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Abstract

The Yukon-Kuskokwim Delta (YKD) is one of the largest and most ecologically
productive coastal wetland regions in the pan-Arctic. Formed by the Yukon and Kuskokwim
Rivers flowing into the Bering Sea, nearly 130,000 square kilometers of delta support 23,000
Alaskan Natives living subsistence lifestyles. Permafrost on the outer delta commonly occurs on
the abandoned floodplain deposits. Ground ice in the soil raises surface elevations on the order of
1-2 meters, creating plateaus on the landscape. Better drainage on the plateaus supports distinct
Sphagnum-rich vegetation, which in turn protects the permafrost from rising air temperatures
with low thermal conductivity during the summer. This ecosystem-protected permafrost is thus
vulnerable to disturbances from rising air temperatures, vegetation mortality, and inland storm
surges, which have been known to flood up to 37 km inland.

This thesis assesses several novel techniques to map permafrost distribution at high-
resolution on the YKD. Accurate baseline maps of permafrost extent are critical for a variety of
applications, including long-term monitoring. As air and ground temperatures rise across the
Arctic, monitoring landscape change is important for understanding permafrost degradation
processes (e.g. thermokarst) and greenhouse gas dynamics from the local to global scales.

This thesis separately explored the value of Light Detection And Ranging (LiDAR) and
spectral datasets as tools to map permafrost at a high spatial resolution. Furthermore, this thesis
sought to automate these processes, with the vision of high-resolution mapping over large spatial
extents. Fieldwork was conducted in July 2016 to both parameterize and then validate the
mapping efforts. The LiIDAR mapping extent assessed a 135 km? area (~15% permafrost cover),
and the spectral mapping extent assessed an 8 km? area (~20% permafrost cover). For the
LiDAR dataset, the use of a simple elevation threshold informed by field ground truth values
provided a permafrost map with 94.9% accuracy. This simple approach was possible because of
the extremely flat terrain. For the spectral datasets, an ad-hoc masking technique was developed
using a combination of texture analysis, principal component analysis, and morphological
filtering. Two contrasting workflows were evaluated with fully-automated and semi-automated
methods with mixed results. The highest mapping accuracy was 89.4% and the lowest was
79.1%, though the error of omission in mapping the permafrost remained high (7.02 - 59.7%) for

most analyses. The spectral mapping algorithms did not replicate well across different high-
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resolution images, raising questions about the viability of using spectral methods alone to track
thermokarst and landscape change over time. However, incorporating the spectral methods

explored in this analysis with other datasets (e.g. LIDAR) has the potential to increase mapping
accuracies. Both the methods and the results of this thesis enhance permafrost mapping efforts

on the YKD, and provide a good first step to monitoring landscape change in the region.
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1. INTRODUCTION

Permafrost, or perennially frozen ground, is an important landscape feature for much of
the Arctic and sub-Arctic regions of the world. An estimated 22-23% of the land cover in the
Northern Hemisphere, and 81% of Alaska, is affected by permafrost (Brown et al. 1997,
Jorgenson et al. 2008, Cuff and Goudie 2009). As global temperatures rise, landscapes underlain
by permafrost are experiencing significant changes, which have far reaching implications for
landscape morphology, hydrological processes, ecosystem services, and global carbon cycling
(Hinzman et al. 2005, Jorgenson et al. 2010, Romanovsky et al. 2010, Schuur et al. 2015,
Liljedahl et al. 2016).

Accurate maps of permafrost distribution and temperature are urgently needed baseline
datasets to monitor landscape change. With increasing air and ground temperatures across the
Arctic, monitoring permafrost degradation (e.g. thermokarst) is important for understanding
processes at both the local and the larger regional and global scales. As roughly 18% of Alaska is
considered sporadic permafrost (10-50% landcover) and isolated permafrost (>0-10% landcover)
and 31% of Alaska is discontinuous permafrost (50-90%), there is a potentially large area that
will be affected by thermokarst and permafrost thaw in the future (Jorgenson et al. 2008). This is
especially true on the Yukon-Kuskokwim Delta (YKD), which is near the southern extent of
permafrost in Alaska.

Models such as that from Pastick et al. (2015) project declines of 16 to 24% in near-
surface permafrost extent by 2100. These projections agree with the projected 22% decrease
calculated by Jafarov et al. (2012), which is also comparable to the 20.5 to 24.4% reduction in
permafrost extents expected in Canada (Zhang et al. 2008). With even moderate climate
projections, such as the Inter-governmental Panel on Climate Change’s (IPCC) Representative
Concentration Pathway (RCP) 4.5, permafrost is expected to retreat from the present-day
discontinuous zone by 2100 (Slater and Lawrence 2013). Extreme climate scenarios, modeled
with RCP 8.5, predict that sustainable permafrost will likely only be found in the Canadian
Archipelago, Russian Arctic Coast, and east Siberian uplands by 2100 (Slater and Lawrence
2013). With these widespread landscape changes likely on the global scale, having accurate
maps of current permafrost extent at the local scale on the YKD is essential. Thus, the main

focus of this study is to map permafrost extent on the YKD.



Mapping permafrost landscapes is inherently difficult because permafrost itself is a
thermal state, and not a physical terrain (Heginbottom 2002). However, proxies such as
vegetation cover, regional air temperatures, topographic anomalies, and characteristic landforms
are useful for mapping permafrost cover (Jorgenson and Grosse 2016). Because many permafrost
landscapes are remote and logistically challenging to access, the use of remote sensing in
permafrost analysis has increased dramatically in recent years (Gogineni et al. 2014, Jorgenson
and Grosse 2016). Recent literature reviews provide useful overviews on the current state of
permafrost remote sensing techniques (Gogineni et al. 2014, Westermann et al. 2015, Jorgenson
and Grosse 2016).

Mapping permafrost extent usually incorporates some sort of process-based model to
interpret where permafrost is present or absent. These are diverse in purpose, application, and
complexity, but most of them are geophysical in nature and rely on process-based models that
determine the thermal state of the ground using heat transfer theory (Riseborough et al. 2008).
These methods model surface energy balance between the atmosphere, snow, vegetation, active
layer soils, and permafrost. Though generally accurate in determining permafrost presence,
these models require many inputs which are hard to model at large spatial scales (e.g.
hydrology), or are limited to points associated with boreholes. The Geophysical Institute
Permafrost Laboratory (GIPL) model developed by the UAF Geophysical Institute at the
University of Alaska Fairbanks is a prime example of a one-dimensional finite-difference
numerical model that is spatially constrained to boreholes (Marchenko et al. 2008). Examples of
numerical modeling resulting in permafrost extent maps can be found in works by Jafarov et al.
(2012) and Slater and Lawrence (2013).

Other models incorporate satellite data, such as one created by Westermann et al. (2015)
using MODerate Imaging Spectroradiometer (MODIS) data. Empirical modeling techniques for
purposes of mapping permafrost, such as those of Panda et al. (2012), Pastick et al. (2015), and
Zhang et al. (2014) tend to use a data fusion approach, combining remote sensing data with field
observations, climate models, and thematic maps of a variety of surface and subsurface
biophysical characteristics. More physical methods geared to three-dimensional mapping, such
as airborne electromagnetic resistivity, have also been conducted (Minsley et al. 2012, Pastick et

al. 2013), but have limitations of scale due to their cost.



Due in part to the widespread extent of permafrost around the globe, mapping at several
scales is needed to fully understand landscapes in permafrost regions (Riseborough et al. 2008).
This study seeks to map permafrost extent at the local scale using high resolution datasets:
specifically, Light Detection And Ranging (LiDAR) and high spatial resolution spectral data.
Repeat LiDAR has been shown to be useful in tracking thermokarst processes and landscape
change in permafrost rich areas (Jones et al. 2013, Paine et al. 2013, Jones et al. 2015, Liljedahl
et al. 2016), but to date there has not been an application of LIDAR to map permafrost extent
explicitly. High resolution spectral datasets have been previously used to map arctic landscape
change related to permafrost, but not on the YKD, and not in a fully automated fashion (e.g. Lin
etal. 2012, Tremblay et al. 2012, Lantz et al. 2013, Swanson 2013a, 2013b, Raynolds et al.
2014, Beck et al. 2015, Naito and Cairns 2015). As none of these previous studies focus on the
YKD, the lack of a high-resolution baseline dataset hinders analysis of landscape change and the
ability to assess the impacts of climate change on permafrost in the region.

In an effort to address this important data gap and explore new mapping techniques, the

objectives of the study were to:

1. Collect field data for parameterizing and validating the mapping algorithms;

2. Assess the viability of using LiIDAR to map permafrost distribution specifically
on the YKD;

3. Assess the viability of using only high-resolution aerial and satellite imagery to
map permafrost at the local scale on the YKD; and to

4. Assess the viability of automating these processes in order to observe thermokarst

processes from multiple time series.

1.1 Study Area

The YKD of Alaska is one of the largest and most important coastal wetland regions in
the Arctic. Located in western Alaska, USA, where the Yukon and Kuskokwim Rivers flow into
the Bering Sea, the YKD provides nearly 130,000 km? of habitat for migratory geese and
waterbirds, making it one of the most biologically productive areas of the arctic tundra biome

(Thorsteinson et al. 1989). This productive landscape also helps sustain one of the largest



indigenous human populations in the Arctic. Living in 57 villages, roughly 23,000 Yup’ik and
Cup’ik Alaska Natives rely heavily on subsistence lifestyles provided by the delta (Klein 1966,
Fienup-Riordan and Rearden 2013). As temperatures and sea levels rise in the Arctic, uncertainty
in the stability of coastlines and permafrost may drive landscape change on a region-wide scale,
affecting the livelihoods of local communities as well as the habitats of species of conservation
concern (Jorgenson and Ely 2001).

This study focuses on the western portion of the YKD south of the village of Chevak and
West of Hazen Bay (Figure 1). This region of the YKD is extremely flat, as previous elevation
profiles by Jorgenson and Ely (2001) show topographic gradients of as little as 0.5 m over 7.5
km. The lack of topography makes the YKD highly vulnerable to eustatic sea-level rise and

inland storm surges, which have been known to flood up to 37 km inland (Terenzi et al. 2014).
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Figure 1. Study Area located on the Yukon-Kuskokwim Delta (YKD) in western Alaska, USA.
Depicted in the inset are the spectral mapping Area of Interest (AOI) (cross-hatch), the extent of
the 2009 LiDAR data (dashed line), and the approximate distribution of the Lowland Moist
Graminoid Shrub Meadow (LMGSM) ecotype (green) (associated with permafrost plateaus)
identified by Jorgenson and Roth (2010).



This landscape is quite far south for permafrost extent in Alaska, and lies in the sporadic
to isolated permafrost zone (Jorgenson et al. 2008). The Mean Annual Air Temperature (MAAT)
in Bethel, AK is -1.2°C (1923-present), making the region very warm for supporting permafrost
(Péwé and Brown 1973, NOAA/NCDC 2017). The NOAA/NCDC (2017) data show a warming
trend that will likely result in MAATSs above 0°C in the future. Under these climatic conditions,
the permafrost is considered ecosystem-protected permafrost, meaning that insulative cover of
vegetation and organic matter allows the permafrost to remain stable under normally
incompatible temperatures (Shur and Jorgenson 2007). Furthermore, ecosystem-protected
permafrost is unlikely to re-form after disturbance, so accurately mapping permafrost extent in
this region is important to monitoring permafrost resiliency.

The permafrost here is unique in that it only forms on certain parts of the delta, fitting
with the geomorphic gradient outlined by Jorgenson (2000) and Jorgenson and Ely (2001).
Loosely tied to a gradual elevation ramp from sea level inland, the landscape progresses from
coastal mudflats to active floodplains, then to inactive floodplains, and finally to abandoned
floodplains farther inland. Permafrost in the area predominantly manifests on the abandoned
floodplains, as interactions from storms and tides prohibit permafrost formation closer to the
coast (Jorgenson and Ely 2001, Terenzi et al. 2014). This gradient dictates differences in
vegetation and soil stratigraphy, as well as the presence or absence of permafrost. The mudflats
and active floodplains have the highest rates of sedimentation (8.0 mm/y and 1.4 - 6.5 mm/y,
respectively) due to annual flooding, but the least soil organic layer development (Jorgenson and
Ely 2001). Inactive floodplains show moderate amounts of sedimentation (0.1-0.2 mm/y) and
organic layer formation, and flood every 3-4 years, as interpreted from the stratigraphy of soil
plugs (Jorgenson and Ely 2001). The abandoned floodplain rarely sees sedimentation, and has
large amounts of organic accumulation in the soil stratigraphy. This thick soil organic layer helps
in part to insulate the permafrost, maintaining stable temperatures in the relatively warm climate,
and promotes permafrost development in the region. Figure 2 illustrates differences in landscape

along the geomorphic gradient.



(No Soil Plug)

. P Approximate Floodplain
H LIDAR Extent  |Z4| AOI Dzﬁneation P

Figure 2. Inland gradient map adapted from Jorgenson and Ely (2001) showing examples of
relative location, landscape, and soil characteristics for the (A) mudflat!, (B) active floodplain,
(C) inactive floodplain, and (D) abandoned floodplain. The 2007 IKONOS scene has a false-

color infrared NIR-R-G (4-3-2) band combination. Satellite imagery © 2017 Digital Globe,
NextView license.

1. No soil plug was taken for the mudflat in the 2016 field season.



Permafrost in the region manifests as plateaus on the landscape because segregated ice in
the soil raises the ground surface on the order of 1-2 m (Jorgenson and Ely 2001). Because of the
elevation difference, the permafrost plateaus have better drainage and support vegetation that is
less tolerant to salt and inundation. Vegetation on the plateaus consists mainly of herbaceous
plants such as Eriophorum angustifolium, E. russeolum, Calamagrostis deschampsioides, Carex
rariflora, and Rubus Chamaemorus *2 with low and dwarf shrubs Betula nana*, Rhododendron
subarcticum®, Empetrum nigrum, Salix fuscescens*, as well as mosses (Sphagnum™* spp. and
Dicranum™ spp.) and lichens (Cladonia* spp. and Cladina* spp.) (Jorgenson and Ely 2001,
Jorgenson and Roth 2010). The surrounding lowlands are mostly sedge meadows, which include
Carex aquatilis, C. rariflora, C. lyngbyei, Salex fuscescens, Eriophorum scheuzeri, Potentilla
palustris, and Empetrum nigrum (Jorgenson and Ely 2001, Jorgenson and Roth 2010). The
permafrost plateaus have a higher heterogeneity in species composition and vegetation structure
than the surrounding lowlands, and are generally more diverse. Due to these vegetation
characteristics, Jorgenson and Roth (2010) classify the permafrost plateaus as a Lowland Moist
Graminoid Shrub Meadow (LMGSM) ecotype, with the surrounding lowlands as a Lowland
Moist Sedge Meadow (LMSM) ecotype. Here, ecotype refers to the most detailed level of
classification for local ecosystems: a 1:1,000-scale unit that has homogeneous topography, soils,
hydrology, and vegetation (Figure 3) (Jorgenson 2000, Jorgenson and Ely 2001). Differences in
the cover of plant functional type between the plateaus and the surrounding meadows contribute
largely to the formation of permafrost on the plateaus. The lichen- and moss-rich plateaus have
thermal properties conducive to formation and protection of permafrost, where higher thermal
conductivity in the winter allows for heat loss from the ground, but low thermal conductivity in
the summer insulates underlying permafrost from warmer air temperatures. Figure 4 provides a
conceptual model of a permafrost plateau on the YKD, highlighting vegetation, elevation, and
morphological differences from the surrounding coastal meadows, as well as indicators of

permafrost degradation on the landscape.

2. * Indicate species that are highly intolerant to brackish water interaction from periodic inland
storms
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Figure 3. Space-time diagram illustrating the hierarchical organization of ecosystems at multiple
spatial scales. The terms for each scale of ecological land classification are underlined and the
differentiating criteria for each scale are listed. (From Jorgenson 2000)
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Figure 4. Conceptual model of a permafrost plateau on the YKD. General plateau morphology, vegetation, relative elevation, relative
permafrost thickness, and thermokarst processes are illustrated in relation to seaward (left) and landward (right) directions.
Morphology of the plateaus can be seen by a steep transition from the coastal meadow to the permafrost plateau on the seaward
margin, and a more gradual, sloping transition between ecotypes on the landward margin. This difference in morphology is mirrored
in the permafrost thickness under the margins, as well as the species composition and vegetation structure. Vegetation indicative of
the LMGSM ecotype on the plateau is represented in this figure with key species (e.g. Betula nana, Rubus chamaemorus, Cladina
Rangiferina, etc.), however, for the sake of clarity, not every species is represented. Similarly, the vegetation of coastal meadow
ecotypes adjacent to permafrost plateaus is represented with general sedge and grass species. Note the thick organic accumulations in
the active layer on the permafrost plateaus that help insulate underlying permafrost from warm summer air temperatures. Indicators of
various stages of permafrost degradation are highlighted with grey boxes, and show the main indications of plateau fragmentation.



2. METHODS

To achieve the project objectives, several steps needed to be accomplished. First, a suitable
study site on the delta was selected. Second, field work was performed to collect new data for
developing and validating mapping algorithms. Third, automated mapping techniques were
developed for LiDAR and spectral datasets using predominantly Python scripting in a Linux
environment. These analyses relied heavily on the use of the Geospatial Data Abstraction Library
(GDAL), and the NumPy and SciPy modules, with occasional use of ENVI version 5.3 and
ArcGIS version 10.4 (Jones et al. 2001-, ENVI 2015, ESRI 2015, GDAL 2015). All analyses
were performed in the NAD83 Universal Transverse Mercator (UTM) Zone 3 North projection.
Mapping results were then validated using a variety of methods, and compared to determine the

most viable mapping algorithms.

2.1 Area of Interest

The selected Area of Interest (AOI) covers approximately 8 km? of mostly abandoned
floodplain roughly 7 km inland from the coast (Figure 1). Because the AOI was based on an
aerial single frame collected in 1988, it only partially intersects the 128 km? LiDAR swath used
in the LiIDAR mapping analysis. For this reason, validation of the spectral mapping using the
results of the LIDAR mapping were restricted to the northern half of the AOL

The study site along the Tutakoke River made a good candidate for mapping permafrost,
because it had distinct topographical and vegetative characteristics. Because the plateaus only
manifest where there is permafrost, the YKD is a unique study site topographically, making high
resolution Digital Elevation Models (DEMs) derived from LiDAR a powerful mapping resource.
Similarly, the distinct vegetation on the plateaus can serve as a proxy for mapping permafrost
extent. These landscape characteristics, in coordination with existing long-term ecological
surveys, temporary tide gauges, vegetation monitoring plots, and available satellite and aerial

imagery coverage were taken into consideration when selecting an AOL
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2.2 Fieldwork

A field campaign was conducted from July 8 to July 18, 2016 to collect in situ data
needed for analysis and validation. Transects running perpendicular to the boundary of
permafrost plateaus were established subjectively according to the type of vegetation present,
presence of storm indicators (e.g. driftwood), evidence of thermokarst (e.g. thermokarst pits,
thermokarst moats, thermo-erosional gullies, etc.), and location in the AOI Each transect was
sampled regularly at 5 m intervals where no permafrost was present, at 1 m intervals where
permafrost was present, and at intervals <1 m in targeted areas of interest (i.e. driftwood deposits
and permafrost transition zones). Thaw depths were measured using a 1.25 m thaw probe and a
Delorme PN-60 GPS (positional accuracy greater than 3m). Frost presence or absence was
recorded at each probe location along the transect, as well as ecotype and dominant vegetation
present. Since sampling was conducted in July, it is likely some of the frost encountered was
only seasonal frost, not true permafrost. If seasonal frost was measured, it was most likely
encountered along the margins of the plateaus. When possible, the depth to the bottom of the
thaw was also measured. This entailed breaking through the frost with the thaw probe and
measuring how thick the frost layer was. This was only feasible near the margins of the plateaus,
or on highly degraded plateaus. This added effort was important for describing the relative
thickness of the permafrost, and also allowed for the discovery of taliks (thaw bulbs). These
transects help to describe the boundary conditions between permafrost plateaus and the
surrounding lowlands that are, ultimately, of interest for tracking thermokarst of the plateaus.

For validation, 467 GPS points and probe measurements were collected in addition to
those collected along the transects. These validation points were later categorized as binary
permafrost/not permafrost for use in validating the following mapping techniques. Figure 5
shows locations of transects, the AOI used for spectral mapping, the LiIDAR swath, and

validation points.
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Figure 5. Locations of transects and field validation sampling points in relation to the Tutakoke
River, the 2009 LiDAR swath (dashed line), and the spectral mapping AOI (transparent red). The
thaw probe transects are shown in red, the field validation points used for the spectral analysis

are shown in black, and the field validation points used for the LiDAR analysis are shown in
blue.
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The transects were then analyzed by ecotype and elevation extracted from the LIDAR
DEM. Similar ecotypes were grouped together for purposes of simplification and to ensure a
minimum sample size of at least 10 observations per ecotype. The average elevation and the
percent permafrost were then calculated for each of the seven ecotypes. Locations probed that
encountered frost were also analyzed in the context of ecotype, where pairwise differences
between ecotypes were tested for significance with an Analysis of Variance (ANOVA) and a
subsequent Dunnett-modified Tukey-Kramer (DTK) test (Dunnett 1980). Elevations above Mean

Sea Level (msl) were similarly analyzed by ecotype.

2.3 LiDAR Mapping

Because of the high correlation between permafrost and elevation on the otherwise flat
delta, high resolution Digital Elevation Models (DEMs) derived from LiDAR are well suited for
mapping permafrost presence or absence in this area. A LIDAR mission flown between
6/27/2009 and 7/2/2009 by Kodiak Mapping Inc. for the U.S. Fish and Wildlife Service was the
base dataset used for this mapping (Airborne Imaging 2011). The LiDAR dataset contained few
multiple returns (reflectance from the canopy and the ground), and most of the points were only
single returns (only reflectance from the ground). For this reason, only last returns were
considered when making the DEM. After point density of the LIDAR returns were analyzed and
the terrains were built, the terrains were converted to a raster DEM with 1 m horizontal
resolution and 0.05 m vertical resolution (Airborne Imaging 2011).

The 2009 LiDAR DEM was subsequently adjusted to elevation above msl with a three
step process that 1) determined the mean sea level for the area based on an in situ tide gauge, 2)
compared the water level with ground control networks from 1997 and 2010, and 3) calculated
the offset for the 2009 LiDAR DEM. Msl was calculated from an Onset Hobo Data Logger tide
gauge deployed from 7/28/2009 to 11/30/2010. The tide gauge was found to be consistent with
most of the ground control available, but was ultimately tied to the 1997 control network for
consistency with 15 years of previous analyses and publications (Jorgenson 2000, Jorgenson and
Ely 2001). The tide-corrected LiDAR elevations were 0.98 m lower than the NGVD88 vertical
datum based on the GEOID96 model in which the LiDAR data were originally processed.
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Using the corrected LiDAR dataset, elevations of the edges of the permafrost plateaus
were then extracted from the points sampled in the field. This was performed through manual
identification of the transitions from permafrost plateau to coastal meadow in a GIS. To map the
extent of permafrost in the LIDAR swath, two thresholds were selected based upon the
descriptive statistics of the extracted elevation. The first was the relatively conservative
threshold of the mean elevation of the permafrost boundaries. The second was the mean
elevation of the boundaries plus one standard deviation. These thresholds were then used to
create a binary mask of areas with permafrost (elevations above the threshold) and areas without
permafrost (elevations below the threshold). With these thresholds, two maps were created from
the DEM and validated using the 467 validation points collected in the field (Figure 15).

The relationship between elevation and permafrost occurrence was also analyzed using
logistic regression by looking at whether or not permafrost was encountered at each field probe
site (not just those on the boundaries of the plateaus). Elevations were extracted from the LiIDAR
DEM at each probe site and modeled against presence or absence of permafrost at that site. The
resulting model was used to predict the probability of permafrost occurrence within 0.1 m
elevation bins that spanned all observed elevations. The LiDAR was then grouped into these
bins, color-coded by the predicted probabilities, and subsequently mapped. This resulted in a
“probability map” that serves to quantify the uncertainty of whether or not permafrost is present

in each area.

2.4 Spectral Mapping

The spectral mapping was performed on five high resolution aerial and satellite datasets
(Table 1). Each dataset was orthorectified, and radiometrically corrected within the GIS, if
possible. The scenes were then co-registered to the 1988 scene, which had the highest resolution
and best orthorectification; all scenes had a Root Mean Square Error (RMSE) of <I m + 0.1 m.
Finally, each scene was resampled to a 0.5 m grid for consistency using a cubic convolution
resampling technique, and clipped to the spectral mapping AOI (Figure 6). The following
mapping algorithms were first developed using the 2007 IKONOS scene, and then applied to
other datasets for comparison throughout time. Two workflows are presented here for

comparison of accuracy and the assessment of automation techniques.
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Table 1. Imagery used for spectral mapping of permafrost. Date, source, nominal spatial
resolution (m), and spectral resolution shown.

Date Source Spatial Resolution (m) Spectral Resolution
29-Jun-1988 US Fish and Wildlife survey 0.35 NIR, R, G,
17-Jul-2003 QuickBird 02 25 R, G B, NIR

27-Aug-2007 IKONOS 1 R, G, B, NIR
11-Jul-2013 World View 02 0.5 6 visible bands, 2 NIR
20-Jun-2014 World View 02 0.5 6 visible bands, 2 NIR
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