular has three distinct topographies (Figure 3): 1) relatively smooth surface ice
representing the majority of the ablation zone, 2) enclosed topographic basins with
walls up to 10 m high and 3) terminal ice cliffs ~20 m high (Lewis et al., 1999).
During katabatic events, sediment is blown onto the glacier probably aiding in basin
formation (Lewis, 2001). The enclosed basins do not appear to be melt-water related
since most features are not aligned down-slope but instead parallel to the katabatic
winds (Johnston, 2004; Lewis, 2001). The enclosed basins also become deeper and
wider further down glacier and contain less sediment along the basin floor due to
freezing of melt-water (Lewis, 2001).

4

Figure 3: Lower Canada Glacier showing large-scale surface roughness features (gray
shaded region) in the lower portion of the ablation zone and location of terminal cliffs
(hatched line) (Lewis, 2001). The figure is roughly 4 km across from right to left.
Within the basins wind speed, albedo and incoming short-wave radiation
decrease significantly compared to the surrounding smoother surface ice (Johnston et
al., 2005; Lewis, 2001). These changes shift the energy balance from a sublimation
dominated condition of the smoother ice to more melt-dominated conditions within the
basin. The driving variable is wind speed. A reduction in wind speed reduces heat
loss to turbulent exchange leaving more energy for melting (Johnston, 2004; Lewis,
2001). The terminal cliffs also have drastically reduced wind speeds and incoming
short-wave radiation intensities compared to the sub-horizontal glacial surface ice
allowing for an increase in melt-water production (Lewis et al., 1999).
The purpose of this thesis is to better understand the factors controlling the
spatial and temporal patterns of melt-water production for the ablation zone of Canada
Glacier. I use a numerical model of energy exchange between the glacier surface and
5

the atmosphere to predict melt-water production. The numerical model is modified to
reflect the micro-environmental changes due to the complex surface topography of
Canada Glacier. Resulting melt estimates from the sub-horizontal surface and cliffs
will be compared to measured stream discharges flowing from the terminus. Once
optimized, the numerical model will be used in future work to predict melt-water
production for all the glaciers within Taylor Valley to determine valley-wide water
availability.

6

2

Data Collection

My project requires meteorological variables as input to run the energy balance
model, while surface ablation measurements, ice temperatures, and melt data will be
used to check modeled results. Comparisons between measured data and modeled
results will be used to optimize the model. Eight automatic meteorological stations, in
operation since February 1996, are distributed (Figure 4) across Taylor Valley (Nylen
et al., 2004). These stations sample conditions every 30 seconds and average the data
over a 15-minute interval (Doran et al., 2002a; Nylen et al., 2004). The recorded
variables include air temperature, wind speed and direction, relative humidity, and
incoming/outgoing solar flux. Albedo values were calculated by the ratio between
outgoing short-wave radiation and incoming short-wave radiation.
The meteorological stations on the glaciers record ice temperatures. On Canada
Glacier, ice temperatures were measured at 50 and 100 cm depth and on Taylor
Glacier the depths were 20 and 100 cm. The ice temperature data are sampled and
averaged over the same time interval as the meteorological variables. For a full
description of the instrumentation and precision refer to Doran et al., (2002a) and
Nylen et al., (2004), and the instrumental uncertainty are included here in Table 1.
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(a)
(b)

(c)

Figure 4: Taylor Valley showing the locations of the automatic meteorological stations
and stream gauges (c) (Ebnet, 2005) along with an automated meteorological station
(a) and a stream weir (b).
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Table 1: Meteorological variables required for energy balance calculation with
associated instrumental errors (Doran et al., 2002a; Nylen et al., 2004).
Meteorological Variable
Air Temperature
Relative Humidity
Wind Speed
Short-wave Radiation
Surface Albedo

Instrumental Uncertainty
0.5ºC
5%
0.3 m·s-1
5%
7.1%

Mass balance measurements are collected on four glaciers in Taylor Valley:
Commonwealth, Howard, Canada, and Taylor. Mass balance measurements were
initiated in 1993 and expanded to Taylor Glacier in November 1994 (Fountain et al.,
2006). Mass balance is determined by measuring the height change of the glacial
surface against vertical stakes drilled into the glacier. The product of surface height
change and density yields specific mass change (mass/unit area). If snow is present,
the snow density is measured otherwise ice density is used. Measurements are made
for each glacier during early November and again in late January to determine the
winter and summer mass balances respectively.
Melt data were not collected directly, instead streamflow is used which
originates at the glaciers as a proxy. Fifteen stream gauges are spatially distributed
across Taylor Valley (Figure 4). For Canada Glacier, three ephemeral streams flow
from the terminus; Andersen Creek flows into Lake Hoare while Green Creek and
Canada Stream flow into Lake Fryxell. The stream stage is measured at a weir using a
pressure sensor and a data logger recording values every 15 minutes (McKnight et al.,
1994). Stage is converted to discharge using a rating curve based on intermittent
measurements of stream discharge. Accurate discharge values are difficult to obtain
9

due to icing during times of cool conditions and to unstable channels during high flow
(McKnight et al., 1994).

10

3

Energy Balance – Previous Work

Unlike previous efforts in the McMurdo Dry Valleys, my thesis will account for
subsurface energy transfer because it greatly affects ice temperatures and subsurface
melt (Fountain et al., 2004). Previous studies in the McMurdo Dry Valleys have
focused on general valley-wide models as well as site specific models. Ebnet (2005)
developed a statistical model for seasonal glacial melt within Taylor Valley. The
intent of the model was for long period (~102 years) estimates of melt production
when variables other than average temperature are not known.
spatially

variable

potential

solar

radiation,

spatially/temporally variable air temperature.

average

The model used

wind

speed,

and

Results showed good correlation

between seasonal streamflow and seasonal air temperature and spatial variations in
potential solar radiation.
Several site specific physically-based models were applied to Canada and Taylor
glaciers.

At Canada Glacier, mobile meteorological stations were positioned on

different areas of the glacier to capture variation in micro-meteorological conditions
(Lewis, 2001). From 1994 - 1997, calculations show the terminal cliffs of Canada
Glacier undergo 3.5 – 5.3 times more ablation than the smooth surface ice (Lewis et
al., 1998, 1999). The majority of ablation that occurs at the terminal cliffs occurs as
melting (84 – 94%) unlike the smooth surface ice (20 – 58%) (Lewis et al., 1998,
1999). Further studies of Lewis (2001) showed that the shallow basins on the lower
ablation zone show similar incoming short-wave radiation to the smooth surface ice
while wind speed and albedo are both decreased by 26% and 32% respectively. For
11

the deeper basins, incoming short-wave radiation, wind speed and albedo all decreased
by 15%, 69% and 32% respectively. The decreases in incoming short-wave radiation
and wind speed are due to the basin walls shading ice for portions of the day and
providing a wind shelter. The decrease in albedo is due to the melt-refreeze of the
water in the basins producing a blue, almost bubble-free ice.

Apparently, the

decreases in wind speed and albedo that enhance surface and subsurface melt
outweigh the decrease in incoming short-wave radiation that reduces melting.
On Taylor Glacier, pairs of mobile meteorological stations were positioned
within and adjacent to the “basin-like” channels that incise the lower ablation zone
(Johnston, 2004). Comparisons between meteorological variables show that within
the channels air temperature, relative humidity and albedo all increase by 20%, 8%
and 16% respectively while wind speed and incoming short-wave radiation both
decrease by 89% and 8% respectively.

The decreases in incoming short-wave

radiation and wind speed are due to similar factors to those on Canada Glacier. All the
changes in meteorological variables except the reduction in incoming short-wave
radiation promote enhanced surface and subsurface melting similarly to the basins on
Canada Glacier.

Also, increases in surface roughness of the glacier shift the

meteorological conditions on both glaciers that enhance melting.
Studies of the terminal cliffs have shown that up to 8 times more ablation can
occur on the near vertical cliffs than on horizontal ice surfaces (Chinn, 1987; Lewis et
al., 1999). The increased ablation rates are due specifically to decreased wind speeds
and orientation of the ice surface. Observations suggest that solar-heated terrain
12

surrounding an ice cliff emits long-wave radiation aiding in melt-water production
(Chinn, 1987).
Observations on the glaciers of Taylor Valley indicate pervasive sub-surface
melting (Fountain et al., 2004). This melting occurs where sub-surface sediment
creates cryoconite holes, water-filled holes caused by the localized preferential
melting around sediment. These holes differ from temperate cryoconite holes, which
are open to the atmosphere, by maintaining an ice lid. Whether sub-surface melting
occurs without sediment is unknown. Elsewhere in Antarctica, sub-surface melting
occurs in snow-free areas 10 to 100 cm below the surface for up to four months during
the austral summer (Winther et al., 1996). Sub-surface melting appears to be common
in the blue-ice areas due to the large crystal sizes and minimal bubbles to scatter the
incoming short-wave radiation.

Thus the subsurface ice absorbs heat faster than

conduction losses to the colder surface and deep ice promoting a “solid-state”
greenhouse effect (Bintanja and van den Broeke, 1994; Brandt and Warren, 1993;
Liston et al., 1999; Schlatter, 1972). This effect promotes sub-surface melting while
surface ice is still frozen (Fountain et al., 2004; Liston and Winther, 2005; Liston et
al., 1999). We consider whether the blue-ice areas of Antarctica may be an analogue
to the glacial conditions in the McMurdo Dry Valleys.
Previous detailed energy balance models used in the McMurdo Dry Valleys did
not appropriately address subsurface radiation transfer or potential runoff
contributions of subsurface melt. I apply a detailed surface energy balance model
from Liston et al. (1999) to estimate surface and subsurface energy transfer for melt13

water generation over a daily time scale.

The model will use ice properties

representative of the glaciers in Taylor Valley and local meteorological data to drive
the model. The model will simulate snowfall and cloud-cover, and be tested against
field observations of glacier ablation, ice temperature, and streamflow from the
glacier.

14

4

Model Development

Energy balance at a glacial surface can be expressed (Patterson, 1994),
R+S+L+G+M=0

(1)

where R is the net radiation, S is the sensible heat flux, L is the latent heat flux, G is
the ice heat flux, and M is the energy of fusion (melt); all terms are in units of
Watts·m-2. The sign convention is positive for energy gains towards the glacieratmosphere interface. Typically, all terms are measured, except for melt, which is
calculated as a residual from the other terms.
Liston et al. (1999) solves each term in (1), except for melt, where the only
unknown variable is surface temperature. Net radiation is,
R = (1 − α ) Qsi + Qli + Qle

(2)

where α is surface albedo, Qsi is incoming short-wave radiation, Qli is incoming longwave radiation, and Qle is outgoing long-wave radiation.

Incoming short-wave

radiation is defined
Qsi = S c (Υdir cos i + Υdif cos Z )

(3)

where Sc is the solar constant (1370 W·m-2), Уdir is direct sky transmissivity, Уdif is
diffuse sky transmissivity, i is the angle between a sloping surface and solar rays, and
Z is the solar zenith angle. Incoming long-wave radiation is calculated as
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Qli = (0.8 + 0.2C )σ Tr4

(4)

where C represents the cloud-cover fraction, σ is the Stefan-Boltzmann constant, and
Tr is the reference-level air temperature (in Kelvin). Outgoing long-wave radiation is
defined
Qle = −ε sσ T04

(5)

where ε is the surface transmissivity and T0 is the snow/ice temperature (in Kelvin).
Sensible heat flux, S, and latent heat flux, L, are
S = ρ c p Dh ξ (Tr − T0 )

(6)


e − e0 

L = ρ Lv Deξ  0.622 r
p r 


(7)

where ρ is the snow/ice density, cp is the specific heat of snow/ice, Dh and De are
exchange coefficients, ξ is a non-dimensional stability function, Lv is the latent heat of
sublimation, er is the atmospheric vapor pressure from relative humidity, and e0 is
vapor pressure at the snow/ice-atmospheric interface.
The stability function, ζ, determines whether a stable, unstable, or neutral air
column above the ice surface exists. Unstable conditions, with colder air above the
relatively warm ice surface, promote increased sublimation because of increased
convection. For stable conditions, warmer air above the relatively cold ice surface,
and neutral conditions, both air and ice are equal temperatures; inhibit sublimation by
reducing convection above the surface.
The ice heat flux, G, is defined as
16

G = − ki

dTi
dz

(8)
z =0

where ki is thermal conductivity of the snow/ice, Ti is the snow/ice temperature (in
Kelvin), and z is depth.
Liston et al. (1999) reconfigures equation (1) excluding melt for the surface
temperature. The initial surface temperature is set equal to the air temperature, then
using finite control-volume algorithms; the original air temperature is varied until
Equation (1) is satisfied and the difference between iterations is less than 0.0001 K.
In a translucent material, such as ice, the ice heat flux is a combination of heat
conduction and the internal heating due to the penetration of shortwave radiation
(Brandt and Warren, 1993; Liston et al., 1999).

Throughout the ice, downward

radiation is enhanced by downward scattering and dampened by absorption and
upward scattering (Brandt and Warren, 1993; Schlatter, 1972). The ice heat flux, G, is

G ≡ ρ cp

∂Ti
∂T  ∂q
∂ 
= ( k i + k v ) i  −
∂t
∂z 
∂z  ∂z

(9)

where t is time, ki is the thermal conductivity of ice, kv is the latent-heat flux
coefficient for water vapor diffusion within the void spaces, and q is the solar radiation
flux. The solar radiation flux is calculated using a two-stream approximation as done
by Schlatter (1972). The solar radiation flux is expressed
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q( z ) = U − D

(10)

where U is upward short-wave radiation and D is downward short-wave radiation.
The equations for U and D as defined by Schlatter (1972) are defined

dU = aUdz + rUdz − rDdz

(11)

dD = −aDdz − rDdz + rUdz

(12)

where a is the absorption coefficient and r is the reflectivity coefficient.
Initially, the original model script in Fortran (Liston et al., 1999) was recoded to
MATLAB computer language to aid with future modeling and modifications. To be
sure the recoding was correct, I used dummy input variables and the results from the
original model and newly coded version.

Comparisons were confirmed to be

identical. Modifications of the Matlab code were implemented to better represent
weather and surface ice conditions in Taylor Valley.
4.1

Model Modifications

4.1.1 Short Wave Radiation

Solar radiation (short-wave energy) is typically the dominant term in glacial
energy balance (Patterson, 1994), and it is important to accurately estimate incoming
short-wave radiation. Liston’s model used theoretical estimates of incoming shortwave radiation. The solar radiation section of the code was modified to use actual
measured data instead.
Equation (3) was replaced with (13) below following Iqbal (1983)
18

2

Q si

 R 
≡ I = I0 m  ψ
 R 


P

 P0 cos Z
a





cos θ I

(13)

2

R 
where I0 is the solar constant (1370 W·m ),  m  is the eccentricity scaling factor
 R 
-2

where R is the Earth-Sun distance, Rm is the mean Earth-Sun distance, ψa the
atmospheric transmissivity, P the atmospheric pressure, P0 is mean atmospheric
pressure at sea-level, Z is zenith angle, θI is the incident angle between the solar ray
and normal to the surface. All angles are expressed in radians. Following McQuiston
and Parker (1988), θI is defined as
cos θ I = (cos Z sin l − sin δ ) ⋅ (sin Z cos l )

−1

(14)

where l is the geographic latitude and δ is the solar declination.
Besides modifying θI, the hour angle, which calculates the Sun’s azimuth, also
has been modified. The hour angle equation was modified to force the sun to travel in
a clockwise motion in the sky and force the Sun to be due north and due south at local
noon and midnight respectively for the southern hemisphere. The hour angle equation
is defined

19

ϕ sun

 1 ≤ N < 12 : π − arccos (cos θ I )

N = 12 :
0

=
12 < N < 24 : π + arccos (cos θ I )

N = 24 :
π

(15)

where N denotes the solar hour for each day. The hour angle defined in this equation
sets solar noon equal to 0 radians (0º), each one hour increment as π/8 radians (15º),
and morning values as negative.
4.1.2 Heat Flux

During the formation of glacial ice, air becomes trapped within the ice matrix
causing glacial ice to be less dense than pure ice with no trapped air bubbles. For
densities less than that of pure ice, we adjust thermal conductivity to follow Sturm et
al. (1997)

k i = 0.138 − 1.01ρ + 3.233 ρ 2

(16)

Using (16) with our chosen density of 870 kg·m-3, a value of 1.8 W·m-1·K-1 is
obtained.
The grain size specification in the original model is not ice crystal sizes per se,
but serves to scatter short-wave radiation within the ice. Therefore, it really combines
the effects of grain size, air bubbles, and impurities. The value was adjusted to help fit
the model to measured ice temperatures.
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4.1.3 Surface Roughness

The surface roughness was modified from the original constant value to a timevarying quantity. Initial runs showed that with a constant surface roughness modeled
ablation during the summer was over-predicting measured results by up to 100%. Our
qualitative observations indicated that the ice was smooth in winter and became
rougher with time due to the effects of solar radiation. The surface roughness, z0, was
made time-dependent

µ ≤ 104 :

104 < µ ≤ 174 : z (µ - 1) +

r
z0 = 
174 < µ ≤ 244 : - z r (µ - 1) +

µ > 244 :

z1
z2
z3

(17)

z4

where µ is the model day, zr is the rate change of roughness, z1 = z2 = z4 = 1 mm, and
z3 = 2 mm. Minimum roughness values occur from March through mid-October and
maximum surface roughness occurs when model day = 174 (austral summer solstice).
The minimum roughness value occur when little or no solar radiation strikes the
glacial surface and sublimation ablates surface irregularities while the maximum
roughness occurs on the solstice when maximum solar radiation ablates the ice surface
differentially. Roughness is due to already existing irregularities in the ice. During
the austral summer, the Sun is still relatively low in the northern horizon around
midday.

Therefore, any surface ice with a north sloping dip will receive more

radiation than the surrounding ice allowing that ice to ablate more rapidly creating a
slight depression. As the summer progresses, this depression becomes larger through
the same processes. Sediment accumulation increases the rate of surface roughening.
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A preliminary winter roughness of 1 mm was chosen to agree with observed values for
a temperate sub-Antarctic alpine glacier (Hogg et al., 1982).
4.1.4 Grid Size

To shorten the computational run-time of the model, I changed the original
depth interval from 0.03 m over the entire 15-m ice depth (500 grid cells in the zdirection). The new ice depth intervals, dz, are shown in Table 2. The revised interval
allows for finer grid sizes near the ice surface where heat and temperature are
changing the fastest and fewer intervals at depth where heat and temperature are
slowly changing.
Table 2: Modeled ice depth thicknesses for each grid cell. Grid cell 1 has an upper
boundary of ice 1 cm below the glacial surface while grid cell 140 has a lower
boundary of ice 15 m below the glacial surface
grid cell

grid size (m)

1 – 20
21 – 40
41 – 60
61 – 80
81 – 100
101 – 120
121 – 140

0.01
0.02
0.03
0.04
0.05
0.10
0.50

minimum
depth (m)
0.01
0.22
0.63
1.24
2.05
3.10
5.50

4.1.5 Meteorological Variables

Compared to temperate glaciers, the glaciers in Taylor Valley have very low
ablations rates (Fountain et al., 2006). With low ablation rates, particularly accurate
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representations of meteorological variables are needed. Preliminary runs indicated
changes in average air density can be significant. Therefore, changes in air density
(Jones, 1978) were incorporated in the model

ρ=

PM a
RTZ

e' 

1 + (ε − 1) P 



(18)

where P is atmospheric pressure, Ma is the molecular weight of air (0.03256 kg·mol-1),
R is the gas constant (8.31 J·mol-1·K-1), T is air temperature, Z is the compressibility
factor (Z=1 in this thesis), ε is the molecular weight ratio of water to air (0.62201), and
e’ is the atmospheric vapor pressure calculated from relative humidity data.
Comparing a daily air density from (18) with an averaged value over several years of
1.4 kg·m-3, daily differences ranged up to 0.3 kg·m-3 (21%) and resulting annual
differences in latent heat, sensible heat, and melt varied by 4%, 1%, and 142%
respectively.

These variations result in ice loss differences of ± 1 cm·yr-1 from

sublimation and ± 1.5 cm·yr-1 from melting. Considering ablation can be ~20 cm·yr-1,
a ±1 cm change is a 5% difference. This difference is significant considering that
melting may not occur during cool or snowy summers.
Snow accumulation on the ice surface eliminates ice ablation until the snow
itself ablates. Unfortunately, snow accumulation was not monitored on a daily basis
until recently. Therefore, I estimated snow events on the glacier if the following
conditions were met; relative humidity > 73%, wind speeds < 4 m·s-1, albedo > 0.60,
and measured short-wave radiation is 57% or less of I. For the winter months (April –
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August), when sunlight is low or nonexistent (I < 10 W·m-2), only relative humidity
and wind speed values were used.
I defined each snow event to produce an accumulation of 1 cm during December
and January and 0.25 cm for all other months. The difference in accumulation is
related to the apparent frequency of snowfall events and specific humidity of the air.
The increased number of estimated snowfalls during winter (Feb – Oct) must result in
smaller accumulation to match observations (Keys, 1980). This makes intuitive sense
that winter is a period of colder, drier air; therefore less moisture is in the atmosphere.
The modeled snow thicknesses are adjusted twice a calendar year to match measured
accumulations from mass balance observations. My modeled snow-cover only affects
surface ice ablation and is not included in heat transfer or internal scattering of shortwave radiation; a deficiency that should be remedied in a later version of the model.
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5

Model Calibration and Testing

The model was calibrated on Taylor Glacier (Figure 4). This glacier has the
longest complete set of meteorological data (from July 1995 – June 2002). Located
approximately 40 km from McMurdo Sound, fewer snowfall events occur on Taylor
Glacier than elsewhere in the valley allowing a more precise test of the model
fundamentals with fewer adjustments made to include snowfall.
Shortwave Radiation

5.1

The atmospheric transmissivity in (13) was adjusted to fit calculated shortwave
radiation data to measured short-wave radiation data (Figure 5).
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Figure 5: Comparison of daily-mean potential short-wave radiation with measured
short-wave radiation at the Lake Fryxell meteorological station

25

The result was 0.85. The measured incoming short-wave radiation will only equal the
calculated incoming short-wave radiation on cloud-free days, thus the difference is a
measure of cloudiness.
From (13), I distributed the solar radiation for surfaces of varying slope and
aspect. But first, the estimated radiation was scaled by locally measured radiation
using a factor, Ω,
2



P



 R   P cos Z 
I = Ω I 0  m  ψ a 0  cosθ I
 R 

(19)

and is defined as


1
Ω =
Q

I

if
if

Q
>1
I
Q
≤1
I

(20)

where Q is measured incoming short-wave radiation. Equation (20) has an upper limit
of 1 to remove instrumental errors in the measured data. I used short-wave radiation
data from the Lake Fryxell meteorological station because it is located in the widest
part of the valley minimizing effects of topographic shading. Once Ω is calculated for
all years of record, the daily value can be used for all glaciers within the northeastern
half of Taylor Valley. Due to varying weather conditions in Taylor Valley (Doran et
al., 2002a), a scaling factor, ΩB, was calculated for the Lake Bonney meteorological
station data for the glaciers within the Lake Bonney Basin of Taylor Valley including
lower Taylor Glacier.
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5.2

Sensible Heat

The Liston et al. (1999) model was developed for the “blue ice” regions of
Dronning Maud Land, Antarctica and the ice properties in Taylor Valley should be
different due to differences in climate and glacial processes. I used an ice density of
870 kg·m-3, to agree with standard values of 830 – 917 kg·m-3 (Brandt and Warren,
1993; Patterson, 1994) and measured values of 800 – 850 kg·m-3 (Bintanja and van
den Broeke, 1994; Liston et al., 1999), and thermal conductivity values of 2.0 – 2.1
W·m-1·K-1 are presented by many sources for pure ice (ρ = 917 kg·m-3) (Brandt and
Warren, 1993; Lewis et al., 1999).
5.3

Latent Heat

Field observations show that the surface ice on Taylor Glacier (Figure 6) is
much smoother than the surface ice on other glaciers within Taylor Valley (Johnston,
2004). This is most likely due to higher wind speeds on Taylor compared to the others
(Nylen et al., 2004), which favor sublimation over melting and sublimates the high
points of any protrusions. The rate of roughness/day for Taylor Glacier, (17), was set
to zr = 1.414x10-5 m·day-1, z1 = z2 = z4 = 10-4 m, and z3 = 10-3 m. The values of
roughness varied from 1 mm on Julian Day 174 to 0.1 mm on Julian Days 1 through
103 and 245 through 365.

I adjusted the parameters of ice density, thermal

conductivity, and air density to minimize the difference between modeled and
measured variables for example ice temperatures at 50 and 100 cm and surface
ablation measured twice a year.

27

The meteorological
teorological station on Taylor Glacier is positioned on smooth, gently
sloping ice that dips to the northeast. The site remains virtually snow
snow-free all year
with occasional snowfalls that cover the glacier for short time periods. Snow
Snow-cover is
quickly swept
ept away by increased winds and sublimated in the arid conditions.
Temperature probes are installed 10 m from the meteorological station at 50 cm and
100 cm depths. An ablation stake is positioned within 20 m of the meteorological
station, and mass balance
ce measurements are made twice a year once in the late spring
(November) and another in late summer (January).

Figure 6:: Taylor Glacier meteorological station showing surface ice characteristics
(Photo: Thomas Nylen)
5.4

Model Result
Results

On Taylor Glacier, snowfall events occur on an irregular basis during all seasons
(Figure 7).
). Between snowfall events, daily sublimation values of the surface are
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typically between 0 and 0.5 cm·day-1 while soon after snowfall events rates increase to
0.1 to 4.2 cm·day-1. These increases are due to the lower density of the snow-cover
when compared to the surface ice. With lower densities, the modeled snow-cover
sublimates more quickly without increases in air temperature or wind speed. Surface
melting only occurs once the snow-cover completely sublimates from the glacial
surface. During the height of the austral summer, snow will only last for a few days
after which melting of the ice surface can occur.
3

4.5
4.0

3.0

2.5

Daily Melt
Daily Sublimation
Modeled Snowfall Event
Modeled Snow-cover

2

2.5
1.5

2.0
1

1.5
1.0

Modeled Snow-cover Thickness (cm)

Ablation and Melt (cm)

3.5

0.5

0.5
0.0
09/01/01

10/01/01

10/31/01

11/30/01
12/30/01
Date

01/29/02

02/28/02

0
03/30/02

Figure 7: Comparison of modeled ablation with snow-cover for Taylor Glacier from
09/01/2001 through 03/31/2002
The cumulative modeled surface ablation over the 7-year period (November
1995 – January 2002) was 136.4 cm compared to the measured ablation of 129.5 cm
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(Figure 8) yielding a 5% difference (6.9 cm total). Over seasonal time scales, the
difference between modeled and measured values is higher ranging from -10.7 cm
(51%) to +8.1 cm (46%) with a total RMS error of 4.6 cm (Table 3). This variability
is probably caused by the inability of the model to accurately predict all occurrences
and thicknesses of snowfalls. This may be due to the snowfall subroutine being
adjusted for meteorological conditions on Canada Glacier.
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Figure 8: Comparison of modeled ablation between measurements with measured
ablation at the Taylor Glacier meteorological station (1995 – 2002)
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Table 3: Comparison of the difference in measured and modeled ablation and
measurement error for each measurement date at the Taylor Glacier meteorological
station
Measurement
Period
Nov 95 – Jan 96
Jan 96 – Nov 96
Nov 96 – Jan 97
Jan 97 – Nov 97
Nov 97 – Jan 98
Jan 98 – Nov 98
Nov 98 – Jan 99
Jan 99 – Nov 99
Nov 99 – Jan 00
Jan 00 – Nov 00
Nov 00 – Jan 01
Jan 01 – Nov 01
Nov 01 – Jan 02

Measured - Modeled
Difference (cm)
-4.0
+4.7
+0.1
-1.5
+4.4
+2.6
-4.1
-1.6
-2.8
-0.4
-1.6
+8.1
-10.7

Modeled Surface Measurement
Melt (cm)
Error (cm)
4.4
± 0.1
0.0
± 0.2
1.1
± 0.1
0.1
± 0.2
0.9
± 0.2
0.0
± 0.2
1.4
± 0.3
0.0
± 0.3
0.0
± 0.3
0.0
± 0.5
0.9
± 0.3
0.0
± 0.2
19.3
± 0.6

Modeled ice temperatures were compared to measured from July 1, 1995
through June 30, 1996 at 20 cm and 100 cm depth (Figure 9). Other years were not
used because ice ablation changed the depth of the frozen in thermistors. The modeled
ice temperatures at both depths match the measured with an RMS error of 2.5ºC and
2.6ºC respectively.
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Figure 9: Comparisons of measured ice temperatures with modeled ice temperatures at
20 cm and 100 cm depth at the Taylor Glacier meteorological station
5.5

Sensitivity Analysis

To examine the sensitivity of the model results to each of the meteorological
variables, each variable was varied according to the stated accuracy range defined by
the manufacturer and applied to the 1995 – 1996 season at Taylor Glacier (Table 4).
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Table 4: Sensitivity of model results to uncertainty in meteorological variables for the
1995 – 1996 season. Water depth is the total volume of melt within the entire column
per unit area. Accuracy ranges are derived from Doran et al. (2002a) and Nylen et al.
(2004).
Measured
Variable
Air
Temperature
Relative
Humidity
Wind
Speed
Incoming SW
Radiation
Surface
Albedo

Mean
Surface
Temp (ºC)

Mean Ice
Temp at
20cm (ºC)

Total
Ablation
(mm)

Total
Surface
Melt (mm)

Max Water
Depth
(mm)

0.5 (2%)

0.5 (3%)

1.0 (1%)

4.2 (45%)

0.7 (64%)

0.1 (1%)

0.1 (1%)

3.3 (4%)

1.4 (15%)

0.2 (18%)

0.5 (2%)

0.4 (2%)

4.0 (5%)

1.4 (15%)

0.1 (9%)

0.1 (1%)

0.2 (1%)

3.6 (4%)

3.0 (32%)

0.6 (55%)

0.2 (1%)

0.2 (1%)

4.7 (6%)

4.0 (43%)

0.4 (36%)

* Instrumental accuracy ranges are as stated: air temperature - ±0.5ºC, relative
humidity - ±5%, wind speed - ±0.3 m·s-1, incoming short-wave radiation - ±5%, and
albedo - ±7%
The results in Table 4 show that ice temperatures at the surface and at depth are
most sensitive to changes in air temperature and wind speed. For ablation, changes in
wind speed and surface albedo dominate the sensitivity. For surface and subsurface
melt, changes in air temperature, incoming short-wave radiation, and albedo dominate
the sensitivity. The larger percent difference for total surface melt than for total
ablation is due to less melt occurring during the season than ablation.
I calculated the uncertainty in ablation, melt, and ice temperatures based on the
uncertainty in the meteorological instruments. For each of the sensors, a random
number was generated within the range of uncertainty for each of the meteorological
instruments. About 200 iterations were required before the uncertainty in ablation no
longer significantly changed (Figure 10). Using 200 iterations minimizes the effects
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of certain combinations of errors that produce drastic differences in ablation, surface
melt, ice temperatures, etc.

Each iteration used a unique set of instrumental

uncertainties producing a random source of error. The RMS uncertainty for the
modeled surface ablation from July 1, 1995 through June 30, 2002 was calculated to
be 3.0 cm while the RMS uncertainty for each year is presented in Table 5.
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Figure 10: RMS error values for modeled surface ablation at increasing iterations
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Table 5: Comparison of the difference in measured minus modeled surface ablation
with the modeled RMS error using 200 iterations for ablation for each measurement
period at the Taylor Glacier meteorological station
Measurement
Period
Nov 95 – Jan 96
Jan 96 – Nov 96
Nov 96 – Jan 97
Jan 97 – Nov 97
Nov 97 – Jan 98
Jan 98 – Nov 98
Nov 98 – Jan 99
Jan 99 – Nov 99
Nov 99 – Jan 00
Jan 00 – Nov 00
Nov 00 – Jan 01
Jan 01 – Nov 01
Nov 01 – Jan 02

Measured - Modeled
Difference (cm)
-4.0
+4.7
+0.1
-1.5
+4.4
+2.6
-4.1
-1.6
-2.8
-0.4
-1.6
+8.1
-10.7

Modeled RMS
Error (cm)
± 2.9
± 0.7
± 3.7
± 0.9
± 1.9
± 0.7
± 1.3
± 1.2
± 1.7
± 1.1
± 1.4
± 1.0
± 9.1

The measurement uncertainty of the ice temperatures (20 and 100 cm depth) are
0.5ºC while the modeled RMS uncertainty is 0.4ºC (20 cm depth). These errors do not
account for the observed 0.8ºC difference between measured and modeled
temperatures. Perhaps snow layers on Taylor Glacier were present during the year.
The elevated measured ice temperatures during the austral summer are probably a
result of solar heating on the temperature probes.
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6

Application to Canada Glacier

The model was applied to Canada Glacier (Figure 2) to predict melt-water
runoff. Canada Glacier was chosen because of the wealth of ablation stakes on the
lower glacier and, unlike Taylor Glacier, it has three well gauged streams (Canada
Stream, Green Creek, and Andersen Creek) against which we the results were
compared. Canada Glacier also experiences frequent snowfalls for which the model
was modified as previously described. Canada Glacier flows from the Asgard Range
into the valley bottom and blocks Lake Hoare from flowing into Lake Fryxell (Figure
11). Canada Glacier is ~34 km2 in area with an 8.5 km2 ablation zone that ranges from
~50 to 350 m in elevation.

Lake Fryxell

Lake Hoare

Figure 11: Canada Glacier showing the locations of ablation stakes and drainage
basins for the gauged ephemeral streams
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6.1

Calibration & Testing at Canada Glacier Meteorological Station

Before applying the model to the entire ablation zone of Canada Glacier, I tested
it against data collected adjacent to the meteorological station located at an elevation
of 265 m (Figure 11). No adjustments in the ice parameters were made except for the
surface roughness.

The surface roughness parameters (17) were revised to zr =

2.857x10-5 m·day-1, z1 = z2 = z4 = 10-3 m, and z3 = 2x10-3 m to account for the
increased roughness of the glacier. The surface of Canada Glacier is rougher due to an
increased aeolian sediment load that causes differential heating due the austral summer
producing an irregular surface.
Model results for ablation on Canada Glacier compare well with the measured
values from November 1998 – January 2005 (Figure 12).

The seven-year total

modeled surface ablation is 86.6 cm·water equivalent (weq) whereas the measured is
78.6 cm·weq, a difference of 8 cm·weq (10%). The measurement error is 0.3 cm·weq
while the RMS error of the model is 12.0 cm·weq for the entire period. Consequently,
the difference between modeled and measured results is within the uncertainty of the
model.
Over seasonal time scales, the difference between modeled and measured values
is high (Figure 13). The differences range from -3.8 cm (55%) to +9.8 cm (78%)
(modeled minus measured) with a RMS of 3.4 cm (Table 6). This variability is
probably caused by the influence of snow on the glacier beyond what the model
predicts. This is more evident for the periods of time between ablation measurements
during the winter. In Table 6, four time periods exist where differences between
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measured and modeled ablation is larger than the total error. Three of these four
periods are during the winter months.
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Figure 12: Comparison of modeled surface ablation with measured surface ablation at
the Canada Glacier meteorological station from November 1998 – January 2005
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Figure 13: Comparison of measured and measured ablation between each ablation
stake measurement at the Canada Glacier meteorological station
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Table 6: Comparison of the difference in measured and modeled ablation with the
RMS error of the modeled ablation and measurement error for each measurement date

Nov 98 – Jan 99
Jan 99 – Nov 99
Nov 99 – Jan 00
Jan 00 – Nov 00
Nov 00 – Jan 01
Jan 01 – Nov 01
Nov 01 – Jan 02
Jan 02 – Nov 02
Nov 02 – Jan 03
Jan 03 – Nov 03
Nov 03 – Jan 04
Jan 04 – Nov 04
Nov 04 – Jan 05

Measured - Modeled
Difference (cm)
+0.1
+0.0
-3.8
-1.6
-1.9
+0.3
+3.7
+9.8
+2.9
+0.3
-1.4
-3.7
-0.1

Modeled RMS
Error (cm)
± 2.1
± 0.1
± 2.4
± 1.0
± 1.7
± 0.9
± 9.4
± 0.5
± 3.0
± 0.9
± 2.0
± 0.6
± 2.6

Measurement
Error (cm)
± 0.2
± 0.1
± 0.1
± 0.2
± 0.4
± 0.2
± 0.2
± 0.2
± 0.1
± 0.0
± 0.1
± 0.1
± 0.2

This model does not predict snowfall events during the winter as well as during the
summer since the model uses wind speed, relative humidity, albedo, and % from
maximum solar radiation of which albedo and % from maximum solar radiation are
non-existent during the winter. For the period of time during the summer where the
difference between modeled and measured exceeds the total error, consecutive days
had higher than normal albedo values but the conditions to produce a modeled
snowfall did not occur. Also, during the summer at the meteorological station, the
albedo varied greatly from day to day for several days which may have been actual
snowfall events that the model did not reproduce (Figure 14).
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Figure 14: Albedo, calculated albedo and modeled snowfall events for Canada Glacier
during the summer of 1999 - 2000
Modeled and measured ice temperatures were compared from January 2003
through June 2005. The modeled temperatures compare fairly well with the measured
temperatures for the entire period (Figure 15). The differences are greatest in winter
and smallest in summer. The average measured (modeled) ice temperatures at 50 cm
and 100 cm depth are -20.4ºC (-23.4ºC) and -20.1ºC (-22.8ºC) respectively. The
measurement error and modeled RMS is ± 1.2ºC, smaller than the observed difference
of 3.0ºC and 2.7ºC. Because the largest differences occur in winter and are larger than
those at Taylor Glacier, they probably result from snow, which is frequent, on Canada
Glacier. Snow cover insulates the ice surface and the model does not account for
snow thermal properties. With measured snow densities in Taylor Valley of 100 – 340
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kg·m-3 (Fountain et al., 2006), approximately 3 to 9 times less than that of glacial ice,
heat flux through the snow layers is decreased dramatically.
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Figure 15: Comparison between modeled ice temperatures and measured ice
temperatures at 50 cm (upper) and 100 cm (lower) depth at the Canada Glacier
meteorological station from January 2003 through June 2005
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While the differences between modeled and measured ice temperatures are
worrisome, they do occur in winter when melt is zero. The difference is least in
summer when melting is the greatest. However, as the ice temperature reaches 0ºC,
small differences in modeled surface temperatures cause dramatic changes in melt
generation.
6.2

Spatial Model Development

The model domain was restricted to the ablation zone of Canada Glacier (Figure
18). Above the zone, the glacier is snow-covered, and as shown by Fountain (2006),
the high albedo of snow reflects sufficient solar radiation to prevent melting.
Modeling melt-water production across the ablation zone of Canada Glacier requires a
spatial field of meteorological variables and a knowledge of the large-scale (~10 m)
roughness patterns that cause development of micro-environments affecting wind
speed, albedo, and short-wave radiation (Lewis, 2001). Finally, drainage paths on the
glacier need to be defined to properly route the melt to the appropriate streams. Once
these issues are resolved, model results can be compared to measured data including
ablation across the Canada Glacier terminus and stream discharge at the stream gauges
in the streams.
To distribute meteorological variables across the entire ablation zone of Canada
Glacier, I used MicroMet, a model that interpolates meteorological variables between
stations accounting for changes in elevation and topography (Liston and Elder, 2006).
I used eight meteorological stations in Taylor Valley (Figure 4) to define the
meteorological field and cropped the domain to Canada Glacier. MicroMet uses a
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digital elevation model (DEM) to adjust air pressure and temperature for elevation
differences and to modify air flow (direction and speed) over complex topography. It
also adjusts incoming short-wave radiation for atmospheric transmissivities,
topographic slope, and shading. The DEM is a 30 m grid size limiting MicroMet to
roughness features >30 m across. Accurate meteorological conditions will not be
represented at the terminal cliffs and for microenvironments <30 m across. MATLAB
was unable to process the large meteorological files produced at the 30-m grid spacing
(~10 Gb), so the files were processed to provide subsets with a 210-m spacing.
Unfortunately, this further reduces the ability to resolve small-scale topographic
basins. Manual adjustments were required in these cases.
As previously described, the ablation zone of Canada Glacier has three distinct
topographies (Figure 3): 1) relatively smooth surface ice similar to that at the Canada
Glacier meteorological station; 2) basins or depressions of varying size; and 3)
terminal ice cliffs (Johnston et al., 2005). Due to abrupt changes in topography, the
basin walls and ice cliffs tend to have slower wind speeds and less total radiation
compared to the flat surfaces. However, the cliffs and walls have periods of much
more intense radiation when the low angle sun directly illuminates the vertical walls.
The cliffs receive greater incoming long-wave radiation from the surrounding snowfree terrain (Chinn, 1987; Lewis et al., 1998, 1999).
The smooth surface ice is found on upper ablation zone of Canada Glacier and
surrounds the meteorological station.

During relatively snow-free summers, the

surface ice develops “sun cups”, shallow pits a few mm to cm deep and ~10 cm in
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diameter. “Sun cups” form from irregularities on the surface ice which enlarge from
late spring through early summer due to differences in the energy balance such that the
peaks ablate by sublimation and the pits by sublimation and melting (Herzfeld et al.,
2003). The basins (Figure 3) are 10 to 100 m across and 1 to 10 m deep. The basin
floors have relatively smooth ice with slopes of 0º to 2º. The near-horizontal basin
floors result from the ponding of melt-water. The aerial coverage of these topographic
basins was mapped using ArcGIS and ERDAS IMAGINE software (Figure 16).
ERDAS IMAGINE was used to create a detailed slope map from a 3-m LIDAR DEM
of Canada Glacier. Using ArcGIS, the slopes were classified into 2 groups: 1) slopes
ranging from 0º to 2.5º representing basins and 2) slopes greater than 2.5º representing
non-basins (Figure 16). The fractional area coverage of the topographic basins was
calculated by the number of basin pixels divided by the total number of pixels on
Canada Glacier.

Figure 16: Ablation zone of Canada Glacier showing areas of topographic basins
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Meteorological measurements with a roving station showed significantly
different conditions within the basins compared to that on the smooth ice at the
Canada Glacier meteorological station (Table 7). The basins show 15%, 35% and
55% less incoming short-wave radiation, albedo and wind speed respectively.
Decreased short-wave radiation (depending on sensor location) and wind speed can be
attributed to “shading and blocking” by the basin walls. Decreased albedo results
from sediment accumulation in the basin and from the “blue” ice (few bubbles, large
crystals) formed by refreezing melt-water (Fountain et al., 2004; Johnston, 2004;
Lewis, 2001). Because MicroMet cannot represent topography <30 m across due to
the DEM, the estimated meteorological variables in the basin region were modified by
decreasing wind speed and albedo by 15%. These variables were not reduced by the
observed differences of 35% and 55% since this model uses daily averages and not
solar noon values as denoted in Table 7. Incoming short-wave radiation was not
modified because of the discrepancies between the radiation measurements at the
meteorological station and each basin.
Table 7: Comparison of average meteorological data for the Canada Glacier
meteorological station (Canada) and two enclosed topographic basins (Basin 1 and
Basin 2) located on the lower ablation zone of Canada Glacier (Lewis, 2001).

Incoming SW (W·m-2)
Albedo
Wind speed (m·s-1)

Julian Day 352 – 356
Canada
Basin 1
411
355
0.57
0.40
5.5
1.8

Julian Day 357 – 360
Canada
Basin 1
Basin 2
442
373
442
0.62
0.40
0.42
10
2.7
7.4
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The terminal cliffs are 5 to 20 m tall with topographic slopes of 45º to nearly 90º
from horizontal, with most slopes ~90º, which remain snow-free. During the daylight
months, terminal cliffs receive additional long-wave radiation from the comparably
warm valley floor. Differences between daily averaged incoming long-wave radiation
between the ice cliff and the Canada Glacier meteorological station show that the cliffs
receive ~40 W·m-2 more radiation at the height of the austral summer than at the
meteorological station (Lewis et al., 1999). The terminal cliffs also experience calmer
winds compared to the surrounding horizontal glacial surfaces (Chinn, 1987; Lewis et
al., 1998).
The energy balance model was modified to include the terminal cliffs. Using
ERDAS IMAGIME and a 3-m LIDAR DEM, I mapped the perimeter of the terminal
cliffs in 200-m sections calculating orientation and azimuth. Transects perpendicular
to the cliffs at the midpoint were used to determine cliff height and slope. The cliff
areas were then calculated for each cliff segment from length and height
measurements. The cliffs remain snow-free and the albedo was assumed to equal that
of the snow-free surface at the meteorological station. A third-order polynomial
regression was applied to the albedo measurements at the meteorological station from
October 1999 through March 2000 (Figure 17). Few snow events occurred and all
snow-covers on the surface were short-lived. The albedo polynomial was extrapolated
to include all months with non-zero short-wave radiation and the polynomial based on
1999 – 2000 was applied to all years. Surface roughness was assumed constant and a
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roughness of 1x10-3 m is used for all model runs due to the lack of direct observations
of ice cliff morphology.
0.75
Calculated Albedo
Measured Albedo
0.70

Albedo

0.65

0.60

0.55

0.50

0.45
10/01

10/17

11/02

11/18

12/04

12/20
Date

01/05

01/21

02/06

02/22

Figure 17: Comparison of measured albedo at the Canada Glacier meteorological
station from October 1999 through February 2000 and calculated ice albedo. The
sharp peaks in albedo are probably snow-fall events.
To account for the additional gain of long-wave radiation emitted by the valley
floor (Lewis et al., 1999), I modified the incoming long-wave radiation equation

Qli = Qold + 0.125 I

(21)

where Qold is the original calculated incoming long-wave radiation (Equation 4) and I
is calculated incoming short-wave radiation at the glacier surface. The constant 0.125
was determined by relationships between measured incoming long-wave radiation at
the cliffs and time of year by Lewis et al. (1998; 1999). Equation 21 can account for
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differential heating during cloudy days versus clear days and for summer days versus
non-summer days.
The winds are calmer at the ice cliffs compared to the horizontal surfaces on the
glacier. Depending on the wind direction and orientation of the ice cliff, one location
may have no wind while another location 100 m away experiences a light breeze.
Therefore, the tangent to the cliff face, height, and angle from horizontal of the ice
cliff were mapped by creating transects across a LIDAR DEM of Canada Glacier
(Csathio et al., 2005). Wind speed at the cliff was modified

cos(Ψ − Θ ) ≥ 0 : 0.4U old
U =
cos(Ψ − Θ ) < 0 : 0.01U old

(22)

where Ψ is wind direction, Θ is the tangent to the cliff face, and Uold is the measured
wind speed. Therefore, if the wind is blowing towards the cliff face, the calculated
wind speed is 40% of the original speed otherwise the calculated wind speed is set to
1% of the original. The constants in (22) were derived by matching modeled and
measured total melt and from field observations (Fountain, 2006). Within the model
domain, the drainage basins feeding each of the three streams and Lakes Hoare and
Fryxell were mapped following Ebnet (2005) (Figure 18). The daily estimated meltwater was summed over all grid cells in a basin and routed to the appropriate stream
with no lag time between melt production and runoff.
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Figure 18: Terminus of Canada Glacier showing the drainage basins across the lower
ablation zone. The drainage basins terminate at the perennial snowline (Equilibrium
Line Altitude). The smooth lines denoted the original hand drawn basins in ArcGIS
while the blocky outlines are the basins are conversion to a 210-m cell format.
The melt-water production for each grid cell within each drainage basin was
calculated
M T = (α ∗ M b + (1 − α ) ∗ M s ) ⋅ AG + M c ⋅ AC

(23)

where α is area fractrion covered by basins, AG is grid cell area, AC is the area of the
ice cliff within the grid cell, and subscripts c, T, b and s denote cliff, total, basin and
surface respectively.
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6.3

Spatial Model Results and Analysis

The model was run for three years with varying weather conditions. The 1999 –
2000 season was a typical year with “normal” summer temperatures while the 2001 –
2002 season had extremely warm summer temperatures (2ºC warmer than average)
and the 2002 – 2003 season had normal summer temperatures but had a persistent
snowfalls with intermittent warm periods that melted the snow. Maps of summed
ablation and melt for each of the seasons are shown in Figure 19.
Modeled total ablation for the normal season of 1999 – 2000 averaged 16.9 cmweq ablation (0.9% was melt) across the ablation zone and ranged from 12 cm-weq at
the upper ablation stakes to 25 cm-weq near the terminus. This is considered a typical
year in Taylor Valley. During the abnormally warm summer season of 2001 – 2002,
average total ablation across the ablation zone increased to 21.7 cm-weq (29.5% was
melt) and ranged from 19 cm-weq at the upper ablation stakes to 32 cm-weq near the
terminus while mean melt was 6.7 cm-weq and increased by 15 cm-weq near the
western and eastern edges of the glacier. During this season, the air temperature rose
above 0ºC for 18 days which produced much surface melting. For the 2002 – 2003
season, average total ablation was 7.6 cm-weq (17.7% was melt) and ranged from 5
cm at the upper ablation stakes to 12 cm near the terminus while average total melt
was 1.5 cm-weq. Snow-cover suppressed ablation throughout the summer, but once
removed the surface melted quickly.

After these short melting periods, snow

accumulated upon the surface stopping sublimation and melt from occurring.
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1999 - 2000

melt

ablation

melt
2001 - 2002
ablation

2002 - 2003

melt

ablation

Figure 19: Total ablation and melt (cm-weq) for Canada Glacier for the periods of
07/01/1999 to 06/30/2000, 07/01/2001 to 06/30/2002 and 07/01/2002 to 06/30/2003
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Figure 20: Summer melt, summer sublimation and winter ablation for Canada Glacier
during the 2001 – 2002 season. All units are cm-weq.
Sublimation appears to be predominantly controlled by elevation (Figure 20).
For all three seasons, sublimation increases uniformly down-glacier. This is due to the
increase in air temperature as elevation decreases allowing for higher surface
temperatures and an increased sublimation rate. Melting appears to be dominated by
elevation and aspect. The eastern and western sections of the glacier melt more than
the center of the glacier directly to the east or west. Air temperatures along the
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margins are ~0.5ºC warmer than ~1 kilometer directly east or west in the center of the
glacier allowing for the increased melting. The decreased melting in the southern
portion of the glacier is due to the large-scale roughness features. With increased
roughness, wind currents are more turbulent increasing the energy available to
sublimation.
Subsurface melting occurred on Canada Glacier during one of the three modeled
seasons (Figure 21). Subsurface melting only occurred during the abnormally warm
season of 2001 – 2002. This would suggest that for these types of glaciers that
subsurface melting is not as common as in other regions of Antarctica. It is also
unknown at this time whether the subsurface melt significantly contributes to stream
discharge or remains relatively stationary and isolated from the surface melt.

Figure 21: Maximum water thicknesses of subsurface melt (cm) for Canada Glacier
during 1999 – 2000, 2001 – 2002, and 2002 - 2003
Comparisons between surface mass loss measurements and modeled ablation
have been made for all three seasons (1999 – 2000, 2001 – 2002 and 2002 – 2003 in
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(Table 8). In the 1999 – 2000 season, the model over-predicts ablation for the upper
reaches of the glacier and under-predicts ablation for the lower reaches (total RMS
error is 1.3 cm), and the difference is larger for the upper reaches than for the lower.
This may be due to the fact that the model was calibrated at the meteorological station
located in the central portion of the glacier. For the lower portions of the glacier, the
model may not accurately reproduce the surface topography in a way that predicts
ablation. Also, the location of the ablation stake on small-scale topographic features
may be a factor in the difference between modeled results and measured values.
Small-scale gullies tend to have albedo values lower by up to 0.10 than the
surrounding higher ice surfaces (Greuell and Smeets, 2001). If a stake was located
within one of these gullies, the model would under-predict ablation by as much as 1
cm more than other stakes. For the 2001 – 2002 and 2002 – 2003 seasons, the model
tends to under-predict ablation with RMS errors of 2.3 cm and 1.6 cm respectively.
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Table 8: Comparison between measured total surface mass loss at the ablation stakes
located across the ablation zone of Canada Glacier with modeled ablation for July
1999 – June 2000, July 2001 – June 2002 and July 2002 – July 2003. The difference
column is measured minus modeled for this table.

Stake
#
41
43
45
46
47
48
49
50
51
52
53
54
55
56
64
65

Measure
d (cm)

7.1
9.9
8.4
6.0
14.3
4.1
18.5
12.9
15.9
16.0
17.0
18.9
19.4
17.4
19.0
20.0
Average

Total Surface Mass Loss: July 1999 – June 2000
Modeled
Measured Modele
Difference
Error (cm)
Error (cm) d (cm)
(cm)
0.8
0.1
0.4
0.4
0.6
5.9
0.2
0.7
0.3
0.5
0.3
0.2
0.3
0.5
0.3
0.4

12.8
12.3
12.7
12.8
12.7
11.9
12.4
12.2
12.1
14.7
14.8
13.5
14.9
17.2
18.3
17.2

0.9
0.9
0.9
0.9
0.9
0.8
0.9
0.9
0.8
1.0
1.0
0.9
1.0
1.1
1.2
1.1

-5.7
-2.4
-4.3
-6.8
1.6
-7.8
6.1
0.7
3.8
1.3
2.2
5.4
4.5
0.2
0.7
2.8
3.5

RMS
Error
(cm)
1.2
0.9
1.0
1.0
1.1
6.0
0.9
1.0
0.9
1.1
1.0
0.9
1.0
0.5
0.8
1.2
1.3
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Stake
#
41
43
45
46
47
48
49
50
51
52
53
54
55
56
64
65

20.5
22.7
30.1
23.6
33.6
77.8
34.5
25.8
34.8
31.5
30.3
39.8
33.8
28.2
32.8
29.1
Average

Stake
#
41
43
45
46
47
48
49
50
51
52
53
54
55
56
64
65

Measure
d (cm)

Measure
d (cm)

6.0
7.4
5.8
1.2
12.6
-3.7
17.8
13.9
13.5
14.1
11.5
17.8
14.3
12.3
16.1
15.8
Average

Total Surface Mass Loss: July 2001 – June 2002
Modeled
Measured Modele
Difference
Error (cm)
Error (cm) d (cm)
(cm)
1.3
1.6
0.8
1.2
1.4
3.9
1.3
1.3
0.9
0.7
1.2
1.8
1.1
0.9
1.0
0.7

16.6
16.2
18.0
18.0
17.0
17.4
17.4
17.1
19.4
23.4
22.0
22.8
20.6
22.6
25.3
22.1

1.5
1.5
1.6
1.6
1.5
1.5
1.6
1.6
1.6
2.1
2.0
2.1
1.8
1.9
2.2
2.5

3.9
6.5
12.1
5.6
16.6
60.4
17.1
8.7
15.4
8.1
8.3
17.0
13.2
5.6
7.6
7.0
13.3

Total Surface Mass Loss: July 2002 – June 2003
Modeled
Measured Modele
Difference
Error (cm)
Error (cm) d (cm)
(cm)
1.4
1.0
2.1
2.1
1.6
5.1
1.1
1.1
0.5
1.3
2.0
1.4
1.0
1.1
0.8
1.0

4.4
4.2
5.0
5.1
4.7
4.6
5.0
4.6
5.4
7.7
7.2
7.2
6.9
8.0
9.5
7.9

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.5
0.5
0.4
0.4
0.5
0.6
0.5

1.6
3.3
0.8
-3.9
7.9
-8.3
12.8
9.3
8.1
6.4
4.3
10.6
7.4
4.4
6.6
8.0
6.5

RMS
Error
(cm)
2.0
2.2
1.8
2.0
2.1
4.2
2.1
2.1
1.8
2.2
2.3
2.8
2.1
2.1
2.4
2.6
2.3

RMS
Error
(cm)
1.4
1.0
2.1
2.1
1.6
5.1
1.1
1.1
0.6
1.4
2.1
1.5
1.1
1.2
1.0
1.1
1.6
56

The comparison between daily measured and modeled streamflow for all three
seasons are shown in Figure 22. The starting and ending date are the same for each
season though the magnitude of discharge varies from season to season.

Figure 22:: Comparison between measured daily discharge for Canada Stream,
Andersen Creek and Green Creek from July 1999 to June 2000, July 2001 to June
2002 and July 2002 to June 2003. The starting date for all three seasons is November
16th and ending date February 14th. Modeled discharge is gray while measured
discharge is black.
Predictions of stream discharge are good..

Peaks in modeled discharge

correspond to peaks in measured discharge while the peak magnitudes match within a
factor of 3. Results show that measured and modeled discharges agree within an order
of magnitude (Table 9).
). Quality assessments of the discharge values are made by the
LTER members who manage the stream weirs using USGS methodology.
methodology These
assessments include values of good (accurate within 10%), fair (accurate within 25%)
57

and poor (significant portions of data may have greater than 25% error). Considering
the quality assessments, the estimated stream-flow volume compares fairly well with
the measurements for most years and drainage basins except for Canada Stream during
the 2001 – 2002 season.
Table 9: Comparison between measured discharge and modeled surface and cliff melt
for the drainage basins on Canada Glacier for three seasons. Discharge quality
assessments are from project members who tended the gauging sites (see text).
Season
Measured (103 m3)
Modeled (103 m3)
Canada
Difference
Stream
Quality Assessment
Measured (103 m3)
Andersen Modeled (103 m3)
Difference
Creek
Quality Assessment
Measured (103 m3)
Modeled (103 m3)
Green
Difference
Creek
Quality Assessment

1999 – 2000
85
148
74%
poor
73
78
7%
good
49
94
94%
poor

2001 – 2002
761
331
-57%
good
421
200
-52%
poor
341
258
-24%
fair

2002 – 2003
122
132
7%
poor
31
49
60%
poor
81
67
-18%
fair

For the 1999 – 2000 season, the modeled and measured discharges compare well
for Andersen Creek but greatly over-predicts for the other two streams. For the 2001
– 2002 season, the model generally under-predicts measured discharge. For the 2002
– 2003 season, the model performs its best and overall slightly over-predicts measured
discharge. In no case did the model consistently over-predict streamflow.
The large predicted discharge peaks in all years are caused by the overprediction of melt during snow-free periods or the fact that the model assumes all melt
exits the glacier instantaneously. The model uses daily average temperatures and
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radiation to calculate run-off. During the evenings and over-night, air temperatures
would be below the average along with the intensity of incoming solar radiation.
Melt-water could refreeze on the surface during these times. Also, runoff could pond
in small basins on the glacier which would limit the magnitude of actual melt-water
exiting the glacier. Contributions of modeled stream discharge from the smooth
surface ice, topographic basins, and cliff sections for each stream basin between
seasons is shown in Table 10.
Table 10: Percent contributions of modeled melt from the smooth surface ice,
topographic basins, and cliff sections for each stream basin
Season
Canada
Stream
Green
Creek
Andersen
Creek

smooth
basins
cliff
smooth
basins
cliffs
smooth
basins
cliffs

Fractional
Area
94
0
6
87
10
3
89
9
2

1999 – 2000

2001 – 2002

2002 – 2003

0
0
100
0
74
26
0
51
49

42
0
58
25
59
16
39
38
23

19
0
81
20
51
30
28
31
42

During the 1999 – 2000 season, no modeled surface melt was calculated for the
smooth surface ice because of an existing layer of snow throughout the summer. The
warm summer of 2001 – 2002 produced significant portions of the total runoff from
smooth ice. The topography in each basin plays an important role in the runoff.
Green Creek receives a higher percentage of melt-water from topographic basins than
the other streams while Canada Stream receives the majority of stream discharge from
the cliffs.
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A possible source of error associated with surface melt is the presence of debris
on the glacier surface. Debris increases melting due to the lower albedo of the rocky
material. During the abnormally warm year of 2001 – 2002, significant surface
melting exposed patches of debris on the surface. This may explain the underprediction of ablation for 2001 – 2002. The appearance of surface debris would also
explain why the model under-predicts ablation for the 2002 – 2003 season when
albedo measurements show that for a significant portion of the season’s snow
remained on the surface.
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7

Discussion

The glaciers within Taylor Valley occupy a cold, dry environment that receives
low intensity short-wave radiation during the short austral summer. Measured and
computed energy balance, surface ablation, and stream discharge reflect these
conditions when compared to other glaciers across the globe. Compared to glaciated
regions in North Greenland (Braithwaite et al., 1998), the glaciers in Taylor Valley
experience greater sublimation and less melting (Table 11). Larger latent heat fluxes
and less melting on Canada Glacier are due to air temperatures remaining below
freezing with a sustained wind in contrast to North Greenland with above freezing
temperatures and sustained winds. Because air temperatures remain below freezing,
little energy is available for surface melting thus ablation is dominated by sublimation.
As a result, Canada Glacier ablates less than North Greenland (Braithwaite et al.,
1998). Daily surface ablation rates for Canada Glacier are ~0.5 cm·day-1 (Table 11)
while ablation rates for Hans Tausen Ice Cap are ~2.2 cm·day-1 (Table 11). At
Paterzeglecher, a temperate glacier in Austria, in the warm summer (6 - 7ºC) the
ablation rate is ~6 – 7 cm·day-1 (Greuell and Smeets, 2001). The increased ablation
rates for North Greenland and Austria are primarily due to increased air temperatures
at both locations (3ºC and 6 – 7ºC respectively). Consequently, stream discharge from
Canada Glacier is also lower than many other glaciers such as Storglaciären in Sweden
(Hock and Noetzli, 1996). The total daily stream discharge for all stream basins on
Canada Glacier during the unseasonably warm 2001 – 2002 summer season ranges
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from 0 to 18,750 m3·day-1·km-2 while discharge from Storglaciären ranges from 12,750
to 164,750 m3·day-1·km-2.
Table 11: Comparison of average meteorological variables and energy balance terms
between Canada Glacier (‘warm summer’ 12/30/2001 – 02/02/2002) and Hans Tausen
Ice Cap, North Greenland (07/02/1994 – 08/05/1994) for their respective summer
months. All terms are in units of W·m-2 unless otherwise noted.

Air Temperature (ºC)
Wind Speed (m·s-1)
Net Short-wave
Latent Heat Flux
Melt

Canada Glacier
-2.0
3.0
90
-49
11

Hans Tausen Ice Cap
3.0
3.6
116
-24
71

Factors such as surface irregularities such as small-scale gullies, extending a
single albedo measurement at the meteorological station across the entire glacier,
snow-cover across the glacier, and time-variant surface roughness all limit the
accuracy of this model. Similar factors inhibit the accuracy of energy balance models
elsewhere.

On Storglaciären, the roughness lengths, transfer coefficients, and

violations of assumption all contributed to model error (Hock and Noetzli, 1996) while
surface topography irregularities was the main contributor of modeled error for
Paterzeglecher, Austria (Greuell and Smeets, 2001). In North Greenland, changes in
albedo, surface roughness, and stability affects were the main factors in modeled error
(Braithwaite et al., 1998) and were most similar to my sources of error. With the
extremely low rates of surface ablation and stream discharge values and the system on
the cusp of melting in summer, small measurement errors can overwhelm the results
making predictions less reliable than in other glaciated areas across the globe.
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The model originally performed well at the Taylor Glacier meteorological
station. Comparisons between modeled and measured ablation at the meteorological
station, over a 7-year period from November 1995 – January 2002, showed the model
over-predicted ablation by 6.9 cm, a 5% difference. This was achieved by modifying
the Liston code to include a snow-fall algorithm which limited both surface melting
and total ablation.

The model also predicted ice temperatures very well, under-

predicting ice temperatures at 20 cm and 100 cm depth by an average of 0.8ºC and
during the summer months by an average of 2ºC. These differences may be due to
thermal effects of snow-cover which are not included in the model
On Canada Glacier, the model required no adjustments of the fundamental
variables (ice density, grain size, etc.) and only surface roughness was changed.
Comparisons between modeled and measured ablation at the meteorological station
for a 7-year period from November 1998 – January 2005 showed that the model
under-predicted ablation by 8.0 cm, a 10% difference.

The greater difference

compared to Taylor Glacier may be increased snowfall on Canada Glacier due to its
closer proximity to the coast. In addition to thermal effects, it appears that the model
has difficulty predicting ablation for a glacier that receives significant snowfalls
throughout the year. From ablation stake measurements for the years used for each
glacier, the Canada Glacier meteorological station has recorded snow 7 times out of 17
observations averaging 6.5 cm in depth while the Taylor Glacier meteorological
station has recorded snow 0 times out of 18 observations. The main issue of snowfall
thickness on the glacier becomes apparent with the increased frequency of snowfall
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events. The error in snow thickness becomes larger for each snowfall event affecting
ablation and melt.
As a result of increased snowfall, modeled ice temperatures do not compare as
well for Canada Glacier as for Taylor Glacier. Over a 2.5 year period from January
2003 – June 2005, the model predicted cooler than measured ice temperatures at 50
cm and 100 cm depth by 3.0ºC and 2.7ºC respectively. Large variations occur during
the winter when the model predicts cooler temperatures by up to 8ºC for weeks at a
time. The same errors occur on Taylor Glacier but on a larger scale. This supports the
notion that snowfall has important thermal effects on ice temperatures.
The sensitivity of the model is dependent upon the accuracy of the
meteorological data and, hence, the instruments. Modeled ablation is most sensitive to
instrumental errors in albedo and wind speed while surface melt is most sensitive to
air temperature and albedo. Overall, albedo is the dominant source of error. This
error will become more apparent when the model is applied to the entire ablation zone
of Canada Glacier since albedo glacier-wide is calculated from the albedo value at the
meteorological station.

For sub-surface melting, air temperature and short-wave

radiation are the dominant sources of error.
Subsurface melting occurs every season on Canada and Taylor Glaciers even
when the surface does not melt, although greater volumes of subsurface melt occur at
the Canada Glacier meteorological station than at the Taylor Glacier meteorological
station for the same periods of time (Table 12). The duration of subsurface melting
depends greatly upon the air temperature. If air temperatures remain above freezing
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for long consecutive day periods, subsurface melting may occur for as long as a few
months but if air temperatures remain consistently below freezing, subsurface melting
may occur for only a few days.
Table 12: Comparison between the Canada and Taylor Glacier meteorological stations
for the maximum volume of subsurface melt (in mm3 · mm-2) and the duration (in
days) of the presence of subsurface melt. The data are presented as melt (duration) in
the table below.
Season
1998 – 1999
1999 – 2000
2000 – 2001
2001 – 2002

Canada Glacier
0.140 (04)
0.150 (12)
0.004 (01)
3.410 (45)

Taylor Glacier
0.030 (04)
0.001 (01)
0.007 (02)
0.100 (25)

The estimated ablation patterns varied across Canada Glacier. A spatial pattern
emerges between estimated ablation and annual air temperature.

During cooler

seasons (1999 – 2000 and 2002 – 2003), the model tended to over-predict ablation for
the majority of ablation stakes in the upper portion of the ablation zone and underpredict for the lower portion of the ablation zone while the model under-predicts
during the warmer seasons (2001 – 2002). Snowfall amount during the season appears
to have no affect on the modeled ablation values with the measured ablation stake
data, though if more years were run, a pattern may emerge.
The modeled runoff compared well against streamflow records with a “good”
rating; the largest difference was 57% with the remaining 3 basins less than 24%.
During warmer seasons, the model did not predict stream discharge as well with the
model under-predicting runoff by at least 25% for all the basins.
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To improve the modeling, future work should include mapping of surface debris
to more accurately predict surface melting.
accurately identify areas of debris.

The use of aerial photography can

Also, converting the daily time step of this

numerical model to an hourly time step will allow further insight to the processes of
surface and cliff melting throughout the solar day. With daily time steps, all surface
melt produced is assumed to exit the glacier through runoff. While using an hourly
time step, surface melt produced during the height of the solar day may or may not
exit the glacier depending on meteorological conditions such as air temperature, wind
speed and topographic shading allowing more accurate calculations to compare with
measured discharge of each drainage basin.
The thermal properties of a snow-cover also need to be included in this
numerical model.

Once the thermal properties of a snow-cover are identified,

modeled surface mass loss values can more accurately be determined and compared
with the ablation stakes across the glacier. The identification of snow-fall events is a
crucial step in more accurately modeling ablation. A sonic ranger that measures the
distance to the surface of the glacier within 1 centimeter accuracy should be used year
round. These readings will allow precise measurements of changes on the glacier
surface for instance ice melting or sublimation or the addition of a snow-layer.
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Conclusion

Sublimation and melting across the glacier appear to be controlled by different
variables. Sublimation is largely controlled by elevation while melting is controlled
by slope and aspect. Since elevation is not the controlling factor for melting, smaller
drainage basins that are high up on the glacier may have larger volumes of discharge
each season than large drainage basins lower on the glacier such as the Canada Stream
discharge basin when compared to Green Creek.
Subsurface melting does not occur regularly during each season but only occurs
during abnormally warm seasons. When subsurface melting does occur, the regions
with the largest volumes of subsurface melting correspond to the regions with the
highest values for surface melt.

Therefore, surface and subsurface melting have

similar controlling factors largely slope and aspect.
For overall model performance, this model tends to over-predict ablation for the
upper regions of the ablation zone and under-predict ablation for the lower regions.
During abnormally warm or cool seasons, the model predicts ablation less accurately
than during seasons with average temperatures, probably due to snow cover.
The model predicts streamflow very well by matching the peaks in discharge
and the overall intensities for each of the three seasons. The model performs better
predicting streamflow for the discharge basins for the streams with smaller regions of
topographic basins, larger regions of smooth ice, and melt-water runoff for the cliff
faces.
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