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1.0 ABSTRACT

Climate warming in the arctic is leading to loss of permafrost and wide-scale ecosystem
alteration(ACIA 2004). Permafrost thaw often results in thermokarst, involving intensive and
catastrophic loss of soil structure and subsidence(Jorgenson et al. 2008). Regional-scale
distribution of thermokarst features is poorly documented throughout the arctic, and correlations
with landscape variables are poorly understood(Osterkamp 2007). The Feniak Lake area, within
the Noatak Basin in northwestern Alaska’s Brooks Range mountains, harbors a transitional
landscape from arctic and alpine tundra to boreal shrubland (Young 1974). Field investigations
augmented by photogrammetric measurements in 2006 reveal patterns in the distribution of
classifiable thermokarst failure types, and provide data on the physical and chemical impacts
these features have on aquatic systems. Distinct thermokarst types show significant relationships
with local landscape variables such as slope and vegetation, and with regional variables
including lithology, surficial geology, glacial history and landcover. Frequency of thermokarst
features has increased markedly within this study area in the past 25 years. Analysis of current
and historical aerial photography shows a two fold increase in number of thermokarst features,
and in total surface area of affected landscape. The majority of these previously unreported
features occur in headwaters of Noatak River tributaries, where they can have marked impacts on
small headwater streams which have less buffering capacity for disturbance. These results
demonstrate that thermokarst, especially in headwater regions, has been vastly under-reported in
the Noatak Basin. These findings also suggest that similar phenomena may be under-reported in
other permafrost regions as well, due in part to the logistical difficulty of conducting quantitative
surveys in remote areas with rugged topography. Significant associations among thermokarst
types and landscape parameters suggest that a predictive model to identify thermokarst-
susceptible terrain should be viable in the future.

2.0 INTRODUCTION

Average annual Arctic temperatures have risen ~1°C in the past 50 years(ACIA 2004). Results
from general circulation models (GCMs) further suggest that average annual temperatures in the
Arctic will continue to increase, perhaps as much as 3-5°C in coming decades (U.S. Arctic
Research Commission Permafrost Task Force 2003, IPCC 2007). Regional warming and climate
change are linked with permafrost degradation (Hinzman et al. 2005), including thermokarst
formation (Jorgenson and Osterkamp 2005). While increased thaw has already been observed in
Alaska through borehole monitoring programs (Osterkamp 2003), melt-derived pond drainage
(Yoshikawa and Hinzman 2003), and serendipitous discovery of large thermokarst features in
remote landscapes, quantified, regional-scale spatial data for frequency, distribution and
correlation with landscape parameters are virtually absent (Gooseff et al. 2009).

Thermokarst (soil structural failure and mass wasting following permafrost thaw) releases stored
carbon and nutrients as well as sediment load into aquatic systems (Bowden et al. 2008). Up to
40% of global carbon storage is in arctic and sub-arctic frozen soils (Billings 1987, Shaver et al.
2000) These nutrients, carbon efflux and sediment load alter aquatic ecology, feed into regional
and global climate change processes, and permanently alter the character of the terrestrial
ecosystem on which they form (Peterson et al. 1993, Mack et al. 2004, Schuur et al. 2007).



There are many distinct, classifiable modes of thermokarst formation, driven by regional and
site-specific variables (Jorgenson and Osterkamp 2005). Some types have been prominently
reported (Hinzman et al. 2005, Walter et al. 2006), but these represent a minority of the total
number of features on the landscape. Well-reported thermokarst tends toward very large,
singular features (retrogressive thaw slumps, glacial thermokarst)(Jorgenson and Osterkamp
2005) associated with lake margin collapse; features identified with comparative ease using
coarse-scale satellite imagery and airphotos (Lewkowicz 1999). In the Feniak Lake study area,
these large features are outnumbered roughly 4 to 1 by smaller features, including thermokarst
gullies and active layer detachment slides (ALDSs). Volumetrically, preliminary analysis
suggests that these smaller features average 12,500 m? in area and displace 37,500 m* each,
whereas the larger features average 22,000 m? in area and displace 200,000 m® of soil each.
These results suggest that the smaller, overlooked features comprise a comparable displaced soil
volume and twice the disturbed surface area of the larger, better known features. Yet, these
smaller thermokarst features are virtually unreported and unaccounted-for in landscape
ecological studies, regional-scale models and GCMs.

2.1 Feniak Lake Study Area

Thermokarst distribution was surveyed for a 3600 km? area (60 km x 60 km) centered on Feniak
Lake in the Noatak National Preserve, Brooks Range, Alaska (68° 15°N, 158° 20°W). The study
area includes the eastern DeLong Mountains of the Brooks Range, moving south through
periglacial landforms in the Aniuk Lowlands, to the mainstem Noatak River at the valley bottom
(Young 1974). Upland substrates include non-carbonate, carbonate and ultramafic lithologies
(Jorgenson et al. 2001), and are typically overlain by colluvial deposits, soliflucted hillslopes,
glacial till and outwash primarily of early Itkillik Age (roughly 50,000 years BP) (Hamilton in
press). Upland land cover is predominantly arctic and alpine tundra, including dry scrub
(11D1,2,3), open low scrub (tussock and shrub tussock tundra)(11C2), and open and closed tall
scrub (primarily lakeshore and riparian willow and alder)(11B1,2)(land cover names and codes
from (Viereck et al. 1992)). Watertracks with wet sedge meadow (111A3a) are common on
hillslopes in headwater areas, and are comprised of both diffuse-flow and channelized-flow
varieties. Unvegetated bedrock exposures commonly span upland ridges and peaks (Hamilton
2009). Valley bottoms have non-carbonate and carbonate substrates (Jorgenson et al. 2001) as
glaciolacustrine, alluvial, outwash and periglacial deposits primarily of late Itkillik age (roughly
20,000 years BP)(Hamilton 2009, in press). Valley bottom land cover is similar to that of the
uplands, but with minimal exposed bedrock and a higher proportion of scrub and tussock tundra
classes. Tussock formation is common and pronounced in the Aniuk lowlands.

3.0 METHODS

Our survey canvassed the landscape by helicopter, flying 300 — 600 m above ground level.
Thermokarst features were noted by type with GPS locations and oblique photographs, and
ground visits were made to a subset of representative thermokarst features. Physical parameters
measured for each feature included length, width, depth at headwall, aspect and ambient slope.
Length, depth and width were measured with an electronic, laser rangefinder/inclinometer.
Aspect and slope were obtained with a Brunton compass / inclinometer. It should be noted that



the available DEM data (USGS 60 m NED) were too coarse to provide reliable slope and aspect
data at the scale of the features in this study, and all values used were therefore field-measured.
Vegetation and landcover within and adjacent to each feature were assessed with a species list
within a 10m radius from arbitrarily selected points, with landcover designations following Level
IV of the Alaska Vegetation Classification (Viereck et al. 1992). For the purposes of spatial
analyses, landcover was condensed into simpler classes roughly corresponding to Alaska
Vegetation Classification Level IlI categories.

To complement the initial field survey, a series of airphoto lines were defined on the basis of the
field results (Figure 1). Low altitude, vertical aerial photography was flown by TerraTerpret Inc.
on September 1, 2006 at elevations of 2286 m and 3048 m above target, producing photos with
40 cm and 100 cm pixel resolution respectively. These natural color, digital photographs were
collected with a Nikon D2X 35mm format camera, with 20% endlap between adjacent frames.
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Figure 1. Map of Feniak Lake study area thermokarsts and airphoto acquisitions.



Historic photographic data for the area were obtained from the Alaska High-Altitude
Photography program (AHAP) archives at the Geophysical Institute at the University of Alaska
Fairbanks. These 9” format, color-infrared airphoto lines have roughly 40% endlap, were taken
between 1978 and 1986, and constitute one iteration of full coverage of the study area for that
timeframe. The original film sheets were scanned at 1800 dpi, corresponding to roughly 1 m
ground resolution (original photography was flown at roughly 1:63,360 scale).

Paucity of existing framework spatial data for the Noatak National Preserve and lack of high-
accuracy ground control necessitated an innovative means of georectification of airphoto data.
For each airphoto line, individual frames were stitched into a single airphoto panorama using the
‘PTGui’ panorama stitching tool (http://www.ptgui.com/). PTGui uses a hybrid of manual and
automated control point selection techniques among frames, and was found to be the only
product of many tested that delivered reliable results in a time-effective manner, and was the
only utility with full documentation of its processing steps and algorithms. Resulting
cylindrically-projected airphoto panoramas were georectified manually using ERDAS Imagine
9.0. Primary ground control for control point selection consisted of Landsat ETM+ data,
geocoded and provided as public domain through the Global Land Cover Facility at the
University of Maryland. Data from the USGS National Hydrographic Dataset and National
Elevation Dataset were also consulted to strengthen control point selection decisions. AHAP
lines were rectified first because they are intermediate in scale between Landsat and TerraTerpret
data, have broader coverage and therefore more control point opportunities, and have less
orographic distortion as they were flown at a higher altitude. Each airphoto line was saturated
with 150 — 350 control points, and rectified with non-linear rubber sheeting. Spatial accuracy of
this technique was evaluated using a set of GPS derived ground control points from field data,
and from visual interpretation against the Landsat imagery. This method yielded average results
estimated at better than 7 m, and which were locally within 3 m in most areas. TerraTerpret
airphoto lines were coregistered to AHAP lines using the same numbers of control points and
rubber sheeting techniques. An accuracy assessment using a separate set of 100 control points
estimated 4m accuracy on average among coregistered AHAP and TerraTerpret airphoto lines.

Thermokarst features were mapped from georectified aerial photography solely by manual
interpretation and examination. Several automated classification and thresholding techniques
that were tested to identify thermokarst features, but spectral and radiometric variability of both
the landscape and of individual thermokarst features in the photography resulted in widespread
errors. Automated techniques were ultimately abandoned, and manual mapping was done on a 1
km x 1 km grid cell basis throughout the entire extent of the airphoto coverage. Each feature
location was recorded along with thermokarst failure mode and year identified (2006 for
TerraTerpret photos, years from 1978-1986 for AHAP photos).

All thermokarst features (from both field reconnaissance and airphoto analysis) were combined
into a single ArcGIS GeoDatabase, and linked with ancillary field data for features where ground
visits were made. The resulting database was used in all subsequent spatial overlay analyses
characterizing thermokarst distribution in the Feniak Lake area, and correlation with landscape
parameters.



4.0 RESULTS
4.1 Frequency

Comparison of airphoto results between AHAP and TerraTerpret photography shows a nearly
two-fold increased frequency (263 : 127) of thermokarst features within the airphoto analysis
window (a subregion within the Feniak Lake study area) in the roughly 25 years from the 1980s
to 2006. The tally of active features in the overall Feniak Lake study area was 503 thermokarst
features as of 2006. By thermokarst mode, the predominant features were active layer
detachment slides (389), followed by retrogressive thaw slumps (79), thermokarst gullies (28),
and glacial thermokarsts (7).

Airphoto analysis also suggests a more distant history of thermokarst development, though the
evidence is only circumstantial. Many landscape features were discernible which were similar in
size, shape and landscape location to current, active thermokarst features, but which were instead
vegetated with a different land cover type than the surrounding landscape. Figure 2 shows an
example of active thermokarst features becoming revegetated between AHAP and TerraTerpret
airphoto acquisitions. We believe that many landscape features of similar description are
revegetated thermokarst failures from earlier episodes of permafrost thaw. It is not known how
many revegetated thermokarst features exist in this area, or what proportion they may be to the
overall tally of thermokarst features. Timing is likewise entirely speculative; ‘old’ thermokarsts
could represent past change at the decadal scale, or over centuries. It is also unknown whether
such features tend to initiate episodically, due to seasonal climate or acute weather events, or
whether they develop in a slow and steady progression, gradually increasing in number through
time.




Figure 2. Thermokarst revegetation. A. Color-infrared airphoto, July 1985. B. Natural color
airphoto, September 2006. Note the general re-vegetation and the expansion of shrub cover.

4.2 Distribution

Thermokarst features, when considered by mode, showed strong correlations with several
physical and ecological landscape parameters. Ambient slope showed an especially strong
association, and local landcover was 100% consistent within modes for the 35 thermokarst
features which were surveyed on the ground in 2006 (Table 1).

Table 1. Landscape Associations for the 35 thermokarst features which were ground-surveyed
in 2006.

Mode Slope® mean (std) Landcover
Active Layer Detachment Slides 4.69 (1.58) Wet Sedge Meadow® (class I11A3b*)
Retrogressive Thaw Slumps 9.45 (3.44) Low Shrub/Shrub-tussock tundra (class I11A3b*)
Thermokarst Gullies 5.10 (3.29) Wet Sedge Meadow? (class I11A3b*)

1 = Wet Sedge Meadow with diffuse surface flow
2 = Wet Sedge Meadow with channelized flow in watertracks
* Land cover classes from The Alaska Vegetation Classification, (Viereck et al. 1992)

Thermokarst features occurred exclusively on a suite of non-carbonate lithologies (lithology as
mapped by (Jorgenson et al. 2001)) within the study area (Table 2, Figure 4), . A possible reason
for this is the differences in soil development typical of carbonate, and especially of ultramafic
lithologies. Chi-square testing indicates that thermokarst features are generally not distributed
evenly among lithologies (Table 3). The possible exception is the retrogressive thaw slump,
which generally occurs on lake and river margins and is tied to landform more than lithology. It
is interesting to note that the results suggest glacial thermokarsts are even distributed among
lithologies, when they are by definition obligate to a particular landscape surface (containing
relic massive ice). The relatively small sample size (n=8) for glacial thermokarsts may account
for this result.

Landcover characteristics are also consistent by thermokarst mode. Retrogressive Thaw Slumps
were found only on low shrub and shrub tussock landscapes. It is not known whether this
landcover is directly associated with thermokarst-prone conditions, or whether it is merely
coincident with thaw slumps as the predominant landcover of river banks and lake margins,
where thaw slumps occur. Active Layer Detachment Slides were only observed within the
discrete boundaries of diffuse-flow watertracks containing wet sedge meadow.



Table 2. Thermokarst distribution by Lithology. (note that “Sedimentary Noncarbonate” is the
primary constituent of “Sedimentary Complex”, and the two categories are nearly identical for
the purposes of this analysis)

Thermokarst Mode

Active Layer Glacial Thermokarst Gullies  Retrogressive
Lithology Slides Thermokarsts Thaw Slumps  Total
Carbonate - - - - -
Sedimentary Complex 276 - 14 14 304
Sedimentary Noncarbonate 98 - 1 - 99
Glaciolacustrine Noncarbonate - 8 - 41 49
Mafic, Complex 8 - 3 2 13
Glacial, Quaternary 2 - - 6
Active River Corridor - - - 5 5
Total 384 8 18 66 476

Table 3. Chi-square test of thermokarst distribution by lithology.

Thermokarst Mode p-value Chi Square
All Modes Combined 4.34969E-88 417.7852
Active Layer Slides 5.72771E-76 534.8152
Retrogressive Thaw Slumps 0.0574 *21.18506
Thermokarst Gullies 9.57082E-05 35.49318
Glacial Thermokarsts 0.1737 #12.58812

* significant at 0.05
# sample size = 8
o =0.05



Figure 4. Thermokarst Distribution by Lithology. Lithology from (Jorgenson et al.
2001).
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5.0 DISCUSSION

While evidence clearly shows that thermokarst frequency has dramatically increased in specific
areas around Feniak Lake since 1980, the overall rate of thermokarst development for the region
is uncertain. It is possible that thermokarst activity has simply increased dramatically in recent
decades, or that thermokarst frequency has remained roughly constant, but that feature
development has shifted among specific local areas.

Carbonate soils often retain a smaller proportion of silt-sized particles due to the tendency of
carbonates to dissolve and leach away. This changes the drainage characteristics of soils, and
consequently the permafrost characteristics. It is possible that these soils have less tendency to
develop the ice-rich transition zone at the top of the permafrost table which is usually the zone of
thaw and primary failure, especially for Active Layer Detachment Slides. Ultramafic lithologies,
having comparatively little or even no soil development, do not typically harbor ice-rich soils
which result in thermokarst upon thawing.



Recent work in arctic Canada has shown that ALDS features are commonly triggered by an
extended period of hot, sunny weather which transmits excess heat deeper through the active
layer mobilizing ice-rich transition-zone soils (Lamoureux and Lafreniere 2009). In the Feniak
Lake area, it may be that wetter conditions in watertracks promote a more ice-rich transition zone
closer to the surface, making watertracks more susceptible to failure from increased thaw depth.
Thermokarst Gullies also occur exclusively in watertracks, though in watertracks with
channelized flow. Thermokarst gullies are associated with melting at the interface of segregation
ice (an ice lens or wedge) and adjacent frozen soils. Channelized water from the surface dips
beneath the vegetation and rapidly perpetuates the melting, forming a tunnel where ice and ice-
rich silts have melted and mobilized downstream. Channelized surface flow, typical of
watertracks, is a prerequisite for thermokarst gully formation, and therefore a partial predictor of
thermokarst-vulnerable conditions(Jorgenson and Osterkamp 2005).

Glacial Thermokarsts are associated with relic glacial ice in lowlands(Hamilton in press). All
those found in the Feniak Lake region were on late Itkillik Age (roughly 25,000 year old)
surfaces consisting of glacial till with interspersed masses of buried, relic glacial ice. These
features tend to be the largest of all modes found in this area, and seem to occur in dramatic,
episodic events of one to several years which, through time, contribute to the initiation and
expansion of thaw lakes. The largest observed in 2006 displaced an estimated 225,000m® of
relic ice and ice-rich till into the adjacent lake.

6.0 CONCLUSIONS

Thermokarst formation has increased markedly in the Feniak Lake area in the past 25 years.
Impacts range from local to global, and are relevant both to global change questions and to local
ecological conditions. Continued climate change, especially more frequent periods of hot, sunny
summer weather, are likely to further increase the incidence of thermokarst formation in the
Noatak Basin and elsewhere. The close associations observed among thermokarst modes and
landscape characteristics suggest a useful predictive model and thermokarst risk map for future
monitoring, and to estimate the possible future extent and impact of thermokarst formation in a
continued climate change scenario.

7.0 ACKNOWLEDGEMENTS

We thank Kumi Rattenbury, Tara Whitesell, Scott Miller, Suzie Mauro, Greta Burkart, and Jim
Lawler of the National Park Service for field and administrative help, as well as Diane Sanzone
who originally supported this project. We thank George Helfrich, Superintendent of the Western
Arctic Parks including the Noatak National Preserve, for his support and encouragement. We
thank our helicopter pilot Stan Herman and the staff of Bettles Air for their expert logistics
support. This project was funded by the National Park Service Arctic Network (ARCN)
Inventory and Monitoring Program. The conclusions and opinions expressed in this report are
those of the authors and are not necessarily shared or endorsed by the National Park Service.



7.0 REFERENCES

ACIA. 2004. Impacts of a Warming Arctic: Arctic Climate Impact Assessment. Cambridge
University Press.

Billings, W. D. 1987. Carbon balance of Alaskan tundra and Taiga ecosystems: past, present. and
future. Quaternary Science Review 6:165-177.

Bowden, W. B., M. N. Gooseff, A. Balser, A. Green, B. J. Peterson, and J. Bradford. 2008.
Sediment and nutrient delivery from thermokarst features in the foothills of the North
Slope, Alaska: Potential impacts on headwater stream ecosystems. Journal of
Geophysical Research 113. G02026. doi:10.1029/2007JG000470.

Gooseff, M., A. Balser, W. Bowden, and J. Jones. 2009. Effects of hillslope thermokarst in
northern Alaska. , 90: 29-31. Eos, Transactions of the American Geophysical Union
90:29-31.

Hamilton, T. D. 2009. Guide to surficial geology and river-bluff exposures, Noatak National
Preserve, northwestern Alaska: U.S. Geological Survey Scientific Investigations Report
2008-5125.

Hamilton, T. D. in press. Surficial Geologic Map of the Noatak National Preserve, Alaska. Final
Report and Map for the U.S. National Park Service.

Hinzman, L., N. Bettez, W. Bolton, F. Chapin, M. Dyurgerov, C. Fastie, B. Griffith, R. Hollister,
A. Hope, H. Huntington, A. Jensen, G. Jia, T. Jorgenson, D. Kane, D. Klein, G. Kofinas,
A. Lynch, A. Lloyd, A. McGuire, F. Nelson, W. Oechel, T. Osterkamp, C. Racine, V.
Romanovsky, R. Stone, D. Stow, M. Sturm, C. Tweedie, G. Vourlitis, M. Walker, D.
Walker, P. Webber, J. Welker, K. Winker, and K. Yoshikawa. 2005. Evidence and
Implications of Recent Climate Change in Northern Alaska and Other Arctic Regions.
Climatic Change 72:251-298.

IPCC. 2007. Climate Change 2007: Synthesis Report. Contribution of Working Groups I, 1l and
111 to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
IPCC, Geneva, Switzerland.

Jorgenson, M. T. and T. E. Osterkamp. 2005. Response of boreal ecosystems to varying modes
of permafrost degradation. Canadian Journal of Forest Research 35:2100-2111.

Jorgenson, M. T., Y. L. Shur, and T. E. Osterkamp. 2008. Thermokarst in Alaska.in Ninth
International Conference on Permafrost. National Academy Press, Washington, DC,
Fairbanks, AK.

Jorgenson, M. T., D. K. Swanson, and M. Macander. 2001. Ecological subsections of Noatak
National Preserve. FInal Report to the U.S. National Park Service, Fairbanks, AK. 73.
ABR Inc.

Lamoureux, S. F. and M. J. Lafreniere. 2009. Fluvial Impact of Extensive Active Layer
Detachments, Cape Bounty, Melville Island, Canada. Arctic, Antarctic, and Alpine
Research 41:59-68.

Lewkowicz, A. G. a. C. R. D. 1999. Detection of permafrost features using SPOT panchromatic
imagery, Fosheim Peninsula, Ellesmere Island, N.W.T. Canadian journal of remote
sensing. 25:34-44.

Mack, M., E. Schuur, M. Bret-Harte, G. Shaver, and F. Chapin. 2004. Ecosystem carbon storage
in arctic tundra reduced by long-term nutrient fertilization. Nature 431:440-443.

Osterkamp, T. E. 2003. A thermal history of permafrost in Alaska. Pages pp. 863—-868 in Eighth
International Conference on Permafrost. Balkema Publishers, Zurich, Switzerland.



Osterkamp, T. E. 2007. Characteristics of the recent warming of permafrost in Alaska. Journal of
Geophysical Research 112:1 - 10.

Peterson, B. J., L. Deegan, J. Helfrich, J. E. Hobbie, M. Hullar, B. Moller, T. E. Ford, A.
Hershey, A. Hiltner, G. Kipphut, M. A. Lock, D. M. Feibig, V. McKinley, M. C. Miller,
J. R. Vestal, R. Venutllo, and G. Volk. 1993. Biological response of a tundra river to
fertilization. Ecology 74(3):653-672.

Schuur, E. A. G., K. G. Crummer, J. G. Vogel, and M. C. Mack. 2007. Plant Species
Composition and Productivity following Permafrost Thaw and Thermokarst in Alaskan
Tundra. Ecosystems 10:280 - 292.

Shaver, G. R., J. Canadell, F. S. Chapin, J. Gurevitch, J. Harte, G. Henry, P. Ineson, S. Jonasson,
J. Melillo, and L. Pitelka. 2000. Global Warming and Terrestrial Ecosystems: A
Conceptual Framework for Analysis. Bioscience 50:871-882.

U.S. Arctic Research Commission Permafrost Task Force. 2003. Climate Change, Permafrost,
and Impacts on Civil Infrastructure. Special Report 01-03. U.S. Arctic Research
Commission, Arlington, VA.

Viereck, L. A., C. T. Dyrness, A. R. Batten, and K. J. Wenzlick. 1992. The Alaska Vegetation
Classification. Page 278 in U. S. D. 0. A. F. Service, editor. Gen. Tech. Rep. PNW-GTR-
286, Portland, OR.

Walter, K. M., S. A. Zimov, J. P. Chanton, D. Verbyla, and F. S. C. I11. 2006. Methane bubbling
from Siberian thaw lakes as a positive feedback to climate warming. Nature 443:71-75.

Yoshikawa, K. and L. D. Hinzman. 2003. Shrinking thermokarst ponds and groundwater
dynamics in discontinuous permafrost near council, Alaska. Permafrost and Periglacial
Processes 14:151-160.

Young, S. B. 1974. The environment of the Noatak River basin, Alaska., Contributions of the
Center for Northern Studies, Wolcott, VT.



