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ABSTRACT
Snow in the McMurdo Dry Valleys is rare source of moisture for subnivian soils (beneath
snow) in a cold desert ecosystem. While sublimation dominates the ablation process, measurable
increases in soil moisture are expected to provide more favorable conditions for subnivian soil
communities. In addition, snow cover insulates the underlying soil from temperature extremes.
Quantifying the spatial distribution and ablation patterns of seasonal snow is necessary to
understand these dynamics. Annual snowfall varies spatially ranging from 3 to 50 mm of snow
water equivalent, with greater amounts occurring at the coast. Despite receiving very little
precipitation, significant amounts of snow can accumulate (via aeolian redistribution) in
topographic lees at the valley bottoms, forming thousands of discontinuous patches (typically 1100 m2 in area). These patches have the potential to act as fertility islands, controlling the
landscape distribution of microbial communities, and biogeochemical cycling.
High resolution imagery acquired during the 2009-2010 and 2010-2011 austral summers
was used to quantify the distribution of snow across Taylor and Wright Valleys. An objectbased classification was used to extract snow-covered area from the imagery. Coupled with
topographic parameters, unique distribution patterns were characterized for 5 regions within the
neighboring valleys. Time lapses of snow distribution during each season in each region provide
insight into spatially characterizing the aerial ablation rates (change in area of landscape covered
by snow) across the valleys. The distribution of snow-covered area during the 2009-2010 austral
summer is used as a baseline for seasonal comparison. The surrounding regions of Lake Fryxell,
Lake Hoare, Lake Bonney, Lake Brownworth, and Lake Vanda exhibited losses of snow-covered
area of 9.61 km2 (-93%), 1.63 km2 (-72%), 1.07 km2 (-97%), 2.60 km2 (-82%), and 0.25 km2 (96%) respectively, as measured from peak accumulation in October to mid-January during the
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2009-2010 season. Differences in aerial ablation rates within and across local regions suggest
that both topographic variation and regional microclimates influence the ablation of seasonal
snow cover. Elevation has shown to be the strongest control over aerial ablation. Fifteen 1 km2
plots (3 in each region) were selected to assess the prevalence of snow cover at smaller scales.
Results confirm that snow patches form in the same locations each year with some minor
deviations observed. Stable isotopes from snow patches also provide insights into temporal and
spatial processes associated with ablation. At the snow patch scale, neighboring patches often
exhibit considerable differences in aerial ablation rates, presumably controlled by snow depth.
This highlights the importance of both the landscape and snow patch scales in assessing the
effects of snow cover on biogeochemical cycling and microbial communities.
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Chapter 1
Introduction

The McMurdo Dry Valleys (MDV) of Antarctica are a hyper-arid polar desert, receiving
less than 10 cm of snow water equivalent annually (Keys, 1980; Fountain et al. 2009). Situated
within the Victoria Land region of Antarctica, west of the McMurdo Sound, the MDV are a
unique ice-free environment on a continent that is otherwise covered 98% in area by ice
(Drewery et al., 1982). The Transantarctic Mountains prevent the East Antarctic Ice Sheet from
covering the region (Chinn, 1990). Alpine glaciers flow from the surrounding mountains,
reaching the valley bottom and supplying melt water for ephemeral streams (Fountain et al.,
1999b). Endorheic lakes at the valley bottoms, which only maintain partially open water during
the austral summer, are balanced by gains from stream flow and losses due to sublimation and
evaporation (during the summer) at the surface. The mean annual temperature ranges from -15
°C to -30 °C and is strongly dependent on the frequency of katabatic winds during the winter
months (Doran et al., 2002). Katabatic winds originate at the Polar Plateau where net radiation
losses produce cool dense air that flows downslope toward the coast reaching speeds up to 38
m/s (Nylen et al., 2004; Doran et al., 2002). More prevalent during the winter months, these
winds can raise local temperatures by 30 °C (Nylen et al., 2004). The valleys are characterized
by soils devoid of vascular vegetation with very low biological activity and very simple food
chains relative to temperate regions (Wall and Virginia, 1999). The biota of soils within the
MDV contains several invertebrate species, but is microbially dominated, and the availability of
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water has been shown to be a primary biogeographical control on the MDV system (Kennedy,
1993). Because of the scarcity of water, the interface between seasonal snow cover and
subnivian soil is a critical component of the overall ecosystem. While stream and lake margins
provide geochemical and microbial hot spots (Zeglin et al., 2009), seasonal snow cover is the
only potential source of moisture beyond soils adjacent to water bodies.
Annual snowfall within the MDV varies spatially ranging from 3 to 50 mm of snow
water equivalent, with greater amounts occurring at the coast. In areas with little snow
accumulation there are no seasonal patterns of snowfall, but snow accumulation for coastal areas
is greatest during winter months (Fountain et al., 2009). Despite receiving very little
precipitation, significant amounts of snow can accumulate at the valley bottoms in discontinuous
patches (typically 1-100m2 in area). Wind transport of snow from the Polar Plateau and adjacent
valley walls greatly increases the amount of snow reaching the valley bottoms (Fountain et al.,
2009). Snow is further redistributed within the valleys into topographic depressions allowing for
the formation of discontinuous snow patches with appreciable depths (Gooseff et al., 2003a).
Fountain et al. (2009) reported the fraction of accumulation that is actual precipitation as ranging
from 36% to 80% depending on location.
Very few studies have focused on the role of snow in the hydrology or ecology of the
MDV system. During the 1960s and 1970s, precipitation was measured continuously at a field
camp at Lake Vanda (Keys, 1980; Bromley, 1985). Measured snowfall varied greatly during the
3 years of occupation at Lake Vanda and on average was almost an order of magnitude lower
than recent precipitation measurements, highlighting the variability of snowfall from year to year
(Keys, 1980; Fountain et al., 2009). Other studies have made inferences about the spatial and
temporal patterns of snowfall based on point observations (Bertler et al., 2004; Witherow et al.,
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2006), but accumulation and ablation patterns of snow across the landscape have yet to be
characterized. Because there is minimal interaction at the snow-soil interface, snow has been
dismissed in the past as hydrologically insignificant (Chinn, 1981), and therefore it has not
received much attention with respect to landscape processes. While snow is a negligible
component of the overall water balance of the valleys, it is a potential moisture source and
insulator for subnivian soils (Campbell et al., 1998; Gooseff et al., 2003a; Ayres et al., 2010).
In a highly water limited environment, volumes of water that usually seem insignificant
may be an important control in the structuring of subnivian communities. Despite sublimation
dominating the ablation of seasonal snow, increases of soil moisture in subnivian soils relative to
the neighboring dry soils have been observed (Gooseff et al., 2003a; Ayres et al., 2010). In
addition to providing moisture, snow cover reduces temperature extremes in the subnivian soil
(Walker et al., 1999; Schimel et al., 2004), and controls biogeochemical cycling and microbial
activity in subnivian soils for alpine and Arctic environments (Brooks et al., 1995; Brooks et al.,
1996; Brooks and Williams, 1999; Walker et al., 1999; Schimel et al., 2004; Edwards, 2007).
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Chapter 2
Spatial and Temporal Patterns of Snow Accumulation and Aerial Ablation

2.1 Introduction
Spatial and temporal patterns of snow patches across the MDV landscape have not been
quantified or characterized broadly. Empirical observations and measurements made on a few
patches by Gooseff et al. (2003) indicate that the sizes of these patches are generally on the order
of a few tens of meters in length and the depths are typically less than 1 meter. Larger and more
persistent snow patches may be situated within streambeds and other topographic depressions.
Ablation rates for accumulated snow on the valley floors is not well known, but estimated
ablation rates for glaciers (10 – 15 cm yr-1), and lake ice (30 – 35 cm yr-1) provide an indication
of magnitude (Fountain et al., 1998; Fountain et al., 2006; Lewis et al., 1998; Clow et al., 1988;
Chinn, 1993). Snow patch ablation rates appear to be high within the valleys as seasonal snow
cover only lasts for several weeks. The combination of low humidity and strong winds suggest
that sublimation rates would be high. Snow in the MDV often sublimates before any melt water
can reach the subsurface (Chinn, 1993).
We aim to characterize the distribution of snow within Taylor and Wright Valleys
through the use of high-resolution remote sensing imagery. While past studies have used point
observations to study snow accumulation, this paper is an attempt to quantify snow-covered area
at the landscape scale and assess how topographic parameters and regional microclimates control
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the aerial ablation, change of area of the landscape covered by snow. Characterizing the
distribution of snow is needed to understand ecological controls on subnivian communities. We
propose that landscape position plays an integral role in driving snow accumulation within the
MDV, and that elevation, slope, and aspect are important drivers of aerial ablation.

2.2 Methods for Quantifying Snow-Covered Area
Five regions were identified to monitor the spatial patterns of snow distribution
throughout the 2009-2010 summer season (October-January): surrounding areas of Lake Fryxell,
Lake Hoare, Lake Bonney, Lake Brownworth, and Lake Vanda (Figure 2.2-1). These regions
have different topographic constraints and microclimates, and we expect that this will translate to
a detectable trend of accumulation and ablation. The defined regions of interest are bounded at
the north and south by elevation contours which represent a significant break in a gradual change
of increasing slope (i.e. where the valley bottom ends) (Table 2.2-1). For the Fryxell, Hoare,
and Brownworth regions, the bounding elevation contour is at 400 m above sea level. Defining
the valley bottom for the Bonney and Vanda regions is less obvious. The analyses in these
regions were extended to higher elevations (550 m and 1100 m respectively) to capture the areas
of greatest snow accumulation. The region between Hoare and Bonney was excluded because it
did not accumulate significant amounts of snow. The east and west boundaries of each region
are defined by landscape features. For example, the Fryxell region is considered to be the area
between the Canada and Commonwealth Glaciers. To avoid arbitrarily delineating each region,
the east and west boundaries are defined to be perpendicular to elevation contours. For regions
without any obvious bounding geographic features, such as Vanda, the east and west boundaries
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limit the region to just the area where snow accumulated at the start of the 2009-2010 austral
summer.

Figure 2.2-1. The regions selected for analysis include the surrounding regions of Lk Fryxell, Lk Hoare,
Lk Bonney, Lk Brownworth, and Lk Vanda in Taylor and Wright Valleys, Antarctica.

Table 2.2-1. Topographic and geographic boundaries of defined regions specifically analyzed in this
study (TV indicates Taylor Valley and WV indicates Wright Valley). See Figure 2.2-1 for locations.

North

South

East

West

Fryxell
(Lower TV)

400 m contour

400 m contour

Commonwealth Gl.

Canada Gl.

Hoare
(Middle TV)

400 m contour

400 m contour

Canada Gl.

Suess Gl./Nussbaum
Riegel

Bonney
(Upper TV)

550 m contour

550 m contour

LaCroix Gl.

Bonney Gl.

Brownworth
(Lower WV)

400 m contour

400 m contour

Wright Lower Gl.

western extent of
significant
snow accumulation
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Vanda
(Middle WV)

1100 m contour

1100 m contour

eastern extent of
significant
snow accumulation

western extent of
significant
snow accumulation

Preprocessed images used in this analysis were obtained from the Polar Geospatial Center
(PGC, University of Minnesota), originally from the commercial Digital Globe constellation,
including both QuickBird and WorldView-1 data. Because snow is distinguishable from soil in
the entire optical portion of the electromagnetic spectrum, the panchromatic bands are spectrally
sufficient for analysis. QuickBird is a multispectral platform, though for our analyses we used
data from the panchromatic band (445-900 nm), which has a spatial resolution of 0.61 m. The
WorldView-1 platform has a single panchromatic band with a spatial resolution of 0.50 m. Both
satellites have revisit frequencies on the order of 1-2 times per week in the MDVs, but persistent
cloud cover significantly reduces the frequency of available data. High quality data covering the
regions of interest was not available for nearly the entire month of November 2009. A summary
of WorldView-1 and QuickBird characteristics is summarized in Table 2.2-2. While algorithms
exist to distinguish snow from clouds in the optical range (Cline and Caroll, 1998), this cannot be
done at a scale fine enough to characterize the patchy distribution of snow within the valleys.
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Table 2.2-2. Summary of remote sensing data used in this analysis.

QuickBird

Spectral Bands

Sensor Resolution

Panchromatic: 455 - 900 nm
Blue: 450 - 520 nm
Green: 520 - 600 nm
Red: 630 - 690 nm
NIR: 760 - 900 nm
Panchromatic: 0.61 m
Multispectral: 2.44 m

WorldView-1

400 - 900 nm

0.50 m

Dynamic Range

11-bits per pixel

11-bits per pixel

Swath Width

16.5 km at nadir

17.6 km at nadir

Orbit

sun-synchronous

sun-synchronous

Revisit Frequency (at 40 N)

2.4 days

1.7 days

To quantify the landscape patterns of snow distribution in the valleys through the 20092010 austral summer, we performed an object-based extraction of snow-covered areas in the
remotely sensed imagery. This differs from typical estimations of snow coverage area, such as
in mountainous areas, in that the snow-covered area in the MDVs consists of thousands of small
discontinuous patches. Several algorithms exist for mapping snow-covered area in large basins
using sensors with higher spectral resolution such as AVHRR (Andersen, 1982), MODIS (Hall et
al., 1995; Klein et al., 1998; Maurer et al., 2003), and passive microwave sensors (Goodison et
al., 1999; Ramsay, 1998; Haefner and Piesbergen, 1997). However, these products do not gather
data at a spatial resolution fine enough to resolve the scale of discontinuous snow patches and the
ecological effects that snow patches have on the subnivian soils of the MDV. Because there are
only two general surface types within the defined regions and there is no plant canopy cover,
high spectral resolution is not needed to classify the surfaces. Despite the simplicity of surface
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coverage and the bimodal distribution of spectra (i.e. snow vs. soil), this system is not well suited
to pixel-based classification. Because of the bidirectional reflectance properties of snow and the
seasonal decrease in albedo, it is difficult to assign a threshold value in which all pixels above
such value are classified as snow. In addition, it is difficult to remove the topographic effects on
values of reflectance because of the rough terrain. An object based classification technique
ignores these problems by grouping similar pixels based on neighboring pixels.
To extract information on snow-covered areas from the high resolution imagery, the
images underwent a segmentation process. The software chosen to undertake this step of the
analysis was ENVI EX (ITT Visual Information Solutions, Boulder, CO). The segmentation
process consists of separating the snow patches from the surrounding soil. The edge-detection
algorithm employed by the software consists of calculating a gradient map for the given image
and calculating a density function for the gradient map. A modified gradient map is then
calculated from the gradient map, density function, and a user selected scale level (Xiaoying,
2009). A common challenge in edge-detection algorithms is over segmentation, but the
algorithm employed consists of a merging step in which the user can recombine similar adjacent
polygons. Because the surfaces within our defined regions consist of a soil background with
isolated spectrally distinct snow patches scattered throughout, this algorithm lends itself well to
the MDV landscape. A high merging parameter value was selected to lump the background soil
surface as one class. The isolated snow patches within the background soil class are represented
by unique polygons for each patch (Figure 2.2-2).
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Figure 2.2-2. The ENVI EX feature extraction algorithm is well suited for segmenting snow-covered
areas from the surrounding soil. The original Worldview image is shown on top with the segmentation
results on the bottom. Lake Fryxell is excluded from the feature extraction analysis. Imagery provided
by the NGA Commercial Imagery Program. Copyright (2009) DigitalGlobe.
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The resulting polygon vector data from the segmentation process consists of distinct
snow patches with associated spatial, spectral, and textural data. A 30-meter digital elevation
model (DEM) was coupled with this data to quantify snow-covered area as a function of
topographic characteristics. From the digital DEM elevation, slope, and aspect were obtained for
each cell. The DEM was superimposed over the segmented snow patches and the resulting grid
was used as the basis for calculating snow covered area within each 900 m2 cell. The ranges of
elevation, slope, and aspect were binned into intervals of 50 meters, 5 degrees, and 45 degrees
respectively to analyze the distribution of snow relating to these characteristics. The total snow
covered area associated with each interval of elevation, slope, and aspect was summed for each
region at each available time (Figure 2.2-3).
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Figure 2.2-3. The process presented here consists of extracting snow patches from the high resolution
imagery using the ENVI EX feature extraction algorithm. Through the use of a digital elevation model, a
grid with values of elevation, slope, and aspect is superimposed over the extracted snow cover to
represent the distribution as a function of these topographic parameters. Imagery provided by the NGA
Commercial Imagery Program. Copyright (2009) DigitalGlobe.

2.3 Snow Accumulation Patterns
The foregoing analyses provide insight into the spatial snow accumulation and aerial
ablation patterns across Taylor and Wright Valleys. There are vast differences in both the
magnitude of coverage and the temporal changes within each region. The discontinuous
distribution of snow across Taylor Valley during peak accumulation is shown in Figure 2.3-1A.
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Snow accumulation patterns for each region are assessed from the peak in snow-covered area for
the available set of remote sensing imagery. For the Fryxell, Hoare, and Brownworth regions,
the peak in snow-covered area occurred on the earliest date of available imagery. For the
Bonney and Vanda regions, the subsequent images show the peak in snow-covered area. Despite
temporal differences in the available data for each region, peak accumulation appears to have
occurred during mid to late October for each region.

Figure 2.3-1. Ablation of seasonal snow in the McMurdo Dry Valleys (Taylor Valley shown) occurs
rapidly over the course of several weeks. There is a sharp contrast between the snow cover during
October 2009 (A) and January 2010 (B). Imagery provided by the NGA Commercial Imagery Program.
Copyright (2009) DigitalGlobe.

As past studies have shown, coastal regions accumulate much more snow than inland
areas (Bull, 1966; Keys, 1980; Fountain et al., 2009). In late October of 2009, the total snow
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covered area in the Fryxell region was 10.29 km2 (17.83 %), while the Bonney region contained
only 1.03 km2 of snow coverage (4.49 %) as shown in Table 2.3-1. At this point in the season,
snow patches are evident from the mouth of Taylor Valley to the Nussbaum Riegel, which
topographically bounds the Hoare region on the southwestern edge. Beyond the Nussbaum
Riegel, an abrupt drop in snow cover occurs which is consistent with observed climatic patterns
(Doran et al., 2002; Fountain et al., 2009; Fountain et al., 1999a). The region with the least
snow covered area in mid-October, 2009 was Vanda with 0.26 km2 (0.75%) of snow cover. In
contrast, the snow-covered area in Brownworth, the Wright Valley counterpart to Vanda, was
3.18 km2 (19.26%) in October. However, the gradient of snow coverage between Brownworth
and Vanda is not continuous. Separated by 20 km, there is a substantial decrease in snowcovered area further inland.

Table 2.3-1. Snow-covered area by region for the 2009-10 austral summer season.

Snow-Covered Area (sq km)
Region

28-Sep

7-Oct

15-Oct

Late Oct

2-Dec

15-Dec

25-Dec

Mid-Jan

Fryxell

-

-

-

10.29
(17.83%)

4.78
(8.28%)

1.87
(3.24%)

1.53
(2.66%)

0.68
(1.17%)

Hoare

-

-

1.85
(10.30%)

1.43
(7.97%)

0.99
(5.51%)

0.53
(2.96%)

0.51
(2.84%)

0.23
(1.26%)

0.67
(2.92%)

-

1.11
(4.82%)

1.03
(4.49%)

0.24
(1.06%)

-

0.73
(3.19%)

0.04
(0.15%)

Brownworth

-

-

3.18
(19.26%)

-

-

-

-

0.58
(3.52%)

Vanda

-

0.17
(0.48%)

0.26
(0.75%)

0.21
(0.61%)

0.14
(0.39%)

-

0.01
(0.02%)

-

Bonney
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Each of the five regions displays unique snow accumulation patterns, which appear to be
a function of the regional topography. The regional patterns of snow accumulation as functions
of elevation, slope, and aspect are presented in Figures 2.3-2 A-F. In the Fryxell region, most of
the snow accumulates at lower elevations (100 – 150 m) where the elevation contours are
broader. For the distributions of snow-covered area with respect to slope and aspect in the
Fryxell region, they contain much larger modes corresponding to a slope of 5 degrees and a
northwest to north aspect. In contrast, the neighboring Hoare region has a peak distribution of
snow at a higher elevation (350 m) where the topography allows for a broad, flat area at this
elevation to accumulate snow. The distribution of snow with respect to slope is more uniform
with a peak at 5 degrees. North-facing aspects accumulate the most snow for this region. In the
Bonney region, very little snow is present at lower elevations, yet significantly higher snow
covered area exists at higher elevations (400 – 500 m) during peak accumulation (15 October
2009). The distribution of snow with respect to slope is relatively uniform compared to the other
regions with a peak at 15 degrees, and the distribution of snow with respect to aspect peaks at the
northwest to north aspect.
Because the Brownworth region is higher in elevation (i.e. the valley bottom starts at
approximately 250 m) and is much broader, the accumulation of snow is limited to the 250 - 400
m elevation contours with a peak occurring at 300 m. The mode with respect to slope is 5
degrees. Unlike those regions in Taylor Valley, there is a strong bimodal distribution with
respect to aspect with peaks occurring at northern and southern aspects. The fairly uniform
distribution of snow on northern and southern aspects is also likely due to the broad shape of this
region, compared to the other four. In the Vanda region, the mode of the elevational distribution
during peak accumulation (14 October 2009) is 500 m. It should be noted that the Vanda region
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is unique in that snow was not distributed uniformly, and the 0.26 km2 of snow-covered area
during peak accumulation was concentrated in a small area of the region. The distribution of
snow with respect to slope during peak accumulation if fairly uniform with the greatest snowcovered area found within the 15 to 25 degree range. The distribution of snow covered area as a
function of aspect has a large peak at the north aspect, and almost the entire snow covered area
for the region is limited to the northwest and north aspects.

Figure 2.3-2. Peak accumulation of snow-covered area as functions of elevation, slope, and aspect are
shown for each region (A-C). Preferential accumulation patterns, snow-covered area normalized to total
area for each interval is also shown (D-F).

Preferential accumulation patterns are analyzed by normalizing the snow-covered area for
each topographic interval to the corresponding total area for the interval (Figure 2.3-2 D-F). A
uniform coverage of snow would result in each interval being covered by approximately the
same percentage of snow. Generally, topographic intervals with a high percentage of snow
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coverage correspond to the peaks in the distributions of total snow-covered area. Some
topographic intervals with low total area, such as the higher slopes in the Fryxell region (Figure
2.3-2E), exhibit high percentages of snow cover because they are easily covered. The percentage
covered by snow with respect to aspect (Figure 2.3-2F) consistently exhibits a slightly different
shape compared to the distribution of snow-covered area with respect to aspect (Figure 2.3-2C).
In addition to the strong mode at the south aspect, smaller peaks are evident at the northeast and
southwest to west aspects.

2.4 Aerial Ablation Patterns
Aerial ablation (i.e., reduction in snow covered area) occurs non-uniformly across the
landscape throughout the austral summer with respect to individual regions and local
topography. Figure 2.3-1 shows the contrast in snow covered area between the beginning of the
summer season (October 2009) and the end of the season (January 2010) for Taylor Valley. It is
necessary to note, however, aerial ablation is not equivalent to the mass ablation of seasonal
snow because snow patches have varying depths. The Fryxell, Hoare, Bonney, Brownworth, and
Vanda regions experienced losses in snow covered area of 9.61 km2 (-93%), 1.63 km2 (-72%),
1.07 km2 (-97%), 2.60 km2 (-82%), and 0.25 km2 (-96%) respectively, as measured from peak
accumulation to mid-January (Table 2.3-1). The corresponding aerial ablation rates for Fryxell,
Hoare, Bonney, Brownworth, and Vanda were 3.75, 0.53, 0.35, 0.81, and 0.11 km2 per month
respectively.
The magnitudes of snow-covered area differ substantially between regions both because
the defined regions are not equal in area and because of gradients of snow accumulation. When
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the total snow covered area for each region at each time is normalized to the snow covered area
at a common time, late October, the relative regional changes in snow cover can be compared
(Figure 2.4-1). Imagery was not available for complete coverage of the Brownworth region
during this time, but an estimate of snow-covered area was linearly interpolated for the purposes
of comparing bulk rates among regions. Because complete coverage of the Brownworth region
existed for only two times, the slope does not change due to the late October estimation.

Figure 2.4-1. The bulk rates of increasing/decreasing snow cover are shown for each region represented
by the percent of snow cover relative to the snow-covered area during late October (common time for
each region).

Increases in snow cover occurred within the Bonney and Vanda regions during early
October. The spike observed during late December for the Bonney region is due to a
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precipitation event in which higher elevations maintained an increase in snow cover for a short
period. The magnitude of increased snow cover due to the precipitation event is small, but it
appears large relative to the already relatively small magnitude of snow covered area within the
Bonney region. Even with minimal observations in time, it can be seen that the relative aerial
ablation rates differ among regions. In early December there was a consistent increase in aerial
ablation for each region, possibly due to favorable meteorological conditions. Additionally
given the limited data points in time, it appears that aerial ablation rates generally decreases
significantly towards the end of the season.
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Figure 2.4-2. From top to bottom, each row represents the Fryxell, Hoare, Bonney, Brownworth, and
Vanda regions. Each columns show the distribution of snow cover as a function of elevation (left), slope
(middle), and aspect (right). The right y-axis in each plot represents the snow-covered area for the
corresponding interval, while the right y-axis represents the total area for the corresponding interval.
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The results show how topographic parameters also control the ablation of snow cover
throughout the season. Figure 2.4-2 and Figure 2.4-3 respectively show the topographic
distributions and temporal trends for the available data set in each region. The topographic
distributions of snow-covered area extracted from the available remote sensing imagery
generally maintain similar shapes throughout the season (Figure 2.4-2). Note that the
topographic distributions from Figures 2.3-2A-C are redisplayed with the entire data in Figure
2.4-2. However, the relative proportions of each band representing the bins corresponding to
values of elevation, slope, and aspect do not remain constant throughout the summer (Figure 2.43). As the summer progressed, certain areas experienced reduced snow cover at disproportionate
rates compared to the bulk snow cover loss rates for each region. As expected, those snow
patches with north-facing aspects experienced more rapid declines of snow-covered area
compared to those with south-facing aspects. In general there is less snow cover on the northern
sides, which is due to steep slopes that do not allow for open expanses such as on the southern
sides. However, a greater proportion of this snow on south-facing aspects remains at the end of
the summer season. In addition, snow at higher elevations is generally more persistent. This is
especially true in the Bonney and Vanda regions.
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Figure 2.4-3. The relative proportions of the topographic intervals represented by bands in stacked area
plots do not remain constant throughout the summer season. From top to bottom, each row represents the
Fryxell, Hoare, Bonney, Brownworth, and Vanda regions. Columns represent the topographic parameters
elevation (left), slope (middle), and aspect (right).
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While local topography at the snow-patch scale results in significant variation of aerial
ablation among individual snow patches, elevation is a good overall predictor of average areal
ablation rates within Taylor Valley. Figure 2.4-4 shows the relationship between elevation and
aerial ablation. For the Fryxell region, 20% of snow that was accumulated at the beginning of
the season within the 400 m elevation contour remains at the end of the season. In contrast, only
5% of snow remains at the end of the season for the same elevation contour in the Bonney
region. Similar to the regional differences shown for the bulk changes in snow cover (Figure
2.4-1), the relationship between elevation and areal ablation is not constant along the valleys.
This suggests that along-valley gradients, possibly wind speed or relative humidity gradients,
contribute to the regional differences of ablation. Within the valleys, steep slopes usually
correspond to higher elevations, so the control on ablation of seasonal cover by slope is similar
to elevation.
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Figure 2.4-4. The percent of snow remaining at the end of the summer season relative to the snowcovered area at the start of the season is strongly dependent on elevation. The relationship between
elevation and aerial ablation is shown for those regions within Taylor Valley.

2.5 Implications of Snow Distribution Analysis
Despite visibility limitations due to cloud cover, the available cloud-free data set of high
resolution imagery was able to capture the landscape scale variability of snow-covered area
throughout the season. Increases in snow-covered area were observed until October 15 in the
Bonney and Vanda regions. While the imagery only provides a “snapshot” in time of the
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landscape, it can be inferred that the observed increases in snow accumulation early in the season
do not represent a brief covering due to a small precipitation event. During the summer, a
dusting of snow over the landscape will usually sublimate within only a few hours (Campbell et
al., 1998), and therefore not likely be visible before clear skies emerge for another “snapshot”
image. Therefore, the observed increase in snow cover during early October represents a
significant volumetric increase in snow. Furthermore, it appears that the time of peak snow
accumulation across the MDV landscape is mid to late October, location dependent.
The overall mass of accumulated snow present at the start of the summer cannot be
quantified without an estimation of snow depth. Nevertheless, even the most conservative
estimate of snow depth would suggest a significant accumulation of mass present, especially for
areas near the coast with almost 20% of area covered by snow. Image analysis cannot provide
insights into the processes by which distribution takes place, but past studies have shown the
importance of katabatic winds in transporting snow to the valleys (Keys, 1980; Bromley, 1985;
Gooseff et al., 2003a; Fountain et al., 2009). Because precipitation is so low within the valleys,
the high percentages of snow-covered area reported here highlight the importance of wind
transport in the distribution and accumulation of snow. The magnitude of snowfall is highly
variable in time within the valleys (Keys, 1980; Bromley, 1985), so the reported magnitudes of
snow-covered area will also be high variable from season to season. However, the general trends
are expected to be consistent each season.
The change in snow-covered area throughout the austral summer appears to follow a
decreasing exponential trend. This does not necessarily imply an exponential decrease in snow
water equivalent because the snow patches are not of uniform depth. During the early part of the
summer, the shallow outer edges of the snow patches quickly ablate, which can be seen in Figure
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2.4-1 and Figure 2.4-3 by the large initial decreases in snow-covered area. Generally, the outer
edges of the snow patches are shallower than the middle, and the ablation of seasonal snow cover
occurs radially inward from the outer edges. Therefore, the initial high rates of decreasing snow
cover may represent a smaller volume of decreased mass than an equal decrease of snow cover
later in the season. In addition, because shortwave radiation can penetrate completely into the
shallow edges of snow patches increasing the effective albedo by the influence of the underlying
soil, the edges are more susceptible to ablation by melting.
Analyzing the changing spatial patterns of snow collected on the valley floors reveals that
several factors control the ablation of seasonal snow cover, including local topography, position
within the landscape (i.e. elevation, slope, and aspect), and regional microclimates. The local
topography underlying individual snow patches controls the depth of the snow patch and thus the
ablation rate. For two snow patches with identical volumetric loss rates, the shallower snow
patch will exhibit a higher rate of snow-covered area loss. For example, the snow-covered area
for the 350 m elevation contour on the south side of the Hoare region was persistent throughout
the summer while the other elevation contours experienced substantial decreases in snow cover.
This is due to the deep topographic lees in this region, which have a tendency to form very large
snow patches. Larger snow patches are generally more persistent because they are likely also
deep, and therefore they do not experience a reduction in effective albedo due to the influence of
the underlying soil. It can be seen from Figure 2.3-1B that the only snow remaining in Taylor
Valley by the end of the 2009-20010 austral summer was situated within deep topographic
features, such as the aforementioned location in the Hoare region and channels within the Fryxell
Region.
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Areas with particular topographic parameters exhibit different declines in snow covered
area (Figure 2.4-3). Within each region, snow cover at higher elevation is consistently more
persistent than those at lower elevations due to climatic gradients. Accumulation at higher
elevations was observed during late December in several regions due to an apparent precipitation
event. Also, there is a sharp contrast in the reduction rates of snow-covered area between the
north and south-facing aspects. Snow patches with south facing aspects on the northern valley
walls are much more persistent than those on the southern valley walls with north facing aspects.
While much less snow collects on the south-facing aspects due to topographic constraints, a
larger proportion remains at the end of the season compared to the north-facing aspects, which
receive greater net radiation available for snow patch ablation.
Finally, the unique microclimates representing each region largely control the local
ablation rates and thus the rates of areal ablation. Within both Taylor and Wright Valleys, the
gradient of relative humidity decreases inland and wind speed increases, providing favorable
conditions for rapid sublimation at inland regions (Doran et al., 2002). Those regions with the
highest measured wind speeds, Bonney and Vanda, display the greatest aerial ablation rates.
While optical imagery is superior in providing high spatial resolution, it is limited by not
providing information on snow depth. Therefore we are limited to making inferences about
ablation patterns based on the reduction of area. Bulk losses of snow cover for each region,
however, are expected to correspond to the bulk ablation rates of snow mass for each region.
While the aerial ablation rates directly influence changes in the thermal regimes of
subnivian soils, the magnitudes and processes by which ablation occurs on a mass basis control
the availability of water. Despite the large variability in aerial ablation at the snow patch scale,
the ablation on a mass basis is expected to be proportional to the aerial ablation at the regional
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scale. The coastal regions had both the greatest magnitudes of snow covered area and the
greatest aerial ablation rates throughout the austral summer, but it is not clear by which processes
the ablation occurs. Inland regions with minimal snow cover may be more susceptible to
sublimation via greater wind speeds. Less water would be available for subnivian soils in those
regions with higher sublimation rates. Because there is a large degree of variability in aerial
ablation at the snow patch scale, it may be that this scale, controlled by the local topography, has
larger implications on subnivian communities than the regional differences.

2.6 Conclusions
The results of this study have shown how topography and regional microclimates
substantially influence the ablation of seasonal snow cover in the MDV of Antarctica. The
greatest accumulation, measured by the peak in snow covered area, appears to occur during mid
to late October and is significantly greater at coastal areas. Regional topography controls the
accumulation of snow with respect to elevation, slope, and aspect. Aerial ablation differs across
the MDV landscape at the regional and snow-patch scales controlled by along-valley gradients
and local microtopography respectively. In addition, rates of aerial ablation decrease throughout
the course of the austral season. While significant variation exists at the snow-patch scale,
elevation is the best predictor of aerial ablation.
The data presented here only represent one ablation season and it is unclear how
distribution patterns change from year to year. It is expected that snow will generally collect in
the same locations each year because accumulation is largely controlled by small-scale
topography. Because snow transport into the valleys is heavily dependent on the highly variable
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frequency and strength of katabatic winds, it is likely that the magnitude of snow-covered area is
also highly variable from year to year. Future analyses using archived remote sensing data will
address these issues. In addition, quantifying the amount of soil moisture that seasonal snow
cover provides to the subnivian soil will be necessary to understand the effects of snow on the
landscape distribution of microbial communities and biogeochemical cycling.
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Chapter 3
Seasonal Controls on Snow Distribution and Aerial Ablation at the SnowPatch and Landscape Scales

3.1 Introduction
Seasonal snow in the MDVs tends to accumulate in topographic lees forming
discontinuous patches, generally on the order of tens of meters in size. Seasonal variation in the
magnitude of snow-covered area is not well known within the MDV. There has been little
research that has focused on seasonal snow cover in the MDV, and those studies have centered
on point measurements of precipitation (Bertler et al., 2004; Fountain et al., 2009; Witherow et
al., 2006). Since 1995, precipitation measurements have been recorded by the McMurdo Long
Term Ecological Research program in addition to a multi-year continuous measurement of
snowfall during the late 1960s and early 1970s (Keys, 1980; Bromley, 1985). Recent snowfall
measurements have been several orders of magnitude greater than those recorded several decades
ago, highlighting the seasonal variability of snowfall and snow-covered area in the MDV
(Fountain et al., 2009).
It is postulated that the presence of snow patches may impart important differences in the
underlying and surrounding soils because of the insolation and potential to provide moisture to
those soils. To understand the influence of seasonal snow patches on subnivian soils, it is
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necessary to understand the seasonality of the magnitude of snow-covered area and the precise
location of accumulated snow patches. Additionally, understanding the temporal dynamics of
ablation seasonally and the factors controlling ablation is necessary. Analyzing the spatial and
temporal patterns for two recent seasons, 2009-10 and 2010-11, will help to inform these
processes at the snow-patch and landscape scales.

3.2 Seasonal Comparison of Accumulation Patterns
Previous analyses have shown the distributions of snow-covered area with respect to
elevation, slope, and aspect at peak accumulation generally correspond to the underlying
topography. This implies that there are no mechanisms leading to a preferential distribution of
snow during peak accumulation. Therefore, it is reasonable to expect these distributions to
remain the same each season despite the large range of variation in magnitude. However, when
ablation begins to accelerate, after peak accumulation, several factors may lead to seasonally
differing ablation rates and late season patterns of snow-covered area. In addition to seasonality
observed at the landscape scale, it is not known whether the precise locations of individual snow
patches remain constant. The latter spatial scale is more significant with respect to the ecological
role of snow in the MDV. The ensuing analyses will provide insights into the seasonality of
snow-covered area at the snow-patch and landscape scales.
High-resolution remote sensing imagery acquired during the austral summers of 2009-10
and 2010-11 was available for comparing the seasonality of the distribution of snow
accumulation and aerial ablation, including QuickBird, WorldView-1, and WorldView-2
imagery of the DigitalGlobe constellation. The frequency of available imagery is variable and

32

averages approximately one image per two weeks. However, in some instances there are large
data gaps in time and in other instances images may be separated by only a few days. Using
high-resolution imagery is necessary to capture the dynamics of individual snow patches, which
may be as small as a few square meters. WorldView-2 imagery maintains a spatial resolution of
46 cm for the panchromatic band and includes four additional spectral bands than QuickBird
imagery (WorldView-1 and QuickBird specifications explained in Chapter 2, Table 2.2-2).

Snow Patch Scale
It has been assumed that because the presence of snow patches appears to be associated
with topographic lees and depressions, they will collect in the same locations every year.
Presumably, the distribution of snow patches corresponds to the distribution of nivation hollows.
In fact, the hypothesized ecological role of seasonal snow is predicated upon this assumption.
Because the soil beneath and immediately adjacent to snow patches has the potential to structure
microbial communities, it is important to assess the variability of the prevalence of snow at the
snow-patch scale. For snow patches to promote enhanced biogeochemical cycling and the longterm influence of microbial communities, consistency of snow cover is necessary.
To determine the seasonal variability of snow prevalence at the patch scale, the degree of
overlap between the 2009-10 and 2010-11 seasons was quantified at a small enough scale to
investigate the snow patch dynamics, but large enough to contain dozens of snow patches. Three
random 1 km2 plots were selected from each of the five previously defined regions used during
the remote sensing analyses. To randomly select the plots, numbers were assigned to each snow
patch during peak accumulation of the 2009-10 season and a random number generator chose the
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snow patches that correspond to the centers of the 15 plots. In this manner, the likelihood of a 1
km2 region being selected increases for those regions with greater accumulation. The locations
of these plots are shown in Figure 3.2-1.

Figure 3.2-1. Locations of randomly selected 1 km2 plots for assessing seasonal variability of
prevalence of snow at the snow-patch scale.

Limitations in the orthorectification process at the landscape scale results in a precision
insufficient enough to determine precise snow patch locations. This analysis then requires two
imagery sets for each of the 15 plots to be aligned to each other by using feature-matching
techniques. Fixed features, such as polygon cracks or large boulders, are used to align the
images. Because these control points are less than ideal, some artifacts remain, introducing error
into the analysis. Visual inspection suggests this error is minimized. Despite the artifacts that
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remain after aligning the images, the analysis enables investigating seasonal snow patch
dynamics at fine scales.
Using GIS-based techniques, a new vector data set is produced that is the intersection of
the 2009-10 and 2010-11 vector data of snow-covered area. The snow-covered area of 2009-10
is used as a baseline, and the degree to which the snow-covered area of the 2010-11 season colocates is quantified. The intersection of the two seasons is spatially joined to the vector data of
the 2010-11 season. For each polygon in the 2010-11 data set, the proportion of that area which
intersects with the previous season is now defined. For each snow patch polygon in the 2010-11
data set, the percent of seasonal overlap is calculated by the ratio of area of intersection to the
polygon area (Eq. 3.2-1). The level of overlap was divided into four discrete categories: 0-25,
25-50, 50-75, and 75-100% overlap (Table 3.2-1). For these counts, snow patches are
considered to have a threshold of at least 50 m2 in area. The methods described here are applied
to each 1 km2 plot and an example is shown in Figure 3.2-2.

Figure 3.2-2. Example of seasonal overlap methodology.
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Eq. 3.2-1

% Seasonal Overlap =100*

SCA2009 10  SCA2010
SCA2010 11

11

Table 3.2-1. Counts of snow patches in four categories of seasonal overlap by region.

Number of Patches for Given Seasonal Overlap
Percent of Seasonal Overlap
Region

0-25

25-50

50-75

75-100

Fryxell

4

65

213

399

Hoare

3

35

76

153

Bonney

0

0

0

10

Brownworth

0

20

82

194

Vanda

3

18

19

16

The results confirm the generally held belief that snow patches will form in the same
locations each season. However, as previously mentioned, there is a degree of uncertainty in the
results due to issues involving image alignment. These errors skew the results towards snow
patches having less overlap. Therefore, it is likely that these results represent a minimum degree
of seasonal overlap and the actual degree of seasonal overlap is somewhat greater. Nevertheless,
the results provide key insights to snow patch dynamics at fine scales. Except for the Vanda
region, most snow patches fall into the category of 75-100% seasonal overlap. However, this is
misleading because most of these snow patches are at very high elevations near alpine glaciers
(see Vanda plot 3 in Figure 3.2-1) and do not reflect the seasonal overlap exhibited in the other
Vanda region plots.
The probability of seasonal overlap, measured by the proportion of snow-covered area
corresponding to a given level of intersection to the total snow-covered area within the plots, is
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shown in Figure 3.2-3 for all plots combined (Figure 3.2-3A) and for each region (Figure 3.23B). Notably, the Bonney region exhibits almost complete seasonal overlap. This may be
misleading because the 2010-11 snow-covered area is used as a baseline. Almost all of the very
few snow patches of the 2010-11 season are contained within the 2009-10 snow patches for the
Bonney region. However, much of the 2009-10 snow patches do not appear in the 2010-11
images, presumably because they had already ablated. The Vanda region displays a unique trend
because snow-covered area here is limited to several pockets rather than distributed across the
entire landscape. Other regions display similar trends with regions with the highest degree of
snow cover (Fryxell and Brownworth) exhibiting greater seasonal overlap.

Figure 3.2-3. Exceedance probabilities for defined levels of intersection for total snow patches
(A) and by regions (B). For the Fryxell, Hoare, Bonney, Brownworth, and Vanda regions 681,
267, 10, 296, and 56 snow patches were analyzed respectively.
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Landscape Scale
The distributions of snow-covered area with respect to elevation, slope, and aspect near
peak accumulation for both seasons are shown for each region in Figure 3.2-4. For most regions
(Fryxell, Hoare, and Brownworth), the seasonal distributions completely correspond but with
lower magnitudes during the 2010-11 season. The modes of the distribution are reduced the
most during the 2010-11 season, which is similar to the manner in which distributions change
throughout a single season (see Figure 2.4-2 in Chapter 2). This indicates that aerial ablation had
already begun before the first available image in 2010-11. For those sites with particularly high
ablation rates (Bonney and Vanda), the seasonal distributions differ slightly. Because ablation
occurs rapidly here, snow-covered area from images a few weeks after peak accumulation are
probably not representative of the true peak accumulation distribution. Note that the
distributions in the Bonney region are displayed on a log scale to better visualize the limited
snow-covered area in this region.
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Figure 3.2-4. Peak accumulation distributions of snow-covered area with respect to topography for
Fryxell (row 1), Hoare (row 2), Bonney (row 3), Brownworth (row 4), and Vanda (row 5) regions.
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The 1 km2 plots used to investigate snow dynamics at the snow patch scale can also be
used to test how the snow patch scale reflects the landscape distribution of snow. During peak
accumulation, Table 3.2-2 displays the total snow-covered area for each season and the ratio of
2010-11 to 2009-10 snow coverage for both the landscape scale and each 1 km2 plots. Peak
accumulation during the 2010-11 season is represented by the earliest available image (dates can
be seen in Figure 3.2-4), which in most cases is after the 2009-10 observed peak accumulation
date of mid-October. The ratios of seasonal snow coverage for both scales, “landscape and plot
ratios” in Table 3.1-2, are greater than unity due to the overall lower magnitude of snow-covered
area during the 2010-11 season, presumably due to either lower accumulation overall or high
aerial ablation rates before the first available image in early November. Notably, the landscape
ratio for coastal sites is much lower than those inland sites experiencing greater ablation rates.
This is expected because imagery was not available during the 2010-11 peak accumulation and
ablation had already begun to accelerate.
The difference between these ratios (last column of Table 3.1-2) is substantial for some
of the plots. If the 1 km2 directly reflected the landscape scale, the difference between scales
would be close to zero. In coastal regions (Fryxell, Hoare, and Brownworth) with more
ubiquitous snow coverage, the “scale difference” (difference between landscape ration and plot
ratio) is closer to zero, but the inland regions (Bonney and Vanda) exhibit considerable
differences between the two scales. Because the inland regions experience greater ablation rates,
spatial patterns of snow distribution will quickly deviate from the peak accumulation patterns of
snow-covered area. This leads to distributions of snow in high ablation regions to be limited to
pockets of a few deeper and more persistent snow patches, compared to the coastal sites.
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Table 3.2-2. Seasonal differences in snow-covered area for landscape and 1 km2 plots.

Region

Plot

Landscape
SCA
2009
2
(km )

Fryxell

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

10.290
10.290
10.290
1.850
1.850
1.850
1.110
1.110
1.110
2.557
2.557
2.557
0.260
0.260
0.260

Fryxell
Fryxell
Hoare
Hoare
Hoare
Bonney
Bonney
Bonney
Brownworth
Brownworth
Brownworth
Vanda
Vanda
Vanda

Landscape
SCA
2010
2
(km )

Landscape
ratio
(09/10)

Plot
SCA
2009
(km2)

Plot
SCA
2010
(km2)

Plot
ratio
(09/10)

Scale Difference
(landscape - plot)

7.555
7.555
7.555
0.807
0.807
0.807
0.031
0.031
0.031
0.559
0.559
0.559
0.096
0.096
0.096

1.36
1.36
1.36
2.29
2.29
2.29
35.78
35.78
35.78
4.57
4.57
4.57
2.70
2.70
2.70

0.074
0.433
0.230
0.164
0.090
0.102
0.062
0.157
0.034
0.204
0.287
0.216
0.022
0.017
0.087

0.041
0.292
0.174
0.053
0.038
0.042
0.000
0.022
0.001
0.063
0.057
0.034
0.002
0.002
0.066

1.82
1.48
1.32
3.09
2.39
2.43
253.19
7.01
55.26
3.22
5.07
6.39
12.78
8.38
1.33

-0.462
-0.120
0.040
-0.792
-0.101
-0.139
-217.413
28.763
-19.483
1.351
-0.498
-1.820
-10.082
-5.673
1.368

3.3 Seasonal Controls on Snow Accumulation and Aerial Ablation
The total snow-covered area within the MDVs appears to be variable from year to year.
Past studies have shown several orders of magnitude difference in total precipitation (Fountain et
al., 2009; Keys, 1980; Bromley, 1985). Assuming snow-covered area is directly proportional to
precipitation, seasonal snow coverage should also exhibit a high degree of variability. However,
if the source of accumulated snow is predominantly from aeolian redistribution, the variability of
snow coverage may be less sensitive to local precipitation.
A landscape analysis of snow distribution and aerial ablation is only possible for the two
most recent ablation seasons. Previous to the austral summer of 2009, QuickBird and
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WorldView-1 imagery had been collected within the MDV since 2003, but only sporadically.
Additionally, the available imagery set prior to 2009 has very limited spatial coverage. Aerial
photography from the past several decades is also available. While some of the aerial
photography has the necessary spatial resolution to resolve small snow patches, it does not have
the temporal frequency or the broad spatial coverage to monitor aerial ablation throughout the
valleys. Since this seasonal analysis is limited to only the most recent seasons, and because
previous measurements of precipitation have varied dramatically, it is unclear how this analysis
reflects the range of variability in snow-covered area.
The same methodology presented in Chapter 2, which focuses exclusively on spatial and
temporal patterns during the 2009-10 season, is used here to extract snow-covered area from
high-resolution images for the 2010-11 imagery set. The time series of snow-covered area from
the 2009-10 season, described in Chapter 2, is compared to the snow-covered area during the
2010-11 season.
The previous analysis of the 2009-10 imagery has shown that elevation is the strongest
control on aerial ablation within each region. In general, snow-covered area at higher elevations
appears to be more persistent. Additionally, regions display differences in aerial ablation with
inland regions experiencing greater aerial ablation rates than coastal sites. This is expected to be
due to along-valley gradients producing favorable conditions for ablation at inland sites. Within
the MDV, air temperature and wind speed increase with distance from the sea. Additionally
relative humidity decreases with distance to the sea. Increased air temperatures, increased wind
speeds, and decreased relative humidity all combine to produce a gradient of increasing ablation
rates with distance to the sea.
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Figure 3.3-1 shows the influence of along-valley gradients on the distribution of snow-covered
area. The percent of landscape covered by snow for early and late season times (below 500 m
elevation) during the 2009-10 and 2010-11 seasons are shown. The percent of landscape
covered by snow as a function of along-valley distance is determined by calculating the snowcovered area within several 2 km wide windows perpendicular to the along-valley length. Each
of the 29 windows is centered at each 1 km interval from the eastern edge of the Fryxell region
(Commonwealth Glacier) to the western edge of the Bonney region (Taylor Glacier). In Figure
3.3-1 the x-axis is reversed and the along-valley distance of zero corresponds to the eastern edge
of the Fryxell region. The early season distribution for the 2009-10 season is during late October
and the late season distribution is during mid-January. The early season distribution for the
2010-11 season is a composite of early and late November snow-covered area, depending on the
spatial coverage of the respective images. The late season distribution is a composite of
extracted snow-covered area from several mid-December composites.
Along-valley distance is clearly an important control on the accumulation and aerial
ablation of seasonal snow. Snow-covered area near the coast in Taylor Valley may represent as
much as 25 percent of the landscape, while snow covered area at the inland most region
represents less than 5 percent of the landscape. At the end of the ablation season, snow-covered
area at the inland region of Taylor Valley is almost non-existent. While differing in magnitude,
the seasonal distributions of snow-covered area with respect to along-valley distance appear to
be similar.
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Figure 3.3-1. Seasonal early and late season distributions of snow-covered area as functions of alongvalley distance shown with a late October, 2009 image corresponding to the above along-valley
distance.

In addition to along-valley distance, elevation has been shown to be a strong control on
the distribution and aerial ablation of seasonal snow (Chapter 2). Similar to the manner in which
the distributions in Figure 3.3-1 were constructed, Figure 3.3-2 shows the percent of landscape
covered by snow as a function of elevation. These distributions pertain to the region of Taylor
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Valley between the Taylor and Commonwealth Glaciers for elevations up to 500 m. Because the
valley bottom elevation increases with distance from the coast by approximately 100 m, the
effects of along-valley distance are also evident in the distributions with respect to elevation.
The percent of landscape covered by snow clearly peaks at approximately 125 m, but at the end
of the ablation season there are bimodal peaks at 125 m and 475 m. During peak accumulation
in the 2009-10 season a second smaller peak occurs at 425 m, which is due to the addition of
snow-covered area in the Bonney region. For the 2010-11 season, and early image was not
available for this region, so much of the snow-covered area had likely ablated by late November.

Figure 3.3-2. Seasonal early and late season distributions of snow-covered area in Taylor Valley
as functions of elevation.

To better visualize the effects of aerial ablation on the distributions of snow-covered area
with respect to elevation, the data from Figure 3.3-2 is redisplayed in Figure 3.3-3 using a log
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scale for the y-axis. A sharp decrease in percent snow covered occurs at low elevations, while
only a modest decrease in percent snow covered is evident at higher elevations. A sharp
decrease also appears at 275 m, which is similar to the decrease that will be discussed in
reference to Figure 3.3-4.

Figure 3.3-3. Seasonal early and late season distributions of snow-covered area as functions of
elevation on log scale.

Plotted on log scale to highlight subtle changes, Figure 3.3-4 shows the seasonal
distributions of snow-covered area with respect to elevation for the region. Compiling the
distribution at each time for both seasons reveals a consistent evolution of distributed snowcovered area as the overall magnitude of snow-covered area in the region decreases. After peak
accumulation, ablation begins to change the shape of the distribution in a predictable manner
regardless of the season. For example, it would be reasonable to expect the shape of the late
season distribution in the 2009-10 season (01-16-10) to evolve into distributions similar in shape
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to those observed at the end of the 2010-11 season (12-16-10 and 12-19-10). The only exception
to the apparent pattern of aerial ablation is the snow-covered area observed from 0 to 75 m on
11-26-10. This seems to suggest that while the magnitude and timing of aerial ablation may
differ seasonally, the shapes of distributions of snow-covered area will evolve similarly. Snowcovered area at 300 m elevation noticeably decreases at a faster rate in both seasons, relative to
the 250 and 350 m elevation contours. Meteorological gradients that produce conditions
favorable for ablation at particular locations will remain constant. However, magnitudes of
ablation may differ substantially.

Figure 3.3-4. Seasonal distributions of snow-covered area with respect to elevation in the
Fryxell region.

3.4 Snow Ablation Rates and Modeled Snow Water Equivalent
The ablation rate of seasonal snow is a function of the meteorological conditions that
control the overall energy balance for seasonal snow patches. Measured air temperature,
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incoming shortwave radiation, wind speed, and relative humidity are available from the
McMurdo Long Term Ecological Research (LTER) network. The meteorological data measured
at the southern shore of Lake Hoare are shown in Figure 3.4-1, which for the purposes of the
ensuing discussion will be representative of the MDV. There is general agreement among these
variables for both seasons. The exception is wind speed, which is highly variable seasonally and
the peaks of high wind speeds correspond to katabatic wind events (Nylen et al., 2004). During
the 2010-11 ablation season, two high wind speed events, presumably katabatic winds are
evident during the end of October and the second week of December. Katabatic winds also
increase air temperature and decrease relative humidity (Figure 3.4-1).

Figure 3.4-1. Meteorological data for 2009-10 and 2010-11 seasons in the Hoare region (smoothed
over weekly time scales).
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The timing and magnitude of aerial ablation is highly variable seasonally, though
katabatic winds observed in the meteorological data appear to act as a primary control on
ablation (Figure 3.4-2). The peaks in aerial ablation rates for the 2010-11 season directly
correspond to the times of high wind speed events observed in the meteorological data.
Additionally, the magnitude of incoming solar radiation peaks and air temperature reaches near
or above freezing during early December, for which increases in aerial ablation rates are
observed in both seasons. Because the 2009-10 ablation season was milder with respect to
meteorological variables controlling ablation, the interpretation of aerial ablation rates is less
obvious and cannot be contributed to strong individual events. Aerial ablation occurred very
early during the 2010-11 season evident by the low magnitude of snow cover observed in the
first available image (November 04) and the high initial rate observed in Figure 3.4-2B.
However, the greatest aerial ablation rates occurred during early December for the 2010-11
season. Despite less favorable conditions for ablation (lower air temperature, reduced solar
radiation, lower wind speeds, and higher relative humidity) in early December of 2009 relative to
the same time in 2010, much higher aerial ablation rates are observed. The aerial ablation rate
for the 2010-11 season during this time would likely surpass the peak during the 2009-10 season
if much of the snow had not already ablated. In 2010, the remaining snow-covered area at this
point would be confined to deeper snow patches, which maintain their area of extent longer.
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Figure 3.4-2. Time series of snow-covered area in the Hoare region with corresponding aerial
ablation rates.

While the aerial ablation rate of snow-covered area is dependent on the volume to area
relationship of individual snow patches and not a direct measure of mass ablation, it is
reasonable to assume that a correlation exists between aerial ablation and mass ablation. The
mass ablation of snow can be modeled by accounting for energy fluxes. Because the volume to
area relationship of snow covered areas is not known, we can only infer mass or volume loss
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from aerial ablation losses. These data are sufficient to provide insights into regional ablation
rates and controls on ablation.
To model ablation throughout the summer seasons of 2009-10 and 2010-11, the Utah
Energy Balance Snow Accumulation and Melt Model (UEB) (Tarboton and Luce, 1996) was
employed for 5 hypothetical snow patches with characteristics representative of the 5 regions.
Data from nearby meteorological stations is available for model inputs. Depths of snow patches
are variable within each individual patch, but most patches do not exceed depths of 0.5 meters.
For this analysis, depths of 1, 0.5, and 0.25 meters were used. The analysis starts on the apparent
date of peak accumulation, October 15, which was determined from the landscape analysis of
snow-covered area. Initial energy content is calculated as a function of mean snow temperature
and snow density. Mean snow temperature during peak accumulation is assumed to be equal to
air temperature, and a value of 350 kg/m3 is used for snow density based on field measurements.
The detailed inputs and model parameters used during the model runs can be found in Table A-1,
Appendix A.
Figure 3.4-3 shows the results of the UEB model run for depths of 1, 0.5, and 0.25 m
using 2009-10 data as inputs. Typically snow patches do not exceed 0.5 m, so the model run of
0.25 m depth is probably most appropriate given that most snow patches are of this depth. For
some regions, the model results do not reflect the observed aerial ablation rates with modeled
snow water equivalent lasting well past observed ablation. Observed completed ablation for
monitored snow patches in the Bonney and Vanda regions correspond to the modeled completed
ablation times of mid-December and late November respectively. However, snow water
equivalent in the Fryxell, Hoare, and Brownworth regions persists much longer than observed
completed ablation in the field. Monitored snow patches in the Fryxell and Hoare regions

51

completed ablation around late December, while 2 of the 3 monitored snow patches persisted in
the Brownworth region during the last field visit in early January. The relative ablation rates for
these regions seem consistent with aerial ablation observations (Fryxell ≃ Hoare > Brownworth),
but observations of aerial ablation suggest completed ablation should occur earlier.

Figure 3.4-3. Modeled snow water equivalent changes for hypothetical snow patch with initial depths
of 1, 0.5, and 0.25 meters.

Since depths of 0.25 m are the most realistic, model runs for each region at this depth
using data from both seasons provide insights into seasonal ablation rates without the
confounding effects of depth (Figure 3.4-4). Consistent with aerial ablation observed from the
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high resolution imagery, modeled snow water equivalent in the 2010-11 season decreases much
more rapidly than the 2009-10 season.

Figure 3.4-4. Seasonal comparison of modeled snow water equivalent for each region using an
initial depth of 0.25 m. Solid lines represent the 2009-10 season and dashed lines represent the
2010-11 season.

3.5 Coupling of Landscape and Snow Patch-Processes
Both the snow-patch and landscape scales are important controls on snow cover
dynamics in the MDV. While snow accumulates in a predictable manner, primarily controlled
by topography, the analysis of 1 km2 plots have shown there are some deviations from the
assumption that snow patches always form in the same precise locations. At the plot scale (1
km2), a sizeable number snow patches in the Fryxell region fall outside the 75-100% seasonal
overlap category, but the shapes of seasonal distributions at the landscape scale are nearly exact.
Considerable variation exists at the snow-patch scale, but these effects are dampened at the
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landscape scale. While imagery captures snow-covered area at 0.5 m resolution, the analysis
conducted at the landscape scale integrates variations in aerial ablation of individual snow
patches by lumping all snow patches that fall within topographic bins.
For 18 intensively monitored snow patches, frequent GPS measurements track the extent
of snow patches throughout the 2009-10 ablation season with a spatial resolution of only a few
centimeters. GPS outlines for each of the monitored snow patches can be found in Appendix B.
Figure 3.5-1 displays the temporal changes in area for these snow patches in addition to the time
series of snow-covered area at the landscape scale. In general, the slopes corresponding to aerial
ablation rates appear to change similarly at both scales. While individual snow patches will
respond to changes in meteorological conditions just as the snow-covered area at the landscape
does (see Figure 3.4-2), some snow patches appear to be more sensitive to increases in energy
fluxes than the mean response observed at the landscape scale which is an integration of all
individual snow patches. Snow patch depths are not represented in Figure 3.5-1, but shallow
snow patches have been observed to ablate faster in the field.
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Figure 3.5-1. Time series of snow-covered area for monitored snow patches and landscape results.

Displayed on a log scale for comparison among a wide range of snow patch sizes, the
compiled temporal trends of area measurements for each monitored snow patch are shown in
Figure 3.5-2. The snow patches within respective regions are in close proximity to each other
and are generally separated by only a few hundred meters. Given the same topography and
meteorological conditions, aerial ablation would be expected to be very similar without the
influence of confounding variables. However, while the monitored snow patches in some
regions exhibit minor variation (WL and WU), there is considerable variation among
neighboring snow patches in other regions. This can be explained by local effects confined to
individual snow patches. Such local effects are primarily controlled by the underlying
topography beneath individual snow patches which produces varying sizes and depths of snow
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patches. Additionally, the topography immediately surrounding snow patches may influence
energy fluxes into snow patches by protecting them from strong winds, for example. Because of
rough terrain caused by glacial action, this sort of effect should not be expected to be negligible.

Figure 3.5-2. Compiled time series of snow-covered area for all monitored snow patches.

3.6 Conclusions
Analyzing the seasonal differences of snow distribution and aerial ablation has provided
insights into the manner in which accumulation and ablation occur. Investigating these dynamics
at both the snow-patch and landscape scales has shown that individual snow patches may deviate
significantly from spatial and temporal patterns observed at the landscape scale. An important
conclusion from analyzing the snow-patch scale is the confirmation that snow patches will
generally form in the same locations each year. This is important because the ecological
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significance of snow patches relevant to subnivian communities is predicated upon the
assumption that snow patches provide consistent protection.
At the landscape scale, the distributions of snow-covered area with respect to topography
during peak accumulation are almost identical for most regions. Along-valley distance appears
to be a strong control on the seasonal distribution and aerial ablation of snow. Additionally,
elevation is a strong control. The distributions of snow-covered area appear to evolve in a
predictable manner as a function of the overall magnitude of snow-covered area, independent of
seasonality. Investigating aerial ablation rates has shown that ablation can occur rapidly through
individual strong wind events. Because the frequency and timing of katabatic winds are highly
variable, ablation rates can vary greatly seasonally.
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Chapter 4
Stable Isotopic Analysis of Seasonal Snow in the McMurdo Dry Valleys,
Antarctica

4.1 Introduction
The use of stable isotopes can be a powerful tool in monitoring and quantifying
hydrologic processes. Stable isotopes can be used to characterize flow paths and residence times
within catchments (Rogers et al., 2005; Gooseff et al., 2003b), validate water-budget models
(Hendersen-Sellers et al., 2005), identify solute sources (Mast et al., 2001), and investigate
groundwater-surface water interactions (Herczeg et al., 1992), among other applications. Stable
isotopes make excellent tracers of hydrologic processes because they are naturally occurring and
do not readily react with other components of the watershed. Relative to seasonal snow, the
measurement of stable isotopes are generally used to understand catchment flow processes
during snowmelt (Cooper et al., 1991). Here we use stable isotopes from accumulated snow to
understand the dynamics associated with ablation in a polar desert.
The hydrology of the McMurdo Dry Valley (MDV) system is dominated by glacier melt.
Streams transport glacier melt from glaciers flowing into the valleys to endorheic lakes. While
glaciers in the MDV are relatively stable, storage within lakes are balanced by gains from stream
inputs and losses from evaporation of open water (during the austral summers) and sublimation
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of permanent ice covers (Fountain et al, 1999b). Meanwhile, snow plays a much smaller
hydrologic role, with its role limited almost exclusively to the snow-air interface via sublimation.
Nevertheless, the dynamics of the interface between snow and the underlying subnivian soil is
significant from an ecological perspective. Therefore, an understanding of the spatial and
temporal patterns associated with snow ablation is necessary, and the use of stable isotopes can
help to inform these processes. Stable isotopes can be used to monitor profile development
within seasonal snow patches, investigate the spatial distribution of sources of precipitation and
ablation at the landscape and snow-patch scales, and determine which variables control ablation
rates.
Isotopic composition in snow is a function of isotopic fractionation during precipitation,
accumulation, and ablation. Stable isotope fractionation is the enrichment of one isotope relative
to another due to mass differences among molecules. The equilibrium fractionation factors for
deuterium and O-18 during melting, αice-water are 1.111 and 1.0117 at 0 °C respectively (Majoube,
1971). An equilibrium factor greater than unity indicates the first phase will be „heavier” than
the second phase. Therefore, increases in melting will result in decreases in delta values for
deuterium and O-18 in the residual snow. Previous work has shown that fractionation during
sublimation also can produce increases in the heavier isotopes in the ice phase, and the degree of
fractionation increases at lower temperature (Moser and Stichler, 1970; Satake and Kawada,
1997; Sommerfeld et al, 1991; Stichler et al, 2001; Sturm and Benson, 1997). This effect may
be especially prominent in the surface layers of snow patches due to direct interaction with the
atmosphere (Stichler et al, 2001).
Generally, variations of stable isotopes with depth in snowpack are controlled by the
isotopic composition of precipitation events contributing to accumulation. Because snow
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patches in the MDV are predominantly formed by wind-blown processes, the snowpack is less
structured and may not follow this paradigm. Additionally, re-freezing of melt and
metamorphosis processes within snowpack contribute to stable isotopic variation with depth
(Souchez and Jouzel, 1984). The underlying assumption of the preceding analyses is that
ablation will be the dominant factor influencing changes in stable isotopic content.
There have been numerous studies investigating the stable isotopic content of snow in
Antarctica (Helsen et al, 2007; Masson-Delmotte et al, 2008), especially in East Antarctica
(Becagli et al, 2004; Gragnani et al, 1998). However, there has been very little research on the
subject with respect to the MDV region. Gooseff et al. (2006) completed a thorough survey of
stable isotopes within the MDV including an investigation of accumulated snow on several
glaciers. Results of this study presented mean deuterium and O-18 delta values of –213‰ and –
27.3‰ respectively for snow pits, which is comparable to the glacial ice at these locations
(Gooseff et al, 2006). However, snow accumulated on glaciers is distinct from the seasonal
snow patches that form on valley bottoms. Seasonal snow patches are much shallower and
subjected to ground interactions with respect to the energy balance of the snow patch. Seasonal
snow ablates much faster and is especially significant as a potential liquid water source to
surrounding soils. This prompts the need to analyze the stable isotopic content of seasonal snow
patches throughout the ablation season.

4.2 Description of Sampling Scheme and Sample Analysis
During the austral summers of 2009-10 and 2010-11, snow samples were collected to
inform spatial and temporal snow ablation processes within the MDV. Samples collected during
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the 2009-10 season coincide with the locations of 18 intensively monitored snow patches (3
snow patches per region). These locations are shown in Figure 4.2-1. For each monitored snow
patch, immediately adjacent snow patches were selected to be sampled. For each sampled snow
patch, snow was collected with a 5 cm vertical resolution for a depth profile at the deepest
portion of the snow patch. Adjacent snow patches to monitored snow patches were sampled
several times throughout the ablation season, allowing us to investigate temporal variations
within snow patches. Coincident measurements of snow density supplement samples collected
for stable isotopes. Snow density measurements for each profile can be found in Table C-1 in
Appendix C.

Figure 4.2-1. Locations of 2009-10 sampled snow patches (3 per region).

While samples collected during the 2009-10 season provide information on temporal
variation within snow patches, samples collected during the 2010-11 season serve to assess
spatial variation of processes associated with ablation at the landscape scale. Figure 4.2-2 shows
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the locations of the 2010-11 samples. With minor exceptions, each sample point represents the
mean of 3 depth cores within a single snow patch or group of small interconnected snow patches.
In this manner, variations of stable isotopic content with depth and variations that may occur
within a single snow patch are integrated. All samples were collected as close to the same time
as possible to provide a snapshot in time of the spatial distribution of stable isotopic content.
The synthesis of data from both seasons allows for the investigation of ablation processes
temporally and at spatial scales of the landscape and snow patch scales.

Figure 4.2-2. Locations of 2010-11 snow sample collections.

Samples collected during the 2010-11 season were collected to provide a large spatial
footprint for investigating spatial processes associated with ablation. The entire data set consists
of several elevation and along-valley transects, across which variation in stable isotopic content
can be analyzed at smaller scales, as well as encompassing a larger spatial footprint. The
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locations of these transects within the entire sampling can be found in Figure 4.2-3. Wright
Valley was not as heavily sampled due to sit visit limitations. Additionally, the Vanda region
(middle Wright Valley) was not sampled at all because complete ablation of seasonal snow had
already occurred.

Figure 4.2-3. Samples from 2010-11 season consist of several elevation and along-valley transects.

In addition to examining spatial processes at the landscape scale, two sampling locations
were chosen to investigate finer scale processes, including a single extensive elevation transect
and a single snow patch selected to examine within-patch processes. The elevation transect
consists of 22 samples along an elevation gradient that corresponds to elevation contours used
during the aerial ablation analysis (Chapter 2). One snow patch, located in the Fryxell region
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and selected to be representative of a „typical‟ snow patch, was heavily sampled to determine the
variation of stable isotopic content within a single snow patch. A transect within this snow patch
consists of 4 profiles of varying depths, from the snow patch edge to the deepest point in the
center. Each depth profile was sampled at a vertical resolution of 5 cm. Density and
temperature was also measured at this location.
Finally, data from the 2010-11 season was used in a regression analysis to predict
isotopic composition as a function of several factors. These factors include elevation, slope,
aspect, distance to sea, solar insolation, air temperature, wind speed, relative humidity, and age
of the snow. These factors are expected to control the ablation of seasonal snow and, under the
assumption that isotopic composition is correlated with ablation, should control the distribution
of stable isotopes.
All snow samples were collected in small Whirl-Pak bags in the field with minimal head
space entrained. The snow samples were allowed to melt under room temperature and were
bottled after complete melting had occurred. Bottled samples contained minimal head space.
Samples were analyzed for stable isotopes using a LGR-DT-100 liquid water stable isotope
analyzer. The instrument uses laser spectroscopy to measure absorption around a wavelength of
1390 nm to measure molar concentrations of isotopes of 2HHO, HH18O, and HHO. Molecular
concentrations area converted into atomic ratios of heavy to light elements and delta values, Eq.
4.2-1, for deuterium and O-18 are calculated. These delta values are a function of the ratio of
heavy to light isotopes, Eq. 4.2-2, and are calculated with respect to the Vienna Standard Mean
Ocean Water standards.

Eq. 4.2-1

(‰) =
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1 *1000
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Eq. 4.2-2
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For some analyses, including those investigating temporal variation and variation with
depth, deuterium is used as a single indicator of isotopic composition with respect to time and
depth respectively.

4.3 Results and Discussion of Stable Isotope Analysis
2009-10 Results
The data collected during the 2009-10 season lends itself well to analyzing temporal
variation of stable isotopic content within snow patches. Figure 4.3-1 shows the sample
collection dates of 2009 in conjunction with the cumulative hours above freezing for each region.
A sharp increase exists in the cumulative hours above freezing after the early season sample
collection, especially for the inland regions of Bonney and Vanda. This allows for an analysis of
snowpack evolution during a measurable warming period. It is important to note, however, that
the initial conditions of the snowpack are not known. While peak accumulation appears to have
occurred during mid to late October based on the landscape analysis of snow-covered area
(Chapter 2), field measurements and sample collections did not begin until late November.
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Figure 4.3-1. The analysis of temporal variations of stable isotopes consists of early and late season
collections.

Figure 4.3-2 represents the profile development of the 18 intensively monitored snow
patches throughout the 2009-10 ablation season with respect to δD. During this time, no new
snow had accumulated. It is important to note that while 18 snow patches are represented, a new
adjacent snow patch was selected to be sampled during each sample time. This is because
maximum depth occurs at the center of the snow patches, and each snow patch can only be
excavated once. In Figure 4.3-2, each column represents the six locations shown in Figure 4.2-1.
Data for each region consists of 3 snow patches. Note that each column has a unique x-axis and
each individual plot has a unique y-axis.
While these profiles represent the temporal variation of stable isotopic content throughout
the ablation season, it is important to note that the initial conditions during peak accumulation
are not known as the first collection date did not occur until late November. However, ablation
of seasonal snow begins to accelerate at this point during the season, reflected by the air
temperature increases shown in Figure 4.3-1. The most apparent trend throughout the depth
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profiles is the increase in δD at lower layers. This is especially true for shallower snow patches.
For those snow patches in Taylor Valley (A-K), increases in δD at lower layers during the early
season gives way to more stable profiles during the late season. Increases in δD may be
indicative of increases in melting, but not likely indicative of melt-dominated processes.
Sublimation is still expected to dominate the ablation. The reduction in variability of deuterium
with depth, which occurs during the late season, has been shown to be indicative of liquid and
vapor transfers during metamorphism (Judy, 1970).
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Figure 4.3-2. Temporal changes in depth profiles of deuterium concentration for 3 snow patches in 5 regions from left to right, Fryxell (A-D), Hoare (EH), Bonney (I-K), Brownworth (L-M), Vanda (N), and Labyrinth (O-P)..
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Figure 4.3-3 shows the depth-averaged δD for each region throughout the 2009-10
ablation season. There appears to be no discernable trend of depth-averaged δD throughout the
ablation season, which may be due to several reasons. Using a depth-averaged isotopic signature
allows each profile to be represented by a single mean value at each time for a temporal
comparison. However, it appears that the variation of stable isotopic content within a depth
profile overwhelms any significant variation of mean stable isotopic content with time.
Additionally, the use of adjacent snow patches to represent individual snow patches may
introduce variability that is due to the local spatial variability of neighboring snow patches.
Notably, the Vanda region (WM) has a significantly lower mean δD. Because this region was
only sampled once during the ablation season, it is difficult to assess the mechanisms associated
with ablation in this region. Aerial ablation of seasonal snow occurs very rapidly in this region,
and it appears to be an outlier in this regard. Increases in ablation should generally lead to
enrichment in heavier isotopes for snow, but this is not the apparent case. It is therefore unclear
how isotopic composition changes temporally within in the MDVs.
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Figure 4.3-3. Temporal changes in δD throughout the season for each region.

The Global Meteoric Water Line (GMWL), Eq. 4.3-1, is the fitted line representing
isotopic composition of globally collected precipitation samples plotted as δ18O vs. δD (Craig,
1963).
Eq. 4.3-1
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Differences in isotopic composition among regions may occur due to differences in
ablation rates and sources of precipitation. Figure 4.3-4 displays the early and late season
averages of δD and δ18O for each snow patch. There are noticeable differences among regions in
the stable isotopic content relative to the global meteoric water line (GMWL). The Labyrinth
region (A) exhibits a significant degree of variability among individual patches, which is likely
attributed to properties of these individual snow patches. For example, snow patch WU1 has
properties intermediate of firn and snow, and possibly may not be a seasonal snow patch. The
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Fryxell (F) and Hoare (E) regions also display some degree of variability. Several regions,
including Bonney (D), Vanda (B), and Brownworth (C) exhibit very minor variation among
individual snow patches. In the Fryxell region, significant variation appears in the late season
samples after significant ablation had occurred. With the exception of the Vanda region, which
as previously mentioned is an outlier with respect to ablation rates, seasonal snow in each region
appears to be centered around approximately δD = -275‰, δ18O = -35‰. Seasonal snow in the
Vanda region plots much lower on the GMWL, but it should be recognized that this is only the
early season data. Local meteoric water lines (LMWL), relative to the GMWL for each region
are shown in Figure 4.3-7, which contains the results of the 2010-11 data that has more samples
to produce a better fit.

Figure 4.3-4. Depth-averaged delta values of early and late season samples for 3 snow patches in each region
plotted relative to the Global Meteoric Water Line (GMWL).
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Deuterium excess, represented by the y-intercept of 10 in the GMWL (Craig, 1963),
typically ranges from 0 to 20 for most waters. Calculation for deuterium excess is shown in Eq.
4.3-2.
Eq. 4.3-2
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In Antarctica, there have been numerous investigations of deuterium excess in snow
(Delmotte et al, 2004; Petit et al, 1991; Satake and Kawada, 1997). Satake and Kawada (1997)
have shown that the influence of sublimation on post-depositional firnification leads to
reductions in deuterium excess. Average deuterium excess throughout the 2009-10 ablation
season is shown for each monitored snow patch in Figure 4.3-5. The resulting average
deuterium excess for each region may be the product of either precipitation sources or ablation.
The most extreme values of deuterium excess are found within the Labyrinth region
(WU). Snow patch WU1 has a negative deuterium excess, while WU3 has the highest recorded
deuterium excess. The Vanda region also exhibits considerable variation in deuterium excess
with snow patch WM1 having a negative deuterium excess. Because ablation occurred before a
second sampling of the region occurred, the depth-averaged data for the Vanda region only
represents one point during the season. The variance among the 3 individual snow patches
represented in the Fryxell (TL), Hoare (TM), Bonney (TU), and Brownworth (WL) is minimal.
Similar ranges of deuterium excess are shown in these regions, except for the Bonney region
which shows noticeably less deuterium excess in the seasonal average of depth-averaged data,
possibly due to sublimation. For sites relatively close to the coast (Fryxell, Hoare, and
Brownworth), average regional deuterium excess ranges from 4.70 to 5.86‰ which is consistent
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with previous measurements of stable isotopes of snow in Antarctica (Dahe et al, 1994).
Generally, there appears to be a correlation between expected sublimation rates and deuterium
excess with lower values reported at inland sites which are expected to produce high sublimation
rates (Figure 4.3-5).

Figure 4.3-5. Average deuterium excess (depth-averaged and seasonally averaged) shown for 3 snow
patches in each region.

2010-11 Results
While the 2009-10 sampling provides insights into temporal variation, the sampling
scheme of the 2010-11 season lends itself well to analyzing spatial patterns within each of the 6
regions of interest. The sample collection of the 2010-11 season consists of several transects that
together form a large spatial footprint. Spatial variation of deuterium along each transect
sampled during the 2010-11 season is shown in Figure 4.3-6. These transects consist of
elevation transects, represented by dotted lines, and along-valley transects, represented by solid
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lines. Very little variation in deuterium occurs along individual transects, which represent finer
scales, but there is a general increase in deuterium with distance from the coast at the valley
scale. Much more significant variation in deuterium occurs along individual elevation transects.
Significant variation in δD at finer scales is consistent with observations that large variations in
aerial ablation exist at similar scales.

Figure 4.3-6. Spatial variation in deuterium for transects sampled during 2010-11 season. Elevation transects are
represented by dashed lines and along-valley transects are represented by solid lines.
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The stable isotopic content of samples from the 2010-11 season is plotted relative to the
global meteoric water line (GMWL) in Figure 4.3-7A. Samples from individual regions are
displayed in Figure 4.3-7 B-E. A fresh snow sample collected during a precipitation event in
early January, 2011 is included in Figure 4.3-7A. This observation plots significantly higher on
the GMWL compared to previous measurements of fresh snow in the MDV (Gooseff et al,
2006). Gooseff et al, 2006 reported mean delta values ranging from -250 to -200‰ and -24 to
30‰ for deuterium and O-18 respectively for fresh snow. Relative to fresh snow, samples from
snow patches, which have undergone processes associated with deposition, metamorphism, and
ablation, exhibit much lower delta values.
Determined by fitting a line through observed data, Local Meteoric Water Lines
(LMWL) for the Fryxell, Hoare, Bonney, and Brownworth regions have slopes of 7.59, 7.51,
6.94, and 6.92 respectively. Differences in the slopes of LMWLs may be a result of either
differences in precipitation or meteorological conditions lending to regional ablation rates. As
humidity decreases from 100%, the slopes of the LMWLs decrease during evaporation and
sublimation. For conditions of low humidity, where conditions more closely represent an open
system in which water vapor is completely removed, more significant changes in isotopic
composition occur (i.e., further removed from the LMWL). The more coastal sites of Fryxell
and Hoare exhibit appreciably higher slopes than the inland Bonney region in Taylor Valley.
The Brownworth region, however, is a coastal site with a slope comparable to the Bonney
region.
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Figure 4.3-7. Stable isotopic content relative to the global meteoric water line for (A) all samples, (B)
Fryxell, (C) Hoare, (D) Bonney, (E) Brownworth.

Two sampling locations were chosen to investigate the distribution of stable isotopes at
finer scales, including an exhaustive elevation transect and a cross-sectional sampling of an
individual snow patch. The elevation transect (labeled ELEV in Figure 4.2-3) on the south shore
of Lake Fryxell consists of 22 samples ranging from 20 to 320 meters in elevation.
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Perpendicular to along-valley gradients, elevation is expected to be the main explanatory
variable with respect to stable isotopic content. The snow distribution and aerial ablation
analysis concluded that elevation is a strong control on aerial ablation. Therefore, it is
reasonable to expect the distribution of stable isotopes along an elevation gradient to reflect the
aerial ablation rates along those elevation contours. As shown in Figure 4.3-8, large reductions
in snow-covered area at the 150 to 200 m range corresponds to higher δD.
The entire elevation transect maintains a north-facing aspect, receiving maximal
incoming solar radiation. Slope increases with elevation, producing a gradient of increasing
solar radiation due to increases in the angle of incidence. Air temperature decreases with
elevation due to the adiabatic lapse rate (Doran et al., 2002). These competing gradients may
produce the increase in deuterium, associated with increased ablation, at the 150 to 200 m range
in elevation. However, it is important to remember that large variations in aerial ablation have
been observed among neighboring snow patches. The distribution of snow-covered area with
respect to elevation in Figure 4.3-8 represents the entire Fryxell region and integrates the
variation observed at individual snow patches. Therefore, the stable isotopes observed in
individual snow patches may not be representative of the distribution of stable isotopes along
those elevation contours.

77

Figure 4.3-8. Delta values for deuterium are shown for the ELEV transect in addition to the time series
of snow-covered area at 50 meter elevation contours for the same region.

Variation of stable isotopes within a single snow patch can be inferred from the results of
the cross-sectionally sampled snow patch. Results of analyzing these samples are shown in
Figure 4.3-9. Delta values for deuterium, along with measured temperature and density provide
insights into within-patch processes. Most notably in Figure 4.3-9A is the increase in deuterium
at the snow patch edges. With respect to deuterium, the deepest profile has very little variation
with depth, while the moderately deep profiles exhibit gradients of decreasing δD with depth.
This suggests that depth is a primary control ablation and profile evolution. Snow depth has
previously been associated with snow patch ablation during the snow distribution and aerial
ablation analysis (Chapter 2) based on the observation of large variations of aerial ablation
among neighboring snow patches at a scale in which all other variables influencing ablation
should be equal. An increase in δD may be indicative of melt having a larger role in ablation
relative those samples with lower δD. Because snow patches are significantly shallower at the
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edges, incoming solar radiation is able to completely penetrate the snow, thereby reducing the
effective albedo at the edges. This increases the overall energy input to the snow, possibly
leading to increases in melt at the snow patch edges.
As expected temperature decreases with depth (Figure 4.3-9B), highlighting the minimal
influence the ground heat flux has on the snow patch. The deepest profile exhibits temperatures
comparable to surface temperatures, but this is likely due to an increased exposure time due to
excavation during sampling. The heterogeneity of snow patches is represented by density
measurements in Figure 4.3-9C. The density of snow is generally lower near the surface, and
there are increases in density in the form of diffuse layers at approximately 15 and 35 cm below
the surface, possibly indicative of melting and re-freezing.
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Figure 4.3-9. (A) Deuterium delta values, (B) temperature, and (C) density are shown for snow sampled along 4
depth profiles at 5 cm increments within a single snow patch.

Delta values for deuterium from the 2010-11 dataset were used in conjunction with
several other variables to create a linear regression model to predict stable isotopic content.
While a more physically based approach to estimating ablation is ideal, limitations in the spatial
resolution of meteorological data and the consideration of localized effects, including snow
depth, prevent such an approach. Predictors in the linear regression model include elevation,
slope, and aspect, which have shown to be important controls on aerial ablation at the landscape
scale. Average solar radiation, air temperature, wind speed, and relative humidity, measured
from peak accumulation (October 15) to collection date, also serve as predictors. Finally, the
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along-valley distance, measured as the distance from the McMurdo Sound of the Ross Sea, is
also a predictor variable.
To properly assess which factors more heavily influence stable isotopic content, which is
presumably correlated to ablation, inputs to the linear regression model were normalized by
subtracting the mean and dividing by the standard deviation. The following equations represent
the results of the linear regression for the normalization of inputs, Eq. 4.3-3, and without
normalization, Eq. 4.3-4. Both produce the same R2 value of 28.5, but Eq. 4.3-4 allows for an
interpretation in terms of conventional units. The R2 value is relatively low. However, the
purpose of this regression model is not to predict δD at a given location, but to provide insights
into which factors control the distribution of stable isotopes. Plots of the residuals of the linear
regression model can be found in Figure B-1, Appendix D.
Eq. 4.3-3

δD = -288 + 8.58E – 3.82S – 1.53A – 18.6Ta + 1.7Qsi -1.78v – 9.76RH –
10.2X + 15.6t

Eq. 4.3-4

δD = - 101 + 0.0819E - 0.694S - 0.0265A - 9.6Ta + 0.046Qsi - 5.3v 5.19RH - 0.00235X + 1.24t
Where,
δD: Deuterium (per mil)
E: Elevation (m)
S: Slope (degrees)
A: Aspect (degrees, measured from North)
Qsi: Average solar radiation (W/m2)
Ta: Average air temperature (°C)
v: Average wind speed (m/s)

81

RH: Average relative humidity (%)
X: Along-valley distance (m)
t: Time since peak accumulation (days)
From the resulting linear equation, it appears that along-valley meteorological gradients
largely control the spatial distribution of stable isotopes for seasonal snow in the MDV. Both the
direct measurement of along-valley distance, measured as distance from sea, and relative
humidity, which is a function of distance from sea, have high coefficients. Additionally, air
temperature in the MDV is strongly dependent on distance from sea with elevation acting as an
additional control. Although having a low coefficient, wind speed is also an along-valley
gradient with greater wind speeds occurring at inland locations. These along-valley gradients
result in inland regions being warmer, windier, and drier, all of which produce more favorable
conditions for ablation. According to the linear regression model, slope and aspect have minimal
effects on the distribution of stable isotopes. The relatively low R2 value should not be
surprising. Previous analyses have consistently shown the importance of local effects on snow
patches, such as snow depth and the microtopography surrounding snow patches (Chapter 2).
While the distribution of isotopes generally conforms to the meteorological gradients and
topographic conditions that control aerial ablation, and presumably mass ablation, there are
significant deviations due to the aforementioned local effects.
The linear regression model suggests increases in ablation rates will result in decreased
deuterium. Aerial ablation has been shown to increase with distance from the coast, which is
associated with higher air temperatures, higher wind speeds, and lower relative humidity. The
depletion of heavier isotopes with increases in aerial ablation seems to be contrary to the
assumption that fractionation due to ablation will lead to enrichment. This may be due to the fact
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that ablation in the MDV occurs almost exclusively by sublimation. Consistently low δD for
snow patches in the Vanda region, which has the most favorable meteorological conditions for
sublimation and the highest observed aerial ablation rates, also seems to suggest the depletion of
heavier isotopes within seasonal snow due to sublimation.

4.4 Conclusions
The preceding analyses have demonstrated the advantage of using stable isotopes to
investigate temporal and spatial processes associated with the ablation of seasonal snow in the
MDV. The analyses have provided insights into the temporal changes of depth profiles within
snow patches. Consistently higher δD values occur in lower layers throughout the season,
possibly indicative of increased melting in shallow snow patches.
The results from the linear regression analysis suggest that increases in factors assumed
to be reflective of higher ablation rates results in lower δD. Contrary to this result, the finer scale
ELEV transect shows a positive correlation between aerial ablation and δD. This may be due to
differences in the partitioning of mechanisms associated with ablation with respect to melting
and sublimation. Additionally, the unaccounted for local effects (snow depth, microtopography)
along the ELEV may produce results contrary to the distribution of stable isotopes at the
landscape scale.
At the landscape scale, sublimation dominates the ablation of seasonal snow, which may
explain the depletion of heavier isotopes in seasonal snow. However, deviations from this
assumption may occur at finer scales due to effects at the snow-patch scale. Results of the crosssectionally sampled snow patch show enrichment of deuterium at the snow patch edges, which
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seems to suggest increases in melting. The distribution of depths among snow patches is not
known, but is expected to be somewhat random, based on the distribution of nivation hollows.
Therefore, while elevation and along-valley gradients are strong controls on ablation, these
variables do not solely predict the spatial patterns of ablation and thus stable isotopes. The
random and largely unaccounted for distribution of snow depths additionally control the
distribution of ablation and stable isotopes.
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Chapter 5
Conclusions

5.1 Snow Accumulation Patterns
Results of analyzing the distribution of snow-covered area have shown how topography
and proximity to the coast are the primary factors controlling the distribution and magnitude of
snow in the MDVs. The greatest accumulation, measured by the peak in snow-covered area,
appears to occur during mid to late October, which was determined from the 2009-10 imagery in
which images throughout October were available. Analysis of both the 2009-10 and 2010-11
imagery have shown how regional topography controls the accumulation of snow with respect to
elevation, slope, and aspect. With few exceptions, topographic distributions of snow-covered
area correspond to the topographic distributions of the landscape. At the landscape scale, there
appears to be no significant seasonal differences in the distribution of snow-covered area during
peak accumulation. Seasonal distributions of snow-covered area with respect to topography
during peak accumulation are almost identical seasonally for most regions. Some of the 2010-11
distributions deviated from the 2009-10 distributions in high ablation regions, but this likely
occurred because ablation had already begun in these regions and they are not the true peak
accumulation distributions. Along-valley distance is the primary factor controlling the
magnitude of snow-covered area within regions. While the coastal regions of Fryxell and
Brownworth experienced 17.83 and 19.26% of the landscape snow-covered in 2009 during peak
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accumulation respectively, the inland regions of Bonney and Vanda experienced only 4.82 and
0.75% respectively. This is consistent with observations that precipitation is greatest near the
coast (Fountain et al., 2009).

5.2 Aerial Ablation of Seasonal Snow
Aerial ablation differs across the MDV landscape at the regional and snow-patch scales
controlled by along-valley gradients and local microtopography respectively. While significant
variation exists at the snow-patch scale, elevation is the best overall predictor of aerial ablation.
As the ablation season progresses, the remaining snow is confined to deeper and more persistent
snow patches. Therefore, more energy is required to produce the same aerial ablation later
during the season. Investigating aerial ablation rates has shown that ablation can occur rapidly
through individual strong wind events. Because the frequency and timing of katabatic winds are
highly variable, ablation rates can vary greatly seasonally. Through the process of aerial
ablation, the shapes of distributions of snow-covered area appear to evolve in a predictable
manner as a function of the overall magnitude of snow-covered area, independent of seasonality.
Meteorological gradients that produce conditions favorable for ablation at particular locations
(i.e. particular elevation contours, slopes, or aspects) will remain relatively constant. However,
magnitudes of ablation, controlled by the magnitudes of available energy, may differ
substantially.
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5.3 Snow-Patch Dynamics
An important conclusion from analyzing the snow-patch scale is the confirmation that
snow patches will generally form in the same locations each year. This is important because the
ecological significance of snow patches relevant to subnivian communities is predicated upon the
assumption that snow patches provide consistent protection.
Investigating dynamics at both the snow-patch and landscape scales has shown that
individual snow patches may deviate significantly from spatial and temporal patterns observed at
the landscape scale. Neighboring snow patches may have substantially different aerial ablation
rates. These differences are expected to be the result of variations of snow depths, which cannot
be resolved through the use of the WorldView and QuickBird high-resolution imagery. Stable
isotopes from the cross-sectionally sampled snow patch show enrichment of deuterium at the
snow patch edges, possibly due to increased melting, which is evidence of the importance of
depth. Snow patch edges and shallow snow patches in general are important in this respect.
While sublimation dominates the ablation of seasonal snow at the landscape scale, deviations
from this assumption may occur at the snow-patch scale. The distribution of depths among snow
patches is not known, but is expected to be somewhat random, based on the distribution of
nivation hollows. Therefore, while elevation and along-valley gradients are strong controls on
ablation, these variables do not solely predict the spatial patterns of ablation and thus stable
isotopes. The random and largely unaccounted for distribution of snow depths additionally
control the ablation of snow patches.
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Appendix A
UEB Model Parameters

Table A-1. Inputs and Parameters for UEB model runs.
Inputs
Initial Snow Temperature (C°)
Start Month
Start Day

-25
10
15
9 (2009-10)
10 (2010-11)
0
24

Start Year
Start Hour
Time Step (hours)

-153025 (1 m)
-76512.6 (0.5 m)
-38256.3 (0.25
m)
0.35 (1 m)
0.175 (0.5 m)
0.0875 (0.25 m)
0.56845

2

Initial Energy Content (kJ/m )

Initial Water Equivalent (m)
Initial Snow Surface Age
Parameters
Tr: Temperature above which all precipitation is rain (C°)

3

Ts: Temperature below which all precipitation is snow (C°)

-1

T0: Temperature of freezing (C°)
TK: Convert C to K
εs: Emissivity of snow
σ: Stefan Boltzmann constant

0
273.15
0.99
2.0747E-07

hf: Heat of fusion (kJ/kg)

333.5

hv: Heat of vaporization (kJ/kg)

2834

Cw: Water heat capacity (kJ/kg/C°)

4.18

Cs: Ice heat capacity (kJ/kg/C°)

2.09

Cg: Ground heat capacity (kJ/kg/C°)

2.09

Cp: Air heat capacity (kJ/kg/C°)

1.005

Rd: Ideal gas constant for dry air (J/kg/K)
k: von Karman constant
z: Measurement height for air temperature and humidity (m)

287
0.4
3
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z0: Surface aerodynamic roughness (m)
HFF: Convert hours to seconds
ρi: Density of ice (kg/m3)

0.005
3600
917

ρw: Density of water (kg/m3)
3

1000

ρs: Density of snow (kg/m )

400

ρg: Density of ground (kg/m3)

1700

Lc: Liquid holding capacity of snow

0.05

Ksat: Snow saturated hydraulic conductivity (m/hr)

20

De: Thermally active depth of soil (m)

0.4

Ks: Snow surface thermal conductance (m/hr)

0.02

2

g: Gravity (m/s )

9.81

Abg: Bare ground albedo

0.25

αvo: New snow visible band reflectance

0.85

αiro: New snow infrared band reflectance

0.65

Fstab: Stability correction control parameter
Site Variables
fc: Forest cover fraction
df: Drift factor
pr: Atmospheric pressure (Pa)
qg: Ground heat flux (kJ/m2/hr)
aep: Albedo extinction depth (m)
Slope (degrees)
Aspect (degrees, clockwise from north)
Latitude (degrees)
Bristow Campbell Parameters
Parameter a
Parameter c
Climate average monthly diurnal temperature range (October)
Climate average monthly diurnal temperature range (November
Climate average monthly diurnal temperature range (December)
Climate average monthly diurnal temperature range (January)
Climate average monthly diurnal temperature range (February)

0
0
0
101000
0
0.1
5
180
-65

10.54
6.43
4.12
4.33
4.35
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Appendix B
Snow Patch Outlines

Figure B-1. Successive GPS outlines of 3 intensively monitored snow patches in the Fryxell (TL) region: TL1 (left), TL2 (middle), TL3 (right).
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Figure B-2. Successive GPS outlines of 3 intensively monitored snow patches in the Hoare (TM) region: TM1 (left), TM2 (middle), TM3 (right).
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Figure B-3. Successive GPS outlines of 3 intensively monitored snow patches in the Bonney (TU) region: TU1 (left), TU2 (middle), TU3 (right).
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Figure B-4. Successive GPS outlines of 3 intensively monitored snow patches in the Brownworth (WL) region: WL1 (left), WL2 (middle), WL3 (right).
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Figure B-5. Successive GPS outlines of 3 intensively monitored snow patches in the Vanda (WM) region: WM1 (left), WM2 (middle), WM3 (right).
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Figure B-6. Successive GPS outlines of 3 intensively monitored snow patches in the Labyrinth (WU) region: WU1 (left), WU2 (middle), WU3 (right).

101

Figure B-7. Compiled monitored snow patches for size comparison.
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Appendix C
Depth Profile Measurements

Table C-1. Correlation of density with δD and δ18O.

Region

Snow Patch

Date

Depth (cm)

TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM

TL1
TL1
TL1
TL1
TL1
TL1
TL1
TL2
TL2
TL2
TL2
TL2
TL3
TL3
TL3
TL3
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM1
TM2
TM2

11/25/09
11/25/09
11/25/09
11/25/09
12/14/09
12/14/09
12/14/09
11/25/09
11/25/09
11/25/09
12/14/09
12/14/09
11/25/09
12/14/09
12/14/09
12/14/09
12/9/09
12/9/09
12/9/09
12/9/09
12/9/09
12/9/09
12/9/09
12/9/09
12/9/09
12/18/09
12/18/09
12/18/09
12/18/09
12/18/09
12/18/09
12/18/09
12/7/09
12/7/09

0 to 5
5 to 10
10 to 15
15 to 20
5 to 10
10 to 15
20 to 25
0 to 5
5 to 10
10 to 15
0 to 5
5 to 10
0 to 5
0 to 5
5 to 10
10 to 15
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
25 to 30
30 to 35
35 to 40
40 to 45
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
25 to 30
30 to 35
0 to 5
5 to 10

Density
(kg/m3)
392
368
356
344
916.7
560
472
288
352
360
476
592
348
356
576
540
352
480
588
508
536
516
460
376
396
344
368
396
488
488
428
508
368
396

δD (‰)

δ18O (‰)

-281.09
-280.17
-281.35
-280.22
-299.64
-311.04
-305.85

-36.53
-35.86
-35.96
-35.80
-38.27
-39.10
-38.37

-253.08
-277.31
-281.89
-283.61
-282.11
-269.82
-210.95
-239.10
-261.22
-274.13
-276.82
-277.30
-277.10
-276.74
-275.87
-271.78
-270.58
-273.53
-281.38
-281.59
-276.28
-278.90
-276.80
-277.14
-274.02

-31.68
-35.37
-36.20
-36.54
-36.17
-33.80
-26.23
-30.43
-32.90
-34.54
-35.02
-35.14
-35.25
-35.20
-34.87
-34.68
-34.29
-34.69
-35.51
-35.71
-35.14
-35.53
-35.20
-35.16
-34.80

-277.46
-278.41

-35.22
-35.84
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TM
TM
TM
TM
TU
TU
TU
TU
TU
TU
TU
TU
TU
TU
TU
TU
TU
TU
TU
TU
TU
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL

TM3
TM3
TM3
TM3
TU1
TU1
TU1
TU2
TU2
TU2
TU2
TU2
TU2
TU2
TU3
TU3
TU3
TU3
TU3
TU3
TU3
WL1
WL1
WL1
WL1
WL1
WL1
WL1
WL1
WL1
WL1
WL1
WL1
WL1
WL2
WL2
WL2
WL2
WL2
WL2
WL2
WL2
WL2
WL2
WL2

12/7/09
12/7/09
12/7/09
12/7/09
11/25/09
11/25/09
11/25/09
11/25/09
11/25/09
11/25/09
11/25/09
11/25/09
12/10/09
12/10/09
11/25/09
11/25/09
11/25/09
12/10/09
12/10/09
12/10/09
12/10/09
11/27/09
11/27/09
11/27/09
11/27/09
11/27/09
12/16/09
12/16/09
12/16/09
12/16/09
12/16/09
12/16/09
12/16/09
12/16/09
11/27/09
11/27/09
11/27/09
11/27/09
11/27/09
11/27/09
11/27/09
12/16/09
12/16/09
12/16/09
12/16/09

0 to 5
5 to 10
10 to 15
15 to 20

304
392
380
424

0 to 5
5 to 10
17 to 22
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
2 to 7
7 to 12
0 to 5
5 to 10
10 to 15
2 to 7
7 to 12
12 to 17
17 to 22
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25

360
344
412
356
392
324
440
412
392
324
308
348
288
448
476
484
528
340
328
312
312
324

0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
25 to 30
30 to 35
35 to 40
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
25 to 30
30 to 35
0 to 5
5 to 10
10 to 15
15 to 20

364
332
376
384
388
360
380
368
288
300
388
408
452
452
420
296
344
356
360

-191.02
-243.10
-275.30
-274.85
-215.35
-281.54
-287.66
-285.02
-288.24
-287.20
-285.15
-288.89
-281.63
-285.12
-281.16
-288.99
-267.44
-289.82
-287.08
-288.39
-287.25
-280.53
-291.46
-294.01
-292.83
-295.92
-279.21
-277.69
-280.45
-284.20
-284.81
-292.94
-296.25
-292.13
-278.28
-288.07
-289.82
-289.16
-284.27
-282.44
-284.28
-285.04
-295.09
-288.40
-290.07

-25.58
-31.62
-35.44
-35.35
-26.73
-35.74
-36.21
-35.56
-36.43
-36.35
-36.51
-36.44
-35.14
-35.81
-35.38
-36.61
-32.92
-36.14
-36.36
-35.80
-35.77
-35.51
-36.74
-37.46
-37.77
-37.83
-35.53
-35.41
-35.63
-36.03
-36.13
-37.33
-37.69
-37.88
-35.46
-36.89
-36.66
-36.60
-36.20
-36.10
-36.11
-36.33
-37.59
-36.48
-36.66
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WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WL
WM
WM
WM
WM
WM
WM
WM
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU
WU

WL2
WL2
WL3
WL3
WL3
WL3
WL3
WL3
WL3
WL3
WL3
WL3
WM1
WM1
WM1
WM2
WM2
WM2
WM3
WU1
WU1
WU1
WU1
WU1
WU1
WU1
WU2
WU2
WU2
WU2
WU2
WU2
WU2
WU2
WU2
WU2
WU2
WU2
WU2
WU3
WU3
WU3
WU3
WU3
WU3

12/16/09
12/16/09
11/27/09
11/27/09
11/27/09
12/16/09
12/16/09
12/16/09
12/16/09
12/16/09
12/16/09
12/16/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
12/17/09
12/17/09
12/17/09
12/17/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
12/17/09
12/17/09
12/17/09
12/17/09
12/17/09
12/17/09
12/17/09
11/26/09
11/26/09
11/26/09
11/26/09
11/26/09
12/17/09

20 to 25
25 to 30
0 to 5
10 to 15
15 to 20
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
25 to 30
30 to 35
0 to 5
5 to 10
10 to 15
0 to 5
5 to 10
10 to 15
0 to 5
0 to 5
5 to 10
10 to 15
0 to 5
5 to 10
10 to 15
15 to 20
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
25 to 30
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
25 to 30
30 to 35
0 to 5
5 to 10
10 to 15
15 to 20
20 to 25
0 to 5

424
436
344
380
356
380
432
392
392
364
424
492
368
360
408
368
380
404
396
400
396
388
388
360
320
388
348
368
328
360
308
312
328
404
336
352
360
424
332
332
316
316
320
356
368

-285.81
-287.97
-280.67
-284.37
-289.24

-36.34
-36.98
-35.74
-36.09
-36.92

-275.91
-287.49
-300.17
-295.74
-293.81
-295.12
-295.28
-328.47
-323.32
-320.81
-325.27
-324.66
-327.48
-335.91

-35.73
-37.06
-38.83
-37.86
-37.93
-37.99
-37.44
-40.97
-40.49
-39.48
-40.78
-40.62
-40.94
-42.61

-200.25
-203.92
-231.87
-225.28
-256.67
-235.46
-216.87

-25.57
-26.13
-29.28
-27.53
-31.53
-28.93
-26.54

-365.08
-371.95
-372.58
-362.14
-316.63
-302.86
-309.42
-225.17
-207.42
-341.74
-290.54
-352.37
-302.50
-310.80
-319.64
-322.25
-327.45
-323.13
-309.49

-45.19
-46.37
-46.28
-45.09
-39.88
-37.84
-39.67
-29.10
-26.93
-43.51
-36.76
-43.66
-37.52
-40.20
-41.86
-42.03
-42.55
-41.80
-39.66
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WU
WU
WU

WU3
WU3
WU3

12/17/09
12/17/09
12/17/09

5 to 10
10 to 15
15 to 20

348
324
420

-316.47
-320.91
-320.64

-40.97
-41.65
-41.38
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Appendix D
Linear Regression Analysis

Figure D-1. Residuals and normal probability plot of residuals of linear regression model.

