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Abstract. Permafrost coasts in the Arctic are susceptiblebetween study sites and over time, but also within single
to a variety of changing environmental factors all of which coastal transects along the cliff profile. Varying intensities
currently point to increasing coastal erosion rates and massef cliff bottom and top erosion are leading to diverse quali-
fluxes of sediment and carbon to the shallow arctic shelfties of coastal erosion that have different impacts on coastal
seas. Rapid erosion along high yedoma coasts composed afass fluxes. The different extents of Ice Complex permafrost
Ice Complex permafrost deposits creates impressive coastalegradation within our study sites turned out to influence
ice cliffs and inspired research for designing and implement-not only the degree of coupling between TD and TA, and
ing change detection studies for a long time, but continuoughe magnitude of effectively eroded volumes, but also the
quantitative monitoring and a qualitative inventory of coastal quantity of organic carbon released to the shallow Laptev
thermo-erosion for large coastline segments is still lacking.Sea from coastal erosion, which ranged on a long-term from
Our goal is to use observations of thermo-erosion along theé38+ 21 to 800+ 61 t per km coastline per year and will cor-
mainland coast of the Laptev Sea, in eastern Siberia, to unrespond to considerably higher amounts, if recently observed
derstand how it depends on coastal geomorphology and theore rapid coastal erosion rates prove to be persistent.
relative contributions of water level and atmospheric drivers.
We compared multi-temporal sets of orthorectified satellite
imagery from 1965 to 2011 for three segments of coastline .
ranging in length from 73 to 95km and analyzed thermo-l Introduction
denudation (TD) along the cliff top and thermo-abrasion
(TA) along the cliff bottom for two nested time periods: long-
term rates (the past 39-43yr) and short-term rates (the pa

1-4yr). The Normalized Difference Thermo-erosion Index et al, 2003 Grigoriev and Rachold2003 Charkin et al,

(NDTI) was used as a proxy to qualitatively describe the reI-201l_ Vasiliev et al, 2011, but also in the public awareness

ative proportions of TD and TA. Mean annual erosion rates at|n terms of rapid responses of coastal erosion due to climate
all three sites were higher in recent year§@3+ 1.3mal) b P

warming, leadin lan in ility and incr haz-
than over the long-term mean-2.2+ 0.1 ma?l). The Ma- a g, leading to landscape instability and inc eased_ a
montov Klyk coast exhibits primarily spatial variations of ard exposureRorbes 2011). Because of recently decreasing
thermo ergsion while intrasitpe s eci)f/ic \F;ariations caused by, o2 '€ extent@omiso et al. 2008 Maslanik et al. 2011,
) ' P yIarger fetch Asplin et al, 2012, wave action and storm ac-
local relief were strongest at the Buor Khaya coast, where,; . o .
1 ivity (Jones et al.20093, a doubling in the duration of
the slowest long-term rates of aroun®.5+ 0.1 ma - were o
. .the open water seaso®yereem et al.2011), and rising
observed. The Oyogos Yar coast showed continuously rapid . .
: 1 . air, permafrost, and sea water temperatures during the last
erosion up to-6.5+0.2ma . In general, variable charac-

e . decadesRomanovsky et al.201Q Dmitrenko et al. 2011,
teristics of coastal thermo-erosion were observed not OnlyAM AP, 2011), erosion of arctic permafrost coasts and land

Coastal erosion as a physical process along the marginal
gtrctic shelf seas attracts increased attention not only in
periglacial research and marine geosciences (®rgwn
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] cluding the ice complex (in Russian “ledovyi kompleks”;
T -~ > also called yedoma) and thermokarst (also called alas) de-
posits (e.gSchirrmeister et al20118. Geomorphologically,
yedoma constitutes hilly uplands and alas low lying basins,
establishing local differences in elevation, e.g. up to 27m in
the Lena Deltallrich et al, 2010. Both types of deposits
also contain high amounts of ground ice and soil organic car-
bon Schirrmeister et al2011a Strauss et 812012, making
them generally very vulnerable to carbon mobilization from
disturbances (e.gsrosse et a).2011), especially in coastal
settings Grigoriev et al, 2004 Semiletov et al.2017).
Thermo-erosion creates coastal cliffs with geomorpholog-
ical features unique to ice-rich coastlines. Two mass trans-
port processes that combine thermal and mechanical forces to
erode the coastline are thermo-denudation (TD) and thermo-
abrasion (TA) (sedre, 1978 1988ab; Dupeyrat et a].2011,
and Fig.2). TA is defined as the combined mechanical and
Fig. 1. Location of the study sites within the Laptev Sea region. thermal effects of impinging wave energy at the shoreline.
Analyzed coastline sections are marked as red lines and comprisgD is defined as the combined influence of solar insola-
from west to east: Mamontov Klyk, Buor Khaya and Oyogos Yar. tjon and heat advection, influencing the energy balance at
the ground surface above the water level, and can be con-
ceived as periglacial coastal landslides. As an agent of TD,
loss are expected to increase. Increased material fluxes in thaelt water from ground ice causes water saturation on coastal
nearshore zone, including sediment, organic matter, and nuslopes, enabling gelifluction of blocks and mud stream devel-
trients, affect marine ecosystems and primary production inopment. In addition to erosion products resulting from TA,
arctic coastal habitat®\assmann2011). The Arctic Ocean TD on coastal cliffs delivers eroded clastic material to the
is the most land-dominated ocean basin, because of its largdiff's bottom edge and to the shore platform. Often, addi-
continental catchment®éterson et §l2002, where terrige-  tional processes such as thermo-niche development and me-
neous dissolved organic carbon is mobilized from high lat-chanical failure of ice-wedge polygonal blocks along eroding
itude carbon-rich soils and peatland®efner et al.2004). coasts enhance mass transport rates. We adopt the definition
Permafrost affected arctic coasts make up approximatelyf thermo-erosion of the permafrost coast?aé (19883 as
34% of the world’s coastlined_antuit et al, 20119, and  the combined effects of TD and TA.
feature a unigue suite of coastal processes with strong sea- Ice Complex coasts have been studied by other re-
sonality, cold temperatures, permafrost, and sea ice, foundearchers. For instandéaplina (1959 describes the accel-
nowhere else except Antarctidaqrbes2011). Inthe Laptev  eration of coastal erosion in connection with the occurence
Sea region, 25 % of the 7500 km long coastline is composeaf large ice wedge bodies, leading to a reduction of mate-
of very ice-rich permafrost deposit&(igoriev et al, 2006, rial accruing during undercutting of coastal cliffs through
which are highly susceptible to erosion. thermo-nichesKlyuev (1970 carries out repeated surveys
In many regions, the coastal zone of the shallow Eastto quantify thermo-abrasion of the sea bottofme et al.
Siberian Arctic Shelf has a dominantly heterotrophic charac{2005 developed a method for calculating coastal erosion
ter (Pipko et al, 2011), where organic and inorganic carbon rate based on the dimensions of thermo-terraces widespread
from coastal erosion and river runoff result in sea acidifica-across the Laptev Sea coa®werduin et al(2007) present
tion and out-gassing of COto the atmosphereRazumov  a conceptual model of permafrost preservation under sub-
and Grigoriey 2011). In addition,Are (1999 andRachold  marine conditions in dependence on coastal erosion rates.
et al. (20003 find that sediment release to the ocean from Grigoriev (2008 does monitoring and analytical work on
the coasts in the Laptev Sea region is at least of the same ocoastal permafrost dynamics and mass fluxes on the East
der of magnitude as the amount of riverine input, underliningSiberian Arctic ShelfRazumov(2010 systemizes endoge-
the importance of coastal erosion processes and the need faous and exogenous factors for modelling approaches of
better quantification. permafrost coastal erosion. Recent contributions are con-
Along permafrost-dominated coasts, heat transfer and mellucted byPizhankova and Dobryning2010 and Lantuit
of ground ice is added to the mechanical erosion forces okt al.(20113, who carry out remote sensing time series anal-
waves and ice. This process of thermo-erosion dominates thgses of coastal erosion dynamics for the entire Lyakhov Is-
majority of the Laptev Sea coast (Fit). and leads to rapid lands and the Bykovsky Peninsula.
erosion rates and the subsequent inundation of continental
polygenetic permafrost deposit&/interfeld et al, 2011), in-
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Fig. 2. Upper graphic: delineation of thermo-denudation (TD) and thermo-abrasion (TA) based on the example of a 25m high yedoma

coast composed of Ice Complex deposits in the western Laptev Sea between Cape Mamontov Klyk and Nuchchi Dzhielekh River mouth
(photograph taken from helicopter, courtesy of H.-W. Hubberten); Lower graphic: the same section displayed with multi-temporal planimetric

coastline positions in GIS (lower left: 1965 Corona KH-4A imagery as background; lower right: 2011 GeoEye imagery displayed as false

colour infrared composite).

The Arctic Coastal Dynamics ProjecRé&chold et al. The objective of this paper is to use observations of
2003 Lantuit et al, 2011 report a weighted mean an- thermo-erosion along the Laptev Sea coastline to understand
nual coastal erosion rate for the Laptev Sea-d@.73m  the relative contributions of TD and TA to the erosion of
per year (mal). Grigoriev (2009 quantify a mean ero- ice-rich permafrost coasts over the past four decades and
sion rate of —1.9ma?l, for coastal segments contain- over the past few years, in three different settings in the
ing Ice Complex deposits. Usually, these values comelaptev Sea region. We apply the concept of Normalized-
from a variety of data sources, such as rare field sur-Difference-Thermo-erosion-Index (NDTI) @iinther et al.
veys with high temporal frequency and comparison of (2012, as a dimensionless index of the ratio of TD and
historical aerial photographs with geodetic measurement§A above the water level. Using state-of-the-art digital im-
(Grigoriev et al, 2003 2009 Grigoriev, 2008. Studies on  age processing and GIS change detection techniques, we de-
coastal erosion in the eastern sector of the Russian Arctitermine and compare mean annual coastal erosion rates for
are spatially limited and inconsistent in their methods of datalong- and short-term observation periods. Using our findings,
collection and interpretation. Therefore, satellite-based rewe discuss the impacts of these permafrost degradation pro-
mote sensing offers the only viable mean of observing, quancesses on mass fluxes of organic carbon from land to arctic
tifying and monitoring coastal erosion dynamics in the Arc- shelf sea. Understanding spatial patterns of thermo-erosion
tic over large regions. Although the morphodynamics of per-and how associated processes change over time will help
mafrost coasts have been investigated in various regions, thes gain predictive capability as conditions for erosion in the
relative intensities and contributions of TD and TA to erosion Arctic are changing.
dynamics require detailed quantitative study. Despite the ex-
istence of absolute long-term and actual coastal erosion rates,
adequate interpretation will depend on analyzing which pro-
cesses drive local thermo-erosion.
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2 Study site description East (Fig.1; 73°41' 45’N, 11553 7”E and 7333 11”N,
11842 16" E). According toSchirrmeister et a2008 the
2.1 Geographical setting stratigraphy of the permafrost sequences cropping out at the

coast covers late Pleistocene and Holocene strata and is com-
All three study sites are located in northern Yakutia (Rus-posed of less ice-rich fluvial silts and sands with peat layers,
sian Federation) along the mainland coast of the Laptev Seaovered with 20—-30 m thick ice-supersaturated silty to sandy
that extends from Taimyr in the west to Cape Svyatoi Noslce Complex deposits. Holocene thermokarst deposits have
at the transition to the East Siberian Sea (R)g.Each site  been found in alasses, thermoerosional valleys and in places
belongs to either the western, central or eastern sector odiscordantly superimposing the Ice Compl&r@sse et a).
the Laptev Sea, as outlined Bachold et al(20008. Ac- 2006. The hinterland of the coast is gently inclined towards
cording toTreshnikow(1989, the territories of the outermost the Laptev Sea in the north with a mean slope of @fd
sites, Mamontov Klyk and Oyogos Yar, belong to the Arctic incised by a dendritic network of thermo-erosional valleys
tundra and the Buor Khaya Peninsula to the northern tun{Schirrmeister et al2008. Coastline length between the end
dra zone. The subarctic climate is continental and characpoints in this study near capes Lygi and Terpyai Tumus is
terised by long harsh winters and short cold summers. Mea®5 km, 56 km of which are studied. The remaining part of
annual air temperature in Tiksi is11.5°C (Romanovsky the coastline consists of river mouths with small deltaic ac-
et al, 2010, the amplitude of seasonal variation 40  cumulation cones, alluvial marshy bays, and marine terraces
(Kholodov et al, 2012. Terrestrial permafrost is continu- and sand spits, without visible erosion (e.g. g Although
ously distributed in the regionPppovy 1989. The Laptev  the coastline is generally straightened by thermo-abrasion, it
Sea is one of the shallow Siberian shelf seas (Ejgand  features a wavy pattern with convex protrusions and concave
is underlain by subsea permafrost, which is up to 500—650 nindentations on a mesoscale of tens of kilomet&iguev
deep along the mainland coaR®dmanovskii and Tumskoy (1970 describes alongshore coastal material drift from W to
2011). Roughly from October to June, the coastal sea is covE, resulting in the large sand accumulation zone at the outer
ered by thick one-year land fast sea ice. The sea ice-free seaargin of Terpyai Tumus. The high ground-ice volume ren-
son lasts for only 14% and 20% of the year in the west-ders this coastline exceptionally well suited for rapid cliff-top
ern and in the eastern Laptev Sea, respectivielynev and  erosion rates.
Nikiforov, 2001). The Olenyok-Anabar and Yana-Indigirka
coastal lowlands (Figl) represent former late Pleistocene 2.3 Buor Khaya
accumulation plains. Subjected to permafrost degradation
processes, nowadays their geomorphology is determined byhe central study site is the western coast of the Buor
levelling through thermokarst and drainage development diKhaya Peninsula (Figl). Bordered by two grabens that
rected toward the coast. By far the largest river in the regiondissipated north of the Buor Khaya Capenéeva et al.
is the Lena River with an annual water discharge of 528 km 2007), the peninsula is part of the Yana-Omoloi interfluve
(ROSHYDROMET and ArcticRIMS$2009. and an uplifted block. According t8trauss and Schirrmeis-

The Laptev Sea region is a unigue geodynamic systemter (2011), outcrops of Ice Complex and alas deposits con-

where active mid-oceanic seafloor spreading transforms intaist of silty fine sand with peaty inclusions. The coast re-
a passive rift system on continental cruSekretoy 2001), veals a high heterogeneity of geomorphological units, such
characterised by an alternating syncline—anticline system oés tapped lake basins, alasses (9—14 m above mean sea level
neotectonic uplifted horsts and small grabdbsathev et al. (a.m.s.l.)), yedoma hills (up to 37 ma.m.s.l.) and transition
1998. A variation of the coastal morphology in the Siberian zones between the latter two. The hinterland is inclined to-
Arctic is influenced by glacial isostatic adjustment during wards the north with a mean slope of ®20%nd is char-
the Holocene \(/hitehouse et al.2007). West and Middle  acterised by thermokarst relief. Isolated yedoma remnants
Siberian rivers terminate in estuaries, while East Siberiancover only 15% of the area, which are dissipated by co-
rivers form marine deltas. According Whitehouse et al. alesced thermokarst basii3unaev and Nikiforov(2001)
(2007, the transition between these two types of drainagedescribe alongshore material drift from S to N, manifested
occur approximately at longitude 1%5. This is the western  in the 30km long Buor Khaya spit, the product of lit-
starting point of our study site transect along the Laptev Sedoral processes. The length of the coast between the outer-
mainland coast. most points of this study (720 41’ N, 1323 23’E and

71°56 49’48) km were studied.
2.2 Mamontov Klyk

2.4 QOyogos Yar
The studied coastline in the western Laptev Sea between
the estuary of the Anabar River and the Olenyok River The third study region belongs to the Yana-Indigirka low-
delta extends from Cape Lygi across Cape Mamontov Klykland and extends along the Oyogos Yar mainland coast of
to the former polar station at Cape Terpyai Tumus in thethe Dmitry Laptev Strait from Cape Svyatoi Nos in the west

Biogeosciences, 10, 4292318 2013 www.biogeosciences.net/10/4297/2013/
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to the Kondratyeva River mouth in the East (Fig. Cape 3.2 Georeferencing and orthorectification

Svyatoi Nos is an isolated cretaceous granite dome (433 m

a.m.s.l.), where the beach of the rocky coast is characteriseRegistration of multiple source imagery is one of the most
by large sized bouldersAfe et al, 2002. In the vincity = important issues when dealing with remote sensing data
of Svyatoi Nos, yedoma hills with Ice Complex remnants (Le Moigne et al. 2011). Change detection over time re-
are degraded by closely spaced thermo-erosional valleys, bepires multi-temporal data calibration through georefer-
come less frequent further east and are again found at thencing, i.e. explicit assignment of geodata with absolute
outer eastern margin of this segment. The stratigraphy aposition information of a co-ordinate system. The initial
the Oyogos Yar coast includes Eemian lacustrine depositgeoreferencing basis for GeoEye and RapidEye image data
followed by late Pleistocene Ice Complex deposits as wellis a network of GPS GCPs of well-identifiable immobile fea-
as Holocene thermokarst sequend&gtterich et al.2009. tures, such as small ponds, collected in the field. The GCPs
Most of the coast cuts through thermokarst depressions. Acwhich were incorporated into the tacheometric surveys are
cording toOpel et al.(2011), alas bottoms reach elevations known with a high absolute accuracy gfl1 m. Other sin-

of about 8-12 m a.m.s.l. and consist of poorly sorted silt withgle GCPs were collected in the field using the GPS waypoint
peat inclusions and syngenetic ice wedges. The very genaveraging function to achive good positional accuracy of 2—
tly inclined step-like landscape inlan@chirrmeister et al. 4 m. Polygon ponds studied MWetterich and Schirrmeister
20111 is drained by several thermo-erosional valleys. The(2008, served as GCPs in the Oyogos Yar region. This se-
direction of surface currents in the Dmitry Laptev Strait, the lection of GCPs was then localized in the imagery and used
gateway to the East Siberian Sea, is towards the east. Thier manual image registration. The potential georeferencing
coastline length (between 786 59’ N 141°3051”E and  accuracy improves when ground resolution of the imagery
7239 20" N 14350 36" E) is 81 km, all of which are in- increases. With the aid of additional parameter models as
cluded in this analysis. Fraser and Ravanbakh&2009 describe, georeferencing of
GeoEye imagery (Geo & GeoStereo level) showed very good
results, often with sub-meter accuracy. For areas with no
GeoEye coverage, RapidEye serves as a master data set for
further registration purposes. Having RapidEye (Level 1B)
wide area imagery that come with rational polynomial coef-

In order to provide a consistent picture of coastal erosionficiénts (RPC), we were able to filter out inaccurate GCPs

rates for our study sites, we applied a common best-practic@nd to establish for all sites a common and comparable high

strategy of data collection, fusion, examination and analysig€solution reference data set with large areal coverage and
to all three sites. Accurate monitoring of coastline change2Psolute rootmean square errors (RMgBwithin pixel size

using multi-temporal, multi-platform remotely sensed data (T@blesl, 2, and3). twas used as a basis of equal quality for
requires consideration of various distortions, including dis- 9€oreferencing all imagery for long-term observations, cov-
tortions associated with the platform, the map projection, and®ing areas where no direct ground survey data were avail-
shape of the earth’s surface. In this study we use high an@ble. All data were projected using the respective UTM zone
very high spatial resolution CORONA KH-4A and KH-4B, (50N, 53N and 54N) on a WGS-84 model. o
ALOS PRISM, KOMPSAT-2, SPOT-5, RapidEye and Geo- CORONA imagery may serve as a substitute for historic

Eye optical space-borne imagery with differing geometric aerial imagery_ in northeast Sibe_ria s_ince it provides high
characteristics (Table$, 2, and 3). For coastline digitiza- ground resolution (2—-3 m) and a historical record for observ-

tion we used images of similar high spatial resolution (0.5—ing ang-term ?hangeﬂrosse et a,l_.2003. A challenging
2.5m). All images used were acquired at different times, and@SK is the rectification of panoramic CORONA KH-4A and
at different oblique viewing and azimuth angles. KH-4B imagery for mapping purposeSohn et al(2004

Conventional 2-D polynomial rectification functions for de_scnbe several distortion overlap effects, which are maxi-
image co-registration do not correct for relief induced andMized towards the ends of each photograph. Fragments of
image acquisition system distortiorioutin (2004 points our sites lie at the margins of the_ﬂlm ;tnp; and are thgre—
out that 2-D ground control points (GCPs) correct for lo- fqre strongly affected by perspective dlstort.|ons. Following
cal distortions at the GCP location and are very sensitive td1€cZ0nka et al2013), we use Remote Sensing Gr&3G

input errors. Consequently, this approach should be avoided01) software for processing CORONA data of the years
for precise geometric multi-source/multi-format data integra- 1969, 1968, and 1969, which were obtained from the U.S.

tion. Our object of interest, the coastline, is always outside a>€°logical Survey as four image tiles at 7 um scan resolu-

cloud of GCPs on land. Therefore, the accuracy of our mealion. Stitching image tiles and subsequent subsetting of a re-

surements rely heavily on correct terrain and sensor modedion Of interest was done in AdoBePhotoshoff CS5.5, to

approximation, since most images used are off nadir. retain the subset position within the full film strip dimen-
’ sions. Using RSG with an implemented parametric sensor

model, we were able to reconstruct the image acquisition

3 Methods

3.1 Remote sensing data fusion approach

www.biogeosciences.net/10/4297/2013/ Biogeosciences, 10, 42398-2013



4302 F. Qinther et al.: Coastal thermo-erosion in the Laptev Sea

Table 1.List of remote sensing data used for determination of thermo-erosion along the coast of Mamontov Klyk and corresponding charac-
teristics.

Sensor Date Resolutiodf) RMSE @a& 6r) Orthorectification Observation
dd.mm.yyyy (m) (m) basis period

KH-4A AFT 27.07.1965 2.9 2.05 KH-4A DEM 1965  long-term

KH-4A AFT 27.07.1965 2.7 2.9 KH-4A DEM 1965 long-term

KH-4A AFT 27.07.1965 2.5 4.42 KH-4A DEM 1965 long-term

PRISM NDR 22.07.2009 25 2.9 PRISM DEM 2009 long-term

PRISMNDR  05.10.2009 25 2.65 PRISM DEM 2009 long-term

PRISM WIDE 12.10.2007 2.5 2.07 Topomap DEM long-term

PRISM WIDE 12.10.2007 25 1.68 PRISM DEM 2007  short-term

GeoEye-1 18.07.2009 0.5 0.47 GeoEye DEM 2011  short-term

GeoEye-1 01.08.2010 0.5 1.75 PRISM DEM 2007  short-term

KOMPSAT-2 13.08.2011 1.0 0.82 PRISM DEM 2007  short-term

GeoEye-1 09.08.2011 0.5 1.16 GeoEye DEM 2011  short- & long-term

GeoEye-1 09.08.2011 0.5 1.05 GeoEye DEM 2011  short- & long-term

RapidEye 29.07.2011 6.5 3.18 Topomap DEM  master

RapidEye 09.08.2011 6.5 3.93 Topomap DEM  master

* DEM based on topographic maps from ca. 1980 with an contour equidistance ofQ@ss¢ et al2006.

Table 2. List of remote sensing and field data used for determination of thermo-erosion along the west coast of the Buor Khaya Peninsula
and corresponding characteristics.

Sensor Date Resolutiodf) RMSE (3 & 6r)  Orthorectification Observation
dd.mm.yyyy (m) (m) basis period

KH-4B AFT 24.07.1969 2.0 1.38 Topomap DEM 1973  long-term
KH-4B AFT 24.07.1969 2.0 1.94 Topomap DEM 1973  long-term
SPOT-5 HRV 08.10.2011 2.5 1.08 SPOT-5 DEM 2012 long-term
SPOT-5 HRV 08.10.2011 2.5 2.27 SPOT-5 DEM 2012 long-term
GeoEye-1 13.07.2009 0.5 0.91 SPOT-5 DEM 2012 short-term
GeoEye-1 13.07.2009 0.5 1.17 SPOT-5 DEM 2012 short-term
GeoEye-1 18.07.2011 0.5 0.87 GeoEye DEM 2011 short-term
Geodetic survey  05.-17.08.2010 - 1.2-15 - short-term
RapidEye 08.08 2010 6.5 4.04 Topomap DEM 1973 master data set

geometry in order to calculate the effective ground resolu-images of the CORONA AFT (backward looking) cam-
tion (8p) in m of each CORONA subset from era were preferred, as the FWD (forward looking) cam-

h era scenes showed either lower radiometric quality or less
Sp=—"Ans, (1) favourable overlap situation.

Ck The Panchromatic Remote-Sensing Instrument for Stereo
where i is flight height [m], cx focal length [um], and Mapping (PRISM) on board the Advanced Land Observing
ns digitizing distance [um]. Ground resolution ranged from Satellite (ALOS) had a forward, backward, and nadir chan-
2.0-2.9m (Tablesl, 2, and 3). We handled neighbour- nel. They formed an along-track triplet scene with 2.5m
ing and laterally overlapping scenes as joint photogram-esolution. We corrected PRISM data (Level 1B1) from
metric image blocks for higher redundancy in the image2007 and 2009 for the Mamontov Klyk study site using
model. We ortho-rectified CORONA data using digital ele- DEMs that we generated from triplets (OBS1 data) and
vation models (DEMs) created from CORONA along-track stereo scenes of backward and nadir looking scenes (OBS2
stereoscopic images acquired at the same time (Mamondata). Prior to DEM extraction and orthorectification we re-
tov Klyk), from topographic maps with an contour equidis- duced JPEG noise from PRISM data using the software of
tance of 10 m that were produced based on aerial surveyKamiya(2008. Panchromatic data obtained by SPOT5-HRS
from 1973 (Buor Khaya), or from several ellipsoid-based (High Resolution Stereoscopic) also provided imagery at a
ortho-image series using sea level or varying cliff heightscomparable ground resolution of 2.5 m. We corrected SPOT-
as a basis (Oyogos Yar) with regard to coastal cliff-bottom5 data (Level 1A) for Buor Khaya and Oyogos Yar using
and top-line delineation. For mapping purposes, the orthoDEMs that we generated from 1-day interval across-track

Biogeosciences, 10, 4292318 2013 www.biogeosciences.net/10/4297/2013/
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Table 3. List of remote sensing data used for determination of thermo-erosion along Oyogos Yar coast (Dmitry Laptev Strait) and corre-
sponding characteristics.

Sensor Date Resolutiodf) RMSE (a & 6r) Orthorectification Observation
dd.mm.yyyy (m) (m) basis period
KH-4A AFT  26.06.1968 2.9 3.57 sea & mean cliff-top level long-term
KH-4A AFT  26.06.1968 2.7 4.78 sea & mean cliff-top level  long-term
SPOT-5HRV  09.10.2011 25 2.87 SPOT-5 DEM 2011 long-term
KOMPSAT-2  25.09.2009 1.0 1.01 sea & mean cliff-top level  short-term
KOMPSAT-2 04.08.2011 1.0 2.94 sea & mean cliff-top level  short-term
RapidEye 20.08.2010 6.5 6.89 Topomap DEM master & long-term
RapidEye 26.08.2010 6.5 3.51 Topomap DEM master

* Santoro and Stroz£R012)

stereo pairs of the same data sets. In combination with theolumes for sediment flud.@ntuit et al, 2009. Depending
CORONA data sets, PRISM and SPOT-5 data span our longen the complexity of the coastline and on-screen specific im-
term observation periods of several decades up to 43yr.  age contrast, we used fine mapping scales froraQD to 1:

To determine recent short-term coastal erosion rates, w000. Based on field observations, we notice erosion prod-
used a time series of multiple GeoEye and KOMPSAT-2 veryucts are removed away without long residence on the cliff
high resolution images. In case of a spatial overlap, thesdottom. However, in some places mud flows accumulate in
images were geo-referenced to each other, making it easalluvial fans, blurring the cliff bottom and requiring consid-
ier to find common GCPs close to the coastline. We appliederation of the presence of failed material, which mostly still
pan-sharpeningghlers et al.2010 to all KOMPSAT-2 and  visually contrasts with the rugged coastal slope or brighter
GeoEye-1 imagery, used for short-term measurements. Albeach material. We used the Digital Shoreline Analysis Sys-
processing of recent remote sensing data was done using P@&m (DSAS) ofThieler et al.(2009, available as an exten-

Geomatic’® Geomatica 2012 OrthoEngine. sion to ArcGIS", to calculate shoreline position changes be-
tween two dates; a method previously used, for example, for
3.3 Field work assessing coastal erosion on the Beaufort Sea caaiseg

et al, 20093 as well as thermokarst lake shore erosion on
Field sites were surveyed during joint Russian-German expethe Seward Peninsula in Alaskdofies et al.2011). An ar-
ditions “Eastern Laptev Sea — Buor Khaya Peninsula 2010 bitrary baseline located offshore and following the coastline
(Wetterich et al.2011) and “Western Laptev Sea — Mamon- was created by buffering the oldest seaward-most coastline,
tov Klyk 2011”. During field work we produced a basic data 100 m off the coast. Every 50 m along this baseline, transects
set of precise topographic reference measurements for bettg@erpendicular to the coastline were used for separate deter-
interpretation of remote sensing products, to improve classifmination of cliff-bottom and cliff-top erosion, regarded as TA
fication of coastal relief units and as input for the creationand TD, respectively (Fig). Transects were classified as ei-
of large-area DEMs. Our geodetic measuring setup using @her yedoma hill or alas basin. Coastal erosion was measured
ZEISS ELTA C30 tacheometer and corresponding reflectoras absolute displacement distance metrics over a known pe-
mirrors is described in detail bgunther et al(2011). A to- riod of time. Therefore, coastal erosion rate was calculated
tal of 6.7 km coastline distributed over six key sites was sur-using
veyed on Buor Khaya, and 2.1 km around Cape Mamontov
Klyk. No measurements were made at Oyogos Yar. However, —1-(x1—x2)
for this site we rely on existing literature about the Dmitry "~ — ’ @

y g y n—1n

Laptev Strait region, which has been the subject of research
on permafrost depositd\etterich et al. 2009, on the for-  wherex; andx; are coastline positions relative to the base-
mation of subsea permafrossijgoriev, 2009, and coastal line at timest; andf,. The factor of—1 is used in order to
erosion Pizhankova and Dobrynin2010. define erosion as negative.

3.4 Coastline digitization 3.5 Uncertainty assessment

Cliff-bottom and cliff-top coastlines were manually digitized Uncertainty in planimetric coastline positions has numerous
separately using ESRIArcGIS™ 10 software. Delineating  sources. To limit uncertainties, we work with a geometrically
the same section of shoreline at different spatial scales reeonsistent data set of ortho-images. To quantify uncertainties
sults in different coastline lengths and therefore also differentwe consider
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1. georeferencing to an absolute frame of a coordinate sys3.6 Normalized Difference Thermo-erosion
tem @a), Index (NDTI)

2. relative georeferencing of two data sets to each othergjnce we aim at evaluating spatial patterns of thermo-
(3r), erosion, we did not quantify shore sections dominated by
accumulation. Stable coasts included segments with exten-
sive beaches and segments with inactive cliffs that did not
4. relief-induced horizontal displacement as a result of or-change within our measurement uncertainties of a particular
thorectification §). transect. Along segments where a cliff position was blurred,

The sources of uncertaintyy(ands;( depend on the method I-€. -b.y und|sturped vegetation cover, we did not track cliff
positions over time.

of image to image georeferencing. Data sets used for long* For ice-rich permafrost coasts, we assume that movement

term measurements are referenced to a common referen%% the top of the coastal cliff is attributable to TD, and the

data set, where the referencg itself is nqt us.ed for measur.erﬁovement of the cliff bottom is attributable to TA, as defined
ments. Here the georeferencing uncertainty is the geometric

mean of the RMS erro ands, for each data set. For short- gg(s):\slss(Ic:;Irgei)tégﬂf:rregtviaerlizttlvi:‘ngggzlgfzIgf ?efsﬁflwo ;:_ro-
term measurements we neglégbf the initial reference data 9 y PeP (

. i . . shaey 1992 and must be considered in measurements. Here,
set, because for relative coastline positions derived from sec- . :
. ; . we apply the concept of the Normalized Difference Thermo-

ond order derivates of data processing, the respective refer- ~ . N )
. . ) : ; o erosion Index (NDTI) ofGunther et al(2012 that qualita-
encing basis provides itself a coastline position. That means

for data sets geo-referenced to each othieg the RMS er- tively desqubes the ;hape of C(_)asta_l change and as a proxy
X . .. allows for interpretation of planimetric erosion rates. NDTI
ror of the mutual georeferencing. The uncertainty deriving

from the spatial resolution of the data set is taken to be hali’S calculated from
of the spatial resolutions, arises out of a combination of _ thermodenudation thermoabrasion TD —TA )
errors in topographic approximation and the tilt angle asso- thermodenudation thermoabrasion TD + TA

cigted with oblique image data acquisition, W'here both arerp and TA values in the equation can be either absolute

unique to and are calculated from the underlying DEM datagy,,reline movement or rates over time. As a ratio of two

set. Relief-induced error is calculated from numbers which have the same units, NDTI is a dimensionless

5, =tana - Az, ©) quantity. NDTI values range from1 (only TA) to+1 (o_nly _
TD). Weaknesses of the NDTI approach are outlined in

whereq is the tilt angle of the spacecraft and the vertical ~ Gunther et al(2012 and mostly comprise the missing con-

accuracy of the DEM. The cumulative uncertainty in coast-sideration of thermo-erosional niche development.

line position for long-term measurements is then given by the

quadratic sum:

3. the geometric resolution of the data s&{)( and

4 Results

Sx = \/(,/85 : 8?) +83+62 (4) 4.1 Coastal thermo-erosion at Mamontov Klyk

Along the western study site coast, mean long-term TD and
TA both were—2.1 ma ! with a standard deviation af1.2.

Sx = /82 + 82+ 82. (5) The frequency of erosion rates betweed.5 and—3.5ma!
ree e are nearly consistent (Fig), except for very rapid rates

The cumulative uncertainty in coastline position is given as(< —3.5ma ). Differentiation of coastal erosion into TD
8x1 and8x2 for positions at timesl andtz, respective|y_ Un- and TA shows a bimodal distribution of all Iong-term TD and
certainties for acquisition times)(are less than 0.01% and TA values, which reflects the spatial variability of thermo-
are neglected. Assuming that the cumulative uncertainties ifgrosion along the whole coastline. Coastal erosional pat-
coastline position are random and independent, we calculatterns along the Mamontov Klyk coast exhibit a break in W-

and for short-term measurements accordingly by

uncertainty in coastline position change rate as E direction (Fig.4). From Cape Lygi in the west, to the
Urasalakh River mouth, mean TD and TA werd ma?,
/3x%+5x§ while coastline sections further east around capes Mamon-
dr = Thon (6) tov Klyk and Terpyai Tumus had TD and TA values around

—2.9maland—2.5ma, respectively. Numerous regional
Uncertainties in change rate calculation may also arise fronsediment traps and non-eroding stable segments are inter-
the discrepancy between taking the continuous time rangspersed among eroding segments of the Mamontov Klyk
or the duration of the factual sea ice free period. This effectcoast. The highest observed long-term TD rates on Mamon-
applies especially for detection of short-term changes. tov Klyk yedoma coasts were abou6.7 ma®, which was
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0.06 — 4.2 Coastal thermo-erosion at Buor Khaya
Mamontov
0.04 — vk Long-term coastal erosion along the west coast of the
. Buor Khaya Peninsula is-0.55ma? (+0.5) for TD and
0.02 — —0.5ma! (+0.4) for TA. Distributions of both were skewed
0 7 towards small erosion rates (Fig). At site-specific more

rapid erosion rates<{—1mal), as well as at very slow
rates, TD is observed more often than TA. On Buor Khaya,
long-term thermo-erosion was spatially highly variable along
the coastline (Fig8). A thermokarst lagoon at 747 N
forms the centre of a weakly pronounced elongated concave
coastline section where no erosional activity was observed.
Our results indicate that, north of the thermokarst lagoon the
coast is influenced by prevailing TA, while TD is the domi-

| Buor I Thermo-denudation (TD)
- Khaya [ Thermo-abrasion (TA)

relative frequency [%]
o
|

0.06 _| Oyogos nant process north and south of the Orto-Stan River mouth at
004 71°34 N. However, the largest contrasts in erosional patterns
i are not observed on a regional scale, but rather associated
0.02 - with variations in coastal geomorphology. Based on the clas-
- sification of transects, alas lagged behind yedoma coasts with
0 — —0.3ma! compared to-1ma! for TD, and—0.4 ma
7 6 5 4 3 2 A 0 compared to-0.7ma ! for TA. Figure5 shows clustering

coastal erosion rate [m a] of long-term TD and TA values at a low level, with some ex-
ceptions of high TD in conjunction with high TA rates, but
Fig. 3. Site specific histograms of long-term mean annual coastaly, yedoma coasts. Coherence of TD and TA for alas coasts
grosion rates (m?’:tl) qbtained from coastal transgct data, seperated(rz —0.82) at Buor Khaya is lowest of the three sites, and
into thermo-denudation (TD) and thermo-abrasion (TA) rates. in particular for yedoma coasts this correlation is only weak
(r? = 0.39). NDTI varied widely from—0.25 to 0.95 (Fig6),

not necessarily connected with TA rates of the same order3uggesting that, in contrast to the other sites, TD has domi-
while TD and TA rates for alas coasts were proportional tonated over the long-term at Buor Khaya. _

each other (Fig5). Measurements of TD and TA rates on  DUring the short-term period, a major shift of TD
Mamontov Klyk exhibit the strongest correlatior? = 0.68) and its aslsouated variability to more rapid erosion rates
for yedoma, when compared to Buor Khaya and Oyogos Yar(=7-7ma”+4.4) was .observed (Fig7). Howgver TA
However, they lagged behind the high correlation of TD and'ates Werle more rapid as well, but remalne_d _slower
TA along alas £2 = 0.95). On the Mamontov Klyk coast, we (—1.2ma~=£0.7). Consequently, short-term NDTI is highly
observed the least variation in erosion rates between differSkeWed to positive values, indicating that TD has dominated
ent coastline types, where TD and TA rates for alas are irft an even higher intensity here.overthe past few years, com-
the range of only 10~15 % lower than for yedoma transectsPared to the long-term mean (Fig).

NDTI data revealed long-term values of 0.14 an@.12 for
TD and TA dominated coasts, respectively. Figarehows

an equal distribution of NDTI for the Mamontov Klyk coast, ) . )
where TA is observed slightly more frequently. The entire Oyogos Yar coast has been continuously eroding

1
The temporal variability is reflected in a recently more & Mean long-term TD and TA rates e3.4ma " (+1.1)

rapid mean TD {4.5mal+1.2) and mean TA short-term and—3.2ma (+1.1), respectively. Figurg shows TD and
rates (4.6mal+1.2), compared to long-term observa- TA equally centred around these mean rates with a wide dis-

tions of —2.8ma'! and —2.9mal, respectively (Fig7). trib_ution. At slower rates, TA is observed more f_requently,
Most outliers & —21 ma 1) are to more rapid erosion events while at more rapid than mean rates TD prevailed. There
(rather than slower) of TD in short-term measurements atVere @ few transects at yedoma coasts east of the Kon-
capes Mamontov Klyk and Terpyai Tumus. Short-term NDTI dratyeva River mouth, where rates ef -6.5ma * were
values have a broader spectrumied.23 compared to long- observed as the most rapid long-term cliff-top erosion rate

term spectrum oft0.14 (Fig.6), but neither show a shift across all three study sites. In general, the spatial pattern
towards TD nor TA. ’ could be characterised as a constant increase in eastern di-

rection of TD and TA from the west towards the middle of
the study site, and then a slight decrease towards the eastern
end (Fig.9). In contrast to the other study sites, TD values
along alas coasts of Oyogos Yar were somewhat more rapid

4.3 Coastal thermo-erosion at Oyogos Yar
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Fig. 4. Thematic map of coastal thermo-erosion transect data along the studied coastline of Mamontov Klyk (Anabar—Olenyok lowland).
The upper map segment illustrates colour coded positive NDTI values associated with prevailing thermo-denudation (TD), the lower map

illustrates colour coded negative NDTI values associated with prevailing thermo-abrasion (TA). The symbol size is equivalent to erosion
values.

— 0 —Mamontov — Buor Khaya — Oyogos Yar +

® — Klyk _I”’yedoma =0.39 _Iryedoma =049+

E ralas = 0.82 r2alas = 0.96 S

c-2 | ] ]

] i | h

£

54 ] -

g - § i

-lc _6 _ “+ ’ i I’Za|as =0.95 | + yedoma ] |

8 Pyedoma = 0.68 + alas i

g T T T T T T
= 6 4 2 0 6 4 2 0 6 4 2 0

Thermo-abrasion [m a']

Fig. 5. Mean annual thermo-denudation (TD) vs. thermo-abrasion (TA) rates, divided into alas and yedoma coastline types by study sites.
Cross symbols are built of error bars of TD and TA rate uncertainty (see38ctcorresponding to the TD and TA axis, respectively.

than those for yedoma-@3.4 compared te-3.2 ma 1), while along 80 % of all yedoma transects, which is also reflected in
TA (—3.3ma for alas) was more rapid than long-term ero- a positive NDTI of 0.18.

sion rates along yedoma coast2(5 ma!). Figure5 shows In contrast, there is a negative shift in short-term NDTI rel-
that TD and TA along alas coasts had a linear relationshipative to long-term NDTI, with values spread over a broader
(2 = 0.96), while thermo-erosion of yedoma along Oyogos value domain. In the recent past, TA has dominated TD
Yar takes a medium position of all three study sites, resultingat 75 % of the short-term transects with a mean short-term
in a weak coupling of TD and TAr€ = 0.49). NDTI val- NDTI at Oyogos Yar of—0.27 (Fig.6). In fact, both short-
ues are densely centred around 0, with a narrow frequencyerm erosion rates are more rapid with mean TD rates of
distribution (Fig.6). This is consistent with low mean NDTI —6.2mal (+2.7) and—8.3ma! (+£2.8) for TA (Fig.7).
values of 0.06 and-0.04, for TD- and TA-dominated coastal

transects, respectively. However, long-term TD outpaced TA
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Fig. 6. Histograms of Normalized Difference Thermo-erosion Index Fig. 7. Box plots of the thermo-erosion rates for long-term (39 to

(NDTI) values for the two time periods of observation are shown 43yr) and short-term measurements (last 1 to 4yr). Upper graphs:
(from top to bottom) for the three coastal study sites considered agjistribution of all TD (upper left) and TA (upper right) measure-
awhole and separately for Mamontov Klyk, Buor Khaya, and Oyo- ments 4 = 3635), for long- and short-term periods. Lower graphs:
gos Yar. Negative NDTI values indicate prevailing thermo-abrasiongistripution of off all thermo-denudation (TD; lower left) and
(TA), positive NDTI values thermo-denudation (TD). thermo-abrasion (TA, lower right) measurements from transects, for
which both long- and short-term observations are available, plotted
separately by study sites Mamontov Klyk, Buor Khaya, and Oyo-
4.4 Coastal thermo-erosion in the Laptev Sea region gos Yar. Box plots show lower and upper quartiles, medians and

outliers (points), defined as erosion rates more than 1.5 times the
A total of 3635 transects along 182 km of coastline were an-nterquartile range above or below the median.

alyzed and quantified on a long-term scale of 39 to 43yr.

Over a mean interval of 42yr across the long-term study

over all three sites, mean absolute TD was 93.3#65), associated correlation coefficients between TA and TD of
while mean absolute TA was 89.3 it63.1). This equals a r2=0.82 (yedoma) and? =0.99 (alas), when analyzed
mean TD rate of-2.2ma! (£1.6) and a mean TA rate of across all three sites.

—2.1ma?l (£1.5). Uncertainties were abodp+0.14 ma ! Recent erosion rates over the past mean 2yr were deter-
for TD ands, £0.12ma® for TA. For most transects and mined at 824 of the 3635 coastal transects and are at least 1.6
nearly at all intensities, TD and TA were proportional to one times higher than over the 42 yr long-term mean. Although
another (Fig.3). The majority of outliers were due to TD there are differences in the long- and short-term transect pro-
rates exceeding TA. We found that mean long-term TD ratesportion between the three sites, we assume that the 23 % sam-
as well as their variation, were nearly identical to TA rates ple is sufficient to establish that recent TA was 2.4 times
for each site, when considered as a whole, although mapgnd recent TD 3.0 times more rapid than long-term means.
of thermo-erosion reveal spatially highly variable erosion Short-term erosion rates, whether the top or the bottom of
(Figs. 4, 8, and9). Long-term NDTI data show mean val- the cliffs are used as the coastline, were more rapid.3

ues of 0.12 ane-0.13 for coastlines tending to erode (basedto —5.7ma? for short-term vs.—2.1 to —2.2ma* for

on our sampling) under either prevailing TD or TA, respec- long-term) and have a greater variatior2(8 to—3.2ma'!
tively. TD exceeded TA at 55 % of all transects and TA out- vs. —1.5 to—1.6 ma® for long-term) than long-term rates.
paced TD at 45 %, suggesting a slightly thermo-denudational his is true for each site and for all three sites considered as
coastal erosion regime. FiguBeshows the skewed distribu- a group (Fig7).

tion of negative and positive NDTI values towards equilib-

rium of TD and TA. Figure5 demonstrates that TD along

alas coasts was directly linked to TA, while thermo-erosion

on yedoma cliffs showed greater variability, as evident from
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Table 4. Total organic carbon (TOC) flux that result from the erosion observed in the Laptev Sea region. Values are separated by site

(Mamontov Klyk, Buor Khaya, Oyogos Yar) and, within each site, by yedoma and thermokarst depression (alas).

Mamontov Klyk Buor Khaya Oyogos Yar
yedoma alas yedoma alas yedoma alas

N of transects 880 241 293 660 272 1289
erosion (TD+ TA) (ma 1) —2.13 —-1.84 —0.85 —0.38 —2.85 —-3.38
mean cliff height (m) 16.5 4 225 10.5 23 10
eroded volume () 154x10° 009x10° 028x10° 013x10° 0.89x10° 2.18x10°
uncertainty (n) +9x 103  +1x103 +4x103  +6x 103 +128  +23x 103
mean TOC (kgrm3) 21.8 23.12 13.4 19.9 17.6¢ 28.12
Std. Dev. {) +9.1 B1f  +7.2(4F +11.0(479 +9.6(34P +13.3(18%  +6.3 (5f
estimated ice wedge vol. (%) 80 107 50P 10° 502 107
corrected TOC (kgm3) © 10.92 20.81 6.73 17.91 8.79 25.25
uncertainty (kgrivs) ¢ 45 6.5 55 8.6 6.7 5.7
total annual carbon flux (t) 16100 18x10° 19x108  23x10° 78x10°  55x 10°
uncertainty (t) +8x 100 +£01x10° +1.7x10° +13x10° +68x103 +£17x103
annual flux 380 150 130 70 570 850
per km coastline (tkm?) 330 88 800

@ Schirrmeister et a(2011b;

b unpublished data, Strauss (2013);

¢ calculated followingStrauss et a(2012).

4.5 Carbon mass fluxes 50 the coastline length covered by one coastal transectin (m),

andn the number of coastal transects. Tablghows values
Ice Complex deposits contain a significant carbon poolused to calculate carbon flux rates that result from the erosion
(Schirrmeister et al.20113. Strauss et al(2012 calcu-  observed in this study.
late the volumetric carbon content of Ice Complex deposits e obtained a total annual carbon flux, based on a volume
by combining measured total organic carbon (TOC) with of eroded material of &x 10°+0.1x 10° m3, of 85.6 x 103+
bulk density values. The bulk density of ice complex se-(.7x 103t for a total coastline length of 182 km. 28 % of this
quences varies primarily due to ground-ice content rathetotal originates from the erosion of yedoma, and 72 % from
than TOC content§trauss et al.2012. Segregated gravi- alas coasts, although 50 % of the eroded volume is derived
metric ground-ice content on Buor Khaya is on averagefrom yedoma coasts. Higher TOC contents and lower ice vol-
93% and 48% by weight for Ice Complex and alas de-umes explain the higher carbon flux from alas coasts. The
posits, respectivelyStrauss and Schirrmeiste201]). Ice  mean annual land-to-sea carbon flux therefore is#432 9t
Complex deposits on Mamontov Klyk are generally ice- per km of coastline per year. Current estimate of Laptev Sea
supersaturated, with 160-220% by weigBclirrmeister  coastline length is 7500 kniGfigoriev et al, 2008. Grig-
et al, 2008. According toSchirrmeister et al(2011, ice  oriev(2008 estimates 25 % of the Laptev Sea coast to belong
complex sediments at Oyogos Yar are ice supersaturated witth Ice Complex deposits, including alas. Based on our obser-
ice contents up to 200 wt%. For the results shown in Ta-yations, we found that only 74% of the studied Ice Com-
ble4, we use volumetric ice contents of 10 % for thermokarst plex coasts are actually eroding. Assuming this fraction to be
deposits in alas basins and 50 % for Ice Complex deposit$epresentative, eroding Ice Complex coasts are then 1400 km
constituting yedoma hills, and site specific organic carbonjong. As a result, total annual carbon flux released from erod-
contents measured on coastal outcrops, based on J. Straugg Ice Complex coasts is about x 10° + 0.05t.
(personal communication, 2013) ar&thirrmeister et al.
(2011Bh. Combining long-term mean annual coastal erosion
rates with mean cliff height (based on DEMSs) for each study5 Discussion
site, we used an 2.5-D approach to determine annual eroded
volumes [nf] as 5.1 Spatial variations of coastal thermo-erosion rates

V= }(TD+TA).h-50-n, (8) One source of the heterogeneity of spatial coastal ero-
2 sional patterns of our sites is the variable thermokarst re-

where TD and TA are annual rates of cliff-top and cliff- lief that advancing erosion encounteRofnanovskii et al.

bottom erosion rates in (nTa), 4 is mean cliff heightin (m),  2000. Grouping of our transects into yedoma (hills) and alas
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132°30° 132°30°E outline of the other sites, the Mamontov Klyk coast features

- (')_2}5—;_1‘0”'0”"6‘85 DT JKiometers coastal promontories alternating with large half-rounded in-
8 : land embayments between capes that probably align with
"| BuorKhaya Buor Khaya former thermokarst lagoons. TA between Cape Lygi and the
Guif Gulf Urasalakh River mouth is therefore less intensive because of

the sheltered sector along a concave coastline. Rapid coastal
thermokarst erosion rates {3.4mal) around Cape Mamontov Klyk
formed a steep 25m high cliff, exposing homogeneous Ice
Complex deposits across the whole profile (see photograph,
Fig. 2). However, near the navigation mark on Cape Mamon-

TA [m/ a] z tov Klyk, where the backshore elevation is 33 m, Ice Com-
<-25 ¥ plex deposits are underlain by sands with low ground-ice
Q 25-2 " content up to 10 m a.s.IS€hirrmeister et al.2008. Here,
O-=2-15 |,  meanlong-term TAisonly-1ma ! and TD—2ma?, sug-
O -15--1 &8 gesting that poorly stratified coastal cliffs exhibit more com-
g :(1]';3'_0;(5).25 ) plex erosional patterns, where upper ice-rich parts may re-
o >-0.25 z cede faster, forming thermo-terraces, often on geological un-
"2 conformities Are et al, 2009,

I 0.75- 05 Along the whole Buor Khaya coast north of the Omoloy
River mouth, large sandy beaches (up to 2.5m a.s.l. high and
50 m wide), containing allochtonous gravel, protect the shore

o
N
o
'

o
o
T

71°25'N

[ 1]-0.1--0.05 . .
d__]-0.05--0.025 face from the development of thermo-erosional niches. Un-
<0.025 JC_1>-0.025 like the other two sites, the Buor Khaya coast is west facing

and hence particularly affected by prevailing westerly winds,
Fig. 8. Thematic map of coastal thermo-erosion transect data along;q that swash dominates over backwash resulting in posi-
the studied coastline of Buor Khaya (west coast of the Buor Khayay; o 1 qgets of beach material. Slope debris at the cliff bot-
Peninsula). The upper map segment illustrates colour coded IOOSItIV?om along the entire coast illustrates the episodic character

NDTI values associated with prevailing thermo-denudation (TD), f tal th . B Kh h imult
the lower map illustrates colour coded negative NDTI values as-O! COastal thermo-erosion on buor rhaya, where simuftane-

sociated with prevailing thermo-abrasion (TA). The symbol size is ©US réworking of products from TD through TA is hampered
equivalent to erosion values. by beach morphology. Driftwood is present along much of

the beach, reflecting proximity to the Lena Rivete{lmann

et al, 2013, but also the role of high water events in deposit-

ing material high on the beach. Based on our field observa-
(basins) shows different extents of permafrost degradatiortions, we agree wittAre (2012, who finds that the bright
between sites along the coast and may help to explain thisolour of the beach material south of the thermokarst lagoon
spatial heterogeneity. While yedoma segments along the MagFig. 8) is very dissimilar to the dark greyish sediment of the
montov Klyk coast made up 78 % of the coastline, this valueadjacent Ice Complex, while north of the thermokarst lagoon,
was 31 % at Buor Khaya, and along the Dmitry Laptev Straitbeach material is similar to the outropping lce Complex. Fur-
mainland coast only 17 %. Although this estimation does notthermore, single baydzherakhs (thermokarst mounds from
include unstudied intervening sections, the proportions arg¢hawing Ice Complex) have been found in the field at sea
generally of this magnitude. Intra-site specific erosion ratedevel. Probably the lower Ice Complex boundary can be
varied between yedoma and alas coasts, but unexpectedfpund here below sea level, favoring TA through a higher
this was not pronounced across the study site transect, witsubsidence potential of the shore platform when thawing oc-
an increased proportion of permafrost degradation landformgurs, with subsequential increase and maintenance of higher
from W to E, mainly because of the comparatively slow rateswave energy when it is not compensated by sediment accu-
on Buor Khaya. mulation. Guinther et al.(201]) report a two times steeper

Erosion rates along the Mamontov Klyk coastline from shoreface profile across the northern coast section compared

Cape Lygi to the Urasalakh River mouth are much slowerto another study site 50 km southwards. Shallow coastal wa-
than around the capes Mamontov Klyk and Terpyai Tumus.ters in the southern part of the Buor Khaya Gulf lower wave
External factors such as the proximity of Terpyai Tumus andenergy at the beach, hampering abrasive material removal
Mamontov Klyk to the warm waters of the Olenyok river from the cliff bottoms. Therefore, the spatial erosional pat-
may account for this difference. In contrakgntuit et al.  tern on Buor Khaya can be described as a TA-dominated
(20113 find relatively slow mean coastal erosion rates of north and a TD-dominated south, divided by a thermokarst
—0.6 ma! on the Bykovsky Peninsula, which is directly ex- lagoon, exhibiting a gently concave shaped inland coastline.
posed to the Lena River. Compared to the simple and straighfire et al. (2000 report cliff-top (TD) erosion rates on two
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Fig. 9. Thematic map of coastal thermo-erosion transect data along the studied coastline of Oyogos Yar (Yana-Indigirka lowland west of
Cape Svyatoi Nos; Dmitry Laptev Strait). The upper map segment illustrates colour coded positive NDTI values associated with prevailing
thermo-denudation (TD), the lower map illustrates colour coded negative NDTI values associated with prevailing thermo-abrasion (TA). The
symbol size is equivalent to erosion values.

yedoma cliffs of-1.7maland—1.9ma?lovera25yrpe- (—3.4ma’land—3.2ma?l)where ice-poor sediments crop
riod (1974-1999). Our 43 yr long-term record for these par-out at sea level.
ticular two sites show the same values, although when exam- In addition to averaged thermo-erosion rates, coastal ero-
ined across all eroding yedoma coasts on Buor Khaya, TD ision can be quantified by area of land loss, IMars and
only —1mal. Houseknech{2007) have done, using raster-based quantifi-
Most of the Oyogos Yar coastline erodes via formation of cation. As a case study, we calculated land loss using the
thermo-erosional niches and block failure along ice-wedgevectorised coastlines of the Mamontov Klyk data set. Along
polygons, as is typical for flat, low-lying alas coasts. The 55.7 km of coastline effective land loss due to TD is 4.44km
yedoma hills of Oyogos Yar adjacent to the Kondratyevaover the 39.8 yr mean observation period. Mean cliff-top ero-
River mouth are very ice-rich and simply thaw away under sion was—79.7 m or—2.0 ma . Our DSAS transect data for
the influence of TD Are et al, 2005, resulting in large pos-  this coastline segment, on the other hand, show consistent
itive NDTI values (Fig.9). Additionally, the lower Ice Com- mean TD values of-81.0m and—2.1mal, respectively.
plex boundary is a.s.l. and TA may be slower due to theUsing transects at 50 m intervals is thus sufficient method for
low ground-ice content in underlying layetsaplina (2019 determining coastal erosion. Based on our transect data we
reports that alas deposits and the layers underlying the Icealculate mean annual land lost along the Mamontov Klyk
Complex dip eastwards from Cape Svyatoi Nos. This dip-coast is 2050, on Buor Khaya 550 and along the Oyogos Yar
ping is probably responsible for gradual changes in erosiorcoast 3390 km~—1a 1.
rates along the Oyogos Yar coast where the material in con-
tact with sea water changes. Our long-term coastal erosio®-2 Recent coastal thermo-erosion rates
rates along the Oyogos Yar coast are of comparable mag- ]
nitude to those found bpizhankova and Dobrynin@010) Compared to the long-term, coastal erosion rates over the
on the opposite side of the Dmitry Laptev Strait. On Bol- Past one to four years were more rapid, even wlhen con-
shoy Lyakhovsky Island, where only 46 % of the coastline is SIdering higher uncertainties @f1.41 and+1.22ma - for
erosive, yedoma and alas coasts are erodingsa8 ma* TD gnd TA, respectively. More rapid rgcen_t erosion rates,
and —4.1ma?, respectively, where the lower Ice Com- particularly of short-term TA rates (Figf), indicate the

plex boundary is at or below sea level. Erosion is slowerdreater marine influence at Mamontov Klyk and Oyogos Yar.
On the Buor Khaya Peninsula, recent TD rates are more

rapid than long-term observations (Fig) and in places
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of up to —16 mal. However, short-term measurements on ate the relative importance of TD and TA to the mechanics
Buor Khaya exist only for yedoma coasts, where TD gen-of arctic coastal erosion.

erally predominates but which do not represent the majority Along coasts with horizontally continuous ground-ice lay-
of the coastline. ers like on the Yamal and Yugorsky peninsul&trélet-

In general, more rapid erosion over the past few yearsskaya et al.2006 Leibman et al. 2008 and in the Cana-
may reflect the normal temporal variability of coastal erosiondian Arctic ritz et al, 2011), a decoupling of cliff-top and
rates, or might reflect an increase in rates over the long-terntliff-bottom erosion is observed in thermo-cirquiszyakov
mean. Examples of observed temporal variability e8&ko et al, 2006, and retrogressive thaw slumpkaftuit and
(2970 finds a four year cyclicity of thermo-abrasion inten- Pollard 2005. On Herschel Island in NW Canadaantuit
sity on the island of New Siberidones et al(2009) doc- and Pollard(2008 observe average headwall erosion rates
ument the episodic nature of block collaps@siliev et al.  of —9.6 mal that outpace mean lower coastline erosion of
(2011 record a 20yr cyclicity of erosion along the west- only —0.6 ma®. This would equal a high NDTI value of
ern coast of the Yamal Peninsula, where the mean coastdl.88. Our NDTI data for TD along yedoma coasts is an
erosion rate is-1.7ma?l and does not experience direct order of magnitude lower. This suggests that TD and TA
climate forcing. According tdHoque and Pollard (2009, are coupled by the presence of segregated ground-ice and
variations in backshore height and ground-ice compositionsyngenetic-ice wedges in permafrost deposits, such as Ice
generate different potential failure planes. Adopted to ourComplex, that extend downward to the water level. If so,
study sites, we believe different relative intensities of TD NDTI serves as an indirect geomorphometrical parameter
and TA on low-lying alas are limited by low cliff heights for vertical ground-ice distribution along eroding permafrost
and low ground-ice content (Ta#), hence rapidly eroding coasts.
alas coasts (Oyogos Yar) are likely to fail along the vertical To interpret our observations of recently more rapid
plane and consequently have NDTI values around zero, whileoastal erosion rates, we primarily take advantage of the
alas coasts eroding slowly (Buor Khaya) may exhibit a largerNDTI concept, as a proxy for the quality of thermo-erosion.
negative as well as positive NDTI values. For yedoma coastd/ean NDTI data was positive over the long-term and neg-
the interdependence of TD and TA is more complicated, dueative over the short-term observation period at Oyogos Yar,
to the large ground-ice contents and alternating stratificatiorand vice versa at Buor Khaya. NDTI along the Mamontov
of sediment and peat layers, which is why high yedoma mayKlyk coast was similar for the long and short-term periods,
fail along an inclined plane causing differences in TD andin both cases reflecting the equivalence of TD and TA. From
TA rates. these data we hypothesize that, depending on the site char-

Intermittent intense coastal erosion activity cause moreacteristics of either offshore-marine (Mamontov Klyk and
sediment to be removed from the cliff bottom by waves, Oyogos Yar) or bay-marine (Buor Khaya), changing envi-
slowing down intensity temporally before a phase of higherronmental conditions will have various impacts on coastal
activity can start again. However, remote sensing time seriegrosion.Boike et al.(2013 record higher air temperatures
analyses oflones et al(20093 reveal a steady increase of during the very warm summer of 2010 in the Laptev Sea re-
coastal erosion intensity on the Alaska Beaufort Sea coasfgion.Markus et al(2009 observe an increase in the duration
with almost a doubling of rates te-13.6ma? recently.  of the sea ice melt season for the Laptev/East Siberian seas
Despite the episodic nature of thermo-erosion, we observedf 10 days per decade for the last 30 yr. Both may have con-
short-term rates of both TD and TA are more rapid than long-tributed to increasing speeds of TD and TA as observed here.
term rates for all three sites at the same time, suggesting a Mass flux rates increase most when coastal thermo-erosion

larger spatial forcing that affects all three sites. increases with an NDTI close to @{nther et al. 2012.
Rapid TD depends on the exposure of an ice wall. The rate
5.3 Normalized Difference Thermo-erosion of mass flux in the coastal waters can increase if TD forc-
Index (NDTI) and relevance of its components ing changes by active layer deepeni@hiklomanov et aJ.

2012, higher precipitation, and air temperatures. However,
Nearly identical long-term TD and TA rates, as well as their as TD progresses, the cliff slope becomes more gentle, less
variations, suggest that long-term evolution of the coasts idce is exposed and TD becomes self-limiting. TA is limited
a continuous process, where cliff-bottom and cliff-top ero- by material removal through waves, which can also limit the
sion are interdependent. This is questionedAlog (2012. effectiveness of TD. Therefore, we suggest that a longer pe-
Shur et al.(2002 also describe the phenomenon of differ- riod of open coastal waters and its consequently higher wave
ent behaviour of yedoma cliffs regarding relative intensi- energy, could prove to be the major factor regulating whether
ties of erosion along the cliff top and cliff-bottom lin&re the recently observed rapid erosion will remain at this level.
(2012 notices that TD along yedoma hills is usually faster
than TA, and concludes that cliff-top erosion does not de-
pend on sea erosion, and that the cliff-top line cannot be re-
garded as the primary coastline. NDTI permits us to evalu-
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5.4 Impact of coastal thermo-erosion on land-to-shelf rial resuspensioni(re et al, 2008, where increased material
interactions and carbon fluxes fluxes due to higher TA rates along the Oyogos Yar coast
will have great influence on water quality and turbidity in
All studied coastline segments are bordered by large accuthis mixing path between Laptev and East Siberian Sea.
mulation zones, illustrating the removal and transportation We have limited our coastal erosion and carbon flux anal-
of erosion products by currents. Coastal erosion is an agentses only to eroding coastlines of the Ice Complex, i.e. those
of land-shelf interactions, influencing drainage developmentsections for which TOC contents and erosion rates are higher
in the coastal hinterland. The drainage network in our studythan average for the Laptev Sea and for the Arctic Ocean.
sites is developed towards the coast, as described above. PrBing et al.(201]) classify the Alaska Beaufort Sea coast-
gression of the coastline towards the mainland leads to risline into 8 geomorphic units and find annual organic carbon
ing local relief energy and subsequent compensating geomoffluxes from coastal erosion range from 21 to 163 and aver-
phological processes. Further development of drainage sysaged 63 kg per meter coastline, matching with previous es-
tems in the coastal lowlands will result in drainage eventstimates Brown et al, 2003. In our study a distinction was
of thermokarst lakesVan Huissteden et ali2011) high- made between coastline segments that are composed of Ice
light the importance of thermokarst lake drainage on per-Complex and alas deposits. In this way, we found annual car-
mafrost ecosystemslones et al(201]) dedicate attention bon flux ranged from 88& 21 to 800+ 61t per km of coast-
to thermokarst lake expansion and drainage on the Sewarline per year. To generate the magnitude of coastal erosion
Peninsula, Alaska. They find total lake surface area is curcarbon fluxes described in other studies (e.g. 12 tgfar
rently decreasing by 15 %Unther et al(2010 observe lake the Laptev Sea inonk et al, 2012, would require either
drainage events on yedoma hills in the Lena Delta, the halinore than 34 000 km of similar Ice Complex coastline or
of which were caused by lake tapping due to river bank ero-erosion rates more than 18 times higher than the long-term
sion. Lakes in this area are limited in their future develop-rates observed here. Our study covers 10 % of the entire Ice
ment by areal and stratigraphical constrai®fgenstern Complex coastline of the Laptev Sea and includes a wide
et al, 2011), and consequently lake drainage was outpacingrange of different proportions of regional ice complex degra-
lake expansion. This example illustrates the far reaching im-dation, rather than relying on a point measurement. Since we
pact of coastal erosion on adjacent territories. focused our study systematically on coasts with active ongo-
Grigoriev (2004 suggest that the entire Mamontov Klyk ing coastal thermo-erosion, well distributed along the main-
coast is one of the most active in terms of coastal erosion anthnd coast, our estimates of organic carbon fluxes from Ice
that, as a result, it plays an important role in the sediment andComplex deposits over the entire Laptev Sea, might be con-
organic carbon balance of the Laptev Sea. In fact, the relativasidered not as conservative, although they are only a third
proportions of yedoma and alas are highest in favor of nonthe amount as previously stated in preliminary estimations
degraded yedoma at Mamontov Klyk, representing a largeof Grigoriev et al.(2004. However, if we had extrapolated
pool of clastic material and organic carbon by itself, and aour site-specific carbon fluxes to the Laptev Sea based only
source of these due to rapid coastal erosion rates. on the data from Buor Khaya, this would have resulted in
Along the west coast of the Buor Khaya Peninsula wea value ten times lower than if calculated exclusively based
see alternating alas basins with yedoma hills. The drain-on the Oyogos Yar data (D2 x 10° 4+ 0.03t compared to
ing effect of the sea is well-documented by recently drained1.12x 10°+0.08t). Although our estimates of annual carbon
thermokarst lakes in coastal proximity. Based on RapidEyeflux (0.66x 10°+0.051) resulting from coastal erosion in the
data, we estimate the limnicity along the Buor Khaya westLaptev Sea compares well with the middle of these two ex-
coast due to large thermokarst lakes~isll %. Recently  tremes, upscaling of TOC fluxes from coastal erosion should
strongly increased TD rates are likely to create pathways folinclude cautious appraisal of Ice Complex coastline length,
lake drainage and effectively for sea expansion, depending oeffectively eroded volumes due to the different impact of TD
lake depth probably also in the form of thermokarst lagoons,and TA, and the spatial and temporal heterogeneity of coastal
enlarging the specific coastline length. thermo-erosion.
Regarding the coastal lowland at Oyogos Yagvrilov In a study of the five largest arctic rivers, paying particu-
et al. (2009 comment that, the draining effect of the sea in lar attention to the historical undersampled spring nirty-
this area of neotectonic subsidence is illustrated by the almond et al.(2007) quantify the mean annual dissolved or-
most complete absence of thermokarst lakes within a buffeganic carbon flux from the Lena River a83x 10° t, exceed-
of 10 km landwards. Because of the almost flat topographying coastal carbon fluxes in the Laptev Sea region by a mul-
and mature thermokarst relief at Oyogos Yar, we thereforetiple. However, whereas rivers transport young organic car-
do not expect more rapid coastal erosion rates to have greatdon, largely derived from recently fixed carbon in plant litter
impacts on the landscape drainage system. However, as @and upper soil horizon8gnner et al.2004), coastal thermo-
site of formerly thick Ice Complex accumulation followed by erosion mobilizes old carbon stored in permafrost, which
marine transgressiopmanovskii et a].2000, the Dmitry ~ can be considered as an additional source to the present car-
Laptev Strait provides a large potential of continuous mate-bon cycle. In addition, riverine dissolved organic carbon is

Biogeosciences, 10, 4292318 2013 www.biogeosciences.net/10/4297/2013/



F. Gunther et al.: Coastal thermo-erosion in the Laptev Sea 4313

released over arelatively confined area to the shelf sea durintive to climate change, while playing a potential role as a
the spring freshet, when water temperatures are low, wheredgsedback to the climate cycle. If coastal erosion and the con-
coastal carbon is released in late summer in a distributedomitant release of carbon to the shelf seas are increasing as a
fashion to the coastal waters. Changes to coastally derivedesult of recent warming and sea ice changes, our results sug-
fluxes may therefore have a greater impact on ecosystergest that these increases are only recent but represent an al-
functioning. most doubling of erosion rates on a decadal timescale or less.
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