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ABSTRACT

MELTWATER STORAGE AND ITS EFFECT ON ICE-SURFACE VELOCITY,
MATANUSKA GLACIER, ALASKA.

By
Michiel Arij Kramer

A surface-energy balance model was constructed for the Matanuska
Glacier, south central Alaska, for the 1996 and 1997 ablation seasons. The
model calculated shortwave, longwave, sensible and latent energy fluxes across
the glacier surface for 5423 cells (250 x 250 m) as well as resultant melt. Results
of the model show that shortwave energy was the dominant energy source for
melting and that the other three fluxes were small and mostly negative.
Comparison of meltwater storage derived from modeled melt and measured
discharge with ice-surface velocity measurements showed that an increase in
meltwater storage is followed by an increase in ice-surface velocity early in the

ablation season.
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INTRODUCTION

Meltwater derived from surface melting commonly tends to follow different
paths through a temperate glacier and ultimately will drain via meltwater
channels at the glacier margin. During this process some meltwater is
temporarily stored within and under the ice (Jansson et al., 2003).

Several studies (lken, 1981; Iken et al., 1983; Iken and Bindschadler, 1986;
Iken and Truffer, 1997; Ensminger et al, 1999; Jansson et al, 2003) have
suggested that variations in ice-surface velocities are related to variations in
meltwater storage within the subglacial drainage system and that increasing ice-
surface velocities are related to increasing storage at the glacier bed, while
decreasing velocities are related to release of stored water.

In order to test the relationship between ice-surface velocities and
meltwater storage, detailed information on the amount of glacial meltwater being
stored within the glacier is crucial. Since it is physically very difficult to measure
storage under and within a glacier it has been inferred in all studies by measuring
related parameters. For example, use of basal water pressure as an indication of
the amount of storage has been used by lken & Bindschadler (1986), Willis
(1992) and (Harper, 2005). Other approaches have used meltwater input as an
indicator for subglacial storage and related this to ice-surface velocity
(Yamaguchi, 2003) or related the amount of discharge to ice velocity (Naruse,
1992, Raymond, 1995). Some studies have used a deficit in runoff in a water

balance study to calculate storage (Hodgkins, 2001; Schuler et al. 2002; Singh,



2003, Matsumoto, 2004), but fail to directly relate calculated storage to ice-
surface velocities.

This research focuses on calculation of storage at the Matanuska Glacier
in south-central Alaska using a deficit in run-off and tests the hypothesis that an

increase in meltwater storage results in an increase in ice-surface velocity.



STUDY AREA

The Matanuska Glacier (Figure 1) is a large temperate valley glacier
originating in ice fields in the Chugach Mountains, south-central Alaska, and

flows north into the Matanuska valley. It is approximately 45 km long and ranges

in width from 3 km near the equilibrium line to about 5 km near the terminus.

Figure 1. Location map for the Matanuska Glacier, Alaska (modified from
Waterson, 2003).



The glacier covers about 341 km? or 56% of a drainage basin that is about 612
km?. Elevation of the glacier surface (Figure 2) ranges from about 3800 m at its
highest point near Mount Marcus Baker to about 500 m at its terminus (Lawson
et al., 1998b).

The glacier terminus has been at a relatively stable position for the last
200 years (Williams and Ferrins, 1961), however, unpublished data Lawson
(personal communication, 2003) suggests the terminus has retreated 10 to 30 m
yr'! over the last ten years. Covering the northem part of the terminus is a broad
mantle of debris associated with several medial moraines. In places the debris is

> 1 m thick and supports the growth of trees and shrubs.

Hypsometric curve for the Matanuska glacier
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Figure 2. Hypsometric curve (altitudinal distribution) for the Matanuska Glacier.



An automated weather station has been maintained during the summers
by the U.S. Army Cold Regions Research and Engineering Laboratory since
1994 and is located 200 m beyond the ice margin. This station records incoming
shortwave radiation, reflected shortwave radiation, longwave energy, air
temperature, wind speed, wind direction, relative humidity and precipitation.

The nearest continuously recording weather station to the Matanuska
Glacier is located at Sheep Mountain Airstrip which lies approximately 15 km
west of the glacier terminus at an elevation of 850 m. Temperature records from
1961 t01990 for this station show a monthly mean minimum temperature of -20
°C and a monthly mean maximum of 17 °C with a mean annual minimum of -7.05
°C and a mean annual maximum of 2.6 °C. Annual precipitation records from
year 1961 to 1990 show a mean total precipitation of 366 mm (Western Regional
Climate Center). In general, summers at the Matanuska Glacier are sunny,
interrupted occasionally by cloudy days (2-3) with some light drizzle. Rarely are
there days of heavy rainfall.

A thermistor string installed in a 30 m deep borehole drilled into the snout
of the glacier by CRREL in 1999 revealed that winter air temperatures chill the
top layer of the glacier to a depth of about 12 m and to a minimum temperature of

nearly -8°C (Figure 3).



Winter temperature profile, Matanuska Glacier, March 1999
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Figure 3. Winter temperature profile, March 1999, Matanuska Glacier.

Ablation

Daily ablation measurements were made at the western terminus of the
Matanuska Glacier during the 1996 and 1997 ablation seasons using white PVC
stakes drilled into the ice surface. Daily records of ablation were obtained by
measuring from the top of the stake down to the ice surface. Average daily
ablation for 1996 was 4.3 cm day™', with a minimum of 0.1 cm day ™ and a
maximum of 8.9 cm day™. In 1997, average daily ablation was 8.8 cm day™ and

the minimum was 1.8 cm day ™’ and the maximum was 18.5 cm day™.



Ice-surface velocity

Ice-surface velocity has been measured at the Matanuska Glacier during
the 1996 and 1997 ablation seasons (Ensminger et al., 1999) and is presented in
Figure 4. The measurements generally show variations in ice-surface velocity
throughout the two ablation seasons. The average velocity for 1996 was 16.65
cm day™, with a maximum of 27.89 cm day™ and a minimum of 8.89 cm day™. In
1997, average velocity was 16.25 cm day™ and the maximum was 34.28 cm day

! and the minimum was 9.55 cm day .

Matanuska Glacier ice-surface velocity, ablation seasons 1996 and 1997
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Figure 4. Ice-surface velocity Matanuska Glacier for 1996 and 1997 ablation
seasons (Ensminger, 1999) (Velocity derived from 7-point moving
average of the average of multiple target stations near the snout of
the glacier.)



Meltwater discharge

The drainage system of the Matanuska Glacier is generally characterized
by a complex network of subglacial conduits feeding discharge vents at the
glacier margin (Lawson et al., 1998b). In turn, these vents feed three main
meltwater streams draining the glacier, North Branch, South Branch and Little
River. Since 1995, the U.S. Army Cold Regions Research and Engineering
Laboratory (CRREL) has maintained gauging stations on the meltwater streams
that record discharge in intervals of ten minutes.

For the summer season of 1996 discharge recorded in South Branch
(Figure 5) constituted 94% of the discharge recorded in the three streams
draining the glacier (Linker, 2001). Discharge in South Branch was minimal
around Julian day 165 after which it rapidly increased to a peak discharge of
7.76E+06 m® day at day 188. Discharge then declined to 4.74E+06 m*day™ on
day 197 after which it increased again to a slightly higher second discharge peak
of 8.32E+06 m® day™' at day 205. Discharge then decreased, to 3.17E+06 m®
day™ at day 223 and once more increased to a third somewhat subdued
discharge peak, of 5.59E+06 m® day™ at day 232. Following the third discharge
peak, discharge steadily decreased to 2.67E+06 m® day™ by day 274. Average
discharge over the measured ablation period was 4.02E+06 m® day™.

For the summer of 1997 discharge recorded in South Branch (Figure 5)
also constituted 94% of the discharge recorded in the three streams draining the
glacier (Linker, 2001) and showed a pattern similar to that of 1996. Discharge

was minimal until day 169, after which it rapidly increased to a peak of



1.31E+07 m® day™ at day 182. Discharge then decreased to 7.32E+06 m® day™
by day 203, and then increased again to a slightly lower peak of 1.29E+07 m®
day™ by day 211. Discharge then decreased to 8.08E+06 m® day™ at day 221
and once more increased to the third discharge peak 1.28E+07 m3 day™ by day
225. Following the third peak discharge decreased to 5.84E+06 m® day™ by day
236. Average discharge over the measured summer period in 1997 was

8.02E+06 m® day™, about twice as much as the previous year.

South Branch, Matanuska Glacier, measured discharge for the 1996 and
1997 ablation seasons
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Figure 5. Measured daily discharge South Branch, Matanuska Glacier for the
1996 and 1997 ablation seasons (Linker, 2001 and Waterson, 2003)



METHODOLOGY

Meltwater production

Meltwater production at the Matanuska Glacier was calculated for May
19™ to August 1% 1996 (Julian day 140 to 214) and for April 4™ to August 22™
(day 94 to 234) 1997 using an adjusted point surface-energy balance model,
originally developed by Brock and Amold (2000). This model is constructed

around the general surface-energy balance equation:

Qm =QrsiQdiQsiQi+Qp (1)

where,
Qm= total energy for melting
Q= net shortwave energy flux
Q= netlongwave energy flux
Qs= net sensible energy flux
Q= net latent energy flux
Qp= heat transfer by precipitation
The model calculates net shortwave and longwave energy fluxes,
turbulent sensible and latent energy fluxes and surface melting rate at a point in
time for 5423 cells (250 by 250 m) representing the glacier surface. A positive
flux means a transfer of energy into the glacier, i.e. the glacier surface warms up

and can the ice can melt, whereas negative fluxes release energy from the

10



glacier, i.e. the glacier cools. Calculations were made from hourly inputs of
incoming shortwave energy, vapor pressure, air temperature and wind speed, all
of which were obtained from the glacier weather station. Also used in the
calculations were latitude, longitude, slope angle, aspect and elevation, which
were obtained from a Digital Elevation Model (DEM) of the glacier. Other
parameters specified in the model were local temperature lapse rate, ice-surface
aerodynamic roughness, ice-surface albedo and elevation of the weather station
(Brock and Amold, 2000).

The output of the surface-energy balance model includes hourly and daily
rates of net shortwave and longwave-energy fluxes, turbulent and latent-energy
fluxes and surface-melt. The energy fluxes can be expressed in terms of
equivalent amount of water melted (mm), which was obtained by dividing the

total energy flux by latent heat of fusion of water (Brock and Arnold, 2000).

Matanuska weather station input parameters

Based on the Matanuska weather station maximum shortwave energy
values for a typical summer occur around the third week of June and can be as
high as 800 W m™; mean daily value of shortwave energy over a typical summer
is 236 W m™2. Mean air vapor pressure is about 788 Pa with maximum around
1200 Pa and minimum as low as 230 Pa. Mean air temperature over the summer
is 10°C, with a minimum air temperature of 0°C (beginning of May) and a

maximum temperature just above 20°C. Average precipitation is 0.54 mm day™

11



with a maximum of 7.79 mm day™; total precipitation over the summer of 1996 is
48.82 mm.

Mean wind speed over a typical summer is about 2.0 m s™ with maxima
around 6.0 m s *'. General wind direction is from the east-southeast, caused by

katabatic winds blowing down glacier.

Weather during a sunny summer day

During a typical sunny summer day on the glacier the lowest temperature,
generally around 6°C, is in the moming, rising to a maximum of about 20°C in the
late afternoon. Typical wind-speed patterns follow temperature, low wind speed
(0.5 m s™) in the moming, increasing to a maximum wind speed (4.5 m s™) in the

late afternoon or early evening.

Net shortwave energy flux

Net shortwave energy was calculated following the method as described
by Brock and Arnold (2000). The method involves measuring incoming
shortwave energy (Qi,) in a horizontal plane at the glacier meteorological station
and assumes that incoming shortwave energy measured is representative for all
points on the glacier surface (Brock and Amold, 2000). However, in this study the
effect of shadow also was calculated for every cell.

Solar elevation and azimuth were calculated using cell latitude and

longitude, solar day and hour. Q;, was split into its direct (Qqir) and diffuse (Qux)

12



components using an estimate of cloud cover obtained by comparing the
measured incoming shortwave energy (Q’) with theoretical maximum incoming

shortwave energy (K) (Brock and Amold, 2000). K was calculated using:
Pé)
K=low /éo cos© (2)

where, |y is the solar constant (1368 W m™), y is the atmospheric clear-sky
transmissivity (0.75), P is the atmospheric pressure, Py is the mean atmospheric
pressure at sea level (assumed to be constant at 100,000 Pa) and © is the solar
zenith angle (Oke, 1987; Hock and Noetzli, 1997). When the ratio of measured
incoming shortwave energy (Q’) and theoretical maximum incoming shortwave
energy (K) is 1, there is no cloud cover (n=0.0). With a decrease in the ratio Q":K
there is a linear increase in n. For Q':K ratios < 0.2 cloud cover is assumed to be
1.0 (Brock and Amold, 2000). At night a cloud cover of 0.25 is assumed.

After calculating cloud cover the diffuse fraction (Ds) of total incoming

shortwave energy was calculated from:

Df =(0.65n+0.15) 3)
Energy from direct incoming shortwave energy was then calculated as:

Qgqjr =(1-D¢ )Q'n[sin ZcosZ +cosZsinZ cos(A - A ) 4)

13



and energy from diffuse incoming shortwave energy was calculated as:

Qgif =DfQ cos2(Z /2)+aQ sin(Z /2)] (5)

where, Z' is the angle of the slope from the horizontal, A is solar azimuth, A’ is
slope aspect, a is glacier surface albedo.

Finally, the net shortwave energy flux was calculated using:

Qrs = (1-a)Qgjr +(1- a)Qdif (6)

where, a is glacier surface albedo.

Albedo of the glacier surface

Approximately 40 spot albedo measurements were made at the
Matanuska Glacier during the 2004 ablation season using a Kipp & Zonen Cm
14b albedometer (serial number: 980119), which is constructed around two Cm
11 pyranometers. Data from the 2004 ablation season was assumed to be
representative for the albedo during the summers of 1996 and 1997. Using a
hand held mounting rod and bubble level horizontal measurements were made
about 1 m above mainly horizontal glacier surfaces around noon. Incoming
shortwave energy and reflecting shortwave energy were recorded, with the ratio

of the two yielding the albedo value. Albedo values range from < 10% above
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debris-covered ice at the snout of the glacier to 64% above relatively old melting
snow in the accumulation zone.

In addition, broadband 3 (range 0.3-5.0 ym) spectrum of the MODIS Terra
Albedo 16-day L3 Global 1km SIN GRID V004 product was used to estimate
surface albedo since 99% of shortwave radiation at the earth’s surface is from
0.3 to 3.0 ym. MODIS data for years 1996 and 1997, however, was not available
and therefore data from the summer of 2003 was selected and assumed to be
representative for the distribution of albedo during the summers of 1996 and
1997. Albedo values above 50% were considered to be snow-covered and were
used to estimate snowline elevation for Julian days 113, 161, 177, and 195. A
best-fit logarithmic curve similar to that found by Hannah et. al. (1999) and
Tangborn (1999) was then fitted through these elevations, giving a snowline

regression function over time:

h = 2496.8Ln(t)-111019 (7)

where, h is snowline elevation in meters and t is time in Julian days.

Another function was developed to account for riping of snow over time.
Fresh dry snow can have an albedo value as high as 97%, but melting snow and
fim have values typically around 74% and 53%, respectively (Patterson, 1994).
For twenty randomly chosen points in the accumulation zone albedo values of

snow-covered glacier surface were plotted for Julian day 113, 161, 177, and 195
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and a linear curve was fitted though these points, giving a function representing a

decline in albedo over time.

a=a-0.0014"t (8)

where, a is the surface albedo and t is time in Julian days.

Using the MODIS product two albedo maps also were generated. One
was representative for the beginning of the ablation season with most of the
glacier surface snow covered, the snow-albedo map, and the other for the end of
the ablation season with most of the glacier ice exposed, the ice-albedo map.

The elevation of the snowline at a specific day for the Matanuska Glacier
was calculated using the snowline regression function. If the point of interest
was located below the snowline, glacier ice was exposed and the point of interest
was assigned the albedo value from the ice-albedo map. If the point of interest
was located above the snowline, the surface was covered with snow and the
albedo value was assigned from the snow-albedo map, adjusted for the riping

effect using the snow-riping function.

Net longwave energy flux

Assuming the glacier is 0°C and radiates as a black body, outgoing
longwave energy (lout) was calculated using the Stefan-Boltzmann Law (Oke,

1987 and Patterson, 1994.):
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lout =0T4 ©)

where, T is the absolute temperature (0°C or 273.15K) and o is the Stefan’s
constant (5.67x10® W m? K*) resulting in lox=316 W m . Incoming longwave

energy (lin) was calculated, again using the Stefan-Boltzmann Law:
—e aTd
Ii n=¢ oTa (10)

where, €* is the effective emissivity of the sky, calculated following Arnold et al.

(1996):
£ = (1+xnk (11)

where n is the amount of cloud cover, and & is the clear-sky emissivity
(8.733x10 T,>7®) and k is a constant depending on cloud type. Chosen was a
value of 0.26, the mean value for altostratus, stratocumulus, stratus and cumulus
cloud types (Braithwaite and Olesen, 1990). Finally, longwave energy flux was

calculated using:

=l —| (12)
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Turbulent energy fluxes

Since only wind speed and temperature data at one height above the
ground surface was available from the glacier meteorological station the bulk
aerodynamic method was used to calculate the turbulent energy fluxes, sensible
energy flux (Q;) (lost or gained by conductance and turbulence) and latent energy
flux (Qs) (lost or gained due to condensation and evaporation) at the glacier

surface (Munro 1989, 1990).

Qs PN, " s/" (13)
A AR
AR AR

where:

u = wind speed (ms™)

T, = temperature (°C)

e = vapor pressure (Pa) at height z(m)

es = vapor pressure at glacier surface, assumed to be 611 Pa above a melting
ice surface (Oke, 1987).

¢, = specific heat of air at constant pressure (J kg™ K™), calculated as

1004.67 * (1+0.84"*specific humidity)
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p = air density, 1.26 kg m™ for low positive air temperatures

K = von Karman's constant, 0.40 (Oke, 1987)

w = ratio of molecular weight of water vapor to air, 0.622

A = latent heat of vaporization, 2.5x10° J kg™ at 0°C

awm, ay and ag : stability corrections for momentum, heat and humidity,
respectively. Assumed to be 5 (Inoue, 1989; Munro, 1989, 1990 and Braithwaite
1995).

A: the Monin-Obukhov length scale (Obukhov, 1971), calculated using:

where:

*3
__pcpu Tk

A=
ngi

(15)

Tk = the absolute mean temperature (K) of the air in the surface layer between z
and the target cell
G = the gravitational acceleration (9.81)

u* = frictional velocity, calculated following Munro(1989):

. ku

NN

(16)
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In order to calculate A prior knowledge of Qs and u* is required, which in
turn depends on A. Use of a simple iteration loop solves this problem. Qs was
first evaluated for a neutral surface layer, with z/L=0, then the first estimate of A
was made. This result was then used to recalculate Qs and u* (Munro, 1989).
This procedure was repeated until A was unchanged which occurred in general
after five iterations (Munro 1989). Instead of assuming zy=z=2,, the scaling
lengths for temperature and humidity were calculated as functions of the
aerodynamic roughness length, z,, and flow, using the roughness Reynolds

number, Re* (Andreas, 1987; Munro, 1989):

|n[zz—‘} ~0.317-0.565InfRe" )-0.183InRe" | (17)

(o)

In(i—e] -0.396-0.512InRe" )- 0.180IRe" | (18)

o
The roughness Reynolds number was calculated as

* *Z

Re =u 0 (19)

\'

where v is the kinematic viscosity of air (1.461x10> m?s™")(Stull, 1988).
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Energy transfer by precipitation

Since precipitation for the 1996 and 1997 ablation seasons is generally
< 50 mm the energy flux from rain was considered negligible compared to the
other energy sources and thus not included in the surface-energy balance model

(Brock and Amold, 2000; Hock and Holmgren, 2005).

Total melting

Surface melting rate was calculated as the sum of the four fluxes and the
melting rate was then converted to mm w. e. (water equivalent) by dividing the

melting rate by the latent heat of fusion of water (0.334 x 10% J kg™).

Description of DEM

The Digital Elevation Model (DEM) used in this research was downloaded
from the USGS seamless data website (http://www.seamless.usgs.gov). The
initial DEM was in GCS North American 1927 projection, with units in degrees
and a cell size of 0.00056 x 0.00056 degrees. The projection was changed to
NAD 1927 UTM zone 6 North projection with units in meters to produce a new
DEM with cell sizes 45.67 x 45.67 meters. This new DEM was then resampled to
create a third DEM with cell sizes of 250 x 250 meters that was used to
determine the total area of the Matanuska Glacier watershed and generate a

slope and aspect map for the glacier.
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Also downloaded from the USGS were nine topographic maps covering
the Matanuska Glacier. These were used to outline the extent of the glacier and
to calculate the total area of the Matanuska Glacier. All of the analyses were

performed in ArcGis

Shadow

To evaluate the effect of shadows on the glacier surface a time sensitive
analysis of shading was included in the surface-energy balance model. This
analysis used latitude, longitude and elevation of the target cell; all derived from
the DEM, as well as solar azimuth and solar elevation. Using a bilinear
interpolation technique, elevations were calculated along a line from the target
cell to the sun. Angles between these elevation points and the target cell were
then calculated. If any of the angles were greater than the solar elevation angle,
the rays from the sun were considered obstructed and did not reach the target

cell, i.e. the target cell was in shade and did not receive shortwave energy.
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SENSITIVITY-ANALYSES

Albedo

Modeled shortwave energy for a wide range of published constant albedo
values for ice and snow during the 1996 ablation season is presented in Figure 6.
The figure shows that modeled shortwave energy based on a constant ice albedo
of 0.2 and constant snow albedo of 0.6 was almost identical to that based on
MODIS derived albedo values. However, when an ice albedo of 0.3 and a snow
albedo of 0.7 was used the modeled melt became lower. This difference became
even greater when an ice albedo of 0.4 and snow albedo of 0.8 was used.

In the final surface-energy balance model an albedo value of 0.3 for ice
and 0.7 for snow was chosen because the author believes it best represents the
ice-surface albedo, based on in-situ measurements as well as average values for
snow and ice albedo (Patterson, 1994). Also, MODIS values tend to
underestimate albedo because they are derived by an interpolation technique

that include albedo values from surrounding, non-glacier surfaces.
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Effect of different albedo on shortwave energy for the 1996 ablation
season

[—moDis™ 'T
3.0E+07 —— albedo(0.2-0.6)
albedo(0.3-0.7)
256407 e oo |
2 208407
>
=g
2 1.5E+07
£
o
>
g 1.0E+07
o
k]
5.0E+06
0.0E+00
139 149 159 169 179 189 199 209 219

time (julian day)

Figure 6. Shortwave energy for the Matanuska Glacier with different albedo
values for the 1996 ablation season.

Shadow

The effect of shadow being cast on the glacier surface by the surrounding
topography was analyzed and showed only an average 7% decrease of the
shortwave energy on the glacier surface. This is due to the fact that solar
radiation receipts are low during low sun angles and represent only a small

fraction of total shortwave energy received by the glacier throughout the day.



Temperature

The effect of adding 2°C from temperature recorded at the glacier weather

station on both longwave energy and sensible energy flux is presented in Figure

7. The figure shows that both longwave energy and sensible energy fluxes are

almost identical with a change of 2°C. For this reason the author believes

temperature recorded at the glacier weather station is a reasonable input

parameter to the surface-energy balance model.

Effect of change in temperature on longwave and sensible energy
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Figure 7. Longwave and sensible energy for the Matanuska Glacier with
different temperature for the 1996 ablation season.
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Temperature lapse rate

The effect of different temperature lapse rates on longwave, sensible and
latent energy fluxes for the 1996 ablation season is presented in Figure 8, 9 and
10. The figures show that changing the temperature lapse rate from 0.009°C m"
to 0.006°C m™ and 0.012°C m™ does affect the different individual energy fluxes,

but not enough to appreciable affect the total energy balance.

Longwave energy with different temperature lapse rates for the 1996
ablation season
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Figure 8. Longwave energy using different temperature lapse rates for the 1996
ablation season.
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Sensible energy with different temperature lapse rates for the 1996
ablation season
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Figure 9. Sensible energy using different temperature lapse rates for the 1996

ablation season.

27




Latent energy with different temperature lapse rates for the 1996 ablation
season
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Figure 10. Latent energy using different temperature lapse rates for the 1996
ablation season

Winter chill layer

Energy required for heating the glacier winter chill layer to 0°C was
calculated for five cells located along the glacier center line from the glacier snout
to the accumulation zone for 1996. Energy required ranged from 0.05% of total
energy received during the ablation season for the cell at the snout to 0.22% of
total energy received during the ablation season for the cell at the accumulation
zone. It is the author’s opinion that heating up the winter chill layer is not a
significant energy sink during the ablation season and accounts for < 0.22% of

the total energy.
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Wind speed

The effect of substituting a wind speed of 0.01 ms™ and 5 m s™ for that
recorded at the glacier weather station on the sensible energy flux is presented in
Figure 11. The figure shows that without significant wind the sensible energy flux
is very small. On the other hand increasing wind speed to 5 m s™ significantly
increases the effect of the sensible energy flux, but when comparing it to the total
energy flux the effect is minimal.

The effect of substituting a wind speed of 0.01 m s™ and 5 m s™ for that
recorded at the glacier weather station on the latent energy is presented in
Figure 12. The figure shows a similar pattern as for the sensible energy flux;
without significant wind the latent energy flux is very small, and increasing wind
speed to 5 m s™ increases the effect of the latent energy significantly. However,
compared to the total energy flux the effect is minimal.

It is the author’s opinion that wind speed recorded at the glacier weather
station is a reasonable input parameter to the surface-energy balance model

because it falls within the probable limits of 0.01 ms™ and 5ms™.
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Effect of windspeed on sensible energy for the 1996 ablation season
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Figure 11. Effect of substituting measured wind speed with 0.01 m s™ and
5.0 m s on sensible energy for the 1996 ablation season.

Effect of windspeed on latent energy for the 1996 ablation season
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Figure 12. Effect of substituting measured wind speed with 0.01 m s™ and
5.0 m s on latent energy for the 1996 ablation season.
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Aerodynamic surface roughness coefficient

The effect of different aerodynamic surface roughness coefficient values
on the turbulent energy fluxes for day 140 to day 150 of 1996 is presented in
Figure 13. The figure shows that changing the aerodynamic surface roughness
coefficient from 0.01m to 0.001m and 0.005m does not significantly change
turbulent energy fluxes. It is the author’s opinion that a value of 0.01 for the
aerodynamic surface roughness coefficient best represents the glacier surface

because it is the average of published values (Patterson, 1994).

Effect of aerodynamic surface roughness coefficient on sensible and
latent energy for day 140-150, 1996
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Figure 13. Sensible and latent energy for the Matanuska Glacier with different
aerodynamic surface roughness coefficients for day 140 to 150, 1996.



Calibration

The surface-energy balance model was calibrated using measured
ablation from a point at the snout of the glacier for day 150 to day 213 for 1996.
Figure 14 shows that cumulative melt generated using the surface-energy
balance model versus cumulative measured ablation is almost similar with an r?

of 0.9952.

Cumulative modeled melt versus cumulative measured ablation for day
150 - 213, 1996
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Figure 14. Cumulative modeled melt versus cumulative measured ablation for
day 150 to 213, 1996.
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RESULTS

Results for cell at the snout and at the accumulation zone

Figure 15 shows the energy fluxes calculated for two contrasting cells on
the glacier surface for day 173 (June 21%') of 1996. One of the cells is located at
the glacier snout and the other high in the accumulation zone along the center

line of the glacier.

Glacier surface energy fluxes for cell atthe snout, day 173, 1996
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Figure 15. Shortwave, longwave, sensible and latent energy for a cell at the
snout of the glacier at day 173, 1996.

The figure shows a clear diurnal pattern of shortwave energy flux for the
cell at the snout with no shortwave energy before sunrise and almost 700 W m

around 3 in the afternoon. The longwave energy flux was lowest, -30 W m?,
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around noon and sensible and latent energy fluxes were lowest in the morning,
increasing to higher fluxes later in the afternoon and early evening. Maximum
sensible energy was around 60 W m and minimum was around 0 W m?;

maximum latent energy was around 20 W m* and minimum around 0 W m™,

Glacier surface energy fluxes for cell at accumulation zone, day 173,
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Figure 16.. Shortwave, longwave, sensible and latent energy for a cell at the
accumulation zone of the glacier at day 173, 1996.

The cell in the accumulation zone showed the same general pattern (Figure 16)
for the four fluxes as the cell at the glacier snout. Shortwave energy had a diurnal
pattern with the maximum flux around 300 W m™. The longwave energy flux was
lowest, -80 W m™ around noon. Sensible energy had lowest values in the

night/early morning of around -5 W m and increasing to about 20 W m2 in the
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late afternoon/early evening. Latent energy flux for the cell in the accumulation
zone shows a difference with the cell at the snout area. During the day latent
energy was fairly stable, just below 0 W m decreasing to almost -20 W mZin

the late afternoon/early evening.

Results for entire glacier for 1996 and 1997 ablation seasons

Results generated from the surface-energy balance model for Julian day
140 to 213 (May 19 to July 31), 1996 and for day 94 to 234 (April 4 to August 22),

1997 are shown in Table 1 and Table 2 and Figure 17 and Figure 18.

Table 1.  Surface-energy balance model results in W m: average, minimum
and maximum shortwave, longwave, sensible and latent energy for
day 140 to 213 (May 19 to July 31), 1996.
shortwave longwave sensible latent energy for
energy energy energy energy melting
average | 1.79E+7 -8.99E+6 -1.31E+5 |-1.28E+6 | 1.27E+7
minimum | 8.66E+6 -1.13E+7 -1.26E+6 |-3.62E+6 |4.88E+6
maximum | 2.57E+7 -71.23E+6 8.58E+5 -3.57E+5 | 2.05E+7




Table 2.  Surface-energy balance model results in W m*: average, minimum
and maximum shortwave, longwave, sensible and latent energy for
day 94 to 234 (April 4 to August 22), 1997.

shortwave | longwave sensible latent energy for
energy energy energy energy melt
average | 1.45E+7 -1.04E+7 -6.65E+5 -1.39E+6 9.34E+6

minimum | 3.35E+6 -1.79E+7 -4.09E+6 -4.78E+6 7.58E+5

maximum | 2.50E+7 -6.73E+6 1.01E+6 4.63E+4 2.14E+7

Surface-energy balance model results for the 1996 ablation season
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Figure 17. Surface-energy balance model results for the 1996 ablation season.
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Surface-energy balance model results for the 1997 ablation season
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Surface-energy balance model results for the 1997 ablation season.

Shortwave energy flux

Over the two seasons shortwave energy flux was highly variable. In 1996

values ranged between 8.66E+6 W m2 and 2.57E+7 W m with an average flux

of 1.79E+7 W m2. In 1997 values ranged between 4.88E+6 W m?2 and 2..05E+7

W m2 with

an average flux of 1.27E+7 W m2. For both 1996 and 1997 the high

fluxes reflect a general sinusoidal trend throughout the season with the highest

concentrated in the middle of June, when days were longest. Further, the

shortwave

energy flux was the largest of the four energy fluxes and during most

of the period the only positive contributor to energy available for melting ice.
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Longwave energy flux

Compared to the shortwave energy flux the longwave energy flux was
relatively constant over the modeled periods. In 1996 fluxes ranged between
-1.13E+7 W m?2 and -7.23E+6 W m* with an average flux of -8.99E+6 W m2. In
1997 values ranged between -6.73E+6 W m2and -1.79E+6 W m* with an
average flux of -1.04E+7 W m. For both years a trend of slow increasing
longwave energy flux was visible, probably due to increasing air temperatures.
The longwave energy flux was the greatest negative energy flux in the energy

budget.

Sensible energy flux

The sensible energy flux also did not fluctuate much over the modeled
periods. In 1996 sensible energy flux ranged from -1.26E+6 W m™ to 8.58E+5 W
m2, with an average value of -1.31E+5 W m™2. In 1997, the sensible energy flux
ranged from -4.09E+6 W m™ to 1.01E+6 W m2and had an average of -6.65E+5
W m2. The lowest flux was early in the season and the highest flux occurred in
early June, but the general trend was a slowly increasing flux over the entire
period. The sensible energy flux contributed only small amounts to the energy

balance, sometimes positive and sometimes negative.
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Latent energy flux

Latent energy fluxes in 1996 ranged from -3.62E+6 W m™ to -3.57E+5 W
m with an average of -1.28E+6 W m™ In 1997, fluxes ranged from 4.78E+6 W
m?to 4.63E+4 W m?2with an average flux of -1.39E+6 W m*. There was a
general trend of slowly increasing flux through the season with some fluctuations

early in the ablation period

Total energy flux

Total energy fluxes in 1996 ranged from 3.42E+6 W m? to 1.57E+7
W m2 with an average of 9.85E+6 W m In 1997, fluxes ranged from 7.58E+5 W

m2to 2.14E+7 W m*with an average flux of 9.34E+6 W m™.
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DISCUSSION

Modeled melt and measured discharge

Modeled melt versus measured discharge at the Matanuska Glacier for
the 1996 and 1997 ablation seasons are presented in Figure 19 and Figure 20
respectively. The figures show that volumetrically modeled melt and measured
discharge do not equal each other and that modeled melt exceeds measured
discharge in the early part of the ablation season but that it approaches
measured discharge late in the ablation season. Also, the figures show that
fluctuations in modeled melt are generally greater than fluctuations in measured
discharge throughout the ablation season.

Possible explanations for the discrepancy in volume could include
unreliable discharge data, inaccurate glacier weather station data, and errors
associated with extrapolation of weather data to cells at higher elevation.

Unreliable discharge may be the result of instrumentation problems; errors
associated with rating curves; and/or missed discharge at small non-gauged
discharge streams at the northwest margin of the glacier. Even though a
discharge accuracy of 93% has been reported by Linker (2001), the author
believes inaccuracies related to the North Vent discharge rating curve could
result in a significant error in measured discharge. (Discharge for North Vent
seems to be far more than the mentioned 6% of total discharge and could in the

author’s opinion be equal to discharge at South Branch.)

40



Inaccurate glacier weather data may be the result of instrumentation
problems and/or the fact that the weather station is located approximately 200 m
from the ice margin and may not accurately record meteorological conditions at
the ice surface. It is the author’s opinion that this is not an issue, because
sensitivity analyses demonstrated that a 2°C change in temperature and
substitution of 0 and 5 m s™ for wind speed leads to no significant change in total
melt. Also, measured incoming solar energy values are consistent with measured
values from nearby weather stations located in Anchorage, Talkeetna and
Gulkana, Alaska (Ross, 1999).

Errors due to extrapolation of weather data to cells on the glacier at higher
elevation may be the result of applying an incorrect lapse rate, a possibility
created by katabatic conditions occurring along the glacier’s length. Despite the
fact that the surface-energy balance model is correctly representing melt for a
point near the snout of the glacier it may not be correctly representing melt for
points at higher elevations. Sensitivity analyses showed substituting the
temperature lapse rate by 0.006°C m™ and 0.012°C m™ does not appreciably
affect the total energy balance of the glacier surface.

Modeled melt for the 1996 (Figure 19) and 1997 (Figure 20) ablation
seasons shows low frequency fluctuations superimposed on generally consistent
values throughout the ablation season. On the other hand, measured discharge
shows low frequency fluctuations superimposed on low values during the early
part of the ablation season and low frequency fluctuations superimposed on

generally high values during the later part. An explanation for the difference in
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discharge is that melt at the beginning of the ablation season is temporarily
stored in the glacier, especially in seasonal snow cover. However, later in the
ablation season modeled melt corresponds more closely with measured
discharge because the storage capacity of the glacier has been reached, the
seasonal snow cover has melted and a more developed drainage network has
evolved. During the later part of the ablation season peaks in modeled melt
generally coincide with peaks in measured discharge and sometimes precede or

follow peaks in measured discharge by a few days.

Modeled melt and measured discharge for the 1996 ablation season
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Figure 19. Modeled melt and measured discharge for the 1996 ablation season.
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Modeled melt and measured discharge for the 1997 ablation season
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Figure 20. Modeled melt and measured discharge for the 1997 ablation season.

Measured discharge and ice-surface velocity

Early in the 1996 and 1997 ablation seasons measured discharge and ice-
surface velocity show different trends (Figure 21 and 22). Measured discharge is
characterized by low frequency fluctuations superimposed on low discharge
values during the early part of the ablation season and by low frequency
fluctuations superimposed on generally high discharge values during the later
part. In contrast, ice-surface velocity is characterized by high frequency
fluctuations superimposed on fairly consistent values throughout the entire
ablation season. During most part of the 1996 and 1997 ablation seasons peaks
in measured discharge generally coincide or precede by a few days drops in ice-
surface velocity. According to Ensminger et al. (1999) this is due to the evolution

and configuration of the drainage system and storage of meltwater in the glacier.
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A notable exception to this is late in the 1997 ablation season (after day 228) ,

when measured discharge decreases below 6.0E+6 m® day™', while ice-surface

velocity increases to a maximum of 25 cm day™. An explanation for this could be

localized blockage of conduits by glaciohydraulic supercooling and freeze-on at

the bed of the glacier, a process widely described at the Matanuska Glacier

(Lawson et al. 1998a, b; Larson et al., 2006).
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Figure 21. Measured discharge and ice-surface velocity for the 1996 ablation

season.



Measured discharge and ice-surface velocity for the 1997 ablation

season
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Figure 22. Measured discharge and ice-surface velocity for the 1997 ablation
season.

Meltwater storage and ice-surface velocity

Figure 23 and Figure 24 show the relationship between meltwater storage
and ice-surface velocity for the 1996 and 1997 ablation seasons. Despite the fact
that values of modeled melt and measured discharge for 1996 and 1997 are not
in balance, the figure still shows trends between meltwater storage and ice-
surface velocity. For example, between Julian day 165 and 185 of the 1996 and
1997 ablation seasons meltwater storage reaches its highest peak and is
followed 2 to 4 days later by a high peak in ice-surface velocity. This relationship

confirms several studies (lken, 1981; lken et al., 1983; Hooke et al, 1985; lken
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and Bindschadler, 1986; Iken and Truffer, 1997; Ensminger et al, 1999; Jansson
et al, 2003) suggesting a direct relationship between meltwater storage and ice-
surface velocity.

Liiboutry (1968), Kamb(1970), lken et al. (1983), Hooke et al. (1989),
Ensminger (1999) and Jansson et al. (2003) have suggested that an explanation
for the increase in ice-surface velocity following increase in meltwater storage is
due to temporarily storage of meltwater in the early ablation season in an
undeveloped distributed subglacial drainage network decoupling the glacier from
its bed and decreasing friction at the bed. Eventually, ice-surface velocity
decreases as a more developed network of subglacial channels forms at the
glacier bed, temporarily stored meltwater is discharged, resulting in lowering the
glacier back on to its bed and increasing friction at the glacier bed.

Peaks of high ice-surface velocity also occur other than from day 165 to
185. For example, one occurs during day 147 to 154 of 1996. The explanation for
this peak could be related to increased meltwater storage, but cannot be tested
because of lack of glacier weather station and discharge data for this period.
Another peak in ice-surface velocity occurs from day 191 to day 208 of 1996. The
explanation for this peak could be the result of peak in meltwater storage around
day 187. Between days 194 and 217 a couple of small peaks (around days 202
and 212) in ice-surface velocity occur that may be related to small preceding
storage peaks, but available data does not show a well developed relationship
between meltwater storage and ice-surface velocity for this period. A possible

explanation for this could be that as the ablation season progresses the
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distributed drainage system at the bed of the glacier evolves into a network of
channels, minimizing frictional fluctuations at the glacier bed and resulting in a
reduced relationship between meltwater storage and ice-surface velocity
(Lliboutry, 1968; Kamb, 1970; lken et al., 1983; Hooke et al., 1989; Ensminger et
al., 1999; and Jansson et al., 2003). After day 220 of 1997 ice-surface velocity
increases to a high of 25 cm s™ not preceded by high meltwater storage. An
explanation for this is not understood, but may be due to restriction of subglacial
channels by basal freeze-on mechanisms (Hooke and Pohjola, 1994; Lawson et
al., 1998a, b, and Larson, 2006) resulting in localized increased water pressure

in the channels and lifting of the glacier from its bed.

Meltwater storage and ice-surface velocity for the 1996 ablation season
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Figure 23. Meltwater storage and ice-surface velocity for the 1996 ablation
season.
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CONCLUSIONS

Modeled melt at the Matanuska Glacier for the 1996 and 1997 ablation
seasons shows the following:

¢ Shortwave energy is positive and contributes the most to the energy
balance at the glacier surface.

e Longwave, sensible and latent energy are mostly negative and contribute
little to the glacier energy balance, with longwave energy being most
negative.

¢ Shortwave energy becomes smaller at higher elevations due to increasing
albedo. Longwave energy becomes increasingly more negative at higher
elevations due to decreasing temperatures. Changes in sensible and
latent energy are minimal.

« Increasing air temperatures by 2°C, substituting wind speed by 0.01 m s™
and 5.0 m s and substituting surface roughness coefficient by 0.001m
and 0.005m and substituting temperature lapse rate by 0.006°C m™ and
0.012°C m™ does not appreciably affect the total energy balance

o Heating the winter chill layer does not act as a significant energy sink
during the ablation season

¢ Shadow of surrounding topography only accounts for a 7% decrease in

the surface-energy balance

Analyses of modeled melt, measured discharge, ice-surface velocity and

meltwater storage for the 1996 and 1997 ablation seasons shows the following:
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o Modeled melt has generally consistent values throughout the ablation
season. Measured discharge is generally low early in the ablation season
and generally high in the later part.

e Later in the ablation season peaks in modeled melt generally coincide and
sometimes precede or follow peaks in measured discharge by a few days.

e During most of the ablation season peaks in measured discharge
generally coincide or are preceded by a few days by decreasing ice-
surface velocity.

¢ A change in meltwater storage in the early part of the ablation season
results in a change in ice-surface velocity.

o Later in the ablation season there is not an obvious relationship between

meltwater storage and ice-surface velocity.

General conclusion

The surface-energy balance of the Matanuska Glacier is most sensitive to
changes in solar radiation and only moderately to changes in air temperature.
Because of this the Matanuska Glacier margin has been relatively stable over
the last 200 hundred years compared to glaciers sensitive to air temperature

fluctuations.
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