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Abstract: The East Siberian Arctic Shelf (ESAS) is a key area of CHy venting in the Arctic Ocean.
The ESAS region stores more than 80% of the world’s predicted subsea permafrost and associated
permafrost-related gas hydrates. Gas emissions from subsea permafrost are controlled by its current
thermal state, which, in turn, depends on environmental factors. The aim of the manuscript is to show
that the thermal state of subsea permafrost and phase transitions of its pore moisture can be estimated
remotely by echo soundings, which can resolve the structure of shallow bottom sediments. It has been
found that the duration of the seabed acoustic response (echo duration, A) at frequencies of 50 and
200 kHz correlates with sediment temperatures and generally increases with cooling below 0.5 °C.
This correlation, explained by assuming a layered structure of the bottom sediments, establishes the
basis for high-frequency acoustic thermometry. The technique is an advantageous tool for many
applications: fast contouring of low-temperature zones, remote measurements of seabed surface
temperature, and estimation of the thickness of frozen sediments near the bottom. The latter estimates
have implications for the distribution of subsea permafrost and the stability of gas hydrates on the
Arctic shelf.

Keywords: sound penetration; attenuation; subsea permafrost; seabed temperature; methane release;
East Siberian Arctic Shelf

1. Introduction

The Arctic is warming dramatically, with potentially catastrophic impacts on the
climate through rapid mobilization of the reservoirs of carbon sequestered in permafrost [1].
Thawing permafrost in the Arctic is the major contributing factor to the transportation
of substantial amounts of carbon from land and ocean to the atmosphere on decadal-
century timescales [2—4]. One possible effect is the release of previously generated methane
(CH,4) preserved within seabed deposits, such as natural gas fields and coal beds, and
the collapse of the CHy hydrates underlying the Arctic seabed [5,6]. The East Siberian
Arctic Shelf (ESAS) is a key area of CHy venting in the Arctic Ocean. The ESAS region,
which covers over two million square kilometers (equal to the areas of Germany, France,
Great Britain, Italy, and Japan combined), stores over 80% of the world’s predicted subsea
permafrost and permafrost-related hydrates. This vast yet shallow region is a significant
modern source of atmospheric CHy, with annual contributions no less than those from
terrestrial Arctic ecosystems [7,8]. However, unlike terrestrial ecosystems, ESAS emits CHy
year-round due to its partial openness during the winter when terrestrial ecosystems are
dormant [9]. Emissions are determined by and dependent on the current thermal state
of the subsea permafrost and environmental factors controlling its dynamics [7-10]. A
potential of 1400 Gt CHy, in the form of hydrates, free gas, and organic carbon preserved
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in the ESAS seabed, can be released into the water-atmosphere system in the form of CHy
bubbles [7-9,11].

Temperature and pressure conditions in wide areas of the seafloor allow subsea
methane accumulation in the form of gas hydrates, which might decay if disturbed. The
estimated total amount of methane-bearing sediments in the offshore Arctic Basin amounts
to 101> m~3 (540 Gt of carbon) [6]. A potential of 1400 Gt CHy, in the form of hydrates, free
gas, and organic carbon preserved in the ESAS seabed, can become a substrate for anaerobic
production in situ [5,9]. The current atmospheric CHy burden is ~5 Gt C=CHy. Therefore,
small changes in the current carbon stock of the subsea methane hydrate system might
significantly affect the growth of CHy in the Arctic/Subarctic atmosphere. It might be a
possible mechanism of maximum methane formation over the Arctic [7,9] -allowing another
different perspective on the role of the Arctic Ocean as a source of methane emission to the
global atmosphere. Once started, methane release from hydrates in the shallow Arctic shelf
can trigger further climate impacts.

The effect of climate change on the subsea permafrost-hydrate system is often studied
by means of modeling. However, the modeling approach has many limitations, including
the dynamics of the water surface-sediment thermal equilibration and limited opportunity
for validation against borehole temperature logs [12-14]. On the other hand, the area is
poorly accessible for direct measurements of sediment surface temperatures, which remain
sporadic [15]. In this respect, remote sensing of seabed temperatures from research vessels,
at stations or while cruising, is of crucial importance.

The purpose of the article is to show that the seabed temperatures can be estimated
remotely using acoustic methods. Acoustic methods are an efficient tool for marine re-
search and have been used broadly. The reason is that the attenuation of acoustic waves
propagating through the sea is lower than in any other type of soundings. Many acous-
tic oceanographic methods based on backscattering are used successfully to study the
seafloor and gas emanations [16-20]. Such soundings enhance the performance of explo-
ration and experimental work and significantly extend the scope of research objectives.
Various sonar systems allow classifying bottom sediments [21] and mapping the seabed
topography [22,23]. Echo sounding has applications in numerous fields: fishery, seafood
production, petroleum production (tracing cuttings dispersed from drill holes or oil spills),
sea flora monitoring, geological engineering surveys, cable and pipeline lining, dredging,
mineral and petroleum exploration, navigation safety, construction in shelf and coastal
areas, etc.

Field, laboratory, and theoretical data collected in this study demonstrate that the
thermal state of surface sediment/subsea permafrost and its phase transitions can be
estimated remotely with standard onboard sonar systems.

2. Materials and Methods

The acoustic surveys were performed during the Trans-Arctic cruise of research vessel
(RV) Nikolay Kolomeitsev in August-September 2000 at forty-three stations in the East
Siberian Sea and Laptev Sea shelf areas, as well in the Anadyr Gulf (Bering Sea), at sea
depths ranging from 5 to 92 m. The soundings were run using a portable dual-frequency
Furuno sonar system (Nagasaki, Japan) at 50 and 200 kHz, beam halfwidths of 12° and 2.5°,
respectively, and a pulse length of 1 ms. Ultrasonic signals from transducers at a depth of
2-3 m were transmitted and received in the vertical plane. The main specifications of the
acoustic system are summarized in Table 1.

While cruising, acoustic data were acquired by a high-performance Atlas echo sounder
(Bremen, Germany) at a frequency of 210 kHz and a beam halfwidth of 4°. Measurements
with the Furuno echo sounder (50 and 200 kHz) were carried out only at stations and with
the Atlas echo sounder (210 kHz) only while the ship was moving. This made it possible to
avoid aliasing in signals of the two used echo systems.

The reflection coefficient of acoustic waves from the seabed was estimated as in [24].
The duration A (ms) of echo signals backscattered from the upper layer of bottom sediments
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was estimated from the averaged backscatter echo signal after subtracting the noise and
eliminating the effect of the ship’s roll. This duration A (ms) was equal to the time interval
from the beginning of the seabed echo signal to the boundary below in which the signal
amplitude does not exceed 2% (threshold) of its maximum value.

Table 1. The main specifications of the Furuno sonar system.

Parameter Channel 1 Channel 2
Operating frequencies, kHz 50 200
Beam halfwidth, ° 12.5 2.5
Peak power, W 200 100

Pulse length, ms 0.5;1;3;10 0.5;1;3;10

The measurements at stations included seawater and bottom sediment temperatures
and sediment grain sizes. Water temperature profiles were measured through the water
column from 2 to 3 m below the sea surface to the bottom surface using the standard Alec
Electronics CTD probe (Kobe, Japan) with an accuracy of 0.05 °C. Sediments for particle
size analysis were sampled using a Van Veen grab sampler (Silkeborg, Denmark). Bottom
sediment temperatures were measured to a precision of 0.1 °C using four thermal sensors
installed 50 cm apart along a 2 m steel rod [25] embedded 1 m into bottom sediments
on average. The sediment temperature gradient was estimated as the difference between
temperatures at 1 m depth and near the surface.

The data are quoted as average values with standard deviation. The significance
of the difference between variable values was checked using the Wilcoxon signed-rank
non-parametric statistical test.

3. Results and Discussion
3.1. Acoustic and Direct Measurements of Bottom Sediment Temperatures on the Russian Arctic
Shelf and Comparisons

Acoustic responses acquired while cruising showed mainly plain bottom surface
topography along the whole ship track within the East Siberian Arctic shelf.

However, significant sea depth variations were observed at a few local sites, such as a
site in the Laptev Sea shelf (Figure 1a), where sea depths vary markedly though increasing
in general. The seabed at the site mainly dips at 0.02° and reaches a dip of 5° in the steepest
zones (curve 1 in Figure 1b). The reflection coefficient (curve 2 in Figure 1b) ranges from ~0
to 0.054 (0.026 £ 0.009 on average). The sporadic reflection went down to almost zero due
to sediment gas saturation—an effect well-known as the blanking zone [14].
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Figure 1. Example echograms along a profile in the Laptev Sea, in a zone of variable sea depths (a),
frequency 210 kHz; curves in panel (b) are sea depths (1) and acoustic reflection (2).
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Figure 2 shows fragments of typical echograms at 50 and 200 kHz acquired during
drift at a station in the Laptev Sea. The vertical scale on the left shows the depth, and on the
right, the time interval after the generation of the acoustic pulse. The water temperature
profile (Figure 2a) comprises two quasi-homogeneous segments (near the water surface
and near the seabed) and a layer of quite a high gradient between them, at sea depths
from 40 to 55 m. Echograms (Figure 2a) and an averaged acoustic profile (Figure 2b) image
segments of strong backscattering associated with the water surface and seabed, and a
scattering layer of possible biological origin detectable at high frequencies at sea depths of
20-30 m.
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Figure 2. An example of acoustic signal registration at a station in the Laptev Sea at frequencies of
50 and 200 kHz. (a) Echograms with the registration of the seabed. The yellow curve shows the
temperature profile. (b) View of two acoustic signals (in arbitrary units) at different frequencies. Red
arrows show the duration of the echo signal backscattered from the seabed A.

Temperature estimation by the acoustic method that we suggest is based on the
duration of acoustic signals backscattered from the seabed or echo duration A (red arrows
in Figure 2). Such duration can be measured in meters, assuming that the sound speed in
sediments corresponds to that in the water, or more correctly, in milliseconds.

Echo durations A, according to data from all stations, recorded at both frequencies
(Figure 3), ranged from 1 to 19 ms. The values A > 4 ms can be classified as anomalously
high since such values were not observed by us in more southern regions of the world
ocean at such frequencies. Such anomalously high A values were recorded at quite a few
stations along the whole ship track (open blue circles in Figure 3).

Laptev Sea East-Siberian Sea

70N

65N

140 E 160 E 180 E

Figure 3. Location of stations on the Russian Arctic shelf (circles). Open blue circles are stations
where anomalous echo durations (A > 4 ms) were recorded.
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Comparison with the temperature data of the upper layer of sediments at a depth of
1 m showed that almost all cases with an anomalous duration of acoustical signals from
the seabed correspond to negative temperatures. As can be seen from the fragments of the
echograms shown in Figure 4, at positive temperatures, A <5 ms for a frequency of 50 kHz
and A < 4 ms for 200 kHz, while at negative temperatures, these values are much larger
and reach A =20 ms.

50 kHz

Figure 4. Fragments of echograms, 50 and 200 kHz. Echo duration (y axis) at different sediment
temperatures at 1 m sediment depth (white numerals).

Figure 5 represents the values of A for all stations: it can be seen that in the sediment
of positive temperatures, the duration’s A for both frequencies depends weakly on temper-
ature. However, in the region of negative temperatures, A > 4 ms and, on average, increases
quite rapidly with decreasing temperature. Thus, the areas with negative and positive
temperatures of the upper layer of sediments differ significantly from each other both in
duration A and in temperature dependence A.
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Figure 5. Temperature dependence of echo duration, 50 kHz (a) and 200 kHz (b). Open blue circles
refer to stations where ultrasound penetrated anomalously deep into sediments. Dotted lines show
general trends.

The statistical significance of the difference between A values at positive and negative
temperatures was checked using the Wilcoxon test for the medians of echo duration series
in the T < Ty and T > Ty regions and was the highest at Ty = 0.5 °C. The probability of a
zero hypothesis (meaning that the median A values for the two regions would not differ
significantly) was as low as 2 x 10~7 for 50 kHz and 8 x 10~ for 200 kHz.

At the next step, the low- and high-frequency echo durations A were correlated with
temperature gradients in the upper 1 m of bottom sediments (Figure 6). The A values were
the largest in areas of high negative temperature gradients (rapid depthward cooling of
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sediments). Average gradients corresponding to A >4 ms were —0.6 £ 0.6 °C/m for 50 kHz
and —0.5 £ 0.6 °C/m for 200 kHz. Note that the sediment temperature gradient, which
ranged from —1.1 to +0.9 °C/m, is correlated with both large and small A (above and below
4 ms). The echo durations are anomalous (A > 4 ms) for both frequencies only at stations
where values of the negative temperature gradients were the highest (—1.7 to —1.5 °C/m).
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Figure 6. Echo duration vs. temperature gradient in upper 1 m of bottom sediments, 50 kHz (bold
blue circle) and 200 kHz (open red triangles). Dotted lines show linear trends.

Particle size analysis of shallow bottom sediments sampled at stations revealed varia-
tions from 0.01 to 1.0 mm. The grain sizes correlate with acoustic data (A) at stations with
sediment temperatures Ty = 0.5 °C or higher (A decrease generally as grain sizes increase),
but no correlation is observed at stations where the sediments are colder than Ty = 0.5 °C.

Thus, the low- and high-frequency echo duration A mainly correlates with the tem-
perature of the upper layer of sediments within the shallow Arctic shelf and generally
increases as the temperatures decrease at temperatures of sediment T < Ty = 0.5 °C.

3.2. Correlation of Echo Duration with Sediment Surface Temperatures: Modeling Approach

An analysis of 50 and 200 kHz acoustic data revealed anomalous echo duration values
of >4 ms, up to 20 ms, at some sites of the Arctic shelf (Figure 5). Such A values are hardly
due to scattering on the bottom surface but rather may result from signal penetration into
sediments and volume scattering. Indeed, the layer corresponding to surface scattering and
the side beam lobe (200 kHz) is located at a depth of 1 ms even at the maximum 92 m sea
depth. As for the lower frequency (50 kHz), the layer corresponding to surface scattering
and the main beam lobe is within 4 ms for most of the shallow-water stations (<40 m).

Almost all sites of >4 ms echo duration correlate with zones of negative sediment
temperatures, and the responses of progressively colder sediments become ever longer on
average (Figure 5). A fairly clear dependence is registered (Figure 5): with a decrease in
these temperatures, the duration of the echo signal A increases on average.

This correlation may be explained as follows. The echo duration A has two main
controls: reflection from heterogeneities (commonly layered features) and attenuation in
sediments. Namely, A is greater at higher reflection coefficients and lower attenuation.

3.2.1. Temperature Dependence of the Ultrasonic Reflection Coefficient on the Layered
Structure

Let us first consider the temperature dependence of the ultrasonic reflection coefficient
on the layered structure. The reflection coefficient from an ideal interface between two
quasi-homogeneous layers is determined by the acoustic impedance (Al) jump [26], and
its temperature dependence is sensitive to lithology. However, real interfaces commonly
include an intermediate layer with a nonzero thickness and roughness. Backscattering
from such a feature depends on the ratio of interface parameters (rms roughness height o
and effective thickness of the intermediate layer) to the wavelength [27]. The wavelengths
and reflection coefficients are greater in frozen sediments, where the sound has a greater
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speed. Specifically, when sediments freeze, due to an increase in the speed of sound, the
wavelength will increase, so the reflection will increase too.

In addition to the acoustic impedance, the reflection coefficient of acoustic waves from
a rough surface (V) depends on the Rayleigh roughness criterion P = 47to/A, where A is the
wavelength [28]:

V= Vo-exp(—Pz/Z), )

W in (1) is the reflection coefficient for an ideally smooth interface. The frequency depen-
dence of a normalized reflection coefficient of a normal incident acoustic wave from a
sand layer with different roughness values o is plotted in Figure 7. At very low frequen-
cies <3 kHz, the interface is almost ideal, and the roughness does not affect the reflection
coefficient, but reflection from a rough interface at >1 MHz reduces almost to zero.

5 mm 1T mm
]
=] +2 °C
— 0°C
s —_— —10°C
= 1¢200 kHz---‘ ----------- \
15 :
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Figure 7. Frequency dependence of a normalized reflection coefficient from a rough sandstone
surface, calculated for temperatures of 2 °C (1), 0 °C (2) and —10 °C (3) and roughness heights of 1
and 5 mm. The vertical violet arrows show roughness-related reflection coefficient increase as the
sand cools down from +2 to —10 °C.

Figure 7 shows that each value of the roughness parameter has its own frequency
range, for which the temperature dependence of V is most pronounced. Therefore, when
a sandstone layer cools from +2 to —10 °C, the reflection coefficient increases especially
rapidly at 0 = 5 mm between 30 and 100 kHz but at 0 = 1 mm in the 150-400 kHz range:
approximately from 0.1 to 0.6 at 50 kHz and ¢ = 5 mm roughness and from 0.27 to 0.7 at
200 kHz and o = 1 mm.

In order to estimate the coefficient of reflection from the transitional layer of a nonzero
thickness, the respective real jump in the speed of sound in the transition layer Ac is
approximated by the first-order Epstein function [28] (Figure 8a)

B Ac  exp(mH) —1/2

c(z) =co- (1 1 +exp(mH)) ’ @

where H is the depth (H = 0 in the middle of the intermediate layer), and the parameter m

is determined by the effective thickness of the intermediate layer. m = 4/Ah at the effective
thickness Ac

Ah = de/dHp—o’

®)
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Figure 8. (a) Boundary between two homogeneous layers as an Epstein transition layer with a
thickness Ah; (b): frequency dependence of reflection from the sand—clay interface as an Epstein
transition layer with = 10 mm at temperatures +2 °C (1), 0 °C (2), and —10 °C (3). Violet arrows show
a reflection coefficient increase from +2 °C to —10 °C cooling of the 10 mm thick interface.

This approximation describes real transition layers quite well and allows an ana-lytical
solution for the reflection coefficient [[29], which in the case of normal plane-wave incidence
is given by

sh| 538 (1 VT=2A¢/0)]
' h[ 2 4 VT=2Ac/c]

Frequency dependences of reflection from the sand—clay transition layer of the effec-
tive thickness Ak = 10 mm at different temperatures (Figure 8b) show that the reflection
coefficient increases for both frequencies from +2 °C to —10 °C cooling: 0.27 to 0.5 at 50 kHz
and 0.01 to 0.15 at 200 kHz.

Thus, simple modeling shows that reflection from a layered feature increases markedly
upon its cooling from +2 to —10 °C due to the roughness of interfaces and nonzero thick-
nesses of the intermediate layer. The echo duration A increases correspondingly.

(4)

3.2.2. Temperature Dependence of the Attenuation of Acoustic Waves in Bottom Sediments

The attenuation of acoustic waves in bottom sediments, the other factor that controls
the echo duration A, is likewise sensitive to temperature. Calculations and laboratory
experiments on various natural marine sediments [29-32] showed that the attenuation of
high-frequency acoustic waves is almost independent of positive temperatures [29,30] but
shows strong temperature dependence at subzero and negative temperatures [32] (Figure 9).
Calculations for 1 MHz [31] show that waves in the sand attenuate for two orders of mag-
nitude upon cooling from +2 °C to —15 °C, and the attenuation coefficient approaches the
values of pure ice. This prominent temperature dependence of the attenuation coefficient
and the sound velocity is due to the decrease in viscous friction as free water becomes
bound [33] and a part of pore moisture freezes up to ice [31].
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Figure 9. Temperature dependence of ultrasound attenuation (1 MHz) in frozen sand and ice modified
from [31].

3.3. Discussion

Echo sounding surveys in the eastern Arctic shelf at frequencies of 50 and 200 kHz
showed that echo duration A correlates with the temperature of shallow bottom sediments
and generally increases as the sediments become colder below 0.5 °C. Note that the A
values do not correlate with particle sizes in this temperature range (T < Ty = 0.5 °C).
As demonstrated by modeling, echo duration increases the account of reflection from
layered features and decreases attenuation. It should be noted that the proposed model
(Figures 7 and 8), based on a layered structure, is quite realistic since the sedimentary
stratum of the seabed throughout the world ocean is characterized by a layered structure of
various scales. This layering of the seafloor structure is due to variations in sedimentation
associated with various processes and natural cycles, and it is a characteristic feature of
echograms (see, for example, [34,35]).

The obtained temperature dependences of echo duration (trends in Figure 5) can
make reference for remote estimation of sediment temperatures by high-frequency acoustic
thermometry. In the approach we suggest, temperatures are estimated from echo duration
A rather than from the travel time between the emitter and receiver as in the conventional
long-range acoustic thermometry [33,36]. The durations of A > 4 ms measured by the
described sonar system at frequencies 50 and 200 kHz will correspond to the sediment
temperatures T < T = 0.5 °C with 95% probability. The most probable temperature values
can be estimated from A values using the trends in Figure 5.

This is a remote sensing method that does not require embedding transducers into
sediments. Furthermore, the measurements are actually instantaneous as there is no need
to wait for thermodynamic equilibrium between the sensor and the ambiance.

The high-frequency acoustic thermometry can be applied to large volumes of sedi-
ments beyond the upper 1 m layer. The covered volumes depend on the specifications of
the sonar system, sounding frequency, attenuation, and operation conditions. Tempera-
ture measurements at frequencies of hundreds of kilohertz can provide real-time average
seabed sediment temperature estimates while cruising, which is of great theoretical and
practical significance. Specifically, the temperature data are important for monitoring the
subsea permafrost and marine methane hydrates and for contouring the zones of hydrate
dissociation or dense water cascading [37].

The method is the most sensitive in the temperature range from slightly above the
freezing point of free liquid to the point when almost all pore water converts to ice. This
is quite a large range, given that pore water commonly freezes up at lower temperatures
than ordinary free water. For the greatest part of sediments, it is from +2 to —10 °C [31],
the lower bound being dependent on the type of rocks and pore space patterns. Note that
temperature measurements for any specific type of sediment should begin with finding the
empirical relationship between the echo duration and the average temperature of shallow
sediments in the target temperature range.
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4. Conclusions

Echo sounding results from the Anadyr Gulf and the shelves of the East Siberian and
Laptev seas have demonstrated that the duration of signal backscattered from the seabed
(echo duration, A) recorded at frequencies of 50 and 200 kHz correlates with temperature
and generally increases with cooling of sediments from >0.5 °C. This trend can be explained
by modeling with a layered structure of bottom sediments.

The temperature dependence of echo duration values created a reference for a new
method of remote high-frequency acoustic thermometry, in which they are used to infer
the temperatures of shallow bottom sediments according to empirical relationships.

High-frequency acoustic thermometry has multiple applications: contouring of low-
temperature zones, remote sensing of seabed temperatures, or estimating the thickness of
frozen subbottom sediments, with implications for the location of subsea permafrost and
stability of gas hydrates and consequent methane release in the Arctic shelf region.
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