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Water regime and sedimentary features of themiddle Lena River reach near Yakutsk, central Yakutia, were stud-
ied to assess their control overfluvial thermal erosion. The LenaRiverfloodplain in the studied reach has complex
structure and embodies multiple levels varying in height and origin. Two key sites, corresponding to high and
medium floodplain levels, were surveyed in 2008 to describe major sedimentary units and properties of bank
material. Three units are present in both profiles, corresponding to topsoil, overbank (cohesive), and channel
fill (noncohesive) deposits. Thermoerosional activity is mostly confined to a basal layer of frozen channel fill
deposits and in general occurs within a certain water level interval. Magnitude-frequency analysis of water
level data from Tabaga gauging station shows that a single interval can be deemed responsible for the initiation
of thermal action and development of thermoerosional notches. This interval corresponds to the discharges
between 21,000 and 31,000 m3 s−1, observed normally during spring meltwater peak and summer floods.
Competence of fluvial thermal erosion depends on the height of floodplain level being eroded, as it acts prefer-
entially in high floodplain banks. Inmedium floodplain banks, thermal erosion during spring flood is constrained
by insufficient bank height, and erosion is essentially mechanical during summer flood season. Bank retreat rate
is argued to be positively linked with bank height under periglacial conditions.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Riverbanks are dynamic interfaces between fluvial, atmospheric,
and soil domains where each medium contributes to their transforma-
tion. Stream power is a major force, exerting action on the banks,
while resistive properties of bank material restrict fluvial action.
Hydraulic erosion rates are controlled by streampower and shear stress
values along the eroding bank (Nanson and Hickin, 1986; Darby and
Thorne, 1997), position of the eroding segment within the channel
section, defining flow ‘angle of attack’, and effectiveness of shear stress
application (Shur et al., 1978; Are, 1983; Nanson and Hickin, 1986),
lithology and cohesive properties of overbank sediment (Shur et al.,
1978; Julian and Torres, 2006; Parker et al., 2008), bank height
(Berkovich and Vlasov, 1982; Nanson and Hickin, 1986), and vegetation
(Thorne, 1990; Millar, 2000). In permafrost areas, direct ice impact,
solifluction, thaw slumps, detachment slides, and needle ice formation
also contribute to the frozen banks' instability and collapse (Prowse
and Culp, 2003; Lawler, 2006; Lipowski and Huscroft, 2007).

Fluvial thermal erosion is virtually omnipresent in periglacial
environment but is best perceivable along the banks of large alluvi-
al rivers. It is active mostly during a short spring flood period when
, Russia.
the streams undercut their frozen banks, forming spectacular
thermoerosional niches (Walker and Hudson, 2003). Inception of
these niches is a juxtaposition of thermal and hydraulic action and, as
such, represents the essence of fluvial thermal erosion. Observations
in Arctic Alaska show that mechanical washout generally proceeds
slower than thaw, except in the apexes of thermoerosional niches
where these processes are assumed to be in equilibrium (Scott, 1978).
Heat transfer rate controls particle detachment, thus overriding purely
hydraulic impact (Shur et al., 1978; Randriamazaoro et al., 2007).
Noncohesive bank material with massive cryogenic texture (‘ice ce-
ment’) and low ice content is more susceptible to thermal erosion
than cohesive deposits or organic material having higher ice content
(Scott, 1978; Gautier and Costard, 2000; Dupeyrat et al., 2011). Block
slumping occurs after its flexural resistance had been exceeded either
because of excessive undercutting or active layer thickening.

Preceding quantitative studies of fluvial thermal erosion concentrat-
ed on observing and prediction of the process rate given the sediment
ice content and water temperature (Randriamazaoro et al., 2007;
Dupeyrat et al., 2011; Debolskaya, 2014) and on field and remote
observations of bank erosion (Are, 1983; Costard et al., 2003, 2007,
2014). Little notion was given to explain the factors promoting the
formation of thermoerosional niches. Notably, however, floodplain
sediment heterogeneity and water stage variations discourage their
development. Position of the notch formed by thermal erosion is
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important, as it defines implicitly the notch depth as well as volume of
slumped material and bank retreat rate (Scott, 1978).

Scott (1978) and, later, Costard et al. (2003) assumed that the
thermoerosional niche development is concentrated at the base of the
cohesive layers where the bank material is more susceptible to erosion.
However, this observation is eventually phenomenalistic and cannot be
generalized, i.e., over cases where the banks are uniform and no such
boundary is present. The research rationale behind the present paper
is an assumption that hydrological controls are somehow responsible
for notch inception and thermoerosional niche development.

Effective (dominant, channel-forming) discharge concept is used
extensively to evaluate the long-term competence of the streamflow
in shaping channels and controlling their hydraulic geometry
(Wolman and Miller, 1960; Alabyan and Chalov, 1998; Doyle et al.,
2005; Caissie, 2006). Effective discharge is frequently associated
with that at the bankfull stage, though it may be significantly lower
if considering sediment transport efficiency (Benson and Thomas,
1966) or rivers in degradational mode (Hassan et al., 2014).

The application of effective discharge concept to fluvial thermal
erosion in periglacial rivers has several limitations. Bankfull discharge
has limited competence in affecting bank erosion insofar as this process
occurs normally at discharges well below bankfull level (Wolman,
1959). Complexity of floodplain structure, consisting of multiple levels,
complicates the identification of a single discharge causing overbank
spill (Nanson and Croke, 1992; Gautier and Costard, 2000). Moreover,
recurrent ice jams are known to disrupt a steady stage–discharge
relationship during the break-up period (Prowse and Culp, 2003).
Stage fluctuations up to several metres are related to variations in
flow resistance and hydraulic roughness and can be caused solely by
changes in ice conditions (Zaitsev et al., 2006).

This study is based on data collected duringmultiple field campaigns
in the middle Lena River section adjacent to the city of Yakutsk, central
Yakutia, between years 2002 and 2008. This river section was subject to
previous regional studies in regard to channel pattern development and
sedimentary features (Zaitsev and Chalov, 1989; Gautier and Costard,
2000; Costard et al., 2003; Degtyarev et al., 2007), as well as recent
climate shift (Costard et al., 2007) and ice breakup and spring flood
(Costard et al., 2014) as affecting the thermal erosion process. However,
hydrological controls over the latter remain largely understudied;
hence the present paper is aimed at partially closing this gap. The
Lena River floodplain in the studied reach has complex structure and
embodies multiple levels varying in height and origin: high, medium,
and low inundation plains (Gautier and Costard, 2000). Performance
of fluvial thermal erosion is expected to vary between these levels,
and this variability in relation to water regime is the major subject of
this study.

First, sedimentary features of the overbank deposits at two
representative key sites, corresponding to distinct floodplain levels,
are presented. Second, the ‘magnitude-frequency’ approach is used to
evaluate the effective water stage (or, stages, if multiple) responsible
for preferential inception of thermoerosional notches and niches. Final-
ly, these results are overlapped to infer the differences in effectiveness
of fluvial thermal erosion in riverbanks of various heights.

2. Study area

Field studies were carried out within the 20-km section of the
middle Lena River in the vicinity of Yakutsk, central Yakutia (Fig. 1).
At an upstream limit of the studied section, a 120-m-high Tabaginsky
Mys terrace (an outcrop of the Jurassic (J2) sandstones) narrows the
Lena River valley from the west. Farther downstream, themain channel
approaches the 30-m-high alluvial Bestyakh terrace (experiencing
intense fluvial erosion during spring and summer floods) and heads to-
ward Yakutsk after a gentle left turn. The width of the Lena River valley
is between 5 and 6 km in the upper section and increases to 15–20 km
farther downstream. Active channel deformations occur within 8 to
10 km of the valley width and are also limited by the Tabaginsky Mys
terrace outcrop in the upstream section.

The Lena River channel pattern in the studied section is anabranching,
after Lewin and Ashworth (2014). The main channel is relatively
straight during floods, but its sinuosity increases with decline in
water stage. During flow recession, submerged side bars are exposed
and start controlling the low-flow channel pattern. A braided pattern
emerges within relatively straight sections, where central bars are
present. Stability of sand bars is augmented by presence of perenni-
ally frozen deposits at their base (Tananaev, 2013). Floodplain is
present on both sides of the channel except the Bestyakh terrace
cross section and has a well-developed network of the highly
sinuous secondary branches, through which the water excess is
flushed to the main channel after the flood peak. Floodplain to
bankfull channel width ratio is quite low (≤3), reflecting the limited
ability of the floodplain to convey flood water and to store the
overbank deposits. The vertical structure of the floodplain is
complex, with at least three distinct levels, as referenced by
Gautier and Costard (2000). Contemporary cryogenic processes are
active within the highest floodplain levels and include frost heave
and polygonal ice-wedge growth.

Hydrological features of the Lena River were recently described
in several papers (Yang et al., 2002; Ye et al., 2003; Berezovskaya
et al., 2005; Dzhamalov et al., 2012), and specific attention was paid to
the ice break period and associated ice jams (Zaitsev et al., 2006;
Kilmjaninov, 2007; Costard et al., 2014). Hence, only a brief hydrological
overview is given here based on data from 1938 to 2013, published by
Russian Hydrometeorological Agency.

Lena River at Tabaga gauging station (GS; see Fig. 1 for gauge
location reference) drains a catchment of 897,000 km2, which contrib-
utes about 42% of total basin flow at the outlet (Ye et al., 2003); mean
annual discharge equals 7270m3 s−1 for the 1938–2013 period. Recent
changes in streamflow include significant increase in winter discharges
over the last 25 years, accompanied by a visible increase in annual-
average streamflow (Fig. 2). Cumulative duration of flood events,
i.e., number of days with daily discharge exceeding 25,000 m3 s−1,
reached its maximum in 2012 (63 days), but no clear trend emerges
from these data. Spring floods of the 1930s and 1940s were retarded,
the fact that can give an impression of a substantial increase in flood
severity towhat is essentially a ‘low base’ effect. Peak discharges remain
at about the same level as in mid-1950s and throughout the 1960s
(Fig. 2).

Water regime of the Lena River is dominated by snowmelt, although
heavy rains in the mountainous headwaters can produce storm events
comparable to spring flood in terms of peak discharges (Fig. 3). Distinct
winter low-flow period, with daily discharges below 3000 m3 s−1, lasts
for 198 days, early November until early May, and has an average dis-
charge of 1520 m3 s−1. With air temperatures frequently hitting the
−50 °C mark during winter seasons, ice thickness in main channels
reaches 1.32 m on average and normally exceeds 2.0 m in secondary
branches. Rapid (in 10 to 15 days) discharge increase, originating from
snowmelt runoff, is fed by the Lena River and its major tributaries, the
Vitim and the Olekma rivers. It occurs between late April and late
May, frequently accompanied by ice jams (Zaitsev et al., 2006).

Spring flood duration varies between 54 and 96 days depending on
snow abundance and insolation of the mountainous headwaters in the
Lena River basin. Local meltwater sources are considered to be negligi-
ble, as central Yakutia receives on average 120 mm of solid precipita-
tion, which evaporates partially during seasonal transition to positive
air temperatures. Spring peak discharge averages 36,500 m3 s−1 and
can exceed 50,000 m3 s−1 during extreme flood events. Post-peak
flow recession is gradual, and continues from mid-July until early No-
vember, when the river again enters thewintry dormant state. Summer
low-flow periods are frequently interrupted by rain floods originating
from the Vitim and Olekma basins. Rain-induced peak discharges can
exceed those of the preceding spring floods.



Fig. 1. Geographical position of the studied section of the Lena River near Yakutsk (left) and its detailed overview (right); Landsat 8 image, acquisition date: 25 September 2015.
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3. Materials and methods

Fluvial thermal erosion is an ablation-controlled process, and under-
cutting intensity depends more on the ablation rate than on the stream
power (Scott, 1978; Dupeyrat et al., 2011). Under periglacial conditions,
the initial ablation rate is low and it can take significant time, i.e., several
days, until the ablation accelerates (Randriamazaoro et al., 2007). This
requires the water stage, and not discharge, to be stable during at
least several days in order to promote thermal bank erosion.We can as-
sume, therefore, that stream competence in shaping riverbanks can be
expressed through a certain magnitude-frequency product of water
level.

Effective water level, in regard to the joint action of thermal (abla-
tion) andmechanical (particle release and removal) erosion, can be ob-
tained as a certain product of water level and frequency in a manner
consistent with suggestions of Makkaveev (1955), reviewed in
(Alabyan and Chalov, 1998), and those of Wolman and Miller (1960).
Observed range of water levels, derived from the long-term data set, is
split into i bins (classes), then effectivewater levelHeff is a class interval,
corresponding to a local maximum (maxima) of an efficiency index:

Heff � max Hvdð Þi
� � ð1Þ

Hi, mean water level of the ith bin (m asl); v, average cross-sectional
flow velocity at Hi, m s−1 and d, empirical probability density of water
level occurrence for the ith bin. The flow velocity is regarded in the
presented analysis solely as a scaling metric, attenuating the level
magnitude and frequency by its relative physical impact, i.e., stream
ability to remove and displace detached sediment particles. In practice,
Hi is plotted against the corresponding (Hvd)i value for each bin. The
resulting curve has its local minima and maxima, and the latter corre-
spond to a certain water level, which is called ‘effective’ (Alabyan and
Chalov, 1998).

The present study employs daily water level data for selected years
between 1942 and 1989 (23 years in total), published by Russian
Hydrometeorological Agency, for the long-term statistical analysis.
This data set could not be expanded beyond 1989. Some fragmentary
data are available for the most recent period of 2002–2012. These data
cover only the summer months (normally June to early October) and
are as such incompliant with long-term data. However, we count the
employed data set as sufficiently representative for the average
hydrological conditions, under which fluvial thermal erosion usually
occurs. Mean annual discharge (7160 m3 s−1), mean peak discharge
(35,200 m3 s−1), and number of days with discharges above
25,000 m3 s−1 (24), obtained for this data set, do not fall far from
their long-term (1938–2013) averages.

Water stage data for the Lena River at Tabaga for 2008 were used to
compare the hydrological conditions of the field campaign period with
the long-term averages. These datawere provided by Lena BasinWater-
ways & Navigation Authority (Yakutsk, Russia) and cover the period
from 1 May to 21 August 2008.

Water level data in Russia are published as relative values, in
centimetres above the reference height (m asl), assigned independently
for each gauging station. Hence, water level data were converted from



Fig. 2.Water regime of the Lena River at Tabaga GS, 1938–2013.
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relative to absolute prior to the analysis, using a reference height of the
Tabaga GS, 85.08 m asl.

Average cross-sectional flow velocity (v, m s−1) data have the same
source as water level data. The relationship between observed H and v
values is steady and linear (Fig. 4). It was used to evaluate vi for each
Hi using the linear equation:

vi ¼ 0:136 Hi–11:3; ð2Þ

making the assessed product (Hvd)i eventually bivariate, but still
‘weighted’ by a fluvial action parameter.

Frequency statistics were assessed using RStudio (2014), an open-
source integrated development environment (IDE) for R language,
with the standard hist() method. Bin (class) width h was estimated
from sample size n using nclass.Scott() function following an approxi-
mation known as Scott's (1979) rule:

h ¼ 3:5sn−1=3 ð3Þ

where s is the standard deviation of the sample and n, sample size.
Derivation of the bin width using a strict statistical relation was
Fig. 3. Observed hydrographs of the Lena River at Tabaga GS; bold, 2012 (high flow); dark
grey, 2002 (average flow); light grey, 1986 (low flow).
important, as previous works (Makkaveev, 1955; Alabyan and Chalov,
1998) allow substantial uncertainty in its assignment. Table 1 summa-
rizes the statistical features of long-term and 2008 data sets.

In 2008, bank exposures at two locations were surveyed, referred
here as sites 1 and 2 (see Fig. 1 for spatial reference). Selection of the
key locations followed the floodplain structure, as described by Zaitsev
and Chalov (1989) and Gautier and Costard (2000), i.e., comprising
three major levels: high, medium and low. Lowest floodplain level
was either inundated or showed no visible bank erosion during our
field campaigns. Hence, two key sites were selected representative for
high and medium floodplain levels. Site selection was based on field
experience, satellite imagery, and available topographic maps of the
Lena River valley.

Bluff zones and slopes of the banks at both key sites were sampled
for grain-size analysis. Grain-size distribution was determined by auto-
mated dry sieving using a Fritsch Analysette 3 shaker, with subsequent
weighing of the sieved subsamples. At the time of the analysis, sieves of
Fig. 4. Average cross-sectional flow velocity related to the water level of the Lena River at
Tabaga.



Table 1
Statistical features of the employed hydrological data sets.

Hmin Hmax Hmean n s Bins

Long-term 84.05 95.63 87.48 8403 2.32 30
2008 85.76 93.99 89.94 100 2.08 6
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five mesh sizes were available: 1000, 500, 250, 100, and 50 μm. In total,
14 sampleswere processed, ofwhich 10were fromsite 1 and 4 from site
2. Moreover, extensive field descriptions of the Lena River banks were
conveyed by the author during the field campaigns from 2002 through
2011, mostly within two weeks after the spring flood peak.

The Circumpolar Active Layer Monitoring (CALM) project database,
hosted by GeorgeWashington University web site, was used to acquire
active layer depth data from CALM R42 (Tuymada) plot for 2008–2014.
This plot is nonstandard and reports the active layer depths captured by
thaw tubes on a random grid rather than standard (rectangular plot of
121 points). However, because of its location on the alluvial surface of
the second terrace within the Lena River valley as well as the resem-
blance in sedimentary (sands, loamy sands) and landcover (meadow)
features, it can be considered representative at least for the high flood-
plain surfaces. Active layer measurements are in general preformed at
the time of maximum ground thaw, which is around late September
to early October. Our field campaigns, however, were over by late
August, while the active layer was not fully developed; and this is why
CALM data are used instead.
4. Results

4.1. Sedimentary units

Bank exposures at two key sites (see Fig. 1 for spatial reference)
were surveyed and sampled for grain-size analysis in 2008.

Site 1 represents an eroded section of the high floodplain level with
surface altitude between 94.3 and 94.5 m asl (Fig. 5A). It is exposed to
main channel flow of the Lena River and is separated from the first
alluvial terrace by a minor intermittent branch. Bank height is ca. 8 m
above the low-flow water stage and was ca. 3.8 m on the survey date
(8 August 2008). The eroded bank has a bluff zone of about 2 m height,
followed by a gentle slope toward the water edge. The inflection
point between the bluff and the slope roughly corresponds to the visible
boundary between dark-coloured cohesive material and light-coloured
sands. At the time of survey, the adjacent bank segmentwas locally cov-
ered with vegetation and root patches of previously slumped block
(Fig. 5B). Bank material was thaw at the surface, but frozen sands
were found to be underlying the sandy slope. Active layer depth was
Fig. 5. Bank profile photo, site 1 (A); adjacent bank segment looking upstream
about 1.1 m beneath the inflection point and decreased to 0.25 m
right beneath the water's edge (Fig. 6).

Site 2 represents a medium floodplain level, with surface altitude
between90.0 and 90.5masl (Fig. 7). It is eroded byone of the secondary
Lena River branches. Bank height is ca. 7 m above the low-flow water
stage, and was ca. 3.5 m on the survey date (21 August 2008). Bank
morphology at this location resembles that of site 1, although its offset
from the main channel leads to lesser bluff zone height (ca. 1.5 m)
and steeper (N50°) successive slope toward the channel. In the lower
part of the slope, two minor steps were observed, originating from
wind- and vessel-induced waves (Fig. 8). Evidences of thermoerosional
niching and significant bank collapsewere not observed in course of the
survey neither in the surveyed location, nor within the adjacent 1-km
section.

Grain-size characteristics appear to be similar at both studied
locations, adjusted for the distance from the main channel (Table 3).
Hence finer-grained material is deposited at site 2, situated in the sec-
ondary channel system. Grain-size analysis results resemble in general
the previous quantitative descriptions (Gautier and Costard, 2000).
Three distinct sedimentary units can be distinguished visually, varying
in colour and texture.

Unit A at both sites represents the topsoil, upper 0.7 to 0.8 m of the
profile beneath the rootmat, and consists of dark-yellow fine sands
with minor silty layers at site 1 (median diameter dm = 240 μm),
shifting to sandy loams at site 2 (dm = 160 μm). This unit is associated
with the most recent overbank deposition, partially influenced by ice-
jam damming and subsequent spilling (Gautier and Costard, 2000).
Unit B is a thick (0.8 to 1.0 m) layer of dark-coloured, organic-rich
loams and sandy loams (dm=110…130 μm) clearly of overbank origin.
Frost weathering could also contribute to the material fining and
increase the content of fines (b50 μm) to 30–50% (Fig. 9). The boundary
between the two upper layers is sharp and wavy, wave height not
exceeding 5 cm. Light-yellow fine and medium (dm = 230…310 μm)
cross-bedded sands are exposed in the basal part of the banks at both
sites (unit C). At site 1 this layer is interbedded by several thin
(b4 cm) organic layers, which were not subsampled for analysis. The
boundary between this basal layer and the overlying overbank deposits
is sharp and smooth.

Cumulative curves show all samples falling into two groups, roughly
corresponding to overbank (unit B) and channel fill (unit C) deposits
(Fig. 9). Typical overbank deposits of unit B are poorly sorted (So =
4.1…4.2), with d50 between 25 and 50 μm. Channel fill deposits of unit
C are well sorted (So = 1.8…1.9), with d50 between 100 and 210 μm
and visible cross-bedded stratification. Topsoil (unit A) stratumposition
within this classification is variable and reflects the complexity of
contemporary deposition patterns. At site 1, adjacent to themain chan-
nel, unit A resembles well sorted (So=2.2) channel fill deposits. At site
(B). Numerous remnants of slumped blocks are visible on the background.



Fig. 6. Bank profile, site 1. Sample numbers, bold; median grain diameter dm, in parenthe-
ses; permafrost table, dashed line; effective water level range, shaded. Fig. 8. Bank profile, site 2. Sample numbers, bold; median grain diameter dm, in parenthe-

ses; effective water level range, shaded.
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2, located in a secondary branch system, this unit occupies the interme-
diate position between distinctly different overbank and channel
deposits (Fig. 9).

4.2. Effective water level calculations

The Lena River, from a hydrological point of view, rests in a dormant
state under the ice cover for the largest part of the year. Winter low-
flow period lasts for seven to eight months, largely contributing to the
most frequently observed water stages ranging from 85 to 87 m asl
(Fig. 10A). Occurrence frequency decreases gradually toward higher
stages without significant peaks or elevated plateaus. High floodplain
levels above 94m asl, i.e. at site 1, are inundated only on rare occasions.

Effective stage calculations reflect the same hydrological pattern
(Fig. 10B). Peak 1, amajormaximum of the (Hvd)i product, corresponds
to an interval between 86 and 87 m asl, observed during summer and
early winter low-flow periods. Other minor peaks follow: peak 2,
occupying an interval around 88.1 m asl, which can be attributed to
the falling limb of spring and summer floods. A major peak in the
upper part of the graph, peak 3, covers the water level range from
91.05 to 92.62 m asl. This interval roughly corresponds to discharges
from 21,000 to 31,000 m3 s−1 (Table 2). Relevant discharge values
were obtained from the stage-discharge curve for Tabaga gauging
station. This upper peak reflects the ultimate importance of the spring
period, as well as extremely high rain floods, in shaping the Lena River
banks.
Fig. 7. Bank profile at site 2 (A); adjacent b
5. Discussion

5.1. Long-term vs. 2008 water stages

Field surveys and samplingwere performed in 2008. Effective water
level was evaluated using data for this particular year in order to verify
whether the observed bank erosion patterns are in linewith the average
long-term conditions. Dataset was separated into six classes using
Eq. (3). Number of classes is significantly less than for the long-term
period because of smaller sample size.

Two distinct peaks present on the frequency histogram (Fig. 11A).
Since the data only covers a period from 1 May to 21 August, winter
low-flow peak is absent. The upper peak is by far more important in
exerting control over bank erosion (Fig. 11B), and its range is similar
to that of a long-term period (Table 2). We can thus conclude that the
bank erosion patterns observed in the field are (in general) converging
to those of a long-term period.

5.2. Site 1: high floodplain, thermal erosion

Thermoerosional niching, as observed during field surveys, is
omnipresent within this floodplain level. Notches are developedmostly
within the sedimentary unit C (channel fill deposits). The observed po-
sition of the niches ranged about the effective water level interval, that
at site 1 falls between 2.3 and 3.8m from the floodplain surface (Fig. 6).
ank segment looking downstream (B).



Fig. 9. Representative cumulative grain size distributions of major sedimentary units ob-
served at the key sites: channel fill (dark grey); overbank (light grey); intermediate
(dashed).
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Channel fill deposits are highly susceptible to thermal erosion. Lower
soil humidity and ice content in sands promote rapid ablation and
particle detachment. Low cohesion, in its turn, allows particles to be im-
mediately removed by the stream. No field evidence was found that the
niche formation corresponds to the boundary between channel and
overbank deposits, as assumed by Costard et al. (2003). Only on the
later stages of this process, when the sand layer above the developing
niche is thawed and desiccated, does it crumble down leaving cohesive
loams exposed at the niche top. Observing the niches at this stage can
lead to conclusions similar to those drawn by Costard et al. (2003).

During the spring flood, when the high floodplain banks are essen-
tially frozen, their erosion is driven solely by thermal impact. The stream
begins undercutting the banks and the notches are incepted when the
water level isfluctuatingwithin its effective interval. Notch depth rarely
exceeds 1.5 to 3.0 m. Bank block slumps owing to gravity after its
flexural resistance threshold had been exceeded because of active
layer development or excessive undercutting. Collapsed material is
deposited at the bank base and is further eroded by the stream. New
Fig. 10. Long-term data set: water level frequency distribution (A); effective water level
calculation from plotted efficiency index (Hvd)i (B).
niches are being formed in the background if hydrological conditions
are favourable.

High summer temperatures, frequently above +30 °C, are usual for
central Yakutia. Hence, bank sidewalls are thawed during summer, and
bank erosion loses its thermal component. Mechanical washout during
summer flood events effectively removes slumped blocks and freshly
thawed material, and the stream is progressively undercutting the
bank. Whence the rate of mechanical erosion exceeds the rate of
thawing of the bank sidewall, the notch apex reaches the thawing
front and contacts the frozen deposits. From that point and further on,
hydraulic action is switching to ablation mode, and thermoerosional
niches are formed during summer floods. This process can be repetitive,
retaining its thermal component, throughout the summer flood season.

Average active layer depth in central Yakutia, as illustrated by CALM
R42 plot data (Fig. 12), is around 2.0m. Channel fill (unit C) deposits are
only affected byheat influx from the exposure sidewall and not from the
floodplain surface. This assures that the thawing front in the sidewall
zone is always inclined toward the channel, as we have observed at
site 1 (Fig. 6).

5.3. Site 2: medium floodplain, mechanical washout

Medium floodplain levels remain mostly inundated during spring
flood peak. Effective water level corresponds to the topsoil stratum
(unit A) or the overbank deposits (unit B) of the bank cross section
(Fig. 8).

On the onset of spring flood, shallow active layer is already devel-
oped in the rootmat and topsoil (unit A) of the medium floodplain,
therefore fluvial erosion lacks the thermal component. Shallow
thermoerosional niches are formed within the overbank deposits layer
(unit B). Cohesive properties and/or higher ice content of overbank
deposits constrain accelerated ablation and limit fluvial thermal erosion
rates. Notch development is limited by the flexural resistance of the
block above the innermost point, or apex, of the thermoerosional
niche. Slumped material, which includes turf and vegetated rootmat,
shields the collapsed section from the fluvial action, preventing further
erosion.

During extreme summer floods, when the water level is back to its
effective range, these bank sections are mostly thaw, and purely
mechanical washout of the bank material takes place. The upper strata
of the medium floodplain level fall within the active layer, thus bank
erosion progresses in thawed material above the thawing front.

5.4. Fluvial thermal erosion and bank height

Bank height was previously regarded as being inversely related to
bank retreat rates, explicitly (Berkovich and Vlasov, 1982) and implicit-
ly (Nanson and Hickin, 1986). Our results show, though qualitatively,
that in permafrost areas with active thermal erosion, bank height
should be regarded as positively linked to its retreat rate. Several lines
of evidence can support this suggestion.

Scarce direct observations, performed previously within the river
reach in question, suggest the enormous difference in retreat rates
between the floodplain banks. For the high floodplain section several
kilometres downstream of Yakutsk, annual retreat rates up to 50 to
60 m were reported by Chistyakov (1952). This is well above the aver-
age values, between 7.5 and 8.5 m, for all floodplain levels, measured
in the field by Are (1983) for the adjacent Lena River section farther
downstream, and by Shur et al. (1978) for the lower Indigirka River
near Chokurdakh.

From the sedimentary perspective, higher banks provide higher
probability of effective water level alignment with channel fill deposits.
This highly erodible, noncohesive material is susceptible to fluvial ther-
mal erosion through mechanical washout and ablation processes, or
thawing of the textural ice (so-called ‘ice cement’). This consideration
is fully applicable solely to the river sections resembling those described



Table 2
Effective water stage estimates for the long-term and 2008 data sets.

Bin medians, m asl Stage range, m asl Discharge range, m3 s−1

Long-term Peak 1 86.55–86.94 86.35–87.13 4800–6200
Peak 2 88.11 87.92–88.30 8000–9150
Peak 3 91.25–92.42 91.05–92.62 21,000–31,000

2008 Peak 1 89.19 88.50–89.85 9600–14,600
Peak 2 91.94 91.25–92.63 22,000–31,000
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in this paper; in valleys with a different accumulation history this may
not be the case.

Cryolithological evidence assumes that higher banks allow the flow
to contact with frozen bank material for a longer time, insofar as active
layer propagation down the bank profile is time-consuming. When the
bank is sufficiently high, its lowest sedimentary units are only affected
by solar radiation through sidewall heating but not by active layer de-
velopment. Higher banks allow deeper thermoerosional undercutting
as the frozen material above the notch has higher flexural resistance.
Subsequently, size of collapsed bank sections is larger if the bank is
higher, and this increases the retreat rate and the talus volume.

5.5. Bank erosion in periglacial environment: fluvial vs. thermal

In permafrost areas, rivers erode their banks largely in the same
manner as their counterparts do elsewhere in the world. Periglacial
river banks are not affected exclusively by fluvial thermal erosion, and
whence the bank starts being eroded, it is not necessarily owing to flu-
vial and thermal erosion at once. It requires a thermal component (ab-
lation) to exist and to precede mechanical washout.

Periglacial rivers are in a stagnant state, in respect to geomorphic
action, during the largest part of the year (Fig. 13). Woken up by the
intensivemeltwater release, they start their work in eroding their chan-
nels (which are thawed) and banks (which are mostly frozen). Water
level rapidly reaches its peak and continues with a gradual decline.
Most of the fluvial thermal erosion occurs within the falling limb of a
flood, as ablation requires several days to accelerate (Randriamazaoro
et al., 2007). In high floodplain banks, fluvial thermal erosion takes
place, and thermoerosional niches are formed. Lower floodplain levels
are either inundated or thawed, though limited thermal action can
still be observed.

After the meltwater pulse declines, rivers start reworking the lower
portions of their banks, including collapsed material. Rain events can
raise the water level to its effective value. At the initial stage of these
events, however, bank material is thawed because of solar heating of
the sidewalls. Fluvial thermal erosion is then possiblewhen and if either
Table 3
Grain-size distribution of the samples collected at the key sites, in %.

Sample # 500–1000
μm

250–500
μm

100–250
μm

50–100
μm

b50
μm

dm,
μm

Site 1
1 0.85 65.43 31.42 2.31 – 0.31
2 0.02 42.26 57.07 0.65 – 0.26
3 0.03 59.17 40.08 – – 0.29
4 0.16 35.83 62.32 1.69 – 0.25
5 0.04 56.83 41.87 1.25 – 0.29
6 0.05 55.50 42.42 2.02 – 0.28
13 0.53 4.55 30.72 37.05 27.15 0.13
14 0.69 3.90 15.55 29.76 50.10 0.11
15 0.03 34.68 68.44 1.37 – 0.24
16 0.31 2.25 27.00 30.72 39.72 0.12

Site 2
8 0.26 5.56 51.38 42.80 – 0.16
9 0.17 1.69 19.22 30.65 48.27 0.11
10 – 20.88 77.80 1.31 – 0.22
11 – 28.19 71.57 0.24 – 0.23
the thawing front is above the notch apex or the active layer does not
propagate below the effective water level interval.

Relative contributions of themechanical and thermal components of
bank erosion vary on a seasonal basis (Fig. 13). This fact clouds the dis-
cussion on the rates of fluvial thermal erosion, as not all bank erosion in
permafrost is thermal, and on the comparison of bank retreat rates in
periglacial and nonperiglacial environments. De facto, only bulk erosion
rates are observed and thus are legitimate for direct comparison, and no
conclusions can be drawn concerning higher effectiveness of thermal
erosion compared to its mechanical counterpart. Ablation rate observa-
tions in experimental settings under variable conditions (water temper-
ature, ice content, flow velocity, etc) solely allow such conclusions and
are an important part of future research.

5.6. Fluvial thermal erosion: research perspectives

Fluvial thermal erosion is a well-described process acting in perma-
frost areas, yet these descriptions are mostly qualitative. Field and ex-
perimental studies stress that the knowledge of physical properties of
bank material is critical to our quantitative description of this process.
Determining the physical and mechanical properties of frozen material
is an uneasy task, but it is an essential part of future research. Major
parameters to be assessed include, but are not limited to, grain-size
distribution, bulk density, porosity, friction angle, effective cohesion,
and ice content. Along with these laboratory tests, thorough field de-
scriptions of eroded sections are required, noting the type of surface
being eroded (floodplain, terrace), bank angle in a bluff zone and in
Fig. 11. Year 2008 data set: water level frequency distribution (A); effective water level
calculation from plotted efficiency index (Hvd)i (B).



Fig. 12. Active layer depth at CALM R42 plot (Tuymada), 2008–2014; standard deviation
range, grey; extreme values shown by whiskers.
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the adjacent slope, active layer depth, and if possible, soil temperatures
at various depths, thawing front position, vegetation, state of slumped
material, if present (frozen or thawed), and water temperature at
several points close to the notch.

Satellite imagery sources are abundant, and remote sensing data are
becoming more accurate and accessible than ever before. Regardless of
this, several issues are to be solved prior to its proper use in fluvial ther-
mal erosion studies. First, manual bank delineation is time-consuming
and person-dependent and requires extensive field experience in the
region under study. Automated methods, in its turn, still require
adequate training samples and are subject to several types of errors,
i.e. caused by shadows from banks, trees, and clouds (Merwade, 2007).

The ultimate objective of fluvial thermal erosion studies is a valid
numerical model of this process. A conceptual framework is to be devel-
oped based on existing bank stability models for a non-permafrost
environment, supplementing them with computational modules of
ablation, thawing front propagation, and hydraulic data assimilation.
The other possibility to catch is to use a ‘reverse engineering’ approach.
First, a hydraulic model is applied to the river section in question in
order to assess (imitate) basic flow parameters: water level, flow veloc-
ity and direction, water surface gradient. Overlapping these data with
field survey results and sediment properties should allow us to relate
bank erosion rates to hydraulic and to sedimentary controls.

Forecasts of fluvial thermal erosion are important for the communi-
ties occupying the river banks, though they remain a distant goal.
Hydrological models are useful tools in assessing future streamflow
distribution under a changing climate, and modelled hydrographs can
be subsequently employed in hydraulic models to evaluate flow
Fig. 13. Geomorphic processes acting in banks of different floodplain levels and their
hydrological controls; water stage equal or above the effective water level, shaded por-
tions; bars below the graph: fluvial thermal erosion, dark grey; fluvial erosion, light grey.
parameters. Given the sedimentary structure and modelled hydraulic
parameters, future fluvial thermal erosion rates can be evaluated.

6. Conclusions

The Lena River floodplain is a complex sedimentary body, built up in
several levels, varying in height. Fluvial thermal bank erosion is
assumed to be a dominant force in shaping the Lena River banks. Our
results show that this process can be selectivewhen different floodplain
levels are affected.

Fluvial activity occurs in all ranges of water levels. In a long-term
perspective some water levels are assumed to be more efficient in
performing the geomorphic action, i.e., more frequent and implying
higher stream energy. Effective water level interval was inferred from
magnitude-frequency analysis, marking hydrological conditions under
which the fluvial thermal erosion is active in a long-term perspective.
For the studied middle Lena River section, it lies between 91.05 and
92.62 m asl, and corresponds, roughly, to water discharges between
21,000 and 31,000 m3 s−1.

Effective water level represents the hydrological driver of fluvial
erosion, but the erosional response of the river banks depends nonethe-
less on themechanical features of the surface being eroded. Overlapping
this effective water level with studied bank profiles allows drawing
some conclusions on the differences between the sites and subsequent-
ly between various floodplain levels and banks in terms of processes
involved in bank retreat.

In high floodplain banks, effective water level corresponds to the
noncohesive layer of sandy channel-fill deposits, remaining frozen
during the spring peak discharges. Repeated thermoerosional niche fail-
ures and subsequent removal of collapsed material represent the
dominant bank erosion process within this floodplain level. Medium
floodplain level is significantly lower and is subject tomechanical wash-
out, largely unaffected by thermal interactions.

Acknowledgements

Final parts of the publicationwere prepared while the author served
as an Invited Professor at the Institut National Politechnique (INP),
Toulouse, France. The author is grateful for lab assistance from Liudmila
Anisimova (Moscow State University); for field assistance from Dr.
Askar Ilyasov, Oleg Kirik, Mikhail Kopashev, and Ruslan Savelyev
(Moscow State University); and hydrological data provided by Dr.
Olga Semenova (St. Petersburg State University). The careful reading
of the manuscript draft by Theo Le Dantec (INP Toulouse) saved plenty
of time for the reviewers and allowed us to eliminate the majority of
errors and misprints. Review comments from Jef Vandenberghe and
an anonymous reviewer helped to significantly improve the quality of
this paper.

References

Alabyan, A.M., Chalov, R.S., 1998. Types of river channel patterns and their natural
controls. Earth Surf. Process. Landf. 23, 467–474.

Are, F.E., 1983. Thermal abrasion on coasts. Proc. Fourth Int. Conf. on Permafrost. National
Academy Press, Washington D.C., pp. 24–28.

Benson, M.A., Thomas, D.M., 1966. A definition of dominant discharge. Bull. International
Association of Scientific Hydrology XI, 76–80.

Berezovskaya, S., Yang, D., Hinzman, L., 2005. Long-term annual water balance analysis of
the Lena River. Glob. Planet. Change 48, 84–95. http://dx.doi.org/10.1016/j.gloplacha.
2004.12.006.

Berkovich, K.M., Vlasov, B.N., 1982. Osobennosti ruslovykh processov na rekah
Nechernozemnoy zony RSFSR. Moscow State University Bull. Issue 5 (Geography) 2
pp. 28–34 (in Russian, with English abstract).

Caissie, D., 2006. River discharge and channel width relationships for New Brunswick riv-
ers. Can. Tech. Rep. Fish. Aquat. Sci. 2637 26 pp.

Chistyakov, G.E., 1952. Ruslovye processy na r. Lene pod g. Yakutskom. Issledovaniya
vechnoy merzloty v Yakutskoy Respublike vol. 3. Soviet Academy of Sciences Publ.,
Moscow, pp. 15–20 (in Russian).

Costard, F., Dupeyrat, L., Gautier, E., Carey-Gailhardis, E., 2003. Fluvial erosion along a
rapid eroding river bank: application to the Lena River (central Siberia). Earth Surf.
Process. Landf. 29, 1349–1359.

http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0005
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0005
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0010
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0010
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0015
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0015
http://dx.doi.org/10.1016/j.gloplacha.2004.12.006
http://dx.doi.org/10.1016/j.gloplacha.2004.12.006
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0025
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0025
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0025
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0030
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0030
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0035
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0035
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0035
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0040
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0040
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0040


533N.I. Tananaev / Geomorphology 253 (2016) 524–533
Costard, F., Gautier, F., Brunstein, D., Hammadi, J., Fedorov, A., Yang, D., Dupeyrat, L., 2007.
Impact of the global warming on the fluvial thermal erosion over the Lena River in
central Siberia. Geophys. Res. Lett. 34, L14501. http://dx.doi.org/10.1029/
2007GL030212.

Costard, F., Gautier, F., Fedorov, A., Konstantinov, P., Dupeyrat, L., 2014. An assessment of
the erosion potential of the fluvial thermal process during ice breakups of the Lena
River (Siberia). Permafr. Periglac. Process. 25, 162–171. http://dx.doi.org/10.1002/
ppp.1812.

Darby, S.E., Thorne, C.R., 1997. Development and testing of a riverbank stability analysis.
J. Hydraul. Eng. 122, 433–454.

Debolskaya, E., 2014. Amodel of river bank deformations under the simultaneous effect of
waves from a hydropower plant and warming. Proc. IAHS 364, 32–37. http://dx.doi.
org/10.5194/piahs-364-32-2014.

Degtyarev, V.V., Dolzhenko, Y.A., Shlychkov, V.A., 2007. Gidrotekhnicheskoye Stroitel'stvo
Vodnykh Putey Yakutskogo Transportnogo Uzla. Sibstrin, Novosibirsk.

Doyle, M.W., Stanley, E.H., Strayer, D.L., Jacobson, R.B., Schmidt, J.C., 2005. Effective dis-
charge analysis of ecological processes in streams. Water Resour. Res. 41, W11411.
http://dx.doi.org/10.1029/2005WR004222.

Dupeyrat, L., Costard, F., Randriamazaoro, R., Gailhardis, E., Gautier, E., Fedorov, A., 2011.
Effects of ice content on the thermal erosion of permafrost: implications for fluvial
and coastal erosion. Permafr. Periglac. Process. 22, 179–187. http://dx.doi.org/10.
1002/ppp.722.

Dzhamalov, R.G., Krichevets, G.N., Safronova, T.I., 2012. Current changes in water
resources in Lena River basin. Water Resour. 39 (2), 147–160. http://dx.doi.org/10.
1134/S0097807812020042.

Gautier, E., Costard, F., 2000. Les systèmes fluviaux à chenaux anastomosés en milieu
périglaciaire: la Léna et ses principaux affluents (Sibérie Centrale). Geographie phy-
sique et Quaternaire 54 (3), 327–342 (in French, with English abstract).

Hassan, M.A., Brayshaw, D., Alila, Y., Andrews, E., 2014. Effective discharge in small
formerly glaciated mountain streams of British Columbia: limitations and
implications. Water Resour. Res. 50 (5), 4440–4458. http://dx.doi.org/10.1002/
2013WR014529.

Julian, J.P., Torres, R., 2006. Hydraulic erosion of cohesive riverbanks. Geomorphology 76,
193–206. http://dx.doi.org/10.1016/j.geomorph.2005.11.003.

Kilmjaninov, V.V., 2007. Hydrological conditions for actions on prevention of ice flooding
on the Lena river. NATO Sci. Ser. 78, 279–284.

Lawler, D.M., 2006. Needle ice processes and sediment mobilization on river banks: the
river Ilston, West Glamorgan, UK. J. Hydrol. 150, 81–114.

Lewin, J., Ashworth, P.J., 2014. Defining large river channel pattern: alluvial exchange and
plurality. Geomorphology 215, 83–98. http://dx.doi.org/10.1016/j.geomorph.2013.
02.024.

Lipowski, P., Huscroft, C., 2007. A reconnaissance inventory of permafrost-related land-
slides in the Pelly River watershed, central Yukon. Yukon Exploration and Geology
2006. Yukon Geological Survey, pp. 181–195.

Makkaveev, N.I., 1955. Ruslo Reki i Eroziya v ee Basseyne. Soviet Academy of Sciences
Publ., Moscow (in Russian).

Merwade, V.M., 2007. An automated GIS procedure for delineating river and lake bound-
aries. Trans. GIS 11 (2), 213–231.

Millar, R.G., 2000. Influence of bank vegetation on alluvial channel patterns. Water
Resour. Res. 36 (4), 1109–1118.
Nanson, G.C., Croke, J.C., 1992. A genetic classification of floodplains. Geomorphology 4
(6), 459–486.

Nanson, G.C., Hickin, E.J., 1986. A statistical analysis of bank erosion and channel migra-
tion in western Canada. Geol. Soc. Am. Bull. 97, 497–504.

Parker, C., Simon, A., Thorne, C.R., 2008. The effects of variability in bank material proper-
ties on riverbank stability: Goodwin Creek, Mississippi. Geomorphology 101,
533–543. http://dx.doi.org/10.1016/j.geomorph.2008.02.007.

Prowse, T.D., Culp, J.M., 2003. Ice breakup: a neglected factor in river ecology. Can. J. Civ.
Eng. 30, 128–144.

Randriamazaoro, R., Dupeyrat, L., Costard, F., Carey-Gailhardis, E., 2007. Fluvial thermal
erosion: heat balance integral method. Earth Surf. Process. Landf. 32, 1828–1840.
http://dx.doi.org/10.1002/esp.1489.

RStudio, 2014. RStudio: Integrated Development Environment for R (version 0.98.1091).
Computer Software, Boston, VA, USA (Retrieved November 6, 2014).

Scott, K.M., 1978. Effects of permafrost on stream channel behavior in Arctic Alaska. USGS
Prof. Paper 1068. US Government Printing Office, Washington DC.

Scott, D.M., 1979. On optimal and data-based histograms. Biometrika 66, 605–610.
Shur, Y.L., Petrukhin, N.P., Slavin-Borovskiy, V.B., 1978. Razrushenie beregov v

kriolitozone. Kriogennye processy. Nauka Publ. House, Moscow, pp. 57–73 (in
Russian).

Tananaev, N.I., 2013. Hydrological and geocryological controls on fluvial activity of rivers
in cold environments. IAHS Publ. 360. IAHS Press, Wallingford, UK, pp. 161–167.

Thorne, C.R., 1990. Effects of vegetation on river-bank erosion and stability. Vegetation
and Erosion. J. Wiley & Sons, Chichester, UK, pp. 203–233.

Walker, H.J., Hudson, P.F., 2003. Hydrologic and geomorphic processes in the Colville
River delta, Alaska. Geomorphology 56, 291–303. http://dx.doi.org/10.1016/S0169-
555X(03)00157-0.

Wolman, M.G., 1959. Factors influencing erosion of a cohesive riverbank. Am. J. Sci. 257,
204–216.

Wolman, M.G., Miller, J.P., 1960. Magnitude and frequency of forces in geomorphic
processes. J. Geol. 68 (1), 54–74.

Yang, D., Kane, D.L., Hinzman, L.D., Zhang, X., Zhang, T., Ye, H., 2002. Siberian Lena River
hydrologic regime and recent change. J. Geophys. Res. 107 (D23), 4694. http://dx.
doi.org/10.1029/2002JD002542.

Ye, B., Yang, D., Kane, D.L., 2003. Changes in Lena River streamflow hydrology: human
impacts versus natural variations. Water Resour. Res. 39 (7), 1200. http://dx.doi.
org/10.1029/2003WR001991.

Zaitsev, A.A., Chalov, R.S., 1989. Ruslovye processy i regulirovanie rusla r. Leny v rayone g.
Yakutska. Vodnye Resursy 5, 75–81 (in Russian).

Zaitsev, A.A., Belikov, V.V., Tananaev, N.I., 2006. Spring ice processes on the rivers of
North-Eastern Russia. ICETECH 2006, Banff, AB, Canada (CD-ROM Edition), Paper
120-RF, 10.13140/RG.2.1.1114.0569.
Web references

Circumpolar Active layer Monitoring (CALM) Database: http://www.gwu.edu/~calm/.
Landsat 8: Data available from the U.S. Geological Survey: https://earthexplorer.usgs.gov.

http://dx.doi.org/10.1029/2007GL030212
http://dx.doi.org/10.1029/2007GL030212
http://dx.doi.org/10.1002/ppp.1812
http://dx.doi.org/10.1002/ppp.1812
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0055
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0055
http://dx.doi.org/10.5194/piahs-364-32-2014
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0065
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0065
http://dx.doi.org/10.1029/2005WR004222
http://dx.doi.org/10.1002/ppp.722
http://dx.doi.org/10.1002/ppp.722
http://dx.doi.org/10.1134/S0097807812020042
http://dx.doi.org/10.1134/S0097807812020042
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0085
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0085
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0085
http://dx.doi.org/10.1002/2013WR014529
http://dx.doi.org/10.1002/2013WR014529
http://dx.doi.org/10.1016/j.geomorph.2005.11.003
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0100
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0100
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0105
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0105
http://dx.doi.org/10.1016/j.geomorph.2013.02.024
http://dx.doi.org/10.1016/j.geomorph.2013.02.024
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0115
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0115
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0115
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0120
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0120
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0125
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0125
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0130
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0130
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0135
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0135
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0140
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0140
http://dx.doi.org/10.1016/j.geomorph.2008.02.007
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0150
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0150
http://dx.doi.org/10.1002/esp.1489
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0160
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0160
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0165
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0165
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0170
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0175
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0175
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0175
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0180
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0180
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0185
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0185
http://dx.doi.org/10.1016/S0169-555X(03)00157-0
http://dx.doi.org/10.1016/S0169-555X(03)00157-0
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0195
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0195
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0200
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0200
http://dx.doi.org/10.1029/2002JD002542
http://dx.doi.org/10.1029/2003WR001991
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0215
http://refhub.elsevier.com/S0169-555X(15)30206-3/rf0215
http://www.gwu.edu/~calm/
https://earthexplorer.usgs.gov

	Hydrological and sedimentary controls over fluvial thermal erosion, the Lena River, central Yakutia
	1. Introduction
	2. Study area
	3. Materials and methods
	4. Results
	4.1. Sedimentary units
	4.2. Effective water level calculations

	5. Discussion
	5.1. Long-term vs. 2008 water stages
	5.2. Site 1: high floodplain, thermal erosion
	5.3. Site 2: medium floodplain, mechanical washout
	5.4. Fluvial thermal erosion and bank height
	5.5. Bank erosion in periglacial environment: fluvial vs. thermal
	5.6. Fluvial thermal erosion: research perspectives

	6. Conclusions
	Acknowledgements
	References
	Web references


