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ABSTRACT
The study of mountain glaciers is important for many reasons. The small size of
mountain glaciers makes them sensitive to changes in temperature and precipitation (Meier,
1984). Though they account for <3% of the earth’s ice cover, they account for
approximately 20 – 50% of the 10 – 15 cm rise in sea level seen in the last century (Kuhn,
1993). The Intergovernmental Panel on Climate Change (IPCC) uses work on glacier mass
balance and geometry changes to support observations of increasing global temperatures, and
for estimating the contribution of glaciers to sea level rise (IPCC, 1990, 2001). Glaciers are
also vital components of many ecosystems, and in many cases, glacial meltwater augments
water supply. Greater than 750 glaciers exist in the North Cascade Mountain Range, and
evidence indicates that most are shrinking rapidly (Granshaw, 2003). Detailed monitoring of
glacier changes is time consuming and expensive, and is performed on only five of the North
Cascade Glaciers, and many glaciers are not safe enough to measure surface changes.
Energy balance and degree day models have been used to simulate glacier mass balance with
high accuracy (Braithwaite and Zhang, 1999, Oerlemans et. al, 1998). These models often
still require data collected on the glaciers surface. These facts highlight the value of a model
that can simulate mass balance on glaciers that are not monitored, or on glaciers that are
unsafe to monitor sufficiently.
In this study, the Precipitation Temperature Area Altitude (PTAA) model is used to
simulate the net mass balance of four glaciers in the North Cascades. Simulated mass
balance values are compared to values determined from detailed glacier-surface
measurements to assess model performance. The PTAA model uses low-altitude temperature
and precipitation measurements and the area-altitude distributions of glaciers to simulate
iv

glacier mass balance. The PTAA model is iterative, and the coefficients used in algorithms
that calculate daily mass balance variables such as ELA, AAR, etc., are adjusted through a
regression process. Mass balance variables are regressed against one another for each date of
the ablation period (~ May – June). The regression process changes mass balance variable
algorithm coefficients until the average R2 (explained variance) value is maximized, and the
process is complete.
The R2 values from a linear regression of simulated and measured mass balance
values used to compare simulated mass balance to measurements taken on the glacier. R2
values were positive for all three glaciers. The highest to lowest R2 values are Noisy Glacier
(0.84), North Klawatti (0.71), Easton Glacier (0.68), and the Rainbow Glacier (0.44). These
relatively high values indicate that the PTAA model could be used to simulate glacier mass
balance on these four glaciers using only low-altitude temperature and precipitation
measurements and hypsometry data with reasonable accuracy on some glaciers, and that the
statistical relationship between mass balance values calculated by the model could be used to
“calibrate” the model itself.
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RESEARCH OBJECTIVES
In the North Cascades Region of the Pacific Northwest, several monitoring programs
have been established to gather and examine meteorological and glaciological data. The
dedication and hard work of several individuals and organizations in this area have enabled
the creation of valuable data that can be used to investigate changes in regional climate, and
provide detailed information about changes in the mass and geometry of a number of glaciers
in the region. About 15 glaciers in the North Cascade Range are now monitored at least
annually by the United States Geological Survey (USGS), North Cascades National Park
(NOCA), and North Cascades Glacier Climate Project (NCGCP). The longest running
glacier monitoring program in North America was established over 40 years ago on the South
Cascade Glacier by the USGS and continues today. NOCA and NCGCP have at least a 10year record of changes in the mass balance and geometry of a number of other glaciers.
Glacier mass balance can be used to analyze changing climate patterns in a given area
(IPCC, 1993). Obtaining mass balance and climate data at high elevations, however, is time
consuming and expensive. Climate monitoring stations at glacier elevations are scarce and
can provide bad data because of extreme conditions (Tangborn, 1980). However, climate
stations run by the National Climatic Data Center (NCDC) at low elevations provide reliable
and extensive records of relative changes in meteorological conditions. The lack of accurate
weather records at high elevations, and the difficulty and expense in accessing many glaciers
highlights the need for additional ways of generating mass balance data for both examining
the relationship between climate and glacier changes, or to estimate water storage and runoff.
The majority of existing mass balance models is based on energy balance equations and/or
streamflow records (Braithwaite and Zhang, 1999, Oerlemans et. al, 1998). These models

often require data measured on the glacier surface. The model used in this study simulates
glacier mass balance from meteorological data collected at low elevations (<500m), and
glacier hypsometry data.
The primary objective of my project is to use the PTAA model to simulate the mass
balance of four glaciers in the North Cascade Range and compare the results to field
measurements collected by the North Cascades National Park (NOCA), and the North
Cascades Glacier Climate Project (NCGCP). To achieve my research goals, I completed the
following tasks: (1) created a flow chart describing the model structure and simulation
process, (2) formatted temperature and precipitation data, and created glacier hypsometry
data files using Geographic Information System (GIS) techniques (3) ran the model to
simulate glacier mass balance, and (4) compared the model results to field measurements.
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Figure 1: Location of Study Area and Easton, Rainbow, Noisy, and North Klawatti Glacier

3

1.0 INTRODUCTION
Glacier mass balance studies can provide valuable constraints in studies of climate
change (IPCC, 1990). The advance and retreat of glaciers often reflect changes in regional or
global climate (Benn and Evans, 1998). Glaciers are also important components of many
hydrologic systems and aquatic ecosystems in the Pacific Northwest, providing stream flow
during the dry summer months (Bach, 2003). They influence soil development, the
distribution of vegetation, and represent a valuable aesthetic resource that draws a large
number of people into National Parks and mountain communities in the Northwest. The
mass balance of a glacier reflects a combination of its hypsometry, topographic setting, and
the climate of the region in which it is situated (Bamber and Payne, 2004). Changes in mass
balance ultimately affect glacier dynamics. However, non-climatic factors such as high subglacial water pressure can cause glaciers to advance, even during periods of negative mass
balance, or when volume is actually decreasing (Meier, 1984). Therefore, understanding the
relationship between climate and mass balance, and between mass balance and changes in
glacier geometry is crucial to understanding glaciers as indicators of climate change.
Glacier mass balance can be determined using a variety of different methods. Annual
mass changes can be determined through detailed surveying of changes in glacier surface
elevation, or can be inferred from the elevation of the snowline or the ratio of snow covered
area to the total area of the glacier at the end of the summer season (Tangborn et. al. 1975).
Models based on energy balance equations or on mass balance relationships have also been
used to estimate glacier mass balance (Braithwaite and Zhang, 1999, Oerlemans et. al, 1998,
Tangborn, 1980). Direct measurements of glacier-surface height changes, combined with
density measurements of the surface layers of ice or snow, provide the most-detailed
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information about spatial and temporal differences in mass balance, and the processes that
control it (Fountain et al., 1997). Obtaining direct measurements is often time consuming
and expensive. These facts highlight the value of models that could accurately simulate the
mass balance of glaciers that have not been directly monitored, or have relatively short
records.
The glaciers examined in this study are temperate alpine glaciers located in the North
Cascades Range of Washington State (Figure 1). All four glaciers lie < 100 km from one
another, and < 50 km from the low-altitude weather stations used in this study. Two of these
glaciers (Easton and Rainbow) lie on Mt. Baker, in the Mt. Baker-Snoqualmie National
Forest, and two (North Klawatti and Noisy Creek) lie within the boundaries of the North
Cascades National Park Complex (NOCA) (Figure 1). All four of these glaciers are of local
significance because they provide runoff into local reservoirs used for power generation and
flood control, and all four have existing mass balance records that have been collected using
direct measurement on the glacier surface. NOCA has measured mass balance and changes
in the geometry of the North Klawatti and Noisy glaciers (and a number of others) since 1993
(Reidel et. al., 1997). The North Cascade Glacier Climate Project (NCGCP) has measured
annual mass balance and monitored changes in the geometry of the Easton and Rainbow
glaciers since the early 1990’s (Pelto, 1996).
In this project, the Precipitation Temperature Area Altitude (PTAA) (Tangborn,
1999) model is used to simulate the mass balance of these four glaciers. This model was
developed with the goal of using low-altitude weather observations to simulate glacierelevation snow accumulation and snow and ice ablation. The underlying premise of the
PTAA model is that there is a link between low-altitude climate and glacier mass balance,
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and a correlation between mass balance variables that can be used to optimize coefficients
used in the model to calculate glacier-altitude snow accumulation and snow and ice melt
(Tangborn, 1999).
A regression and coefficient optimization process is used to simulate snow
accumulation and snow and ice ablation along the altitude gradient of the glacier.
Algorithms have been constructed to convert daily temperature and precipitation
measurements recorded at low-elevation meteorological stations to daily mass balance
variables at each elevation band on the glacier:
1. Snow Accumulation and/or Rain
2. Ablation
3. Daily Net Balance
4. Mass Exchange
Based on these results, the following are then determined for each day of the ablation season:
1. Accumulation Area Ratio
2. Equilibrium Line Altitude (ELA)
3. Summer snowline altitude
4. Maximum Net Balance
5. Minimum Net Balance

These values are then used to calculate seven mass balance variables (Table 1). Nineteen
regressions of the seven balance variables are performed for each date of the ablation season
~June – Sept. (~120 days). Greater than 2500 regressions are made (19 regressions x ~ 120
days) during one iteration of the model, and the Root Mean Squared Error (RMSE), average
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R2 and complement (1 - R2) value is calculated from all ~2500 regressions. If the average
RMSE and (1 - R2) are not less than in the prior model iteration, a function minimization
method is used to adjust coefficients in the model algorithms (Nelder and Mead, 1965). This
iterative process of algorithm adjustment and mass balance variable re-calculation and
regression continues until the average RMSE and (1 - R2) of the mass balance variable
regressions is minimized and the simulation is considered complete (Tangborn, 1999).
A rigorous test of the model was performed on the South Cascade Glacier (Tangborn,
1999). Final mass balance values were calculated after a total of 548 iterations of the model,
representing an average of 963 regressions per iteration calculated final mass balance values.
Annual balance, cumulative balance, and several mass balance variables including snowline
altitude and lapse rates were simulated by the PTAA model and compared with
corresponding data measured on the glacier during the 1959 – 1996 period. The model
produced realistic results, and the agreement with cumulative balance calculated using the
geodetic method was excellent (Tangborn, 1999).

7

Table 1: Glacier mass balance variables representing snow accumulation and snow and ice ablation

Mass Balance
Variable
Net Balance:

Definition
The net mass balance over the entire glacier surface

1
Equilibrium Line
Altitude (ELA):

The altitude at which balance equals zero

2

3

Accumulation Area
Ratio:
Snowline Altitude:

4
Mass Exchange:

The fraction of area above the ELA to total glacier area.
The snowline altitude (temporary snowline) is controlled by the freezing level altitude and
the ablation rate of snow (assuming occasional summer snowfall).
The difference between mass added to the accumulation area and the amount that melted in the
ablation area

5
Minimum Balance:

The minimum value of the mass balance of all the elevation bands, usually found at the
top of the glacier.

6
Maximum Balance:
7

The maximum value of the mass balance of all elevation bans, usually found at the terminus of the
glacier.

2.0 BACKGROUND
2.1

North Cascades Region

2.1.1 Geography
The North Cascade Mountain Range of the Pacific Northwest region contains the
largest number of glaciers in the conterminous United States (Meier, 1961). An inventory of
glaciers in 1961 identified this area as holding approximately one quarter of all glaciers in the
United States excluding Alaska (Post, 1971). The North Cascade Mountain Range extends
north – south across much of the state of Washington, and the tallest peaks rise to over 3200
meters. That part of the range within the boundaries of the United States extends about 240
kilometers from the Canadian Border to the North, to Snoqualmie Pass to the South (Figure
8

1). Close proximity to the Pacific Ocean and a high frequency of incoming storm systems
provide abundant water for precipitation deposited as snow at higher elevations (Bach, 2003).
The combination of high latitude, moist maritime climate, and a significant rise in relief from
west to east creates an environment conducive to glacier growth.
The Puget Lowland lies between the Pacific Ocean and the North Cascade Range.
This area is provides little resistance to moisture laden storms moving into the mountains. It
is characterized by low relief, and elevations range from sea level to around 300 meters at the
foothills of the Cascades. In general, this region contains a large volume of sediment from
the deposition of outwash and till from large ice sheets, successive sea level changes, and
from the erosion of the North Cascade Range (Easterbrook, 1986; Alt et al 1984). Low
topographic relief and proximity to the Pacific Ocean allows moisture and air masses to pass
through the Puget Lowland into the North Cascade Range to the east.
The North Cascades region is the southern end of a land mass that was slowly
accreted to what was previously the western edge of the North American continent. The last
of the ocean floor that separated the two land masses disappeared into the Okanogan trench
about 50 million years ago in the Eocene time period (Alt and Hyndman, 1984). Much of the
North Cascade mountain range we see today was produced as a result of the collision of the
two land masses, and the subsequent deformation of the sedimentary and volcanic deposits.
Jagged peaks and long valleys carved by past glaciations are characteristic of this region.
Elevations in the North Cascade Range can range from 100 m in deep valleys to over 3000 m
on higher mountain peaks.
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2.1.2 Climate
The semi-permanent Aelutian Low-Pressure system in the Gulf of Alaska drives
many of the regional atmospheric circulation patterns that bring storms and precipitation into
the North Cascades region (Fountain and McGabe, 1995). During the winter months, this
precipitation is often deposited falls as snow in the higher elevations. The regional climate of
the area is classified as having cool, wet winters and warm, dry summers
(http://www.ncdc.noaa.gov/oa/climate/research/cag3/nw.html, 2005). The winter (Dec –
Feb) mean annual temperature average is 30.4º F, and the winter mean annual precipitation
average is 10.59 inches. Records from the period 1895 to 2005 indicate an increase in winter
temperature of 0.10º F / decade, and a decrease in winter precipitation of – 0.01 inches /
decade. The summer (Jun-Aug) mean annual temperature average is 63.51º F, and mean
annual summer precipitation average is 2.83 inches. Records from the period 1895 to 2005
indicate an increase in mean annual summer temperature of 0.10º F / decade, and an increase
in mean annual summer precipitation 0.06 inches/decade
(http://www.ncdc.noaa.gov/oa/climate/research/cag3/nw.html, 2005).
The decadal El Nino Southern Oscillation (ENSO)-like weather pattern, known as the
Pacific Decadal Oscillation (PDO) has been shown to have a large impact on the mass
balance of glaciers in the Northwest (Bitz and Battisti, 1999). The PDO strongly affects
storminess over British Columbia and Washington, and thus the amount of local precipitation
added to the glaciers. It has been shown that the El Nino Southern Oscillation (ENSO)
effects weather patterns and thus precipitation and temperatures on an interannual scale,
however, only a weak relationship between ENSO and mass balance was identified (Walters
and Meier, 1989). The Pacific Decadal Oscillation (PDO) is similar to the ENSO in
mechanics, but evidence of its presence is more pronounced in the North Pacific, and the
10

system occurs over time scales on the order of 20 to 30 years (Mantua et al. 1997, Minobe
1997). Both systems show increasing ocean temperatures, above average Oct-March air
temperatures, below average rainfall, and below average springtime snowpack (Mantua,
1997).

2.1.3 Glaciers
Changes in climate have dictated the behavior and extent of glaciers in the Pacific
Northwest. Since the retreat of the southern lobe of the Cordilleran Ice Sheet at the end of
the Pleistocene, glaciers have expanded and coalesced, forming large valley glaciers, filling
and scouring out large U-shaped valleys, creating large glacier-dammed lakes, and
subsequently changing the course of some major river systems in the North Cascades
(Kovanen and Easterbrook, 2001). In effect, successive advances and recessions of glacier
ice have caused much of the North Cascade Range to look as it does today, creating a variety
of glacial landforms. The cirque and valley glaciers seen today in the North Cascades are
what remain of the large climate-controlled system of ice that once covered much of the
Pacific Northwest.
The North Klawatti Glacier and Noisy Glacier are two of the four glaciers monitored
annually by NOCA. They are located inside the North Cascades National Park boundaries,
and within 50 km of one another (Figure 1). The Noisy glacier is located on the northwest
face of Bacon Peak, and drains into Noisy Creek and the Baker River. Based on 2002
surface and aerial mapping, the surface area was measured as 0.58 km2. The Noisy Glacier is
the lowest elevation glacier in the NOCA monitoring program, its terminus at an altitude of
1650m in 2002 (Reidel et. al., 2002). The Noisy glacier, lies <10 km from the summit of Mt.
Baker, and although it is within the boundary of NOCA, it is closer to the NCGCP-monitored
11

glaciers than it is to other glaciers in the NOCA monitoring program. As a result of its
location on the western flank of the North Cascade Range in the Baker River Watershed, it
receives a large amount of snowfall. However, several decades of low winter snow-pack
conditions have resulted rapid shrinking (Reidel et. al., 2002). In the period between 1993
and 2004, the Noisy Glacier’s average net mass balance was -0.27 m.
The North Klawatti Glacier faces Southeast, is located in Boston Basin, and drains
into Klawatti Lake, Thunder Creek, Diablo Lake and the Skagit River. It had a surface area
of 1.46 km2 in 2002 (Reidel et. al., 2002), and it is the largest glacier in the NOCA
monitoring program. In the 1993 to 2004 period, this glacier had an average net mass
balance of -0.36 m w.eq. (Reidel et. al., 2002).
The Easton and Rainbow glaciers lie on the flanks of Mt. Baker, a Quaternary
Stratovolcano on the western slope of the North Cascades Mountain Range. Glacier ice
radiates out in all directions from higher to lower elevations, eventually becoming confined
by topography and forming defined glacier termini. Outwash of the Easton glacier drains
into Baker Lake and contributes runoff to the lake during drier periods.

Based on recent on

aerial photographs and USGS 7.5’ quadrangles, the Easton Glacier has a surface area of
approx. 2.39 km2 and faces south (Figure 2). In the period between 1990 and 2004, the
average annual mass balance of this glacier was -0.50 m, the equivalent of 800 m3 of volume
loss (Pelto, http://www.nichols.edu/departments/glacier/bn2004.xls). The Rainbow glacier
lies on the northeastern slopes of Mt. Baker. Based on recent on aerial photographs and
USGS 7.5’ quadrangles, the surface area of the Rainbow Glacier is ~ 2.15 km2. The
Rainbow Glacier drains into Rainbow Creek, Swift Creek, and then into Baker Lake. During
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the 1990 to 2004 period, the average annual mass balance of the Rainbow glacier was -0.43
m w.eq. (Pelto, http://www.nichols.edu/departments/glacier/bn2004.xls).

Figure 2: Mount Baker Ice Mass and Easton and Rainbow Glacier Outlines (data source: USGS)

2.2

Previous Work

2.2.1 Glacier Mass Balance Measurements
In the late 1950’s, the USGS began monitoring programs on a number of glaciers in
the Pacific Northwest. These programs were focused on the water-resource potential of
glaciers, hazard assessment, and the relation between glaciers and climate (Fountain et al.,
1997). In 1957, an extensive program of mass balance monitoring and study was established
on the South Cascade glacier in the North Cascades, and continues today, creating the longest
continuous record of glacier mass balance in North America (Krimmell, 1989). This
program measures both a winter (accumulation) and summer (ablation) balance separately,
and the end of the ablation season is considered to be the time when the snowpack is at a
minimum. Accumulation is measured by digging pits and using snow cores in conjunction
with density measurements to determine snowpack mass, measured in meters of water
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equivalent (m w.eq.). Ablation of snow and ice is measured by monitoring a series of stakes
which are drilled into the glacier ice. In addition to these direct measurement methods, the
USGS employs other photogrammetric methods to validate their direct measurements. The
program has set the standard for glacier mass balance monitoring in North America.
Mass balance records and detailed mapping of the South Cascade glacier indicates
that it has been losing mass and retreating steadily for nearly four decades (Bidlake, 2002).
The mean annual balance during the 1959 – 2002 period was -0.47 m w.eq. During this
period there was twice the number of negative mass balance years as positive mass balance
years. During this 43 – year period (1959 – 2002), the glacier had lost almost 1 km2 of
surface area, and retreated 0.6 km from its 1958 position (Krimmel, 2002). A shift in the
general mass balance trend occurred in the mid -1990’s, in which the average net balance
changed from

-0.93 m w.eq. during the 1977 to 1994 period to -0.18 m w.eq. during the

1995 to 2002 period. This indicates that the South Cascade Glacier has been losing mass at a
slower rate in the late 1990’s and early 21st century than during the 1980’s and early 1990’s
(Bidlake, 2002).
The direct method of measuring changes in the glacier surface to determine mass
balance is used by several groups in the North Cascades region. The United States
Geological Survey (USGS) has monitored mass changes on the South Cascade Glacier using
direct measurement methods since the 1950’s (Krimmell, 1989). NOCA has monitored a
number of glaciers within the park boundaries, and has recorded detailed mass balance
measurements on four glaciers since 1993 (Reidel, 1997). NCGCP has been monitoring
three Mt. Baker glaciers and five others in the region since the mid - 1980’s (Pelto, 1996).
The methods used by these programs vary slightly. Differences in the timing of the annual
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measurements, and availability of different measurement equipment or techniques can cause
significant differences in mass balance estimations made by different groups.
The North Cascades National Park (NOCA) has been monitoring the mass balance
and geometric changes of four glaciers in the park since 1993, using methods similar to those
used by USGS on South Cascade Glacier. This program measures net mass balance, which
typically involves measuring a separate winter and summer balance. The beginning and end
of the ablation season are determined by the date that the snowpack is at a maximum or
minimum, respectively. Snow pits and snowpack depth probing in conjunction with density
measurements are used to determine snow accumulation. Ablation of snow and ice are
measured using stakes drilled deep (up to 8m) in the ice and checked frequently to determine
the drop in the glacier surface. The goal of this program is to monitor annual variations in
the glaciers in the park, to determine how well South Cascade Glacier represents glaciers in
the park, and to develop methods of monitoring all the glaciers in the park (Reidel et. al.,
1997). There are many glaciers within NOCA, but these four glaciers have been carefully
selected in an attempt to find glaciers that would be good representatives of the larger group.
Mass balance data collected on all four NOCA monitored glaciers indicate several
trends. First, the Silver Creek and Sandalee glaciers are considered to be East of the climate
divide (Pelto and Reidel, 2001). They have the highest mean net balance and positive
cumulative balances for the period of record (1993 – 2003), while the Noisy and North
Klawatti glaciers had lower mean annual balances, and negative cumulative balances (Reidel
et al., 2002). The higher net balances and positive cumulative balances measured on glaciers
east of the climate divide are attributed to more consistent snowfall, and the ability to
conserve it because they are well shaded on the north sides of mountains (Reidel et. al.,
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2002). In 1993 and 1994, the net balances of all four glaciers were negative. Beginning in
1995, eastside glaciers (Silver and Sandalee) showed positive balances. In 1996 and 1997,
all four glaciers had positive balances. This trend stopped in 1998, however, when all
monitored glaciers began to show large inter-annual fluctuations (Reidel et. al., 2002).
NCGCP has been monitoring eight North Cascade Glaciers since 1984, and two
additional glacier since 1993 (Pelto, 1996). This program measures annual balance, which
typically involves measuring the depth of the snow layer that lies above the previous year’s
surface on the same date each year (Mayo et. al, 1972). This program does not measure
separate winter and summer balances, but employs the use of snow pits, crevasse stratigraphy
and a high density of snow probing measurements to determine snow accumulation, and
previous detailed measurements of ice melt are used to determine ablation (Pelto, 1996).
The mean annual balance of all glaciers monitored by NCGCP from 1984 to 2000
was 1.01 m water equivalent. From 1984 to 1994, the average balance was -0.39 m water
equivalent, and corresponds to an estimated 4 – 4.5 m loss in mean glacier thickness (Pelto,
2000). From 1995 - 2000, the balance became slightly positive and was an average of 0.10 m
w.eq. (Pelto and Riedel, 2001). By 1991, all glacier termini monitored by NCGCP were
retreating (Pelto, 1993).
The high correlation between mass balance values calculated on all glaciers
monitored by both NCGCP and NOCA indicates that they are fluctuating coherently (Pelto
and Reidel, 2001). The consistency of these annual fluctuations on a number ofglaciers
across a large area implies that glacier mass balances are being similarly affected by regional
climate fluctuations (Figure 3). Annual balance values range from +2 m w. eq. to -2 m w.eq.
A period of increased interannual variability becomes apparent after 1996, and differences in
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interannual balances are as high as ~2 m w.eq. The mean annual balance for all four glaciers
in this study is -0.35 m w.eq. for the 1984 to 2003 period of record (Figure 3).
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Figure 3: Measured mass balance of Easton, Rainbow, Noisy, North Klawatti, and South Cascade
Glaciers (NOCA, NCGCP)
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2.2.2 PTAA Model
The PTAA model simulates current and historic glacier mass balance using daily
meteorological records from low-elevation stations less than 50km distance and as much as
1200m lower in elevation than the glacier termini (Figure 4). The underlying premise of the
PTAA model is that there is a relationship between low-altitude climate and glacier mass
balance , and that there is statistical correlation between mass balance variables that can be
used to optimize model algorithm coefficients. Algorithms are used to convert low-elevation
precipitation and temperature to mass balance variables such as snowline altitude,
accumulation area ratio, zero balance altitude, etc. (Table 1). These daily values of mass
balance variables are then regressed against one another for each date in the ablation season ~
(May – August) (Figure 7). Greater than 2000 regressions are made (19 regressions x ~ 120
days) during one iteration of the model, and the Root Mean Squared Error (RMSE), average
R2 and complement (1 - R2) value is calculated from all ~2500 regressions.. A function
minimization method is used to adjust the balance variable algorithm coefficients with the
goal of minimizing the RMSE and 1 - R2 (unexplained variance) values (Nelder and Mead,
1965). When the average RMSE and 1 - R2 values are minimized, the balance variables are
final and the simulation process is complete.
An earlier version of the model was applied to the South Cascade Glacier using
meteorological data from Concrete and Diablo Dam, and hypsometric data from several
periods, the model produced valid results (Tangborn, 1999). During the 107 – day ablation
period (June 15 – September 30), 107 regressions were made for each pair of the group of
seven variables, for a total of 963 (107 x 9) regressions corresponding to 1 iteration of the
simplex. In the South Cascade Glacier study, the optimal coefficients were attained after 548
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iterations of the regression/simplex process. Annual balance, cumulative balance, and
several mass balance variables including snowline altitude and lapse rates simulated by the
PTAA model were compared with corresponding data measured on the glacier during the
1959 – 1996 period. The model produced realistic results, and the agreement with
cumulative balance calculated using the geodetic method is excellent (Tangborn, 1999).
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Figure 4: Flow Chart Representing the Simulation Process Used by the Precipitation Area Altitude Model
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3.0 METHODOLOGY
The methodologies used in this project can be separated into two categories. In the
first category are the methods used to create the files to input into the PTAA model. In the
second category are the methods used in the model itself to convert input to mass balance
values. Methods similar to those used by Harper (1993) in a previous study of Mt. Baker
glaciers are used to determine the area altitude distribution of the Rainbow and Easton
glaciers. The hypsometry of the Noisy and North Klawatti glaciers were determined by
NOCA using standard photogrammetric and surveying techniques similar to those used by
the USGS (Tangborn et. al., 1971). Methods used in the PTAA model itself to convert
meteorological and hypsometry data to glacier mass balance were developed by Wendell
Tangborn and tested on several glaciers (Tangborn, 1999, 1997, 2000). These methods are
described in detail below.

3.1

Input Files

3.1.1 Meteorological Data Files
Meteorological data from low-elevation climate stations are required by the PTAA
model to calculate mass balance related variables at each altitude band defined by the
hypsometry file. The Concrete and Diable Dam weather stations used in this study are within
50 km and as much as 1200 m lower in altitude than the glaciers’ termini (Figure 1). Daily
average temperature and precipitation values for the period 1931 to 2003 period were
obtained for Concrete weather station, and for the period 1956 to 2003 for the Diablo Dam
weather station. These data were obtained from EcoRecords, Inc., and were formatted as text
files to input to the model.
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3.1.2 Glacier Hypsometry Data Files
Files representing each glacier’s hypsometry are required by the PTAA model to
define the altitude bands in which mass balance variables are calculated. The hypsometry of
a glacier refers to the distribution of its area along an altitude gradient. There are several
methods of creating hypsometric data for glaciers. Elevation models can be produced from
GPS surveying, laser altimetry and/or aerial photogrammetry. This work has been performed
by NOCA on the Noisy and North Klawatti Glaciers. It has not, however, been performed on
the Easton and Rainbow Glaciers, and methods similar to those used to determine the
hypsometry of these glaciers are described below.
Easton and Rainbow Glaciers
Ice flows radially down the slopes of Mt. Baker (3285m), becoming confined by
topography in the lower elevations and forming defined glacier termini. The source area of
the Easton glacier is connected to the source areas of both the Deming and Squauk glacier.
The source area of the Rainbow Glacier is connected to both the Park and Mazama Glaciers.
Ridges and buttresses at lower elevations isolate these ice masses and create defined glacier
termini below about 2000 m. Assuming that the flow of ice is normal to ice surface elevation
contours, approximations of glacier perimeters may be made from ice surface topography
shown on topographic maps (Harper, 1993).
Geographic Information System (GIS) digitizing and Digital Elevation Model (DEM)
analysis techniques are used in conjunction with Digital Raster Graphics (DRGs), or
electronic, georeferenced versions of scanned images of 7.5’ USGS topographic maps to
determine the hypsometry of the Easton and Rainbow Glaciers. The maps, however, depict
glacier margins as there were when the maps were created in the late 1970’s. The terminus
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position has changed since this time, and aerial photos are used to create a more accurate
glacier terminus outline. In the upper elevations, where glaciers become interconnected, the
margins of the lower elevation glacier ice are followed uphill, crossing contour lines
perpendicularly(Figure 5). This technique has been used by Harper (1993) to determining
the physical parameters of Mt. Baker Glaciers.
A DEM (http://wa-node.gis.washington.edu/nsdi/metaserver/metadata/prism.
harveys_dem.html) with a 10m x 10m resolution is used to determine the glacier’s areaaltitude distribution. After the glacier perimeter is defined, the outline is used to clip the
DEM, leaving only the part of the DEM within the glacier outline. An ArcToolbox “Slice”
command is used to divide the clipped DEM into 40 m elevation bands. In this case, 40m
elevation bands are used because this is the stated accuracy limitation of the elevations
shown on a USGS ASCII DEM (http://gis.ess.washington.edu/data/raster/tenmeter/).
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Figure 5: Easton Glacier Digitized Outline and Surrounding Area (terminus area based on 1993 DOQQ)
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Figure 6: Digitized Outline of Rainbow Glacier and Vicinity (terminus area based on 1995 DOQQ).

North Klawatti and Noisy Glaciers
Noisy and North Klawatti Glacier hypsometry files are created using photogrammetry
and surveying techniques, and are provided by NOCA (Reidel et. al., 2002). These mapping
techniques determine elevation changes at a higher resolution. As a result, the NOCA
hypsometry files for the North Klawatti and Noisy Glaciers have an altitude resolution of
20m.
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3.2

PTAA Model Simulation Process
The glacier mass balance simulation process used in the PTAA model has been

developed by Wendell Tangborn through years of effort and with the goal of using easily
obtainable and long-running measurements from low-altitude meteorological stations to
simulate glacier mass balance (Tangborn, 1980, 1999, 2000). Low elevation meteorological
data and glacier hypsometry data are required by the model to calculate snow accumulation
and snow and ice ablation at glacier elevations. The Concrete and Diablo Dam weather
stations have long-running and dependable weather records, and are within ~50 km of the
glaciers, and both stations are > 1000m lower in elevation than the glacier termini. Daily
temperature and precipitation records from Concrete and Diablo Dam weather stations are
used in seven algorithms that calculate mass balance variables.
The simplex optimization process is a mathematical approach to minimizing or
maximizing a linear function with multiple variables (Nelder and Mead, 1965). In the PTAA
model, the coefficients used in algorithms that determine mass balance variables are adjusted
by the simplex process to obtain the lowest average RMSE and 1 - R2 value. This regressioncoefficient optimization-regression process continues during iteration of the model, until the
lowest average 1 - R2 between balance variables is achieved. When this lowest average 1 R2 is achieved, the mass balances simulation is considered complete.

3.2.1 Meteorological Data Conversion
In the first stage of this simulation process, temperature and precipitation
measurements from low elevation meteorological stations are converted to simulated glacieraltitude conditions. Glacier-altitude temperature and precipitation values are simulated using
a lapse rate technique, and by the model’s calibration process (Tangborn, 1999). Glacier
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mass balance variables such as snowline altitude, balance, accumulation area ratio, etc. are
then calculated from these simulated glacier-altitude values (Table 1). These variables are
not, however, considered final until the second stage of the simulation process is performed
(Tangborn, 1999).
Low elevation temperatures are converted to glacier altitude temperatures using lapse
rates determined from the meteorogical record. Glacier elevation precipitation is determined
by coefficients that are “calibrated” by the model’s regression process. Daily glacier altitude
snow accumulation and snow and ice melt values are calculated for each day, and for each
area-altitude band of the glacier as defined by the hypsometry input files. The seven mass
balance variables calculated by the model for each day are defined in Table 2.

Table 2: Glacier mass balance variables representing snow accumulation and snow and ice ablation

Mass Balance
Variable
Net Balance:

Definition
The net mass balance over the entire glacier surface

1
Equilibrium Line
Altitude (ELA):

The altitude at which balance equals zero

2

3

Accumulation Area
Ratio:
Snowline Altitude:

4
Mass Exchange:

The fraction of area above the ELA to total glacier area.
The snowline altitude (temporary snowline) is controlled by the freezing level altitude and
the ablation rate of snow (assuming occasional summer snowfall).
The difference between mass added to the accumulation area and the amount that melted in the
ablation area

5
Minimum Balance:

The minimum value of the mass balance of all the elevation bands, usually found at the
top of the glacier.

6
Maximum Balance:
7

The maximum value of the mass balance of all elevation bans, usually found at the terminus of the
glacier.
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3.2.2 Regression Process
The PTAA model regression process (Figure 2) is a method of quantifying the
correlation of glacier mass balance variables that are derived from both climate data and
hypsometry. Balance variables are calculated for each day of the ablation period and for
each elevation band defined by the glacier hypsometry file. Nineteen different regressions
are made for each date of the summer ablation season. This ablation season is defined by the
model. It begins on the day that the accumulation area ratio is less than 1.00 and ends on
either Sept 30 or on the date of minimum snowpack (Table 2). For example, if the ablation
period is identified as starting June 15 and ending September 30, 107 regressions are made
for each set of variables, for a total of 963 for an iteration of the model. Two regressions
representing the relationship of two mass balance variables (net balance and equilibrium line
altitude) at the beginning date (July 1) and end date (Sept. 30) of the 2001 ablation period are
shown in Figure 7.
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Table 2: The nineteen regressions pairs used to relate mass balance variables

Regression
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Variables

Regressed

Net Balance vs. Equilibrium Line Altitude
Net Balance vs. Snowline Altitude
Net Balance vs. Accumulation Area Ratio
Net Balance vs. Mass Exchange
Mass Exchange vs. Net Balance
Mass Exchange vs. Equilibrium Line Altitude
Mass Exchange vs. Snowline Altitude
Mass Exchange vs. Accumulation Area Ratio
Minimum Balance vs. Equilibrium Line Altitude
Minimum Balance vs. Snowline Altitude
Minimum Balance vs. Accumulation Area Ratio
Minimum Balance vs. Mass Exchange
Snowline Altitude vs. Equilibrium Line Altitude
Equilibrium Line Altitude vs. Accumulation Area Ratio
Equilibrium Line Altitude vs. Mass Exchange
Snowline Altitude vs. Accumulation Area Ratio
Snowline Altitude vs. Mass Exchange
Accumulation Area Ratio vs. Mass Exchange
Net Balance vs. Maximum Balance
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Figure 7: Two of ~ 2280 regressions used in one model iteration relating ELA to daily Net Balance on Easton
Glacier June 30 and Sept 30 2001.

3.2.3 Simplex Optimization Process
The Simplex Method is a mathematical approach to minimizing a linear function
(Nelder and Mead, 1965). In this case, the objective error that is minimized in the simplex is
the complement of the explained variance (1-R2) averaged from a linear regression fit of the
seven balance variables that are determined each day during the ablation season. If the
average regression error is not minimized, the simplex method adjusts coefficients in the
mass balance algorithms to create new mass balance variable values, and continues the
process again to see if the lowest (1-R2) value has been achieved (Figure 5). This process
continues until the (1-R2) cannot be further minimized in the simplex. When the minimum
error is achieved, the simulation of mass balance variables is complete (Figure 8).
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3.3

Mass Balance Comparison
The net mass balance values simulated by the PTAA model are compared to the mass

balance calculations based on direct measurements made on each glacier surface for the
corresponding balance year. These data are analyzed by comparing differences in trends.
Differences in magnitudes are compared annually, while differences in trend are compared
over multi – year groups. An overall assessment of accuracy is made by fitting a linear
regression line to the simulated and measured data. The simulated and measured data meet
the assumptions required for the use of the regression test.
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4.0 RESULTS
4.1

Glacier Data
The four glaciers studied in this project exhibit different morphological

characteristics. However, some similarities are seen between glaciers in terms of aspect and
mean annual balance (Table 3). Glacier surface areas range from 2.9 km2 (Easton Glacier) to
0.58 km2 (Noisy Glacer). The Noisy Glacier has the highest terminus altitude (1650 m), and
the Rainbow Glacier has the lowest (1205 m). The highest glacier head elevation is 2960 m
(Easton Glacier), and the lowest is 2040 m (Noisy Glacier). The Easton Glacier has the
largest elevation range (1375 m), and the Noisy Glacier has the smallest (390 m). Both the
Easton and North Klawatti Glaciers face S to SE. The North Klawatti Glacier, however, lies
in a cirque with steep walls, and receives considerably more shade than the Easton Glacier,
which is relatively unconfined along its length. The Rainbow and Noisy Glacier both have a
northwest aspect. All four glaciers have negative mean annual balances for the period of
record. The Easton Glacier mean annual balance is most strongly negative (-0.5 m w.eq.).
The North Klawatti mean annual balance is slightly less negative (-0.36 m w.e.). The
Rainbow and Noisy glaciers have equivalent mean annual balance for their respective period
of record

(-0.27 m w.eq.) (Table 3).
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Table 3: Balance and Morphology Characteristics of Easton, Rainbow, Noisy, and North Klawatti Glaciers
Accumulation sources: wind drifting = WD, avalanche accumulation = AV, direct snowfall = DS
*(Pelto and Riedel, 2001).
Glacier

Period

Aspect

of

*Accumulation

Area

Terminus

Head

Elevation

Mean

Elevation

Elevation

Range

Balance

km2

m

m

m

m weq.

Source

Record
Easton

1990 2003

S

DS, WD

2.9

1585

2960

1375

-0.5

Rainbow

1984 2003

NW

DS, AV

1.9

1205

2280

1075

-0.27

Noisy

1993 2003

NW

DS, WD, AV

0.58

1650

2040

390

-0.27

N.
Klawatti

1993 2003

SE

DS, AV

1.46

1540

2270

730

-0.36

4.1.1 Easton and Rainbow Glaciers
The hypsometric characteristics of the Easton Glacier are generated from USGS
topographic maps and aerial photos indicate this glacier has the largest surface area, the
widest elevation range, and the highest head elevation of the glaciers in this study (Table 3).
The upper area of the glacier becomes narrower as the slopes of Mt. Baker become steeper
and more convex, and ice diverges in several directions. The diverging ice in this area feeds
the Deming Glacier to the West, and the Squauk Glacer to the East. The source area extends
to ~2960 m and terminates at the edge of Sherman Crater (Figure 11).
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Division of the DEM of the Easton glacier into 40m elevation bands reveals several
characteristics of the area altitude distribution (Figure 11-13). The elevation range of the
Easton Glacier is divided into 34 different equal elevation bands. The widest of these bands
exist in the lower elevations of the glacier (Figure 11). An analysis of aerial photos from a
number of different years performed by Harper (1993), and observation by NCGCP indicates
that the annual Equilibrium Line Altitude (ELA) lies between ~ 1800 and 2100 m. A
hypsometric curve constructed for the Easton Glacier indicates that the upper estimation of
this ELA (2100 m) creates an accumulation area > 80% of the total glacier area (Figure 13).

Figure 11: Easton Glacier Digitized Outline and 40 m Area-Elevation Bands
Generated by ArcGIS Spatial Analyst “Slice” Tool
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Figure 12: Easton Glacier Hypsometry (40m) Elevation Bands
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Figure 13: Hypsometric Curve for the Easton Glacier (Data Source: NCGCP)
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Mass balance measurements on the Easton Glacier since 1990 indicate that there can
be significant interannual variations (Pelto, 1996). The years 1992 to 1997 show an
increasing annual balance trend. Measurements from 1997 to 2003 show increased
variability in annual balances. The most significant of these interannual differences is seen
between the differences in 1998 and 1999. The difference between the annual balances in
these two years was greater than 3 m w.eq. During the 14 year period of record, 9 of the
balance years are negative, with 3 of these years showing negative balances of greater than
1.5 m w. eq. over the glacier surface. The mean annual balance for the Easton Glacier for the
14 year period of record is -0.5m w. eq.
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Figure 14: Measured mass balance of the Easton Glacier 1990 – 2003 (NCGCP)
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The physical parameters of the Rainbow Glacier are determined from USGS 7.5’
topographic maps indicate that this glacier has several distinct morphological characteristics
(Figure 17). The Rainbow Glacier lies on the Northeast face of Mt. Baker. The surface area
of the glacier is ~1.6km2. This is the second largest glacier in the study. This glacier has the
lowest terminus elevation at ~1200m. Glacier elevations cover a range of 1075 m; from
~1200m at the terminus, to ~2200m at the glacier head. Above ~1500 m, this glacier
becomes a part of the larger Mt. Baker ice cap (Figure 15).

Figure 15: Oblique Aerial Photo of North Side of Mt. Baker and Rainbow Glacier
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Division of a 10m x 10m DEM based on USGS 7.5’ quadrangles into 26 separate
40m altitude bands shows several characteristics of the area altitude distribution (Figure 16).
The larger size of the upper elevation bands indicates a broad plateau at about 2000m (Figure
16). Below ~2000m, the Rainbow Glacier descends into a deep canyon with steep walls.

Figure 16: Rainbow Glacier Outline and Area-Elevation Bands
Generated by ArcGIS Spatial Analyst “Slice” Tool

An analysis of aerial photos from a number of different years performed by Harper
(1993), and observation by NCGCP indicates that the annual Equilibrium Line Altitude
(ELA) lies between ~ 1800 and 2100 m. A hypsometric curve created for the Rainbow
Glacier indicates that > 45% of the glacier area is above the estimated maximum ELA
(Figure 18).
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Figure 17: Rainbow Glacier Hypsometry
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Figure 18: Hypsometric Curve for the Easton Glacier (data source: NCGCP)
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Measurements of annual mass balance on the Rainbow Glacier since 1984 indicate
several long term and interannual characteristics. From 1984 to 1991, annual mass balances
are within .5 m w.eq. of zero. Interannual differences are relatively small until 1991 and
1992, when annual balance became 1 m w.eq. less than the previous year. Between 1992 and
1997, after four years of negative balance, annual balance became slightly positive in the last
two years (1996 and 1997). Beginning in 1997, significant interannual variation be seen in
the record, with the largest difference of greater than 3 m w. eq. seen between 1998 and 1999
(Figure 19). The mean annual balance for the 19 year period of record is -0.27 m w.eq.
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Figure 19: Measured annual mass balance of the Rainbow Glacier (Data Source: NCGCP)

4.1.2 Noisy and North Klawatti
The physical parameters and hypsometry of the Noisy Glacier were provided by
NOCA and were generated using a combination of GPS based ground and aerial surveying.
The Noisy Glacier lies on the northwest face of Bacon Peak (Figure 20), and is currently the
smallest glacier in the NOCA monitoring program, with a surface area of 0.58 km2 in 2003
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(NOCA, 2003). Glacier elevations span a range of 390 m, with the terminus at 1670 m and
the glacier head at 2040 m (Table 2).

N
Bacon Peak

Figure 20: Aerial Photo of Noisy Glacier (NOCA)

The altitude profile of the Noisy glacier was provided by NOCA and created using a
combination of GPS-based ground and aerial surveying. The combination of these
techniques allows a relatively precise measurement of hypsometry. The altitude range of the
Noisy glacier is divided into 27 bands representing the area of the glacier within each 20 m
increment of altitude. The largest area of the Noisy Glacier lies in the center of the glacier’s
length between 1770 m and 1850 m (Figure 21). A hypsometric curve created using the
NOCA data indicates that only about ten percent of the glacier’s area lies above the average
ELA calculated for the period of record (Figure 22).
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Figure 21: Noisy Glacier Hypsometry
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Figure 22: Noisy Glacier Hypsometric Curve

Net mass balance calculated each year from measurements on the Noisy glacier for
the period of record (1993-2003) indicates several trends. A steady increase in net mass
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100

balance occurs from 1994 to 1997. A significant decrease of 2 m w.eq. is seen between 1997
and 1998. During 2000 and 2001, net balance decreases sharply, and a minimum balance of
-1.41 m w.eq. was recorded. Significant inter-annual variability is also seen in 2002 and
2003 (Figure 23). The mean annual balance for the Noisy Glacier for the period of record
(1993-2003) is -0.27 m w.eq.(Table 3).
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Figure 23: Measured net mass balance of the Noisy Glacier 1993 – 2003 (Data Source: NOCA)
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The physical parameters and hypsometry of the North Klawatti Glacier are provided
by NOCA and are generated using a combination of GPS-based ground and aerial surveying.
The North Klawatti Glacier faces Southeast, and is confined by steep valley walls (Figure
21). A steep ridge separates the North Klawatti Glacier from the South Klawatti Glacier, and
provides a substantial amount of shading over the glacier during the summer (Figure 24).
This is the third largest glacier of the four used in this study. The glacier surface area was
determined to be 1.46 km2 in 2003. Elevations on the North Klawatti Glacier ice range from
1730 m at the terminus to 2417 m at the glacier head,spanning an altitude range of 790 m
(Table 3).

Figure 24: Oblique aerial photograph of North Klawatti Glacier in 1966 (Source: World Glacier Monitoring
Service WGMS)
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Figure 25: Aerial photo of North Klawatti Glacier in 1996 (Source: NOCA)
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The area-altitude distribution of the North Klawatti Glacier indicates a relatively
inconsistent pattern along the altitude gradient, and reflects the strong control of valley
configuration on the glacier morphology. The altitude range of the North Klawatti Glacier is
divided into 69 distinct bands representing the area within each 20m increment from the
terminus to the head (Figure 26). Three distinct zones of larger surface area are apparent in
the hypsometry. The largest zone exists between 2210 m and 2350 m. The second area
appears between 2080 m and 2100 m, and another significant area appears between 1800 m
and 1950 m. The narrow zones between 1950 m and 2050 m are steep icefalls. These zones
are not discernable on the hypsometric curve because it is such a small area (Figure 27).
The hypsometric curve for the North Klawatti Glacier indicates that slightly more
than 20 % of the glacier area lies above the average ELA calculated from data from the
period of record (Figure 27). The long, narrow tongue of the glacier that is below 2000 m
makes up much of the length of the glacier, and accounts for about 60 % of the total glacier
area. The average ELA is ~2200m, and only about 20% of the glacier area lies above.
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Figure 26: North Klawatti Glacier Hypsometry
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Figure 27: North Klawatti Glacier Hypsometric Curve
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Net mass balance calculated for the 1993 to 2003 time period indicate trends similar
to those recorded on the Noisy Glacier (Figure 28). An increase in surface area is seen from
1994 to 1997. A large decrease of >2.5 m w.eq. is seen between 1997 and1998 and an
almost equivalent increase occurred between 1998 and 1999 (Figure 21). A maximum net
balance of 1.42 m w.eq. was recorded in 1997, and a minimum net balance of – 1.72 m w.eq.
was recorded in 2001. Half of the 10 year record showed negative balances, while half
showed positive balances (Figure 28). The negative balances were greater, and thus the
average net balance for the period of record was -0.36 m w.eq. (Table 3).
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Figure 28: Measured net mass balance of North Klawatti Glacier 1993 – 2003 (Data Source: NOCA)
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4.2

Model Results
The PTAA model is used to simulate the net mass balance of the four glaciers in this

study. The number of years for which net balance is simulated corresponds to the number of
years that mass balance was measured in the field. This was done in order to have both a
measured and simulated value to compare. The Rainbow Glacier has the longest record of
measured mass balance (19 years). Balance is simulated by the PTAA model for the
corresponding 19 years. Balances were simulated for the 13 year record of measurements on
the Easton Glacier, and for 10 years of measurements recorded by NOCA on the Noisy
Glacier. The Easton Glacier has 13 years of balance measurements, and mass balance has
been simulated by the PTAA model for the same 13 years. The net balance values of both
the Noisy and North Klawatti Glaciers have been calculated by NOCA since 1993. The net
mass balance was simulated for the Noisy Glacier using the PTAA model for the same 10
year period of record.
Several patterns are evident in the net mass balance data simulated by the PTAA
model for the Easton, Rainbow, and Noisy Glaciers (Figure 29). All simulated balance
values are +0.9 m. w.eq. and -0.9 m. w. eq.. Significant interannual net balance differences
are apparent, with the largest difference (1.6 m w.eq.) simulated between the 1998 and 1999
years on Noisy glacier. Simulated net balance values increase or decrease coherently, but
with different magnitudes (Figure 29). The largest differences in annual balance between
any two glaciers is less than 0.4 m w.eq. Increases and decreases in the simulated balance
data for the Noisy Glacier during the period of record (1993-2003) are consistent with those
of the Easton and Rainbow Glaciers for all years except 1996 and 1997, when the simulated
Noisy Glacier net balance decreased by 0.4 m w.eq. at the same time the Easton and
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Rainbow balances increased slightly by 0.1 m w.eq. The largest inter-annual balance change
is less than 0.6 m w.eq.
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Figure 29: PTAA Simulated mass balances for Easton, Rainbow, and Noisy Glaciers (North
Klawatti balances could not be determined)
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4.3

Mass Balance Comparison
A test of the PTAA model’s accuracy is performed by comparing model output to

field measurements. Regressions of simulated vs modeled balance values are used for the
test of accuracy. A linear regression technique for comparison is valid because the data are
independent and normally distributed about the mean. A linear regression calculates an R2
value that represents the explained variance of the data comparison.
It is important to note that while the PTAA model simulated net annual balance (the
net balance measured between two periods of minimum balance), “annual” balance (net
balance measured between the same date in two consecutive years), is calculated for glaciers
monitored by the NCGCP. The difference in the end of the ablation season determined by
the model itself and the dates on which measurements were taken, could cause significant
differences between the two values. For example, the PTAA model could calculate that the
end of the ablation season would be 4 weeks earlier than the date when the balance would be
measured by NCGCP.

4.3.1 Easton Glacier
Measured and simulated mass balance for the Easton Glacier are plotted together and
compared by linear regression. The simulated balance increases or decreases coherently with
measured data, but with different magnitudes (Figure 30). Significant differences between
measurements and model results occur during years of extreme positive or negative balances
(1992, 1993, 1989, 2001) (Figure 30). In seven of 13 years, simulated values are within 0.25
m w. eq. of measured balances. In nine of the 13 years, model results are within 0.5 m w. eq.
of measured balances. The three lowest measured balances (1992, 1998, 2001), are as much
as 1 m w. eq. less than simulated balances (Figure 30). A plot of the simulated vs. measured
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mass balance data is shown as Figure 31. An R2 representing the fraction of explained
variance is 0.68, calculated from a linear regression line fit to the data.
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Figure 30: PTAA vs. Measured Mass Balances on Easton Glacier (1990 – 2003)
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Figure 31: Regression of PTAA Model Results and Field Measurements
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4.3.2 Rainbow Glacier
Measured and simulated mass balance for the Rainbow Glacier are plotted together
and compared by linear regression. In all years except 1989 and 1993, the simulated balance
increased or decreased coherently with measured data, but with different magnitude (Figure
32). Significant differences between measurements and model results occur during years of
extreme positive or negative balances in the 1993 year, and in years after 1994 (Figure 32).
The largest difference (~1.5m) between simulated and measured balance is seen in 2001.
The three lowest measured balances (1992, 1998, 2001), are as much as 1 m w. eq. less than
simulated balances (Figure 32). A plot of the simulated vs. measured mass balance data is
shown as Figure 33. The R2 value, or the fraction representing explained variance for the
fitted linear regression line is 0.67 (Figure 33).
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Figure 32: PTAA vs Measured Mass Balance on Rainbow Glacier (1984 – 2003)

PTAA Annual Balance (m w.eq.)

1
0.8

y = 0.40x + 0.13
R2 = 0.44

0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

NCGCP Annual Balance (m w.eq.)

Figure 33: Regression of PTAA Model Results and Field Measurements
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4.3.3 Noisy Glacier
Measured and simulated mass balance for the Easton Glacier are plotted together and
compared by linear regression. Simulated balance increased or decreased coherently with
measured data, but with different magnitude (Figure 34). In seven of 13 years, simulated
values are within 0.25 m w. eq. of measured balances. In nine of the 13 years, model results
are within 0.5 m w. eq. of measured balances. The three lowest measured balances are as
much as 1 m w. eq. less than simulated balances (Figure 34). A plot of the simulated vs.
measured mass balance data is shown as Figure 34. The R2 value, or the fraction of
explained variance for the fitted linear regression line is 0.83 (Figure 35).
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Figure 34: PTAA vs. Measured Balance on Noisy Glacier (1993 – 2003)
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Figure 35: Regression of PTAA Model Results and Field Measurements
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4.3.4 North Klawatti Glacier
Measured and simulated mass balance for the North Klawatti Glacier are plotted
together and compared by linear regression. In only one instance (1996 – 1997), the model
simulates a significant increase in mass balance, while measurements indicate that annual
balance actually decreased (Figure 36). All simulated balances are within 1 m w. eq. of
measured balances. Differences during extreme positive or negative mass balance years are
not as evident as with the Easton and Noisy Glaciers. The R2 value representing the fraction
of explained variance from the fitting of a linear regression line to measured and simulated
mass balance values is 0.71 (Figure 37).
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Figure 36: PTAA vs. Measured Balance on Noisy Glacier (1993 – 2003)
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Figure 37: Regression of PTAA Model Results and Field Measurements on North Klawatti Glacier

60

2

5.0 Discussion
5.1

Glacier Data
The hypsometric profile of each glacier plays several roles in the modeling process.

First, the temperature calculated at glacier elevations from low-altitude measurements is
dependent on the lapse rate, or the rate at which the temperature decreases with the increase
in altitude. The temperature dictates where precipitation as rain turns to snow, and thus, the
altitudes at which accumulation occurs. The maximum and minimum elevation of the glacier
itself also constrains the temperature conversion to a specific range of elevations. Second,
the hypsometry of the glacier is divided into equal elevation bands. Accumulation and
ablation is calculated for each altitude band, and summed to calculate balance over the entire
glacier. Two different resolutions of hypsometry are used based on the available data.
Meteorological conditions would change little from one 40m altitude band to the next, so the
20m and 40m resolutions used in this study are reasonable.
Changes in regional precipitation and temperature appear to have more control over
mass balance changes over time than do local effects of microclimate. Changes in glacier
hypsometry through time are not incorporated in to this study. The hypsometric data files in
this study represent the extent and area of the glacier as they exist recently (~2003), while
mass balance variable values used in the regression process are calculated for the entire
period of record of the meteorological data, which extends back to approx. 1950’s. Despite
this, however, the model still seems to simulate mass balance values similar to measured
values. Average ice thickness changes of NCGCP glaciers is estimated to be less than ~ 10m
of thickness (Pelto 1999), and therefore would not significantly affect the altitude profile at
the resolution used in this project. Estimations of surface area, however, can change
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significantly, and attempts were made to adjust the glacier perimeters (especially at the
termini) to relatively current dimensions.

5.2

Model Results
In almost every year that mass balance was simulated for all four glaciers, simulated

balance values increase or decrease coherently (Figure 38). This relationship is also seen in
the measured balances of all 14 glaciers monitored by both NOCA and NCGCP (Pelto and
Riedel, 2001). These similar relationships, and the high correlation coefficients calculated
between NOCA and NCGCP glaciers indicate the strong control of regional climate over
glacier mass balances. While the PTAA model does not take into account local climate
controls such as shading, debris cover, wind and avalanching accumulation, these local
controls may cause average R2 from the regressions to be lower than if the controls were not
present, thus reducing the accuracy of the model.
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Figure 38: Simulated balance of Easton, Rainbow, and Noisy Glaciers
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5.3

Mass Balance Comparison
Period
Glacier

Aspect

Accumulation

Mean

Source*

Balance

of
Record

R2 Value

m w.e.

Easton

1990 - 2003

S

DS, WD

-0.5

0.68

Rainbow

1984 - 2003

NW

DS, AV

-0.27

0.44

Noisy

1993 - 2003

NW

DS, WD, AV

-0.27

0.84

N. Klawatti

1993 - 2003

SE

DS, AV

-0.36

0.71

Table 5: Period of record, aspect, accumulation source, mean balance, and R2 value for four glaciers in study
* Accumulation source data from (Pelto and Riedel, 2001)

Values of R2 are calculated from the regression of measured balance values against
simulated values. These values are a rough measure of the PTAA model’s accuracy. The R2
values for the three glaciers in this study are 0.84 (Noisy Glacier) 0.68 (Easton) and 0.44
(Rainbow Glacier) (Table 5). The positive R2 values seen with all glaciers highlight the
ability of the PTAA model to simulate annual balance values with reasonable accuracy using
only low-altitude meteorological records, and with relatively rough calculations of their
hypsometry.
The R2 value of the Easton Glacier (0.68) indicates that there is a strong relationship
between measured and simulated balance values. This glacier has the largest elevation range,
but also exhibits a relatively uncomplicated hypsometry. The area of the elevation bands
increases steadily to the middle of the elevation range, where they begin to decrease steadily
towards the top. The uncomplicated nature of the hypsometry of the Easton Glacier and the
lack of differential shading effects on the glacier surface may account for the strong positive
relationship between measured and simulated values.
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The R2 value calculated for the Rainbow Glacier (0.44) indicates that simulated
values on this glacier were the least accurate. This glacier has the second largest elevation
range (1075 m), and several variations in hypsometry are evident (Figure 17). The presence
of differential shading and avalanching in the lower elevations of the glacier confined by
steep valley walls may lower the average R2 value from the regression process and thus the
accuracy of the model itself.
The relatively high R2 value (0.84) calculated for the Noisy Glacier indicates the
strong relationship between modeled and measured balance values. The hypsometry of the
Noisy Glacier indicates that the area in each altitude band steadily increases to a maximum in
the middle of its elevation range, and decreases at the same rate to the highest elevations in
the range. The uncomplicated nature of the hypsometry profile and the small elevation range
of the Noisy Glacier may make the calculated mass balance variables more accurate, and thus
create high correlation coefficients during the regression phase of the modeling process.
The R2 value for the North Klawatti Glacier (0.71) is the second highest value of the
four glaciers in study. The North Klawatti Glacier has a varied hypsometry profile,
becoming narrow at the terminus, and near the average ELA (Figure 26). This glacier has
one of the shortest mass balance records (1993 – 2003), and this may be a factor affecting the
higher R2 values.

6.0 CONCLUSIONS
The primary objective of this project was to apply the PTAA model to several
glaciers in the North Cascade Range, and compare the simulated mass balance values to
measurements made on the glaciers. I achieved this goal by analyzing and documenting the
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model process, gathering and compiling the required input data, running the model
(regression/simplex process), and comparing the model results to field-based measurements.
The PTAA model was applied to the Easton, Rainbow, Noisy, and North Klawatti
Glaciers. Meteorologic data for the 1931-2003 period were recorded at Concrete and Diablo
Dam weather stations. Glacier hypsometry data was obtained by GIS techniques and
provided by NOCA. Annual mass balance was simulated for each glacier and for each year
in which mass balance was measured directly. Simulated balances are then compared to
measurements. The main conclusions of this study are:

1. Low Altitude temperature and precipitation can be used to simulate glacier mass
balance.
The underlying premise of the PTAA model is that there is a statistical correlation between
mass balance variables that can be used to “calibrate” model algorithm coefficients.
Therefore, low elevation measurements can be related to higher elevation measurements
given that there are inter-related variables for which the statistical relationship can be
quantified.

2. The PTAA model can be used to simulate glacier mass balance on these four glaciers
with reasonable accuracy.
The PTAA model was successful in almost all years in simulating an increase or decrease of
mass balance. The magnitude of the greatest differences is less than 1 m w.eq. The accuracy
of the model is relative, as larger error may be suitable for studies concerning regional
climate change, but not suitable for studies requiring more accuracy (runoff studies, etc.)
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3. Based on results from these four glaciers, the presence of local climate controls such
as shading, aspect, or accumulation source did not seem to affect results.
The Rainbow and North Klawatti Glaciers exhibit the most local factors that would
potentially affect mass balance. It is assumed that these factors would be the most significant
on the North Klawatti Glacier. This glacier, however, had the second highest R2 value. The
Rainbow Glacier is affected by shading from steep canyon walls in the lower elevations.
This glacier had the lowest R2 value, but also had the longest set of measured and simulated
values in the regression used to estimate model accuracy.

4. The PTAA model did not perform well when simulating the annual balance of the
two (Easton and Rainbow) Mt. Baker glaciers.
The differences between simulated and measured mass balance values were significant on
Mt. Baker glaciers. Measurement error and the difference in the timing of when annual
balance is measured by NCGCP may account for some of the difference. In addition, it may
be possible that in years of extreme high or low mass balance years, mass balance variables
do not correlate well in reality, thus reducing the average R2 value from the regression
process and the accuracy of the model.

Sources of Error
Several sources of error were evident in this project. The PTAA model itself does not
specifically take into account local climate controls. Shading, debris cover, aspect, humidity,
and non-direct snowfall accumulation sources are not specifically accounted for through
model algorithms. In addition, there is error associated with any extrapolation of spatial data
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from a small number of specific measurement points. This is significant especially when
comparing model results (net balance) to NCGCP annual balance measurements, as they are
taken on consistent dates during the year, and not during the time of actual minimum balance
(as calculated by the model). In addition, calculation of the hypsometry of Mt. Baker
glaciers is based on maps that show ice margins/elevations as they existed in 1979, and
adjusted with aerial photos which do not show ice-surface elevation changes. The method
used to define the accumulation area of these glaciers assumes ice flow perpendicular to
contour lines on the 1979 map, indicating error in defining the perimeter of both the Easton
and Rainbow Glaciers.
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