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ABSTRACT
Liquid water is scarce across the landscape of the McMurdo Dry Valleys (MDV),
Antarctica and is associated with soils that are adjacent to streams and lakes, during the annual
thaw season. However, seeps, water tracks, and wet patches have been observed at several other
locations as well. The source of water for these is likely generated by a combination of
infiltration from melting snowpacks, melting of pore ice at the ice table beneath the water tracks,
and melting of buried segregation ice formed during winter freezing. We are using high
resolution (<1m pixel) remote sensing data gathered several times per week in the MDV region
to determine the spatial and temporal distribution of wet soils. We assess the spatial consistency
with which these wet soils occur for the 2008-2009 to 2011-2012 austral summers with complete
coverage and partial coverage for 2003-2004 and 2006-2007 austral summers using a land cover
classification. We also quantify the soil moisture of wetted soils using an artificial neural
network (ANN). The ANN utilizes field radiometer data to retrieve estimates of surface moisture
based on the spectral measurements and soil moisture samples collected during the 2010-2011
field season. The remote sensing based analyses of the wetted soils have shown the magnitude to
vary greatly and how topography and regional microclimates influence the wetted soils in the
MDV. The 2010-2011 austral summer provided the most wetted soil area, 10.21 km2 , and 20082009 covered the least, 5.38 km2 . The ANN soil moisture distribution in the MDV shows values
ranging from 0.36 % to over 19 %. We suggest that wet soils are a significant component of this
cold desert land system and ecosystem.
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Chapter 1

Introduction to Study

1.1 McMurdo Dry Valley Background
The polar desert of the McMurdo Dry Valleys (MDV) (77°30'S 163°00'E), the largest
ice-free region in Antarctica, is a matrix of deep permafrost, soils, glaciers, streams, and lakes
that together form the geological context for the southernmost functioning terrestrial ecosystem
(Kennedy, 1993; Lyons et al., 2000; Levy et al., 2011). The MDV encompass approximately
2000 km2 of ice-free terrain, situated between McMurdo Sound to the east and the Transantarctic
Mountains to the west and are separated by ridges that run perpendicular to the coast (Figure 1-1)
(Wharton et al., 1993, Gooseff et al., 2011). The ridges can reach elevations of over 2000 m
above sea level and the valley floors range in elevation from just above sea level to about 800 m
above sea level.
The MDV are the focus of the McMurdo Long Term Ecological Research (MCM-LTER)
program, an interdisciplinary and multidisciplinary study of the aquatic and terrestrial
ecosystems in an ice-free region of Antarctica. MCM joined the National Science Foundation's
LTER Network in 1993 and is funded through the Office of Polar Programs. The MDV
ecosystem is vastly different than most ecosystems of the world, with both aquatic and terrestrial
ecosystems survive in one of the planets harshest environments. The perennially ice-covered
lakes, ephemeral streams and extensive areas of exposed soil within the MDV are subject to low
temperatures, limited precipitation and salt accumulation.
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Figure 1-1: USGS topographic map of the McMurdo Dry Valleys, Antarctica and

surrounding areas.
The climate is very cold with mean annual air temperature of -18 °C and dry with <10 cm
water equivalent of precipitation per year. During the austral summer, October to February, there
is continuous sunlight which can generate temperatures up to 10.7°C (Doran et al., 2008). The
winter months experience continuous darkness where the temperatures can reach -65 °C. The
MDV polar desert receives little precipitation due to the strong precipitation shadow cast locally
by the Transantarctic Mountains (Monaghan et al., 2005; Gooseff et al., 2011). The MDV has an
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annual water equivalent precipitation, which is dominated by snow, in the valley bottoms of 2–
50 mm (Fountain et al., 2010; Gooseff et al., 2011). Due to the extremely arid and frigid
conditions, most of the snowfall sublimates within days of falling (Chinn 1993).
Katabatic winds (i.e. drainage winds) occur in the MDV, which flow from the polar
plateau at the western edge of the MDV to the coast at the eastern end of the MDV (Gooseff et
al., 2011). These winds reach speeds of 37 m⁄ s and play an important factor in the valley
morphology and biology and warm the valleys due to compressional heating as the winds
descend to lower elevations (Gooseff et al., 2011). The air temperature can increase 30 °C in a
few hours and for every 1% increase in the average frequency of katabatic wind events, summer
air temperatures increase by 0.4 °C and winter air temperatures increase by 1.0 °C (Nylen et al.,
2004, Gooseff et al., 2011).
Katabatic winds can transport snow from the valley walls and glaciers, and occasionally
from the Antarctic Plateau (just west of the MDV), and account for about half of the measured
snow accumulation (Gooseff et al., 2011). Snow presence is greater in the winter than the
summer and is spatially variable (Gooseff et al., 2003). Winter snow can persist nearly all winter
at Lake Vida but can last a few weeks at Lake Bonney (Gooseff et al., 2011). This difference is
possibly due to the mass of snow accumulated at each site and the frequency of wind events that
erode and sublimate the snow cover (Gooseff et al., 2011).
A majority of the ice-free MDV landscape below 1000 m elevation is underlain by dry
permafrost (Bockheim et al., 2007). The active layer soils at the surface thaw during the austral
summer to depths of 60–70 cm, harboring vibrant microbial and invertebrate communities
(Treonis et al., 1999; Gooseff et al., 2011). The MDV soils consist of composed of glacial drift,
valley-wall colluvium, marine sediments, and paleo–lake beds (Bockheim et al., 2008; Levy et
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al., 2011). The soil thermal regime is driven by strong surface energy variability annually, with
greatest thaw depths typically observed in early January (Gooseff et al., 2011). Soils across the
MDV are generally dry, except where sustained sources of liquid water are present, such soils
that border streams and lakes are locations of consistent wetness during the austral summer
(Gooseff et al., 2011).
The harsh environment and low availability of carbon and water support a simplified
ecosystem of rotifers, tardigrades, nematodes, and microarthropods near lakes and ephemeral
streams, and even simpler communities in the arid soils that occupy the majority of the landscape
(Wall and Virginia, 1999; Wall, 2005; Adams et al., 2006; Simmons et al., 2009). Scottnema
lindsayae, the most abundant and widely distributed metazoan invertebrate, often occurs in the
arid soils and all other invertebrate species are more abundant in moist or saturated soils where
algae and moss are more abundant (Powers et al., 1998; Treonis et al., 1999; Wall and Virginia,
1999; Bamforth et al., 2005; Wall, 2005; Adams et al., 2006; Ayres et al., 2007; Simmons et al.,
2009). In addition to the available water content, soil chemistry is an important control on the
terrestrial ecosystem of the MDV. MDV soils contain less than 1% organic carbon (0.01-0.03%
organic matter by weight) and typically have high salinity (Campbell and Claridge, 1987). This
high salinity is a product of marine aerosol deposition, large evaporation rates, and the matric
potential. The salt crusts can be visibly present at the surface (Figure 1-2).
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Figure 1-2: Salt crusts forming on wetted soils near Lake Fryxell in Taylor Valley. Image
provided by Dr. Michael Gooseff during the 2011-2012 austral summer.

1.2 McMurdo Dry Valley Hydrology
The hydrologic cycle of the MDV is strongly driven by climate and the surface energy
balance (i.e. net radiation, sensible and latent heat exchanges) has a stronger control on the
hydrologic cycle than precipitation (Gooseff et al., 2011). The hydrologic activity is controlled
by the daily, seasonal, and annual cycles of surface energy balance across the landscape. A
strong positive surface energy balance in the austral summer, driven by warm temperatures and
24 hours of solar radiation, allows for liquid water to be present on glaciers, in streams, at the
edges of ice-covered lake surfaces and in some soils (Gooseff et al., 2011). However, the energy
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available for glacier and snow melt can vary considerably over the diurnal timescale due to
variations in solar aspect and topographic shading (Gooseff et al., 2011).
The MDV are closed systems with no outflow to the ocean due to the presence of a
coastal ridge and the hydrology can be divided into three parts: glaciers and snowfields, streams,
and lakes. The hydrologic system of the MDV is described by each reservoir, its fluxes and
connections to other reservoirs, and then the sensitivity of the system to changing climate (Figure
1-3). The MDV hydrologic reservoirs include: the atmosphere, glaciers, soils ⁄ permafrost,
streams and their hyporheic zones, and lakes (Gooseff et al., 2011). Neither infiltration of
snowmelt nor groundwater movement (shallow or deep) has been considered to be a major
hydrological process (Cartwright and Harris, 1981; Chinn, 1993; Hunt et al., 2010).Soil moisture
generation (snow or glacier melt), movement, and evaporation in the MDV are obvious at the
surface and the role in the hydrologic system is unknown. These soils with high soil moisture
profiles include water tracks, wet patches, and seeps and will be further discussed in this chapter.
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Figure 1-3: Conceptual models of hydrologic connections in the MDV.
Three large, ice-covered, closed-basin lakes are located in Taylor Valley that includes
Lake Bonney, Hoare, and Fryxell. These lakes are primarily fed from glacier melt (Lyons et al.,
1998; Levy et al., 2011). Thirty named streams route glacier meltwater to the lakes and more
than 60 channels wider than ~6 m across are present along the valley walls (McKnight et al.,
1999; Levy et al., 2011). Wright and Victoria Valley consists of eighty four streams, the Onyx
River (the longest and largest monitored Antarctic river), and two lakes (Lake Vida and Vanda).
Barwick and McKelvey Valley only have nine streams and one lake (Lake Vashka), primarily
due to low concentrations of snow and glacier activity. Garwood, Miers, and Marshall Valley
have three lakes and seven streams running to the McMurdo Ice Shelf and McMurdo Sound.
Below Miers Valley there are six streams running into Walcott Bay. Above Garwood Valley
there are four streams running into McMurdo Sound.
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1.3 Water Tracks, Seeps, and Wet Patches
Recent observations in the MDV of shallow groundwater discharge referred to as seeps
(Harris et al., 2007; Lyons et al., 2005), downslope water transport known as water tracks (Head
et al., 2007; Levy et al., 2008; Levy et al. 2011), and wet patches sourced by the deliquescence of
soil salts (Levy et al., 2012) generate a new interest in examining these features that route water
through the Valleys (Figure 1-4). These features can be observed in aerial photographs extending
back to 1959 and even Griffith Taylor’s photographs in 1910, suggesting that they are not a
“new” feature of the McMurdo Dry Valleys (Levy et al. 2011).
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Figure 1-4: Wetted Soils in Taylor and Victoria Valley : A) south-facing slope near LaCroix Glacier, B) water tracks on the
south-facing slopes above east lobe of Lake Bonney, C) north-facing slopes above west lobe of Lake Bonney, D) wet patch on
the valley-bottom location south of Lake Hoare, E) wetted soils at base of outcrop, north-facing slope near Lake Vanda. All
images taken by Dr. Michael Gooseff in 2009-10 field season.
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Water tracks are zones of high soil moisture that route water downslope over the ice table
in polar environments that occurs in the absence of well-defined channels (Hastings et al., 1989;
McNamara et al., 1999, Levy et al., 2011). Most water tracks are clearly associated with surface
ice in the form of snow and during the summer contribute water as snowmelt infiltrates into the
soil (Levy et al., 2011). Water tracks in the MDV can also be present in association with
landforms related to water transport, such as incised stream channels. The water tracks width
ranges from ~1-3 m and lengths of ~200-1900 m, and is narrowest along steep slopes and widest
where the water track is deflected around an ice-cored moraine (Levy et al. 2011). Water tracks
may wick saline water (2–4 dS/m) into the MDV soil ecosystems and solute transport are two
orders of magnitude faster than adjacent dry or damp soil, making water tracks “salt
superhighways” (Levy et al., 2011).
The seeps in the MDV are not supplied by direct glacier melt, the primary source of
liquid water in the polar desert of the McMurdo Dry Valleys, and appear to be supplied by
melting of permafrost, snow patches, refrozen precipitation that has accumulated in the
subsurface or buried glacier ice (Harris et al., 2007; Head et al., 2007; Levy et al., 2008). Seeps
are typically discharged at points where boulders produce a local break in slope, resulting from
upslope damming of colluvium (Putkonen et al., 2007; Levy et al., 2011). The presence of seeplike features can be observed in water tracks suggests that seeps are an emergent process
associated with water track activity, and they are locations where saline solutions moving
downslope through water tracks discharge at the surface due to abrupt changes in slope (Levy et
al., 2011).
The wet patches in the MDV are not associated with snowbanks, shallow groundwater, or
seasonal streams and are surrounded by dry soil suggesting a lack of hydrological connectivity
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with surface/near-surface waters (Levy et al., 2012). Wet patches are typically found on
topographic highpoints or on isolated hillslopes and cover a small area in the MDV (<0.1%)
(Levy et al., 2012). The wet patches in Taylor Valley were found to be approximately an order of
magnitude more enriched in salts than typical Taylor Valley soils (Levy et al., 2012). In the
absence of snowmelt, deliquescence of soil salts and fluid growth by vapor deposition is the most
likely source for this moisture, which results in a flux of water vapor from the atmosphere into
the salty soil (Levy et al., 2012).
1.4 Thesis Approach
The MDV streams, seeps, and water tracks represent a morphological continuum between
overland flow in streams and shallow active-layer flow and represent a source of moisture and
geochemistry to soil ecosystems. The thesis is broken up into two chapters; the first chapter’s
objective is to characterize the distribution of water tracks, seeps, and wet patches within the
MDV through the use of high-resolution satellite imagery. We quantify the spatial and temporal
variation of wetted soils at the landscape scale and assess the controls topography and
microclimates for specific austral summers. A digital elevation model (DEM) will be used for
analyzing the topography and local meteorological stations for the microclimates. The second
chapter’s objective is to quantify the soil moisture from water tracks, wet patches, and wet seeps.
This study is based on a retrieval method for soil moisture from high resolution satellite data
using an artificial neural network (ANN) over selected sites in MDV.
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Chapter 2

Characterizing Spatiotemporal Dynamics of Wetted Soils across a Polar Desert
Landscape, McMurdo Dry Valleys Antarctica

2.1 Introduction
The McMurdo Dry Valleys (MDV) span an ice–free region between the Trans-Antarctic
Mountains and the Ross Sea that consists of permafrost, soils, glaciers, streams, and lakes that
together form the southernmost functioning terrestrial ecosystem (Kennedy, 1993; Levy et al.
2011; Lyons et al., 2000) (Figure 1). The MDV is a cold, polar desert, with a mean annual
temperature of ~-18 °C and 3–50 mm of annual precipitation, all of which falls as snow and most
of which sublimates (Doran et al., 2002; Fountain et al., 2010; Hunt et al., 2010). In the MDV,
hydrology is a critical vector distributing water, energy, and matter across this landscape, thereby
facilitating the persistence of a cold desert ecosystem (Gooseff et al., 2011).
Recent observations in the MDV of seeps (Harris et al., 2007; Lyons et al., 2005), water
tracks (Head et al., 2007; Levy et al., 2008; Levy et al. 2011), and wet patches (Levy et al., 2012)
generate a new interest in examining these features that route water through the Valleys. Seeps
are typically discharged at points where boulders produce a local break in slope, resulting from
upslope damming of colluvium (Putkonen et al., 2007; Levy et al., 2011). Water tracks are zones
of high soil moisture that route water downslope over the ice table in polar environments that
occurs in the absence of well-defined channels (Hastings et al., 1989; McNamara et al., 1999,
Levy et al., 2011). The wet patches are surrounded by dry soil suggesting a lack of hydrological
connectivity with surface/near-surface waters and are most likely supplied by deliquescence of
soil salts and fluid growth by vapor deposition (Levy et al., 2012).
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The seeps and water tracks appear to be supplied by melting of permafrost, snow patches,
refrozen precipitation that has accumulated in the subsurface or buried glacier ice (Harris et al.,
2007; Head et al., 2007; Levy et al., 2008). These features may wick saline water (2–4 dS/m)
into the MDV soil ecosystems and solute transport are two orders of magnitude faster than
adjacent dry or damp soil (Levy et al., 2011). The MDV seeps, water tracks, and wet patches
represent a morphological continuum between overland flow in streams and shallow active-layer
flow and represent a source of moisture and geochemistry to soil ecosystems (Levy et al., 2011).
These features can be observed in aerial photographs extending back to 1959 and even Griffith
Taylor’s photograph in 1910, suggesting that they are not a “new” feature of the McMurdo Dry
Valleys (Levy et al., 2011).
The objective of this chapter is to characterize the distribution of water tracks, seeps, and
wet patches within the MDV through the use of high-resolution satellite imagery. These features
will be collectively referred as “wetted soils” throughout the paper. We quantify the spatial and
temporal variation of wetted soils at the landscape scale and assess the controls topography and
microclimates for specific austral summers. We implicate that the wetted soils deliver a
significant amount of water to MDV soils and ecosystems.
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Figure 2-1: Landsat LIMA image of the McMurdo Dry Valleys, Antarctica. The red
polygons indicate the study regions were the analysis took place.

15

2.2 Methods

2.2.1 Site Selection
Taylor Valley has been the focus of the McMurdo Dry Valleys Long-Term
Ecological Research project (MCM-LTER) since 1993 with lesser emphasis on Victoria, Wright,
Garwood, and Miers Valleys. These five regions plus Barwick, McKelvey and Marshall Valleys
provided the scope within which to monitor the spatial and temporal patterns of wetted soils
throughout the primary melt months (December-January) of 2004, 2007, 2008, 2009, 2010,
2011, and 2012. Temporal and spatial coverage of these regions was variable. Larger valleys
(e.g., Wright and Victoria) generally require more satellite images (12) to cover completely than
the smaller valleys (e.g., Taylor) (3). Also, certain regions in the MDV did not have full
coverage of satellite imagery because of the satellite swath, clouds, and shadowing. In order to
mitigate the problem of missing satellite images, the regions were divided into smaller subregions (Figure 2). The defined regions are separated by breaks in elevation (separation of
valleys) and flow of water. For example, the Fryxell region was defined by including the Canada
and Commonwealth Glaciers which flows into Lake Fryxell and the separation is perpendicular
to elevation contours. Taylor Valley was separated into three regions that corresponding to each
lake: Bonney, Hoare and Fryxell. Barwick, McKelvey, Victoria, and Wright Valley were
separated into three regions: Barwick and McKelvey, Wright, and Victoria. Barwick and
McKelvey were merged together due to the insignificant accumulation of wetted soils. The
Garwood, Marshall, and Miers Valley study region was separated into three sub-sections: North
Garwood, Marshall (includes Garwood, Marshall, and Miers), and South Miers.
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Figure 2-2: Landsat image of each valley broken into smaller regions indicated by the red
polygons. The white dots indicate meterological stations in the MDV, with Lake Vida
(LVi), Lake Vanda (LVa), Lake Brownworth (LBr), Lake Bonney (LB), Lake Hoare (LH),
and Lake Fryxell (LF).

2.2.2 Satellite Image Processing
The satellite images were acquired from the Polar Geospatial Center (PGC) which is an
NSF-funded research organization supporting polar science and operations. The PGC sent over
3500 high resolution satellite images spanning from 2004 to 2012 covering the austral summer
months from October to March. Four different DigialGlobe and GeoEye satellite sensors were
used in this research: QuickBird, WorldView-1, WorldView-2, and GeoEye-1. The multispectral
and panchromatic standard imagery products were acquired for each satellite sensor except
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WorldView-1, only panchromatic products, spanning different resolutions and image swaths
(Table 2-1). All of the satellite images processed in this research was in National Imagery
Transmission Format (NITF) that contained numerous files, such as metadata, within each
image. The satellites have revisit frequencies from 1-2 times per week in the MDVs and overlap
swaths with other satellites. Only a certain amount of satellite images can be used when
classifying the wetted soils. Some of the satellite images cannot be used due to heavy shadowing
that occurs frequently at certain times in the day and during early months and later months in the
austral summer year. Clouds also play a role in limiting the amount of satellite images and cloud
cover percentage was extracted using the NITF metadata. Satellite images meeting a certain
threshold of fewer than eighty percent cloud cover were used and also verified using a low
resolution JPEG. December and January were the months of interest because of the high activity
of melt and high temperature readings. One hundred and twenty nine satellite images were used
spanning from 2004 to 2012.
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Table 2-1: Satellite sensor features for QuickBird, WorldView-1, WorldView-2, and
GeoEye-1. Only the panchromatic band was used for this study and the multispectral
sensor information is not listed.
QuickBird

WorldView-2

WorldView-1

GeoEye-1

Spectral Bands
(nm)

Panchromatic:
455 – 900

Panchromatic:
450 –800

Panchromatic:
400 – 900

Panchromatic:
450 – 800

Sensor
Resolution (m)

Panchromatic:
0.61

Panchromatic:
0.46

Panchromatic:
0.50

Panchromatic:
0.41

Dynamic Range 11 – bits per pixel

11 – bits per pixel 11 – bits per
pixel

11 – bits per pixel

Swath Width

16.5 km at nadir

16.5 km at nadir

17.7 km at
nadir

15.2 km at nadir

Orbit

sun-synchronous

sun-synchronous

sunsynchronous

sun-synchronous

Revisit
Frequency (at
40 N)

2.4 days

1.1 days

1.7 days

2.1 days

Only the panchromatic satellite images were processed because of the higher resolution
(45 cm - 65 cm) compared to the multispectral (1.8 m – 2.62 m) and more availability from the
WorldView-1 satellite. One of the most important preprocessing steps is to correctly orthorectify
the satellite images so that it can be viewed or analyzed along with other georeferenced
information. QuickBird imagery is obtained as standard product (level 1B) that is already
processed with regard to radiometric, geometric and sensor corrections (DigitalGlobe 2007). The
level 1B georeferenced images are corrected for systematic distortions due to the sensor,
platform and earth rotation but are not orthorectified. Orthorectification is a process of making
the geometry of an image planimetric by modeling the nature and magnitude of geometric
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distortions in the imagery. These distortions are caused by topography, camera geometry, and
sensor-related errors. The ENVI (Environment for Visualizing Images) 4.8 software was used to
orthorectify the satellite images (ENVI 2008).
ENVI's orthorectification tools rectify data from specific sensors using a Rational
Polynomial Coefficient (RPC) model. The metadata from each of these sensors typically include
an ancillary RPC file generated from ephemeris data, which ENVI uses to perform the
orthorectification. The only input into the RPC model is a Digital Elevation Model (DEM). A 30
m DEM made from a USGS topographic map was downloaded from the MCM-LTER website
and used for the input to the RPC model. After orthorectifying, the satellite images had a defined
projection matching the SPOT Satellite Image 39-558, which was downloaded from the MCMLTER website. This image was acquired from Mike Prentice at the University of New
Hampshire and is considered the best-referenced raster image available. After defining a
universal projection, all the satellite images can be combined with other orthorectified satellite
images and vector data for a sophisticated analysis.
The satellite images were subset to areas of only wetted soils by discarding other features
in the satellite images (streams, glaciers, snow, etc.). The process of confining the images to only
wetted soils was performed in ENVI using the build and apply mask tool. A mask is a binary
image that consists of values of 0 and 1. When a mask is used in a processing function, the areas
with values of 1 are processed and the masked 0 values are not included in the calculations.
ENVI Zoom is a powerful viewer with a dynamic display that allows for rapid viewing and
manipulation of remotely sensed images, vectors, and annotations and was used to create vectors
around the wetted soils. The next step is to create polygon features over wetted soils and apply
the mask to subset the images only to the wetted soils. The size of the polygon varied from each
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image. For example, Taylor Valley for December 16-22, 2010 polygons varied from 0.00094
km² to 5.26 km². Larger polygons were made in areas that did not have a very active stream
network, such as east Fryxell and smaller polygons occur where active streams take place, such
as Aiken Creek. This procedure was performed under the assumption that wetted soils do not
occur outside the polygons.
The traditional pixel-to-pixel classification approach is not efficient when using images
that capture the fine details of heterogeneous scenes and contain internally variable classes
(Blaschke and Strobl 2001; Schiewe et al., 2001, Neubert and Meinel, 2007; Agüera and Liu,
2009; Johansen et al., 2010; Roelfsema et al., 2010; Pinho et al., 2012). In general, the satellites
are not at zenith and the plane of reflection is not the same azimuth as the plane of incidence and
the bidirectional reflectance distribution function is needed. The bidirectional reflectance
distribution function gives the reflectance of a target as a function of illumination geometry and
viewing geometry and is needed when performing a pixel based land cover classification.
Another problem arises with topography induced illumination variations on image radiometric
properties (J. Wu et al., 2008). Topographic effects refer to variations in observed radiance from
an inclined surface as compared to spectroradiometric responses from a horizontal surface as a
function of effective incident angle and emergent angle (Holben and Justice, 1980; Justice et al.,
1981; J. Wu et al., 2008). The high resolution satellite images are often acquired at various offnadir angles to increase the spatial coverage and the temporal frequency of image acquisition.
This further complicates topographic effects because effective emergent angles can also change
across an image (Barnsley, 1984; J. Wu et al., 2008).
An object-based classification was used to extract the patterns of wetted soil distribution
in the valleys throughout the imagery in Figure 1, which ignores the problems of topography and
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ignores the bidirectional reflectance distribution function. An object based classification is
defined as assigning classes to image objects which are the result of segmentation of an image
into discrete non-overlapping units based on specific criteria (Mitra et al., 2004, Gibbes et al.,
2010). An extension to ENVI called Feature Extraction is used to perform the object-based
classification. ENVI Feature Extraction is the combined process of segmenting an image into
regions of pixels, computing attributes for each region to create objects, and classifying the
objects (with rule-based or supervised classification) based on those attributes, to extract features
(ENVI 2008). There are three general types of surfaces within the subset satellite images: snow,
dry soils, and wet soils. This is a simple land cover classification but can be difficult to
distinguish wet soil from shadowing effects because of the scale of the wet soils (11.27 m²).
The workflow for the feature extraction consists of two primary steps, find objects and
extract features. The find objects task is divided into four steps: segment, merge, refine, and
compute attributes. The scale level, a parameter of Feature Extraction that controls relative
segment size, varies from 0 -100 and chosen to optimize the segmentation process. The
segmentation size was adjusted to be able to represent the minimum-sized wetted soil. The
merge level, which also varies from 0-100, is a parameter for merging segments based on a
homogeneity criterion and was determined after the segmentation. This parameter groups small
and contiguous segments within the minimum-sized wetted soil into larger objects. Each satellite
image had a different scale and merge value based upon the wetted soils within the image, which
was based on testing parameters interactively. The scale level is the most important parameter
and varied the most because of the varying sizes of wetted soils for each basin and was set from
60 to 90. The Fryxell, Wright, and Victoria basins were the areas with the smallest scale value
because of the highly varying sizes of wetted soil. A large merge level, 75 to 95, was set to create
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the objects that best represent the majority of the wetted soils. After the objects are found, the
extract features task is performed with a rule based classification and exporting the results to
shapefiles. The rule-based classification sets a threshold based on the attributes of spatial,
spectral, and texture characteristics. The spectral classification was chosen to be the rule based
classification because it best captures the wetted soils when setting the threshold of brightness
and color. After an appropriate threshold was set, the features were exported into a shapefile
(Figure 3). The lightly colored wetted soils may cause problems because of the closeness of
brightness and color when comparing values to dry soil. Features created under 10 m² were
considered classification noise and removed from the analysis. Streams in the valleys were also
classified during peak flow for one austral summer using the Feature Extraction process. This is
done in order to compare the role of wetted soils in the water budget and the results are in the
discussion (Table 2-2).

23

Figure 2-3: ENVI feature extraction method applied to wetted soils near Lake Hoare. The
red features indicate the wetted soils that are produced by ENVI Feature Extraction and are
exported as a shapefile.

2.2.3 Topographic Analyses
In order to evaluate the topographic controls or relationships on the wetted soils, we
evaluated slope, aspect, and elevation using digital elevation models (DEMs) for each of the
study regions. Two sets of DEMs were downloaded which consisted of a 30-meter DEM and a 2meter light detection and ranging (LiDAR) DEM and used for the valleys. The 2-meter LiDAR
DEM was downloaded from United States Antarctic Resource Center in the United States
Geological Survey (USGS) and only used in two study regions: Wright and Victoria Valley and
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Miers and Marshall Valley. The DEM was produced from airborne LiDAR scanning in 2001–
2002 (Schenk et al., 2004). The LiDAR DEM was poorly processed in Taylor Valley and the 30meter DEM was used.
The 30-meter DEM was downloaded from the MCM-LTER website and made available
by the USGS. North Garwood, Marshall, and South Miers only have partial coverage of the
LiDAR DEM and no coverage with the 30-meter DEM. For the DEM analysis, only Marshall
and South Miers region down to Howchin Glacier was analyzed. The DEM’s were coupled with
the wetted soil shapefiles to extract topographic characteristics. The elevation, slope, and aspect
were obtained for each cell in each DEM. The DEM’s were converted to vector files by setting a
threshold for elevation, slope, and aspect.
This analysis was performed in ENVI by setting a band threshold to a region of interest in
the raster DEM and was then exported as a shapefile. The elevation data was split up into 50
meter sections ranging from 0 meters to 1,375 meters in Taylor Valley, 0 meters to 2,195.86
meters in Wright and Victoria Valley, and 0 meters to 1200.52 meters in Miers and Marshall
Valley. Slope was produced in ArcGIS spatial analyst, which identifies the maximum change in
z-value from each cell of the DEM and is output into a range of slope values from 0 to 90
degrees. The slope data was split into 5 degree sections ranging from 0 degrees to fifty degrees
for all valleys. Aspect was also produced in ArcGIS spatial analyst by identifying the downslope
direction of the maximum rate of change in value from each cell to its neighbors and is expressed
in positive degrees from 0 to 359.9 (clockwise to north).
The aspect data was split up into nine sections that ranged from north (0 degrees),
northeast, east, southeast, south, southwest, west, northwest, and north (359.9 degrees) for all
valleys. The elevation, slope, and aspect shapefiles were superimposed over the wetted soil
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shapefiles and then the intersect tool in ArcGIS was used to extract features that overlapped. The
output shapefile contained elevation (meters), slope (degrees), and aspect (degrees) for each
wetted soil polygon in the attribute table. The attribute shapefile (.dbf) was extracted for
comparing the area distribution of wetted soils with respect to elevation, slope, and aspect for
each region.

2.3 Results

2.3.1 Spatial and Temporal Distributions
There are differences in the spatial and temporal coverage in wetted soil area in each
study region depending upon the amount of melt occurring across each valley. Runoff generation
is strongly affected by valley position (i.e. solar radiation, winds, air temperature, and snowfall)
of source glaciers and by surface roughness that alters turbulent heat exchange with the
atmosphere (Gooseff et al., 2011). Daily mean air temperature, wind speed, and solar radiation
data were downloaded for each austural summer (October to February) from the MCM-LTER
online database for six stations: Lake Bonney, Lake Hoare, Lake Fryxell, Lake Vanda, Lake
Vida, and Lake Brownworth stations (Figure 2-2) for 2004, 2007, 2008, 2009, and the beginning
of 2010 austral summer to evaluate possible controls of hydrological activities for each austral
summer (Figure 2-4). Meteorological data was not available for 2011 and there are currently no
stations located in Garwood, Miers, and Marshall Valley.
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Figure 2-4: Meteorological data for Lake Hoare station in Taylor Valley, which consists of
air temperature (top), incoming solar radiation (middle), and wind speed (bottom) for the
primary melt months (December – January).
Hoare, Fryxell, Marshall, and Wright regions had the most wetted soil area corresponding
to each study region but wasn’t consistent for each year and across each valley (Figure 5). An
example is the Hoare region having the most wetted soil area, with 1.04 km², on December 25
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2011and the Fryxell region having the most, with 1.31 km², for December 16-26, 2010. This is
due to the coverage in satellite imagery and microclimates occurring in each valley for the
specific dates.

Figure 2-5: Area and occurrences of wetted soils for the entire period of available high
resolution remote sensing imagery for Taylor Valley (top), Wright, Victoria and Barwick
Valley (middle), and North Garwood, South Miers, and Marshall Valley (bottom). The
occurrences are shown as a line and are marked as the number that is summed for all
valleys.
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2.3.2 Taylor Valley
Hoare and Fryxell in Taylor Valley have the most occurrences of wetted soils (Figure 6).
Most of the wetted soils in Bonney are possibly associated with ground ice occurring in between
Calkin and Hughes Glacier and further implying the non-snow contribution. The highest wetted
soil accumulation in Bonney occurred on December 12-16, 2010 with 0.61 km² and the lowest
accumulation occurring on January 14, 2004 with 0.19 km². The wetted soil range for December
12-16, 2010 was 0.000036 km² to 0.032 km² with the median at 0.0012 km². The mean air
temperatures for Bonney for December 12-16, 2010 ranged from -2.21°C to 3.17 °C. The mean
net radiation for December 12-16, 2010 ranged from 219.88 W/m² to 363.01 W/m². The mean
wind speed ranged from 4.09 m/sec to 5.45 m/sec. There is a small trend of increasing wetted
soils from January 14, 2004 to Dec, 25 2011 (Figure 5, top). In the Bonney region, most of the
wetted soils occur at elevations ranging from 150-300 m (Figure 7). In December 12-16, 2010
the wetted soils gradually increase to a peak of 250 m and then decrease as the elevation
increases. The distribution of wetted soils with respect to slope has the same trend of elevation
with a gradual increase to a peak of twenty degrees, and the distribution of wetted soils with
respect to aspect peaks at Southeast and Northwest.
The wetted soils in the Hoare region are much larger compared to Fryxell and Bonney
region, with most occurring in between Goldman and Howard Glacier (Figure 6). The peak
wetted soil area accumulation occurred on December 25, 2011 with 1.04 km². The wetted soils
for Hoare on December 25, 2011 ranged from 0.00028 km² to 0.028 km² with median of 0.0059
km². The date with the least wetted soil area, with full satellite coverage, was January 10, 2010
with 0.49 km². However, January 16, 2010 was the second highest wetted soil area 0.93 km²,
showing abrupt changes of the landscape on short timescales. The mean air temperature, net
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radiation, and wind speed for January 10 to 16, 2010 ranged from -3.36 °C to -1.53 °C, 223.47
W/m² to 376.03 W/m², and 2.35 m/sec to 3.11 m/sec, respectively. There is an equal distribution
of wetted soils across elevations of 150-350m and 500-800m, with the peak at 400-450m. The
main distribution on wetted soils with respect to slope occurs between 5-20 degrees, with a peak
of 10°, and the distribution of wetted soils with respect to aspect is relatively uniform. There is
an increasing trend of wetted soils in Hoare from 2004 and 2007-2011 that is higher than Bonney
region but lower than Fryxell region.
The majority of the wetted soils in the Fryxell region occur between the Commonwealth
and Wales Glaciers towards McMurdo Sound. In the Fryxell region, the highest occurrences and
area of wetted soils was on December 16-26, 2010 with a range from 0.000025 km² to 0.029 km²
and median of 0.00061 km². The lowest occurrence of wetted soils observed was on December
14-15, 2009 with 0.23 km². The mean air temperature, net radiation, and wind speed for Fryxell
station during December 16-22, 2010 ranges from -3.669 °C to 0.097°C (One day above zero
degrees Celsius), 385.79 W/m² to 429.19 W/m², and 3.91 m/sec to 4.90 m/sec, respectively. In
the Fryxell region, the majority of the wetted soils occur from 150-200 m. The main distribution
of wetted soils with respect to slope occurs between 5-15°, with a peak of 10°, and the
distribution of wetted soils with respect to aspect peaks at Northeast and Northwest. There is a
general increasing trend of wetted soils in Fryxell from 2007-2011, with a slight decrease from
2010 to 2011. Each region in Taylor Valley is seeing an increasing trend in wetted soil area, with
the Fryxell region having the highest (Figure 5, top).
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Figure 2-6: Taylor Valley wetted soil spatial locations for December 16-26, 2010. Red polygons
indicate wetted soils and are not to scale.
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Figure 2-7: Taylor Valley DEM analyses on elevation (left), slope (middle), and aspect (right). The regions extend from left
to right for Bonney (top), Hoare (middle), and Fryxell (bottom).
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2.3.3Wright, Victoria, and Barwick Valley
Wright and Victoria study regions have the most occurrences and area of wetted soils in
Wright, Victoria, Barwick, and McKelvey Valley (Figure 8). This is primarily due to high
concentrations of glaciers and streams occurring in Wright and Victoria Valleys with eighty four
streams and the Onyx River being generated by twenty six glaciers. Barwick and McKelvey
Valleys only have nine streams being generated by two glaciers and the East Antarctic Ice Sheet.
Little snow accumulates in Barwick and McKelvey Valleys and can be observed through the
satellite imagery.
Most of the wetted soils in Wright occur in between Heimdall and Wright Lower Glacier,
with an increasing trend towards Lower Wright Valley. The highest wetted soil accumulation in
Wright occurred between January 8-31, 2004 with 2.83 km² total wetted soil area and the lowest
accumulation occurring in between January 13-21, 2012 with 0.85 km² total wetted soil area.
Wright Valley is seeing a decrease in wetted soils from 2004 to 2012. The wetted soil area range
for January 8-31, 2004 was 0.00001 km² to 0.16 km² with a mean of 0.000395 km². The mean air
temperatures and net radiation for Vanda station during January 8-31, 2004 ranged from -3.57°C
to 0.14 °C (only day above zero Celsius) and 172.62 W/m² to 378.03 W/m². There was missing
wind speed data for this station during this time but Brownworth station has a daily mean wind
speed of 3.57 m/sec to 5.7 m/sec. In the Wright region, the majority of the wetted soils occur at
an elevation from 250-450 m. The main distribution of wetted soils with respect to slope occurs
between 5-15°, with a peak of 5°, and the distribution of wetted soils with respect to aspect peaks
at South and Northwest.
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In the Victoria region, most of the wetted soils occur between Willis and Victoria Lower
Glacier, with an increasing trend going towards Victoria Lower Glacier similar to Wright Valley.
The highest wetted soil accumulation in Victoria occurred on December 17, 2008 with 2.03 km²
total wetted soil area and the lowest occurring December 1-23, 2011 with 0.29 km² total wetted
soil area. The wetted soil area range for December 17, 2008 was 0.00001 km² to 0.079 km², with
a mean of 0.000275 km². The mean air temperatures, net radiation, and wind speed for Vida
station during December 1-17, 2008 ranged from -6.47°C to -0.90 °C, 168.92 W/m² to 402.98
W/m², and 2.73 m/sec to 7.34 m/sec. There is general decreasing trend in wetted soil area from
2004 and 2008 – 2012 (Figure 5, middle). In the Victoria region, the majority of the wetted soils
occur at an elevation from 500-550 m with a decreasing trend and a slight increasing trend from
800-900 m (Figure 9). The main distribution of wetted soils with respect to slope occurs between
5-15°, with a peak of 5°, and the distribution of wetted soils with respect to aspect is uniform
with no trend.
Most of the wetted soils in Barwick region occur in Barwick Valley near Webb Glacier
and Lake Vashka (Figure 8). The highest wetted soil accumulation in Barwick occurred during
December 7-25, 2010 with a total wetted soil area of 1.67 km² and the lowest wetted soil area
occurring during January 13-21, 2012 with 0.13 km² of total wetted soil area. The wetted soil
area for December 7-25, 2010 ranges from 0.000012 km² to 0.084 km², with mean of 0.00095
km². There is no available meteorological data for December 7-25, 2010 for any stations in
Wright, Victoria or Barwick region, so it is unclear what type of forcing could generate the
wetted soils for this particular time frame. However, the daily mean air temperature, net
radiation, and wind speed for Lake Hoare station ranged from -3.00 °C to 5.99 °C (nine days
above zero degrees Celsius), 220.87 W/m² to 430.05 W/m², and 1.12 m/sec to 10.04 m/sec.
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There is general decreasing trend of wetted soils in Barwick from 2004 and 2008-2012. All study
regions in Wright, Victoria, Barwick, and McKelvey Valley show a decreasing trend of wetted
soil area from the available satellite imagery dating from 2004 and 2008 - 2012, unlike Taylor
Valley (Figure 5, middle). In the Barwick region, the majority of the wetted soils occur at an
elevation from 750-1000 m. The main distribution of wetted soils with respect to slope occurs
between 5-15°, with a peak of 10°, and the distribution of wetted soils with respect to aspect is
uniform with no trend.

Figure 2-8: Wright, Victoria, and Barwick wetted soil locations for December 7-25, 2010. Red
polygons indicate wetted soils and are not to scale.
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Figure 2-9: Wright, Victoria, and Barwick DEM analyses elevation (left), slope (middle), and aspect (right). The
regions extend from left to right for Barwick (top), Victoria (middle), and Wright (bottom).
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2.3.4 North Garwood, Marshall, and South Miers Valley
Some of the wetted soils from North Garwood, Marshall, and South Miers regions are
associated with melting of snow and ice-fields (Figure 10) which is visible from the satellite
imagery. South Miers and Marshall study regions have the most occurrences and area of wetted
soils. Marshall region incorporates Garwood, Miers, and Marshall Valley and is the smallest
study region, 318.45 km², but has the most activity of glacier runoff and ice-field melting with
five glaciers and seven streams running to the McMurdo Ice Shelf and McMurdo Sound. South
Miers study region is the largest, 351.80 km², and has four glaciers with six streams running into
Walcott Bay. North Garwood study region is the second largest, 346.02 km², and has three
glaciers with four streams running into McMurdo Sound. There are many ponds at low
elevations that are located near the edges of each valley and were not incorporated in the wetted
soil analysis. Each study region is seeing an increasing trend of wetted soils from 2007 – 2012
(Figure 5, bottom).
Most of the wetted soils in North Garwood occur above Hobbs Glacier from a large
accumulation of snow, southeast of Salmon Glacier, and near Cape Chocolate. The highest
wetted soil accumulation in North Garwood with complete coverage occurred between
December 16-24, 2010 with 1.07 km² of total wetted soil area and the lowest accumulation
occurring January 18-21, 2010 with 0.13 km² of total wetted soil area. The wetted soil area range
for December 16-24, 2010 was 0.000011 km² to 0.07 km² with a mean of 0.000236 km². The
mean air temperatures, net radiation, and wind speed for Hoare station during December 16-24,
2010 ranged from -3.71°C to 0.56 °C (two days above zero degrees Celsius), 286.14 W/m² to
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430.05 W/m², and 1.12 m/sec to 2.96 m/sec. North Garwood is seeing a gradual increase of
wetted soils from 2007 to 2012 (Figure 5, bottom).
In Marshall region, most of the wetted soils occur in Garwood and Marshall Valley
coming from ice-field melting occurring at high elevations. Another area of high wetted soil
accumulation occurs at higher elevations above and below Joyce Glacier in Garwood Valley.
The highest accumulation of wetted soils in Marshall region, with complete coverage, occurred
on January 11, 2007 with 1.53 km² of total wetted soil area and the lowest accumulation
occurring between December 15-25, 2009 with 0.25 km² of total wetted soil area. The wetted
soil area range during January 11, 2007 ranges from 0.000019 km² to 0.080 km² with a mean of
0.037 km². The mean air temperatures, net radiation, and wind speed for Hoare station during
January 01-11, 2007 ranged from -1.23°C to 2.55 °C (seven days above zero degrees Celsius),
123.75 W/m² to 379.28 W/m², and 1.87 m/sec to 4.31 m/sec, respectively. The wetted soils tend
to accumulate uniformly with respect to elevation but on high wetted soil summers, the peak
elevation is between 350 – 500 meters (Figure 11). Slope wetted soil accumulation peaks
between 10 – 15 degrees and is uniform with respect to aspect. Marshall is seeing a gradual
increase of wetted soils from 2007 to 2012, but not higher than North Garwood and South Miers
(Figure 5, bottom).
In South Miers region, the wetted soils are located in valley bottoms between Adams and
Howchin Glacier and in the Pyramid Trough (Figure 10). The highest accumulation of wetted
soils in South Miers with complete coverage of satellite imagery occurred between January 1520, 2012 with 1.51 km² of total wetted soil area and lowest accumulation occurring January 1821, 2010 with 0.50 km² of total wetted soil area. The wetted soil area during January 15-20, 2012
ranged from 0.00001 km² to 0.086 km² with a mean of 0.0010 km². The wetted soils tend to
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accumulate uniformly with respect to elevation, but similar to Marshall at high wetted soil
summer the peak accumulation is at elevations between 350 – 400 meters. Slope and aspect are
also similar to Marshall with slope having a peak between 10 – 15 degrees and uniformly with
respect to aspect. South Miers region is seeing an increasing trend of wetted soils from 2007 to
2012, more than Marshall and North Garwood (Figure 5, bottom).

Figure 2-10: North Garwood, Marshall, and South Miers wetted soil locations for January
15-20, 2012. Red polygons indicate wetted soils and are not to scale.
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Figure 2-11: Marshall and South Miers DEM analysis of elevation (left), slope (middle), and aspect (right). The regions extend from
left to right for Marshall (top) and South Miers (bottom).
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2.3.5 Possible Sources of Wetted Soils
The ArcGIS 10 Hydrology toolset was used to determine flow directions across the
valleys in order to find possible sources of the wetted soils by determining the contributing area
above the wetted soils that flows to a specific point. Satellite images were processed in the early
austral summer, October or November, to extract the possible sources of the wetted soils that
include snow and ice. Snow and ice are classified in these areas by using the methods mentioned
in 2.3.1. Due to the limited amount of satellite images in the early austral summers, only the
2010-2011 austral summer was analyzed. The DEM’s were processed using the ArcToolbox Fill
function to remove sinks, which are cells within the DEM whose elevation value is much lower
than the surrounding cells causing an undefined flow-direction.
The presence of sinks may result in an invalid flow-direction raster and many of the sinks
were located within dark wetted soils that suggest areas of localized internal drainage (Levy et
al., 2011). A flow-direction raster was then computed with filled DEM’s using the ArcToolbox
Flow Direction function that creates a raster of flow direction from each cell to its steepest
downslope neighbor. For determining the contributing area above each wetted soil, only a flowdirection raster and a point to specify where to start the analysis are needed. The point was
selected at the highest elevation and most upslope point for each wetted soil. The ArcToolbox
Watershed function was then used to calculate the contributing area above a set of cells of the
wetted soils. Only a selected amount of wetted soils were analyzed, the reason was the
overlapping of contributing area caused by the high resolution data set versus the 30 m and 2 m
DEM.
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992 points were chosen for Taylor Valley from the December 16-22, 2010 wetted soils
dataset and processed using the watershed function. The polygons produced by the Watershed
function varied sizes in each basin. The smallest watershed polygons were 576 m² and occurred
in all regions and the largest watershed polygon was 6.98 km² and occurred in the Hoare region.
Five images where chosen from October 23-25, 2010 to extract the snow and ice from the
watershed polygons. The snow polygons in Taylor Valley range in area from 28 m² to 1.41 km²,
with a mean area of 0.0014 km². The majority of snow polygons in Bonney, Hoare, and Fryxell
region occur at a distance of 0 to 300 meters from the wetted soils (Figure 12). If the wetted soils
are driven by snowmelt then it explains the low area accumulation of wetted soils, 0.19 to 0.61
km², in Bonney region with snow rarely lasting more than a few weeks at Lake Bonney (Gooseff
et al., 2011, Eveland et al, in press). Snow covered area in eastern Taylor Valley near the coast
represents as much as 25 percent of the landscape and could explain the high concentrations of
wetted soils in this region (Eveland et al, in press).
1,362 points were selected for Wright and Victoria Valley study region from the
December 07-25, 2010 wetted soils and were processed using the watershed function. 1,110
watershed polygons were produced, with the most polygons occurring in Victoria and Wright
Valley. The smallest polygons were 8 m² and occurred in the Barwick and McKelvey Valley
basins and the largest polygon was 5.78 km² and occurred in Wright Valley region. The large
polygons are located near glaciers, suggesting that large contributions to the size of the
watershed polygons are from glaciers. Sixteen images were chosen from October 5-23, 2010 to
extract the snow and ice from the watershed polygons. The snow polygons in Barwick, Victoria,
and Wright Valley range in area from 11 m² to 0.42 km², with a mean area of 0.00056 km². The
majority of snow polygons in Barwick, Victoria, and Wright region occur at a distance of 0 to
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400 meters, 500 to 800 meters, 0 to 450 and meters from the water tracks, respectively. Similar
to Taylor Valley, most of the snow accumulation occurs near the coast of Wright and Victoria
Valley. The short distances in upper Wright Valley indicates that snow melt of the valley
bottoms could represent a significant portion to the wetted soils in this region. In Lower Wright
Valley, the wetted soils seem to come from melting at high elevations and running down the
valley walls but are not represented by the watershed polygons. In the Barwick region, very little
snow is present in the watershed polygons McKelvey Valley during this time period and the
majority of the snow accumulation from the watershed polygons are near Webb Glacier and
Lake Vashka, which correlates the most occurrences of wetted soils in this region.
734 points were selected for Miers and Marshall Study region from the December 16-24
2010 wetted soils. 530 watershed polygons were produced with the highest frequency occurring
in Marshall region. The smallest watershed polygons were 16 m² and occurred in all regions and
the largest polygon was 2.75 km² in the South Miers region. Three images were chosen from
October 08-24, 2010 to extract the snow and ice from the watershed polygons. The snow
polygons in Marshall and South Miers regions range in area size from 13 m² to 0.26 km², with a
mean area of 490 m². The majority of snow polygons in Marshall and South Miers region occur
at a distance of 0 to 100 meters and 300 to 900 meters from the wetted soils, respectively. Most
of the snow accumulation from the watershed polygons in Marshall and South Miers regions
occurs at high elevations, 900 meters, in between each valley. This suggests that the contribution
of snow to wetted soils melts at high elevations and runs down the valley walls. The wetted soils
that occur in the valley bottoms without having watershed polygons are not clearly related to
snowmelt looking at the past satellite images and could be related to other hydrological
processes.
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Another purpose of using the hydrology toolset was to investigate the flow paths in each
valley and determine whether there was a correlation between flow accumulation cells in the
DEM and wetted soils. The Flow Accumulation ArcToolbox was used in each valley to create a
raster of accumulated flow to each cell that is based on the flow direction raster. The flow
accumulation raster was then intersected with the highest concentration of wetted soil polygons
for each region. The flow accumulation raster in Bonney and Hoare region indicates the
strongest correlation of wetted soils with contributing area pixels of >0.0024 km² and >0.03 km².
In the Fryxell region, there is not a correlation of contributing area pixels and wetted soils. This
is due to the high concentration of near the coast and few flow accumulation pixels. Upper
Wright region shows the pattern as east Fryxell region, with no pattern of flow accumulation and
wetted soils. In lower Wright, Barwick, and Victoria the strongest correlation of wetted soils and
contributing area pixels are >0.012 km², >0.0091 km², and >0.016 km², respectively. In Marshall
and South Miers region the strongest correlation of wetted soils and contributing area pixels are
>0.013 km² and >0.017 km², respectively.
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Figure 2-12: Number of snow polygons for each valley with respect to distance from each
wetted soil. There is a clear trend of snow polygons occurring at shorter distances.

2.4 Discussion
The results of this study have shown that wetted soils across each valley move a
considerable amount of water through the active layer during summer months over distances of a
few meters to kilometers. The wetted soils width ranges from ~1-50 m, and is narrowest along
steep slopes and widest where it is deflected around an ice-cored moraine (Levy et al. 2011).
Future warming of only 1–2 °C in the McMurdo Dry Valleys could significantly increase the
volume of water coming from wetted soils by the end of this century (Arblaster and Meehl,
2006; Chapman and Walsh, 2007; Levy et al. 2011; Shindell and Schmidt, 2004).
Wetted soil dynamics in the MDV are influenced by processes that occur at small and
large scales. Regional topography controls the accumulation of wetted soils with respect to
elevation, slope, and aspect by influencing the energy fluxes into the soil. Comparison of each
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austral summer, it seems the wetted soils generally occur in the same location for each year and
are controlled by the topography. The variations of the sizes can occur at smaller scales due to
meteorological conditions. The topography controls the wetted soil locations by influencing the
energy fluxes into the soil. Most of the wetted soils occur at low elevations where air
temperatures and wind speeds are much greater (Doran et al., 2002). The wetted soils that do
occur at high elevations are mostly due to ice-field or permafrost melting. Seasonal overlapping
should be performed on the satellite imagery to quantify the amount of wetted soils that occur in
the same location. Proximity to coastal zones is an important control on the occurrences of
wetted soils, particularly in Taylor and Wright Valley. The meteorological gradients in Taylor
Valley, as well as Wright Valley, are such that temperature and wind speed increases with
distance from the coast (Eveland et al., in press). The meteorological gradients that produce these
conditions that are favorable for melting at particular locations should remain constant. The
MDV seeps, water tracks, and wet patches represent a morphological continuum between
overland flow in streams and shallow active-layer flow (Levy et al., 2011).
How do the wetted soils compare to the streams and how big of role does it play in the
total water area? To answer this question, streams were classified in each region using the same
process described above. The satellite images that corresponded to the most wetted area for each
region were chosen for the stream classification. The stream classification was compared to the
most wetted area for one month of complete or almost complete satellite coverage for an austral
summer. Due to partial satellite imagery for earlier time periods, the 2008-2009 through 20112012 austral summers were analyzed with complete coverage. Taylor Valley and Garwood,
Marshall, and Miers Valley both show an increase of wetted soils throughout the austral
summers. Wright, Victoria, and Barwick Valley wetted soil areas decreases from 08-09 to 09-10
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austral summer, increases for 10-11 austral summer, and decreases again for 11-12 austral
summer. This is partially due to the amount of satellite images to acquire complete coverage in
this region. Table 2-2 suggests that wetted soils for each valley do play a significant role in the
total water area when comparing to streams.
Table 2-2: Wetted soil area expressed as km2 for one month in each austral summer and
comparison of streams.
2008-2009 2009-2010 2010-2011
Wright, Victoria,
and Barwick
Bonney, Hoare, and
Fryxell
Garwood, Marshall,
and Miers

2011-2012

Streams

3.32

2.33

4.69

1.79

5.96

0.76

2.29

2.34

2.17

5.17

1.29

1.48

3.18

3.78

11.16

In the MDV, the permafrost landforms provide a structure to the nematode-dominated
ecosystem by controlling the distribution of liquid water, salts, and heat in the soil (Barrett et al.,
2004; Levy et al, 2011, Nkem et al., 2006; Poage et al., 2008; Virginia and Wall, 1999). Field
analyses suggest that the wetted soils are a major source of water to MDV soil ecosystems across
the landscape (Levy et al. 2011). However, the salinities of wetted soils (2–4 dS/m) greatly
exceed the limits for nematode habitat suitability observed in the field and acts as barriers to
nematode colonization (Courtright et al., 2001; Levy et al. 2011, Poage et al., 2008). Quantifying
the amount of soil moisture from the wetted soils is necessary for understanding habitat
suitability.
The assumption of the simple surface types (snow, dry soil, and wet soil) from the feature
extraction method also causes uncertainties regarding the exact spatial and temporal coverage of
the wetted soils, because the MDV is a mosaic of various surface types and is hard to distinguish
the transition from dry to wet soil accurately. The partially wet soils can be hard to accurately
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classify because the texture closely resembles dry soils. Furthermore, it is necessary to classify
and separate different surface wetness stages from very wet to partially wet. Field validation
should be incorporated for comparison of the satellite image classification of wetted soil area. A
ground truth image can be made through field validation for future satellite images.

2.5 Conclusions
The remote sensing based analyses of the six seasons of wetted soil area have shown the
magnitude to vary greatly and how topography and regional microclimates influence the wetted
soils in the MDV. The magnitude of accumulated snow and temporal dynamics in meteorology
from each season controls the amount of melting and moisture to the soils. The greatest
accumulation of wetted soil area appears to occur mid to late December and early January. The
2010-2011 austral summer provided the most wetted soil area and 2009-2010 covered the least
wetted soil area. This can partly be explained by the mean air temperatures for Lake Bonney
station for December 1-31, 2010 ranged from -6.92°C to 3.17 °C (nineteen days above zero
degrees Celsius and the mean air temperature during January 1-31, 2010 ranged from -5.1207 °C
to 1.99 °C (7 days above zero degrees Celsius).
The remote sensing study is biased to only certain points in time and space. Ideally, four
sets of satellite imagery for early and late periods in December and January are needed to
understand the dynamics of the wetted soils for each austral summer. More high resolution
satellite imagery for earlier seasons, 2002 – 2009, will help address the issue for partial satellite
imagery for the current study. Acquiring low resolution satellite images and aerial photographs
prior to 2002 can help bridge the gaps to high resolution satellite sensors. Earlier satellite
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imagery and aerial photographs can better help understand the dynamics of wetted soils and see
if these study regions are getting wetter.
Snowmelt that infiltrates into the soil and melting of ground-ice are the highest sources of
wetted soils. Snow transport into the valleys is dependent on the highly variable frequency and
strength of katabatic winds. It is likely that the magnitude of snow-covered area in the MDV is
also highly variable from year to year. Quantifying the amount of snow in MDV for earlier
periods using the remote sensing data and a correlation to wetted soils will address these issues.
Also, quantifying the amount of soil moisture that wetted soils provide will be necessary to
understand the effects to microbial communities and biogeochemical cycling.
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Chapter 3

Satellite-Based Estimated of Soil Moisture using an Artificial Neural Network
across a Polar Desert Landscape, McMurdo Dry Valleys Antarctica
3.1 Introduction
The McMurdo Dry Valleys (MDV) span an ice-free region between the Trans-Antarctic
Mountains and the Ross Sea that consists of permafrost, soils, glaciers, streams, and lakes that
together form the southernmost functioning terrestrial ecosystem (Kennedy, 1993; Levy et al.
2011; Lyons et al., 2000). The MDV is a cold, polar desert, with a mean annual temperature of
~-18 °C and 3–50 mm of annual precipitation, all of which falls as snow and most of which
sublimates (Doran et al., 2002; Fountain et al., 2010; Hunt et al., 2010). The primary water
source is glacier melt from the alpine glaciers that descend from the surrounding mountains,
because the snow (~5 cm water equivalent) typically sublimates before making a hydrologic
contribution (Gooseff et al., 2003, Harris et al., 2007). The MDV landscape is completely
underlain by permafrost (>100 m), but at the surface, active layer soils thaw during the austral
summer to depths of 60–70 cm, allowing for vibrant microbial and invertebrate communities
(Treonis et al. 1999; Gooseff et al., 2011). Taylor Valley soils at low elevations are
predominantly sandy haplorthels (typically 75–80% sand by mass), surfaced by a desert
pavement of cobbles and pebbles (Campbell, 2003).
In the MDV, hydrology is a critical vector distributing water, energy, and matter across
this landscape, thereby facilitating the persistence of a cold desert ecosystem (Gooseff et al.,
2011). Recent observations in the MDV of shallow groundwater discharge referred to as seeps
(Harris et al., 2007; Lyons et al., 2005), downslope water transport known as water tracks (Head
et al., 2007; Levy et al., 2008; Levy et al. 2011), and wet patches sourced by the deliquescence of
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soil salts (Levy et al., 2012) generate a new interest in examining these features that route water
through the Valleys. These features can be observed in aerial photographs extending back to
1959 and even Griffith Taylor’s photographs in 1910, suggesting that they are not a “new”
feature of the McMurdo Dry Valleys (Levy et al. 2011).
Water tracks are zones of high soil moisture that route water downslope over the ice table
in polar environments that occurs in the absence of well-defined channels (Hastings et al., 1989;
McNamara et al., 1999, Levy et al., 2011). Most water tracks are clearly associated with surface
ice in the form of snow and during the summer contribute water as snowmelt infiltrates into the
soil (Levy et al., 2011). Water tracks in the MDV can also be present in association with
landforms related to water transport, such as incised stream channels. The water tracks width
ranges from ~1-3 m and lengths of ~200-1900 m, and is narrowest along steep slopes and widest
where the water track is deflected around an ice-cored moraine (Levy et al. 2011). Water tracks
may wick saline water (2–4 dS/m) into the MDV soil ecosystems and solute transport are two
orders of magnitude faster than adjacent dry or damp soil, making water tracks “salt
superhighways” (Levy et al., 2011).
The seeps in the MDV are not supplied by direct glacier melt, the primary source of
liquid water in the polar desert of the McMurdo Dry Valleys, and appear to be supplied by
melting of permafrost, snow patches, refrozen precipitation that has accumulated in the
subsurface or buried glacier ice (Harris et al., 2007; Head et al., 2007; Levy et al., 2008). Seeps
are typically discharged at points where boulders produce a local break in slope, resulting from
upslope damming of colluvium (Putkonen et al., 2007; Levy et al., 2011). The presence of seeplike features can be observed in water tracks suggests that seeps are an emergent process
associated with water track activity, and they are locations where saline solutions moving
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downslope through water tracks discharge at the surface due to abrupt changes in slope (Levy et
al., 2011).
The wet patches in the MDV are not associated with snowbanks, shallow groundwater, or
seasonal streams and are surrounded by dry soil suggesting a lack of hydrological connectivity
with surface/near-surface waters (Levy et al., 2012). Wet patches are typically found on
topographic highpoints or on isolated hillslopes and cover a small area in the MDV (<0.1%)
(Levy et al., 2012). The wet patches in Taylor Valley were found to be approximately an order of
magnitude more enriched in salts than typical Taylor Valley soils (Levy et al., 2012). In the
absence of snowmelt, deliquescence of soil salts and fluid growth by vapor deposition is the most
likely source for this moisture, which results in a flux of water vapor from the atmosphere into
the salty soil (Levy et al., 2012).
The MDV streams, seeps, and water tracks represent a morphological continuum between
overland flow in streams and shallow active-layer flow and represent a source of moisture and
geochemistry to soil ecosystems. The overall goal of this study is to quantify the soil moisture
from water tracks, wet patches, and wet seeps for the entire MDV region for a time period from
2004-2012. This study is based on a retrieval method for soil moisture from high resolution
QuickBird and WorldView-2 data using an artificial neural network (ANN) over selected sites in
MDV (Figure 3-1). This chapter is structured as follows: First, a classification of the wetted soils
from satellite data and conversion to surface reflectance. This is followed by a description of the
method of retrieving the soil moisture concentration that includes the generation of training and a
test data set as well as the neural network set-up. Subsequently, validation studies are presented.
The last chapter provides a discussion and conclusions.
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Figure 3-1: Landsat LIMA image of the McMurdo Dry Valleys, Antarctica. The outlined red
polygons indicate the study areas, with each name adjacent to the valley. The yellow dots
indicate meterological stations in the MDV, with Lake Vida (LVi), Lake Vanda (LVa), Lake
Brownworth (LBr), Lake Bonney (LB), Lake Hoare (LH), and Lake Fryxell (LF).
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3.2 Data Collection and Image Processing
In December 2010, thirty two representative reflectance spectra from several locations in
Taylor Valley that included both wet and dry soils were collected. These locations were
primarily located above Lake Fryxell and below Lake Bonney. We used these ‘ground data’ to
develop a robust relationship between the signatures observed on the ground and the data
acquired from nearly the same time with the high resolution satellite images, with wet soils
having a lower reflectance value compared to dry soils (Figure 3-2). Surface spectra
measurements coincident with soil moisture estimated gravimetrically from field samples are
used to train the ANN for satellite-based retrievals of surface moisture. At sites where soil
samples were collected, we determined gravimetric soil moisture by taking the difference of
sample weights before and after drying in a laboratory oven at 105°C for >24 h, normalized to
the post-drying mass. The field measured spectra were filtered over Quickbird near infrared
(NIR), red, green and blue bands. For the selected WorldView-2 satellite images used in the
analysis, the wavelengths and full width at half maximum (FWHM) were adjusted to match
QuickBird spectral bands. The NIR, red, green, and blue bands for each satellite is used as input
to train the ANN to derive spatio-temporal variability in surface moisture and will allow us to
understand multi-scale distribution in moisture associated with wetted soils. The archive of
Quickbird and WorldView-2 scenes used for input to the ANN involves image classification,
radiometric correction, and atmospheric correction.

54

Figure 3-2: Data collected in the field of spectral measurement values and the corresponding
soil moisture value made from a portable radiometer and calibrated to QuickBird nearinfrared, red, green, and blue bands.
QuickBird and WorldView-2 satellite images were acquired from the Polar Geospatial
Center (PGC) which is an NSF-funded research organization supporting polar science and
operations. The PGC sent over 3’500 high resolution satellite images spanning from 2004 to
2012 covering the austral summer months from October to March. The multispectral imagery
products were acquired for each satellite sensor that spans different resolutions and image
swaths, but only the red, green, and near-infrared bands were used (Table 3-1). All of the satellite
images processed in this research were in National Imagery Transmission Format (NITF) that
contained metadata information (solar zenith angle, satellite azimuth angle, etc.) within each
image. The QuickBird and WorldView-2 satellites have revisit frequencies from 1-2 times per
week in the MDVs and overlap swaths with one another. A certain amount of satellite images
cannot be used due to heavy shadowing, that occurs frequently at certain times in the day, and
clouds. Cloud cover percentage was extracted using the NITF metadata and satellite images
meeting a particular threshold of fewer than eighty percent cloud cover were used for the
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analysis. December and January were the months of interest because of the high activity of melt
during these time periods. Sixty five satellite images were used spanning from 2004 to 2012 for
each valley. Certain valleys in the MDV did not have full coverage of satellite imagery because
of the satellite swath, clouds, and shadowing. In order to mitigate the problem of missing satellite
images, each valley was separated in the analysis.
Table 3-1: Sensor and satellite information of QuickBird and WorldView-2 satellites for

multispectral imagery.
Spectral Bands

Sensor Resolution
Dynamic Range
Swath Width
Orbit
Revisit Frequency (at 40 N)

QuickBird
Blue: 430 – 545 nm
Green: 466 – 620 nm
Red: 590 -710 nm
NIR: 715 – 918 nm

Multispectral: 2.44 m
11 bits per pixel
16.5 km at nadir
Sun-synchronous
2.4 days

WorldView-2
Blue: 450 –510 nm
Green: 510 – 580 nm
Red: 630 – 690 nm
Red Edge: 705 – 745 nm
NIR-1: 770 – 895 nm
NIR-2: 860-1040 nm
Multispectral: 1.85m
11 bits per pixel
16.5 km at nadir
Sun-synchronous
1.1 days

Only the multispectral satellite images were processed because of the comparison with
the in situ data. One of the most important preprocessing steps is to correctly orthorectify the
satellite images so that it can be viewed or analyzed along with other georeferenced information.
QuickBird imagery is obtained as standard product (level 1B) that is already processed with
regard to radiometric, geometric and sensor corrections (DigitalGlobe). The level 1B
georeferenced images are corrected for systematic distortions due to the sensor, platform and
earth rotation but are not orthorectified. ENVI (Environment for Visualizing Images) 4.8
software was used to orthorectify the satellite images.
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ENVI's orthorectification tools rectify data from specific sensors using a Rational
Polynomial Coefficient (RPC) model. The metadata from each of these sensors typically include
an ancillary RPC file generated from ephemeris data, which ENVI uses to perform the
orthorectification. A 30 m DEM made from a USGS topographic map was downloaded from the
MCM-LTER website and used for the input to the RPC model. After orthorectifying, the satellite
images had a defined projection of Lambert Conformal Conic and geographic coordinate system
of World Geodetic System 1984. This projection was chosen from a SPOT Satellite Image 39558, which is considered the best-referenced raster image available (MCM LTER). After
defining a universal projection, all the satellite images can be combined with other orthorectified
satellite images for a sophisticated analysis.
The satellite images were subset to areas containing only wetted soils and discarding
other land cover features in the satellite images (streams, glaciers, snow, etc.). The process of
confining the images to only wetted soils was performed by building and applying a mask in
ENVI. When a mask is used in a processing function, the areas with values of 1 are processed
and the masked 0 values are not included in the calculations. Vector files were manually created
over the wetted soils for the masking process. After the images were confined only to wetted
soils, an extension to ENVI called Feature Extraction was used for the classification. The
classification was performed on the panchromatic band which consists of higher resolution (60
cm). The Feature Extraction uses an object oriented classification, which ignores the problems of
topographic effects on reflectance values and not knowing the bidirectional reflectance
distribution function (ENVI, 2008).
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Figure 3-3: ENVI Feature Extraction method applied to wetted soils near Lake Hoare. The
red features indicate the wetted soils that are produced by ENVI Feature Extraction and are
exported as a shapefile.
The workflow for the Feature Extraction consists of two primary steps, find objects and
extract features. The find objects task is divided into four steps: segment, merge, refine, and
compute attributes. The scale level, a parameter of Feature Extraction that controls relative
segment size, varies from 0 -100 and chosen to optimize the segmentation process. The
segmentation size was adjusted to be able to represent the minimum-sized wetted soil. The
merge level, which also varies from 0-100, is a parameter for merging segments based on a
homogeneity criterion and was determined after the segmentation. This parameter groups small
and contiguous segments within the minimum-sized wetted soil into larger objects. Each satellite
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image had a different scale and merge value based upon the wetted soils within the image, which
was based on testing parameters interactively. The scale level is the most important parameter
and varied the most because of the varying sizes of wetted soils for each basin and was set from
60 to 90. A large merge level, 75 to 95, was set to create the objects that best represent the
majority of the wetted soils. A spectral classification was chosen to be the rule based
classification because it best captures the wetted soils when setting the threshold of brightness
and color. After an appropriate threshold was set, the features were exported into a shapefile
(Figure 3-3). Features created under 10 m² were considered classification noise and removed
from the analysis. After the polygons of the wetted soils were created, the masking process was
repeated to extract only the wetted soils for the multispectral images.
The satellite images need to radiometrically corrected to top-of-atmosphere (TOA) bandaveraged spectral radiance image pixels before applying atmospheric correction and can be
achieved by:
(1)

Where,

are TOA band-integrated radiance image pixels [W/m²/sr],
is the absolute radiometric calibration factor [W/m²/sr/count] for a given

band and is listed in the .IMD files, and

are radiometrically corrected pixels [counts].

This can now be applied to achieve TOA band-averaged spectral radiance image pixels by:
(2)
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Where,

is the TOA band-averaged spectral radiance image pixels [W/m²/sr/µm] and
is the effective bandwidth [µm] for a given band and is listed in Table 3-2.

Table 3-2: QuickBird effective bandwidths for each spectral band.
Spectral Band
Blue
Green
Red
NIR

Effective Bandwidth
[µm]
0.068
0.099
0.071
0.114

Atmospheric correction is needed after radiometric calibration to obtain surface
reflectance values. To compensate for atmospheric effects, properties such as the amount of
water vapor, distribution of aerosols and scene visibility must be known. Direct measurements of
these atmospheric properties can be scarce and there are techniques that infer them from
multispectral radiance data. Atmospheric correction of the QuickBird and WorldView-2 images
was performed using FLAASH (Fast Line-of-sight Atmospheric Analysis of Spectral
Hypercubes) in ENVI's atmospheric correction module (ENVI, 2009). FLAASH is a firstprinciples atmospheric correction tool that corrects wavelengths in the visible through nearinfrared and shortwave infrared regions.
Unlike many other atmospheric correction programs that interpolate radiation transfer
properties from a pre-calculated database of modeling results, FLAASH incorporates the
MODTRAN4 radiation transfer code (ENVI, 2009). There are types of standard MODTRAN4
model atmospheres and aerosol types that represent a scene based upon a certain location and a
unique MODTRAN4 solution is computed for each image. FLAASH also has the capability of
correcting satellite images collected in slant-viewing geometries, which is the case for QuickBird
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and WorldView-2. FLAASH starts from a standard equation for spectral radiance at a sensor
pixel that applies to the solar wavelength range and flat Lambertian materials. After the standard
equation, FLAASH uses a spatial averaging method that describes the relative contributions to
the pixel radiance from points on the ground at different distances from the direct line of sight.
The parameters for ENVI FLAASH include selecting an input radiance image, setting
output file defaults, entering information about the sensor and scene, selecting an atmosphere
and aerosol model, and setting options for the atmosphere correction model. The mid-latitude
winter atmospheric model was chosen which represents a water vapor column that is similar to
or somewhat greater than the scene. The water vapor column values were chosen from previous
studies derived from diffuse optical sky spectra (Sims et al., 2012) and from radiosondes data
(Connolley et al., 1993). Scene and sensor information from each satellite image that includes
the scene center location (lat/lon), the average ground elevation of the scene, the sensor type, the
sensor altitude, and the flight date and time is extracted from the metadata files. Input parameters
of FLAASH for a QuickBird scene for December 15, 2009 over Taylor Valley are shown in
Table 3-3.
Table 3-3: ENVI FLAASH atmospheric model parameters for a selected QuickBird image
over Taylor Valley, Antarctica.
Parameters
Image Center Location
Sensor Altitude
Ground Elevation
Pixel Size
Flight Date GMT
Atmospheric Model
Initial Visibility
Aerosol Scale Height
CO₂ mixing ratio
Modtran Resolution
Modtran Multiscatter

QuickBird Image
-77.8004 S, 162.7571 E
450 km
0.1 km
2.44 meters
20:36:48
Mid-Latitude Winter
60 km
1.5 km
390 ppm
15 cm-1
Scaled DISCORT
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Model
DISCORT Streams
Number
Zenith and Azimuth Angle

8
175.56°, 133.00°

3.3 Methodology
ANN’s has been widely used in developing satellite retrieval procedures from deriving
sea surface temperatures (Elisa et al., 2007) to melt ponds on artic sea ice (Rösel et al., 2011). A
drawback of ANN’s is their tendency for overfitting and the difficulty to assess the relevance of
the different variables within the model (Corani, 2005). The back-propagation network has a
simple structure for simulating a complex system and is robust for the simulation of any nonlinear system (Haykin, 2002; Dai et al., 2009). The concept of back-propagation network
algorithm for feed-forward ANN’s appeared in 1986 (Rumelhart et al., 1986) and is widely used
in remote sensing (Lee et al., 2011). The workflow for the ANN design process has several steps
that include: collect data, create the network, configure the network, initialize the weights and
biases, train the network, validate the network, and implement the network. The ANN
formulation requires two sets of data that includes the four inputs (blue, green, red, and NIR
band spectral reflectance) and target (soil moisture). The ANN model implementation was
carried out using the MATLAB Neural Network Toolbox.
A feed-forward network with a back propagation learning algorithm was used in this
study. A multilayer feed forward neural network (FFN) has neurons arranged in layers. A
network neuron is the elemental processor of the neural network, where the data processing takes
place. Each neuron of the network receives an input signal from other neurons or from external
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sources and uses it to compute an output signal. The mathematical function which relates the
input to the output of a neuron is called an activation function or learning function.
The output of a neuron in one layer is directed as the input to each and every neuron in
the immediately following layer. Increasing the number of neurons in the hidden layer increases
the power of the network, but requires more computation and is more likely to produce overfitting. For a FFN, there are no lateral connections between neurons in the same layer and no
feedback connection to the neurons in previous layers. For the network in Figure 3-4, there are
two layers: the hidden layer and the output layer. Each neuron in the hidden layer represents one
exploratory variable, while each neuron in the output layer represents one response variable.
There are three distinct functional operations that take place in a neuron. First, the scalar
input

is multiplied by the scalar weight

weighted input

to form the product

is added to the scalar bias

, again a scalar. Second, the

to form the net input n. The bias is much like a

weight, except that it has a constant input of 1. Finally, the net input is passed through the
transfer function f, which produces the scalar output . This can be denoted by:
(3)

The names given to these three processes are: the weight function, the net input function
and the transfer function. The weight function is a product of a weight times the input. The most
common type of net input function is the summation of the weighted inputs with the bias. The
transfer function translates the input signals to output signals. The log-sigmoid transfer is
commonly used in the hidden layer of feed-forward networks, in part because it is differentiable.
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Figure 3-4: The architecture used for developing one trained ANN for the bootstrapping
method with two layers, six neurons in the hidden layer, four inputs (spectral bands), and
one output (soil moisture).
Network training is the process of adjusting the network connection weights so that
explanatory and response values match the data as closely as possible. For the backpropagation
training algorithm, the learning function should be differentiable (Fausett, 1994). For this study,
the Levenberg-Marquardt algorithm was used as the learning function and appears to be the
fastest method for training small to moderate-sized feed-forward neural networks (Matlab,
2012). This method propagates the error produced by the network for a given input backward
through the layers to adjust the network weights. In the case of nonlinear correlation, the most
widely used criterion of match is the mean squared error (MSE) of the network output with
regard to the observed values of response variable and was used as the performance function.
The problem of developing neural networks when there are few data is difficult, and no
general solution has been identified. With the case of limited data of thirty two samples, the
selection of the optimum network configuration and the neural network performance can be
affected by the values of initial weights of the network. In order to mitigate the problem,
applying multiple network training during the cross validation process helps to eliminate the
effect of the initial weights on the result of the network configuration selection.
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For small datasets, the multiple initial weights of the leave-one-out training method can
be used to assess the ANN squared prediction error (SPE) and can represented by:
̅̅̅

where,

is the true observed value for sample

(4)

and ̅̅̅ is the predicted value by the trained

network. To calculate SPE, a bootstrapping method is used. The bootstrapping method uses the
resampling technique, which takes out a sample and uses this sample to run the ANN and
calculate SPE. The sample is then replaced and the next one is taken out; the steps are repeated
until the last sample is taken out. This process is then repeated by adding neurons to the hidden
layer to evaluate the mean squared prediction error (MSPE). MSPE for the resampling of

times

can be represented by:
∑

(5)

This process was averaged for five iterations to find the lowest MSPE. An optimal ANN
is chosen by determining the lowest MSPE among different numbers of hidden neurons in the
hidden layer. The number of neurons in the hidden layer varied from two to six, these values
were chosen due to the sparse data. We found that six neurons obtained the lowest MSPE of
0.0194 (Figure 3-5). The ANN was then created for six neurons and trained with using the all of
the band reflectance and soil moisture values and shows a strong correlation of 0.96 (Figure 3-6).
Table 3-4 lists optimal ANN architecture for predicting soil moisture.
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Figure 3-5: MSPE values of each neuron trial from 2 to 6, with 6 having the lowest MSPE.

Figure 3-6: Correlation values between the final ANN derived soil moisture values and
field collected soil moisture values. The thirty-two spectral samples were put into the
trained ANN and gave soil moisture estimates that closely related the field soil moisture
values.
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The ANN prediction of soil moisture mostly depends on factors such as initial network
weights and the network learning function. Thus, some special attention or modifications are
needed. It should be noted that different prediction errors can be calculated when using different
initial weights for the network training. It has been suggested that the same weights be used
through each ANN training at each resampling process (Moody and Utans 1992). This, however,
artificially forces all networks to be defined around one random set of weights and different
results still can be obtained for different sets of initial weights.
Table 3-4: Parameters for the optimal ANN in Matlab Neural Network Toolbox.
Inputs
Output
Layers
Hidden Neurons
Transfer Function
Learning Function
Performance Function
Learning Rate
Training Epochs
Minimum Performance
Gradient
Number of Input Data
Number of Target Data

Blue, Green, Red, NIR Spectral
Reflectance
Soil Moisture
2
6
Log-sigmoid
Levenberg-Marquardt
Mean Squared Error
0.001
1000
0.00000001
128
32

3.4 Results
There are differences in the spatial and temporal coverage in soil moisture values in each
study region depending upon the amount of melt occurring across each valley. Runoff generation
is strongly affected by valley position (i.e. solar radiation, winds, air temperature, and snowfall)
of source glaciers and by surface roughness that alters turbulent heat exchange with the
atmosphere (Gooseff et al., 2011). Air temperature, wind speed, and solar radiation data were
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downloaded for primary melt months (December and January) from the MCM-LTER website for
six stations: Lake Bonney, Lake Hoare, Lake Fryxell, Lake Vanda, Lake Vida, and Lake
Brownworth stations for 2004, 2007, 2008, 2009, and 2010 austral summer to evaluate to
possible controls of hydrological activities for each season. Meteorological data was not
available for 2011 and there are currently no stations located in Garwood, Miers, and Marshall
Valley.
All of the modeled soil moisture values across valley were broken up into 0.5 and 1
percent segments to evaluate where the highest occurrences take place. The 0.5 percent segments
were established from 0 to 2, where most of the modeled soil moisture values lie, and the
1percent segments ranged from 2 to 19. December 2010 was the wettest year for each valley but
the wetness was not equally distributed across each segment (Figure 3-7). For instance, January
2004 in Wright, Victoria, Barwick, and McKelvey Valley study region had a higher
accumulation of soil moisture at values ranging from 10 to 19 percent than December 2010. It
should be noted that for some cases in the earlier time periods (2004 – 2008) areas were not fully
covered and is marked in the figures.

68

Figure 3-7: Soil moisture values set at 0.5% intervals from 0.5% to 2% and 1% percent
intervals from 2% to 14% in Taylor Valley (top), 2% to 19% in Wright, Victoria, Barwick,
and McKelvey Valley (middle), and 2% to 15% in Garwood, Marshall, and Miers Valley
(bottom).
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3.4.1 Comparison of Soil Moisture Values
Gooseff et al. (2007) data on the gravimetric soil moisture values of the wetted margins
of lakes in Taylor Valley were compared to the ANN modeled results. This lake margin study
performed a synoptic surveying and sampling of wetted soils and sediments in the hydrologic
margins around Lake Fryxell (LF) and the east lobe of Lake Bonney (ELB) in Taylor Valley,
East Antarctica. Parallel transects were established at each plot from water body to dry soil,
spaced a few meters apart from each other. Both Lake Fryxell and the east lobe of Lake Bonney
were compared to the ANN modeled values of soil moisture.
The wetted margins surrounding Lake Fryxell and the east lobe of Lake Bonney were
extracted from the atmospherically corrected satellite imagery for December 26, 2010 and
December 13, 2010, respectively. 85 pixels were extracted from Lake Bonney margins covering
a length 41.86 meters across and 14.07 meters from near lake to shore. The distances were
spread from five pixels that were 2.76 meters apart starting from near lake to shore. Gooseff et
al. (2007) mean distances in Lake Bonney started from 1.00 m, 1.97 m, 3.04 m, and 3.76 m
starting from near lake to shore, respectively. 130 pixels were extracted over Lake Fryxell
margins covering a distance of 31.75 meters across and 22.26 meters from near lake to shore.
The distances of six pixels were spread 3.56 meters apart starting from near to shore.
The ANN compared favorably to Gooseff et al. (2007) reported mean soil moisture
values (Table 3-5). The ANN soil moisture values produced higher values starting from the lake
and gradually declining values to dry soil. The ANN derived soil moisture values were lower in
most cases compared Gooseff et al. (2007) values. The ANN dry soil moisture values were much
lower compared to Gooseff et al. (2007). This could be from the longer spacing from the
resolution of the satellite imagery. Lake Fryxell soil moisture values from the ANN had closer
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results compared to Lake Bonney with R²=0.69 (Figure 3-8). In order to better understand the
patterns of the soil moisture of the wetted margins throughout time, all of the satellite imagery in
Taylor Valley spanning from 2004, 2007, 2008, 2009, 2010, and 2011will need to be compared.
Also, the whole extent of wetted margins surrounding each lake in the satellite images needs to
be extracted from the ANN estimates and not particular sections of the wetted margins. This
analysis could also be spread throughout the streams in Taylor Valley and lakes in Wright Valley
where gravimetric soil moisture values have been monitored (Northcott et al., 2009).

Figure 3-8: Comparison of ANN derived soil moisture (y-axis) values to Gooseff et al.
(2007) soil moisture values in Lake Fryxell wetted margins in Taylor Valley.
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Table 3-5: Comparison of mean soil moisture values from Gooseff et al. 2007 and ANN
derived soil moisture values over Lake Fryxell (LF) and Lake Bonney (LB) wetted margins.
The site is the mean distance measured starting from the shore to dry soil. The gravimetric
soil moisture values (%) are represented as means and ± standard deviations.
Site
Site
Site
Site
Site

1, near lake
2, wetted
3, wetted
4, dry soil

ANN LB
8.32 ± 0.96
4.24 ± 1.06
1.06 ± 1.45
0.46 ± 0.16

Gooseff et al.
2007 LB
14.38 ± 9.54
11.17 ± 13.92
4.54 ± 4.42
3.61 ± 0.14

ANN LF
7.56 ± 0.43
6.07 ± 0.47
5.66 ± 0.03
0.74 ± 0.01

Gooseff et al.
2007 LF
10.17 ± 3.35
7.90 ± 3.31
4.79 ± 2.05
3.61 ± 1.48

3.4.2 Taylor Valley
Taylor Valley study region has an area of 279.46 km² and is the smallest compared to the
other study regions. December 12 – 16, 2010 was the wettest year, with values ranging from 0.36
% to 18.54 % and mean value of 0.88 % (Figure 3-9). The high soil moisture values are rare,
with values ranging from 18 % to 18.54% contributing only 11 pixels. These high soil moisture
pixels occur across the valley and near each Lake. In order to better understand the patterns of
soil moisture throughout the valley, the pixels were averaged into each wetted soil polygon
produced from the feature extraction method. The averaged soil moisture values for December
12-16, 2010 were broken into polygons from 0.5 % to 9%. The highest values of soil moisture
occur in the Lake Bonney basin near Hugh Glacier. Lake Hoare and Lake Fryxell in Taylor
Valley have the most occurrences of wetted soils and these areas have the lowest soil moisture
values ranging from 0.5% to 1%.
The total area of the averaged soil moisture polygons from this time period was 2.32 km²,
and soil moisture values ranging from 0.5 % to 1.0 % contributing the most with 2.15 km²
(Figure 3-10). The 2009-2010 austral summer had the lowest amount of wetted soils and
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corresponding soil moisture values. January 16, 2010 had the lowest total soil moisture values,
with values ranging from 0.25 % to 17.23% and mean value of 1.1%. January 16, 2010 had far
fewer pixels in the high soil moisture range, above 5%, compared to the other years. The total
wetted soil area for this time period of 2.40 km² is comparable to December 12-16, 2010,
indicating that soil moisture analysis isn’t skewed from the amount of wetted soils in each
Valley.
Wetness intensity was calculated by the soil moisture intervals multiplied the number of
pixels that falls into each category and having each interval summed together. The wetness
intensity for the wettest year, December 12-16 2010, was 668,004. January 09, 2007 is the
second wettest year and is comparable to January 14, 2004, with wetness intensity values of
446,206.5 compared to 431,877.5. There is a decreasing trend of soil moisture values starting
from January 14, 2004 to January 16, 2010 and a sharp increase for December 12-16, 2010 and
decreasing again for December 16-26, 2010 (Figure 3-10). This shows that certain processes can
change drastically in short time periods in the valleys and certain points in time are not a good
representation of the whole austral summer. The mean air temperatures, net radiation, and wind
speed for Bonney station for December 1-31, 2010 ranged from -6.92°C to 3.17 °C (nineteen
days above °C), 182.91 W/m² to 363.01 W/m² (mean of 316.30 W/m² ), and 3.82 m/sec to 10.90
m/sec (mean of 4.8943 m/sec), respectively. The mean air temperature, net radiation, and wind
speed for lowest amount of soil moisture values during January 1-31, 2010 ranged from -5.1207
°C to 1.99 °C (7 days above 0°C), 122.67 W/m² to 362.47 W/m² (mean of 262.61 W/m² ), and
3.14 m/sec to 5.63 m/sec (mean of 4.36 m/sec), respectively.
In the Lake Fryxell basin, the majority of the wetted soils occur at low elevations ranging
from 25 m to 200 m. There is an increasing trend of wetted soil near McMurdo Sound. Low soil
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moisture concentrations ranging from 0.36 % to 1% are present in Lake Fryxell region during
December 12-16, 2010. There is an equal distribution of wetted soils across elevations of 150350m and 500-800m, with the peak at 400-450m in Lake Hoare basin. The highest concentration
of wetted soils occurs in between Goldman and Howard Glacier. Slightly higher soil moisture
concentrations are present in this basin having a main soil moisture concentration ranging from
1% to 2%. In the Lake Bonney basin, most of the wetted soils occur at low elevations ranging
from 150-300 m. The higher soil moisture concentrations are present having a main
concentration ranging from 4% to 8%.

Figure 3-9: Taylor Valley mean soil moisture values for December 12 – 16, 2010. There is a
clearly distinct cut off between soils moisture values under Canada Glacier, which is due to
the transition to another satellite scene.
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Figure 3-10: Area of mean soil moisture polygons across Taylor Valley (top). Area of the
soil moisture polygons corresponding to elevation segments from 100 – 950 m (bottom).
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3.4.3 Wright, Victoria, Barwick, and McKelvey Valley
Wright, Victoria, Barwick, and McKelvey Valley study region has an area of 1000.48
km², which is the largest study region. Due to the large study region, only three points in time
were analyzed. These periods consists of January 08-31, 2004, January 10-21, 2010, and
December 07-25, 2010. December 07– 25, 2010 was the wettest year, with values ranging from
0.36 % to 19.16 % and mean value of 3.71 % (Figure 3-11). This is a higher mean average
compared to Taylor Valley. The high soil moisture values are not as rare compared to Taylor
Valley, with 22,485 pixels of soil moisture concentrations above 10 %. The averaged soil
moisture values for December 12-16, 2010 were broken into polygons from 0.5 % to 18%. The
highest values of soil moisture occur in upper Barwick Valley near Webb Glacier and throughout
Victoria Valley. Wright and Victoria Valley have the most occurrences of wetted soils.
The 2009-2010 austral summer had the lowest amount of wetted soils and corresponding
soil moisture values. Similar to Taylor Valley, January 10-16, 2010 had the lowest total
contribution of soil moisture, with soil moisture values ranging from 0.36 % to 21.71% and mean
value of 0.81%. The total area of the averaged soil moisture polygons for December 07-25, 2010
was 4.66 km², and averaged soil moisture values ranging from 0.5 % to 1.0 % contributing the
most with 1.36 km² (Figure 3-12). January 08-31, 2004 was very similar to December 07-25,
2010, with wetness intensity values of 4,247,795 compared to 4,641,181.5. January 08-31, 2004
had the highest wetted soil area of 4.84 km², and averaged soil moisture values ranging from 0.5
% to 1% contributing the most with 0.72 km². This time period also has a higher distribution of
soil moisture concentrations ranging from 10% to 19% compared to December 07-25, 2010. The
soil moisture values decrease comparing January 08-31 to January 10-21, 2010 and increase
again for December 07-25, 2010. There wasn’t any meteorological data available for the three
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stations in this study region for December 2010, but January 2004 was analyzed since the soil
moisture values were similar. The mean air temperatures, net radiation, and wind speed for Vida
station (Figure 3-1) for January 1-31, 2010 ranged from -6.41°C to 0.87 °C (four days above
0°C), 178.55 W/m² to 400.65 W/m² (mean of 313.45 W/m² ), and 3.85 m/sec to 10.16 m/sec
(mean of 6.53 m/sec), respectively. The mean air temperature, net radiation, and wind speed for
lowest amount of soil moisture values during January 1-31, 2010 ranged from -5.00 °C to 1.57
°C (1 day above zero degrees Celsius, with mean of -2.46 °C), 146.76 W/m² to 437.22 W/m²
(mean of 290.65 W/m²), and 3.36 m/sec to 7.23 m/sec (mean of 5.33 m/sec), respectively.
Most of the wetted soils in Wright Valley occur in between Heimdall and Wright Lower
Glacier (Figure 3-11), with an increasing trend towards Lower Wright Valley. The majority of
the wetted soils for December 07-25, 2010 occur at elevations ranging from 250-450 m. Low
averaged soil moisture concentrations ranging from 0.5% to 1% are present in Upper Wright
Valley. The averaged soil moisture values are higher extending towards Wright Lower Glacier
(Figure 3-11), ranging from 2% to 7%. In the Victoria region, most of the wetted soils occur
between Willis and Victoria Lower Glacier, with an increasing trend going towards Victoria
Lower Glacier similar to Wright Valley (Figure 3-11). The majority of the wetted soils occur at
high elevations between 500 – 550m and 800-900 m. Low averaged soil moisture values ranging
from 0.5 % to 3 % are present in Lower Victoria Valley from Lake Vida to Victoria Lower
Glacier. The highest soil moisture values ranging from 8% to 18% are found in Upper Victoria
Valley, with the highest concentration located between Lake Vida and Victoria Upper Lake.
Most of the wetted soils in Barwick Valley occur near Webb Glacier and Lake Vashka, with high
averaged soil moisture values ranging from 4% to 18%. The majority of the wetted soils occur at
high elevations between 750-1000 m. Few wetted soils accumulate in McKelvey Valley, but the
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wetted soils that do accumulate have high soil moisture values ranging from 0.5 % to 8% and
occur at high elevation elevations ranging from 700 m to 1000 m.

Figure 3-11: Wright, Victoria, Barwick, and McKelvey Valley mean soil moisture values
for December 07 – 25, 2010. Low soil moisture values occur across Wright Valley, while
the higher soil moisture values occur across Barwick and Victoria Valley.
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Figure 3-12: Area of mean soil moisture polygons across Wright, Victoria, Barwick, and
McKelvey Valley (top). Area of the soil moisture polygons corresponding to elevation
segments from 200 – 1500 m (bottom).
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3.4.4 Garwood, Marshall, and Miers Valley
Garwood, Marshall, and Miers Valley study region has an area of 818.18 km², which is
the second largest study region. January 11, 2007, December 07, 2008, December 15, 2009,
January 18, 2010, December 16-24 2010, and January 15-16, 2011 were analyzed, with January
11, 2007 and December 07, 2008 having partial coverage. December 16-24, 2010 was the wettest
year having values ranging from 0.36 % to 18.04 % and mean value of 1.65 %, and a wetness
intensity of 1,588,085. This is a higher mean average compared to Taylor Valley during
December 2010 but lower than Wright, Victoria, Barwick, and McKelvey Valley. The high soil
moisture values are rare, similar to Taylor Valley, with 338 pixels of high soil moisture
concentrations above 10 %. The averaged soil moisture values for this study region were broken
into polygons from 0.5 % to 15%. Soil moisture values ranging from 0.5 % to 4 % are the main
distribution throughout each valley for December 16-24, 2010. This is not constant throughout
each time period. The main distribution of soil moisture values for January 11, 2007 were 3% to
10%, and for January 15-16, 2011 there was a high concentration at 1% and spread uniformly
from 2% to 12%. The high soil moisture values occur across each valley at high and low
elevations. Marshall Valley, Garwood Valley, and locations near Salmon Glacier and Hobbs
Glacier have the highest concentration of wetted soils (Figure 3-13).
January 11, 2007 and January 18, 2010 had the lowest values of soil moistures. Similar to
the other study regions, January 18, 2010 had the lowest wetness intensity of 20,217. The mean
soil moisture distribution for January 18, 2010 was 0.43% and covered an area of 0.78 km². The
total area for December 16-24, 2010 was 5.01 km², and averaged soil moisture values ranging
from 0.5 % to 1.0 % contributing the most with 3.54 km². January 15-16, 2011 was the second
wettest period having a wetness intensity of 428,472 and mean soil moisture value of 3.03 %.

80

The wetted soils for this time period covered an area of 2.45 km². The soil moisture values
increase from January 11, 2007 to December 07, 2008 then decrease to January 18, 2010 and
increase to January 15-16, 2011 (Figure 3-14). Overall, there is an increasing trend of soil
moisture values in this study region.
Most of the wetted soils above Garwood Valley occur above Hobbs Glacier and below
Salmon Glacier from a large accumulation of snow (Figure 3-13). The majority of the wetted
soils above Garwood Valley, for December 16-24, 2010, occur at low elevations ranging from
100-350 m, with soil moisture values ranging from 0.5 % to 9 %. The higher soil moisture values
are present in the wetted soils above Hobbs Glacier. In Garwood Valley, most of the wetted soils
occur near Garwood Glacier that flow down the valley walls from high elevations, 1000 m, to
low elevations, 50 m. The soil moisture values range from 0.5% to 7%, with the higher soil
moisture values occurring between Garwood Glacier and Joyce Glacier (Figure 3-13). In
Marshall Valley, the wetted soils accumulate near Joyce Glacier at high elevations ranging from
450 m to 1000 m (Figure 3-13). The soil moisture values range from 0.5 % to 6%, with the
higher values occurring near Joyce Glacier. Miers Valley is similar to Garwood, with wetted
soils flowing from high elevations, 1000 m, to low elevations, 50 m. The soil moisture values in
this region are low compared to the other with values ranging from 0.5 % to 4 %. Below Miers
Valley, the soil moisture concentrations are higher ranging from 0.5% to 15%. The majority of
the wetted soils are located in valley bottoms between Adams and Howchin Glacier and in the
Pyramid Trough (Figure 3-13). The wetted soils tend to accumulate uniformly with respect to
elevation, but peak at elevations between 350 – 400 m.
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Figure 3-13: Garwood, Marshall, and Miers Valley mean soil moisture values for December
16 – 24, 2010. Soil moisture values of 0.5 % to 3% are dominate in this study region.
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Figure 3-14: Area of mean soil moisture polygons across Garwood, Marshall, and Miers
Valley (top). Area of the soil moisture polygons corresponding to elevation segments from
50 – 950 m (bottom).
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3.5 Discussion
The determination of soil moisture values of the MDV over the specified time period is
important to estimate the contribution of surface wetness to the hydrological, meteorological, and
ecological connectivity between soils and lakes. The ANN methodology allows us to derive
weekly and monthly data sets of soil moisture values, depending upon the study area. Since the
weekly and monthly data sets are a composite of selected pixels from the daily acquisitions,
images with low cloud cover fraction and low shadowing, this product represents only the
conditions of a specific day and point in time in one week.
The comparison of the ANN soil moisture values with soil moisture values of Lake
Fryxell and Lake Bonney wetted margins shows good agreement. The whole extent of wetted
margins surrounding each lake and streams in the satellite images needs to be extracted from the
ANN estimates and compared to field estimates. The observed differences between the wetted
margins soil moisture values and ANN soil moisture values may result from the different spatial
resolution, from location errors, and time differences between observations and satellite
acquisition. Daily variations of soil moisture values due to the diurnal cycle of hydrological
activity due to strong katabatic winds and surface energy balances are observed during each
austral summer (MCM-LTER). Therefore, satellite and surface based observations strongly
depend on the point in time of the observation and variations of soil moisture values at different
times should be expected.
Field validation should also be incorporated for comparing the exact time of satellite
overpass to soil moisture value. Different atmospheric correction techniques should be explored
and compared for determination of surface reflectance. As shown in Binschadler et al. (2008) an
atmospheric scattering model may not be needed, with the atmosphere over most of the Antarctic
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continent is very cold, minimizing the amount of water vapor, and very clean, minimizing the
concentrations of aerosols. A planetary reflectance could be used as a substitute of obtaining
surface reflectance. The assumption of a Lambertian surface could skew the values of surface
reflectance produced by FLAASH and correction for a non-Lambertian surface should be
compared to FLAASH surface reflectance values.
To correct for the non-Lambertian surface the bidirectional reflectance distribution
function (BRDF) should be measured from samples of wetted soils in the MDV. To further
refine atmospheric correction, future ground-based reflectance measurements should be made in
the same off-nadir viewing geometry of the satellite (Moran et al., 1990). The assumption of the
simple surface types (snow, dry soil, and wet soil) from the feature extraction method also causes
uncertainties regarding the exact spatial and temporal coverage of the wetted soils, because the
MDV is a mosaic of various surface types and is hard to distinguish the transition from dry to
wet soil accurately. Furthermore, it is necessary to classify and separate different surface wetness
stages from very wet to partially wet. In Gooseff et al. (2007), the soil samples from the wetted
margins were collected at intervals from the wetted edge to dry soil to understand the soil
moisture gradient. This could also be done with the satellite imagery by the separation of the
different stages of surface moisture and to reduce errors with the feature extraction method.
The satellite image analyses have shown the magnitude of wetted soil area to vary
greatly from each season that is mainly controlled by how much snow and/or ground ice is
available for melt and surface energy balance (Levy et al. 2011). The wetted soils generally
occur in the same location for each year and are controlled by the topography. During the
summer in the MDV, the snowbanks and icefields at high elevations seem to contribute the most
to the wetted soils in the MDV. Surface soil moisture in the vicinity of snowbanks typically
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exceeds 10% volumetric soil moisture and is comparable to ANN soil moisture values (Levy et
al. 2011). The sources of meltwater coupled with a limited capacity to store or transport the
snow runoff accounts for the high soil moisture and low electrical conductivity with wetted soils
in the vicinity of snowbanks (Levy et al. 2011).
Snowmelt that infiltrates into the soil and melting of ground-ice are the highest sources of
wetted soils. Most of the wetted soils occur at low elevations, 100 to 500 m, where air
temperatures and wind speeds are much greater (Doran et al., 2002). The wetted soils are present
in association with several landforms related to water transport and commonly observed near
sublinear depressions, or in local low ground between knobby terrains composed of icecemented, degraded moraines (Levy et al. 2011). The wetted soils width ranges from ~1-50 m,
and is narrowest along steep slopes and widest where the water track is deflected around an icecored moraine (Levy et al. 2011).
How do the wetted soils compare to the streams and how big of role does it play in the
total water area? Streams were classified to the December 2010 maps in each valley using
feature extraction process mentioned in the methodology. The satellite images that corresponded
to the highest wetted soil activity were chosen for the stream classification. The results showed
that streams covered an area of 5.96 km² for Wright, Victoria, Barwick, and McKelvey Valley,
5.17 km² for Taylor Valley, and 11.16 km² for Garwood, Marshall, and Miers Valley,
respectively. The total area of wetted soils for December 2010 was 4.69 km² for Wright,
Victoria, Barwick, and McKelvey Valley, 2.33 km² for Taylor Valley, and 3.17 km² for
Garwood, Marshall, and Miers Valley, respectively. This suggests that wetted soils for each
valley do play a significant role in the total water area. The wetted soils do not appear to be a
major contributor of water to the MDV lakes, compared to streams.
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Wetted soils in the MDV can be extremely salt rich that results in a bright salt
efflorescences visible in satellite imagery (Levy et al. 2011). Satellite image and field analysis of
soil moisture suggest that water tracks are a major source of water and geochemistry to MDV
soil ecosystems. Levy et al. (2011) demonstrate that the water track fluids have low Ca2+ /Na+
molar ratios on average, suggesting the possibility of cryogenic concentration of salts during
seasonal freezing and the ice-cement underlying water tracks is highly concentrated with solutes
(over 4600 mg/L) primarily of Ca2+ and Cl- found at the ice surface. The permafrost landforms
provide structure to the nematode-dominated ecosystem in the MDV by controlling the
distribution of liquid water, salts, and heat into the soil (Barrett et al., 2004; Levy et al., 2011;
Nkem et al., 2006; Poage et al., 2008; Virginia and Wall, 1999).
Levy et al. (2011) reported that new water tracks may wick saline water (2–4 dS/m) into
established nematode communities, with potentially lethal consequences. Laboratory and field
studies report that specific nematodes in Taylor Valley cannot tolerate salinities in excess of 4.1
dS/m, but that some Scottnema lindsayae nematodes are able to tolerate ~ 2 dS/m solutions and
some Eudorylaimus antarcticus nematodes have been found to be able to tolerate 1 dS/m
solutions (Levy et al., 2011; Nkem et al., 2006; Poage et al., 2008). Soil moisture values in the
MDV can also have a positive or negative effect on the soil ecosystem. High soil moisture values
are correlated with E. antarcticus presence and S. lindsayae is most commonly found in drier
soils (Levy et al., 2011; Virginia and Wall, 1999).
Given the importance of surface temperatures in driving the liberation of ground ice in
water tracks, it is possible that wetted soils and active-layer transport of salts and nutrients to
MDV soils, lakes, and streams may become more vigorous. Future warming of only 1–2 °C in
the MDV could significantly increase the volume of water to the wetted soils by the end of this
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century (Arblaster and Meehl, 2006; Chapman and Walsh, 2007; Levy et al., 2011; Shindell and
Schmidt, 2004). Water to the wetted soils could also increase by a changing climate by having
more snow available for melting or liquid precipitation.
3.6 Conclusions
In this study we present a procedure to generate multi-annual surface soil moisture values
data sets for extensive areas for the MDV. An artificial neural network was used to make these
estimations of soil moisture for 2004, 2007, 2008, 2009, 2010, and 2011 from QuickBird and
WorldView-2 satellites. The ANN prediction of soil moisture mostly depends on factors such as
initial network weights and the network learning function. Thus, some special attention or
modifications are needed. It should be noted that different prediction errors can be calculated
when using different initial weights for the network training.
The soil moisture distribution in December 2010 was the highest values ranging from
0.36 % to over 19 %, which was consistent across all valleys. January 2010 had the lowest
occurrences of wetted soils and soil moisture values. There is a general trend of increasing soil
moisture values only for Garwood, Marshall, and Miers Valley. Taylor Valley imagery (January
2004, January 2007, December 2008, December 2009, January 2010, and December 2010) and
Wright, Victoria, Barwick, and McKelvey imagery (January 2004, January 2010, and December
2010) show a decreasing trend. Since Wright, Victoria, Barwick, and McKelvey Valley were
only processed for three points in time it’s hard to compare to other valleys. Also, the MDV
hydrological and meteorological activities can change rapidly over short periods of time and the
imagery is not a full representation of the whole austral summer. This analysis only gives a
snapshot in time and more imagery is needed to understand the patterns on daily and weekly
timescales. One way to understand the soil moisture distribution on daily and weekly timescales
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is to break up the MDV into smaller regions and only process the imagery where a significant
amount of wetted soils occur.
The developed QuickBird and WorldView-2 soil moisture data sets from specific time
periods between 2004 and 2011 provide a basis for further studies in remote sensing and field
validation in the MDV. The wetted soils can move meltwater from snow and ground-ice sources
through the active-layer soils, which are an important source of moisture to soil ecosystems that
can suitable and nonsuitable for the nematode environment. The wetted soils can play a
significant role in the hydrological activity in the MDV and should be included in the water
budget. Remote sensing can be a valuable tool when trying to understand the spatial and
temporal patterns of the wetted soils. The ANN can also be used as a tool for understanding the
soil moisture distribution across these valleys and understanding the potential consequences for
the soil ecosystems.
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Appendix A

Taylor Valley Wetted Soil Land Cover Maps
Wetted soil land cover classification over Taylor Valley. The red polygons indicate the
wetted soils and were increased in size for display purposes, which are not set to scale.

Figure A-1: Partial coverage for January 14, 2004 wetted soils over Lake Bonney and Hoare.
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No Data
No Data

Figure A-2: Partial Coverage for January 07, 2007 over Lake Fryxell and Hoare.

No Data

Figure A-3: Partial coverage for December 27, 2008 for Lake Bonney and Hoare.
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Figure A-4. November 28, 2009 coverage with high snow accumulation in Lake Hoare and Fryxell.

Figure A-5. December 14-15, 2009 coverage with most of the wetted soil accumulation is located south of Lake Hoare.
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Figure A-6. December 25, 2009 coverage with most of the wetted soil accumulation is located south of Lake Hoare.

Figure A-7. January 16, 2010 coverage with most of the wetted soil accumulation is located south of Lake Hoare.
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Figure A-8. Partial coverage for February 02, 2010 with most wetted soil occurrences south of Lake Hoare.

Figure A-9. December 12-16, 2010 coverage with more wetted soils east of Lake Fryxell compared to 2009-2010 austral summer.
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Figure A-10. December 16-22, 2010 coverage with most of the wetted soils occurring south of Lake Hoare and east of Lake Fryxell.

Figure A-11. December 25, 2011 coverage with higher snow accumulation east of Lake Fryxell compared to December 2010.
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Appendix B

Wright, Victoria, Barwick, and McKelvey Valley Wetted Soil Land Cover
Maps
Wetted soil land cover classification over Wright, Victoria, Barwick, and
McKelvey Valley. The red polygons indicate the wetted soils and were increased in size
for display purposes, which are not set to scale.
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Figure B-1. January 8-31, 2004 partial coverage with high wetted soil accumulation in Wright and Victoria Valley.
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Figure B-2. Partial coverage for December 17, 2008 with high wetted soil accumulation in Wright and Victoria Valley.
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Figure B-3. December 02-25, 2009 coverage with high wetted soil occurrences in Wright and Victoria Valley.

109

Figure B-4. January 02-21, 2010 coverage with high wetted soil occurrences in Wright and Victoria Valley.
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Figure B-5. December 07-25, 2010 coverage with high wetted soil occurrences in Wright, Victoria, and Barwick Valley.
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Figure B-6. December 01-23, 2011 coverage with high wetted soil occurrences in Wright and Victoria Valley.
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Figure B-7. Partial coverage for January 13-21, 2012 with high wetted soil occurrences in Wright and Victoria Valley.
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Appendix C

North Garwood, Garwood, Miers, Marshall and South Marhsall Valley
Wetted Soil Land Cover Maps
Wetted soil land cover classification over North Garwood, Garwood, Miers,
Marshall and South Marhsall Valley. The red polygons indicate the wetted soils and were
increased in size for display purposes, which are not set to scale.
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Figure C-1: January 11, 2007 partial coverage with most wetted soils occurring in
Garwood and Marhsall Valley.
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Figure C-2: December 16, 2008 partial coverage over South Miers region.
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Figure C-3: December 15-25, 2009 coverage with high wetted soil occurrences in North
Garwood
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Figure C-4: January 18-21, 2010 coverage with most occurrences in North Garwood and
Garwood Valley.
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Figure C-5: December 08-12, 2010 coverage with most occurrences in North Garwood
and Garwood Valley.
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Figure C-6: December 16-24, 2010 with most occurrences in North Garwood, Garwood,
and Marshall Valley.
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Figure C-7: January 15-16, 2011 coverage with most occurrences in North Garwood,
Garwood, and Marshall Valley.
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Figure C-8: January 15-20, 2012 coverage with most occurrences in North Garwood,
Garwood, and Marshall Valley.

