Acoustic thermometry in the Arctic Ocean
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Large increases in the temperature of the Atlantic Layer in the Arctic
Ocean have been observed since the early to mid-1990s and have con-
tinued through to the present. These changes were detected in 1994 and
in 1999 with acoustic “sections” using acoustic thermometry. Both ice-
breaker and submarine CTD sections have confirmed these observations.
Calculations of the travel time of acoustic mode 2 for the submarine
CTD sections show a linear correlation with the mean temperature of the
Atlantic Layer of the section. A cabled-to-shore undersea mooring system
of Arctic Ocean observatories is needed to provide real-time year-round
observations using conventional as well as acoustic remote sensing tech-

niques.
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The Arctic Ocean plays a key role in the global
thermohaline circulation of the world’s oceans
and exercises considerable influence on global
climate, especially in the Northern Hemisphere.
Climate models predict that the Arctic regions
should be the first to experience the influence of
global warming (Manabe et al. 1992). This influ-
ence is possibly already happening at present in
the form of considerable warming of water in cer-
tain regions of the Arctic Ocean. Since the early
1990s inflow of warmer water from the Northern
Atlantic into the Arctic Basin has resulted in a
temperature increase in the Atlantic Layer from
approximately 50 m to 1000 m in the regions
along the Atlantic water circulation (Carmack et
al. 1995).

The Arctic Ocean is the least accessible for
oceanographic measurements with the use of tra-
ditional “contact” methods from research vessels
due to severe climatic conditions and the year-
round sea ice cover. Arctic researchers therefore
need remote sensing methods to make year-round
observations. However, methods of remote obser-
vation of the ocean such as satellite altimetry of
the ocean surface and measurements of sea sur-
face temperature are not possible in the Arctic
because of the perennial ice cover. Autonomous

vehicles and sub-surface drifters are still under
development. Low frequency acoustics offers an
effective technique for remote sensing of the
water temperature in the Arctic Ocean. With
receiving hydrophone arrays that are cabled to
shore, ocean temperature measurements can be
provided in real time.

Acoustic thermometry is a proven technical
approach to the problem of remote observation of
large-scale variation of temperature in the ocean,
including climatic changes (Dushaw et al. 2001).
The method of acoustic thermometry of the ocean
suggested by Munk & Forbes (1989) is based
upon the almost linear dependence of the sound
speed in water on temperature. Measuring the
travel time of acoustic propagation between a
fixed source and a receiver in the ocean, it is pos-
sible to determine changes in the average tem-
perature of water along the propagation path.
Sound can propagate in the ocean over thousands
of kilometres, which makes it possible to create
integral acoustic thermometers overlapping in
individual large basins, and with tomographic
inversion these integral measurements can pro-
vide spatial resolution directly proportional to the
number and density of intersecting acoustic paths
in each of the basins.
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Fig. 1. The mean temperature
between the zero degree isotherms
of 754 CTD profiles from the Arctic
71 Ocean plotted against the modal
group velocity for that profile for
mode 2 (stars) and mode 3 (circles).
4 C, is the correlation coefficient
calculated for the best linear fit.
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Acoustic propagation in the Arctic
Ocean

The efficiency of acoustic thermometry in the
Arctic Ocean follows from the unique character-
istics of sound propagation in the Arctic under-
water acoustic channel. The acoustic energy of
low frequency signals propagates in stable well-
defined waveguide modes in the vertically strati-
fied water mass layers of the Arctic Ocean. When
propagating, the lowest modes (mode 1 at 20
Hz, for example) occupy mainly the upper mixed
layer of cold and less saline Arctic waters. The
maximum energy of the higher modes (modes 2
and 3 at 20 Hz) propagates in the intermediate
layer of warmer and more saline waters of Atlan-
tic origin (hence the name Atlantic Layer) that
circulate over the entire Arctic Basin (Mikha-
levsky et al. 1995). There is therefore an oppor-
tunity for remote observation of the temperature
variation in the typical water mass layers of the
Arctic Ocean by filtering the signals arriving in
different acoustic modes. The modes travel at dif-
ferent group velocities corresponding to the dif-
ferent sound speeds in the Arctic water layers so
simple time filtering can be done for those paths
whose ranges are long enough for the modes to
separate, typically greater than several hundred
kilometres. For shorter ranges the modes can be
filtered spatially with a vertical array.
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Figure 1 shows the relationship between the
average temperature of the Atlantic Layer, defined
as a layer bounded by the zero degree isotherms,
and the group velocity of modes 2 and 3, i.e.
the velocity of propagation of an acoustic pulse
signal. 754 CTD profiles measured in the Arctic
since the 1950s were used to calculate this corre-
lation. The plot clearly shows that the relationship
between the acoustic modal group velocity and
the Atlantic Layer temperature is almost linear
and the correlation coefficient calculated for the
best linear fit is close to unity. Since the actual
acoustic thermometry measurement is a travel
time along a propagation path the correlation of
the travel time with the average temperature in
the Atlantic Layer on a specific path effectively
depends upon a much smaller subset of the pro-
files shown in Fig. 1 (which represents the entire
Arctic) and should be calculated for the specific
path as done below. The correlations are even
higher if one considers profiles from only the
western Arctic (Makarov and Canada basins)
and the eastern Arctic (Nansen and Amundsen
basins), which correspond to the points less than
~0.7 °C and greater than ~0.7 °C, respectively, in
Fig. 1.

In April 1994 acoustic transmissions at 20 Hz
were made from the ice camp Turpan north of
Svalbard across the entire Arctic Ocean to receive
arrays located at ice camp Narwhal in the Lincoln
Sea and ice camp SIMI in the Beaufort Sea. This
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Fig. 2. A notional monitoring grid
for the Arctic Ocean. The stars
represent the three autonomous
acoustic sources. The filled and
open circles indicate the cabled
receive arrays and Arctic Ocean
observatories. The open circle in
the Lincoln Sea represents an
existing sea—shore interface. The
open circle in the Beaufort Sea
represents a sea—shore interface
which does not yet exist. The open
circle in the Chukchi Sea shows
the APLIS Ice Camp location. The
short-dashed grey line from the
ACOUS source to the Lincoln Sea
is the acoustic path along which
acoustic thermometry
transmissions were made from
October 1998 to December 1999.
The long-dashed grey line is the
acoustic path from the ACOUS
source to the APLIS Ice Camp

in the Chukchi Sea along which
acoustic thermometry
measurements were made in April
1999.

was the Transarctic Acoustic Propagation (TAP)
Experiment (Mikhalevsky et al. 1999). The travel
time of mode 2 measured in the TAP experiment
was shorter by approximately 2 seconds (2.3 +
1.2 sec) relative to that modelled for the Arctic
Ocean climatology data along the propagation
path, which indicated a warming of the Atlantic
Layer by almost 0.4 °C (+ 0.2 °C) of the range
averaged maximum temperature in depth. The
maximum in depth of the range average of the
temperature difference in the Atlantic Layer com-
puted from the US Navy Generalized Digital
Environmental Model (GDEM) (Teague et al.
1990; Teague et al. 1987) and US—Russian Envi-
ronmental Working Group (EWG) Arctic data-
base (EWG 1997) with the 1995 submarine CTD
transect showed 0.3 °C and 0.5 °C increases,
respectively. Error statistics provided with the
EWG database indicate an error of + 0.2 °C for
an average over the three major Arctic basins
spanned by the transect. The April 1994 TAP
acoustic section was the first basin scale measure-
ment indicating a net warming over such a large
scale in the Atlantic Layer of the Arctic Ocean.
The Arctic Ocean Section of the US ice-breaker

Polar Sea and the Canadian ice-breaker Louis S.
St. Laurent conducted in August 1994, as well as
subsequent basin transects performed by the US
Navy Scientific Ice Expeditions (SCICEX; Lam-
ont-Doherty Earth Observatory 2001), confirmed
the results of the acoustic measurements.

The warming of the Atlantic Layer in the 1990s
is an established fact. What has not been estab-
lished is whether this change is a manifestation
of a secular global climate change trend with an
anthropogenic fingerprint, or a “natural” oscilla-
tion (Proshutinsky & Johnson 1997; Grotefendt
et al. 1998). The need for a real-time long-term
observational system is clearly evident to under-
stand these phenomena in the Arctic Ocean.

Arctic climate observations using
underwater sound

In October 1998, as part of the joint US—Russian
Arctic Climate Observations using Underwater
Sound (ACOUS) project, the first acoustic source-
was deployed by the Russian team in the Franz
Victoria Strait. At the same time, a US—Canadian
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Fig. 3. Temperature sections from SCICEX 1995, 1998 and 1999 across the Arctic Basin with the coincident bathymetry. The
significant warming in the Atlantic Layer is evident as topographically guided extensions of the Atlantic water circulation. An
average in range of these sections plotted as a function of depth shows a 0.4 °C maximum increase between 1995 and 1998-99 at

approximately 250 m.

team was in the Lincoln Sea deploying an auton-
omous receive array. In April 2001 this receive
array was recovered. This vertical array was
moored from the bottom in about 550 m of water.
The array consisted of 8 hydrophones spaced at
70 m intervals, starting at 12 m from the bottom.
The array also had 5 self-recording micro-CTDs
that record temperature and salinity every 10
minutes. There were two self-recording transceiv-
ers on the array that interrogated three bottom-
mounted transponders to measure the shape of the
array. The source—receiver pair creates a propaga-
tion path that crosses the Arctic Basin just north
of the Fram Strait (Fig. 2). Preliminary analysis

188

of the data shows that the source operated suc-
cessfully until 8 December 1999, when it ceased
transmissions due most likely to depletion of the
batteries.

The source was moored from the bottom at a
depth of 60 m below the sea surface and trans-
mitted a Maximal Length Sequence (MLS) tom-
ographic signal at 20.5 Hz every four days at
00:00 GMT. The total signal duration is about
20 minutes. The signal level is 250W (195 dB re
1 uPa) of acoustic power. The transmission time
was controlled by a quartz oscillator that was
corrected every four days by a rubidium clock,
based on a technique that has been in use on
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Fig. 4. (a) Average temperatures 1.2
between the zero degree iso-
therms plotted as a function of o 1

)
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group velocity plotted as a func- 0
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autonomous tomographic moorings for some time
(Worcester et al. 1985). The clock was synchro-
nized to GPS just before deployment, and pre-
deployment tests indicated better than 0.6 msec
absolute timing accuracy. The acoustic data set
from this path should reveal any changes in the
net heat influx into the Arctic Ocean over the 14
month period between October 1998 and Decem-
ber 1999. These acoustic data will be compared
with new models under development at the Uni-
versity of Alaska Fairbanks, which are attempt-
ing to nowcast and forecast the regime shifts and
current state of the Arctic Ocean (Johnson et al.
1999).

In April 1999 the ice camp APLIS was
established in the Chukchi Sea to support the
SCICEX-1999 expedition (Fig. 2). Two record-
ings of the regular ACOUS transmissions were
made at the ice camp on 9 and 13 April. The
acoustic path from the ACOUS source to APLIS is
close to the SCICEX transects conducted in 1995,
1998 and 1999. Figure 3 shows the temperature
field along the path in 1995, 1998 and 1999 con-
structed from expendable CTDs launched from
the submarine at approximately 40 km intervals.
The expendable CTD probes have an accuracy of
+ 0.035 °C in temperature and 4.6 m or 2 % of
depth, whichever is greater, and make measure-
ments between 25 m and 1000 m in depth. The
areas of warmer Atlantic water located to the left
of the major undersea ridges in the figure coincide

Range (km, from the ACOUS source)

with the main streams of the Atlantic Layer circu-
lation in the Arctic Basin.

The plot clearly shows the considerable warm-
ing in the Atlantic Layer in 1998 and 1999 relative
to 1995. The maximum in depth of the range aver-
aged temperature difference between 1995 and
1999 showed a 0.4 °C increase in temperature,
and from 1998 to 1999 a 0.05 °C increase. How-
ever, due to the change in depth of the warm cores
of the Atlantic Layer from year to year (Fig. 3),
it is estimated that the error of the range aver-
aged maximum is probably close to = 0.05 °C.
A more robust and statistically stable measure-
ment, which is not going to be sensitive to depth
changes of the warm cores within the Atlantic
Layer, is the range and depth averaged tempera-
ture for the section between the 0.0 °C isotherms
that define the Atlantic Layer. Given that there
are approximately 4000 independent data points
from the expendable CTDs in the Atlantic Layer
of each section, the error of the average tem-
perature is = 0.6 m°C. The Atlantic Layer in
the SCICEX-99 transect was warmer by 0.01 +
0.0006 °C on average over the entire section
(range and depth) than that in 1998. Figure 4a
shows the variation of the mean Atlantic water
temperature along the section and the section
average values. The calculated group velocity of
mode 2 (Fig. 4b) strongly correlates with the hor-
izontal variation of the mean temperature. The
travel time of mode 2 modelled for the T/S fields
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in 1995, 1998 and 1999 depends on the total sec-
tion average of the Atlantic Layer temperature
almost linearly (Fig. 5).

The travel time of mode 2 measured at APLIS
in April 1999 was 2.7 + 1.3 seconds shorter com-
pared to the April 1994 TAP measurement (cor-
rected for the different path lengths). This implies
a 0.5 £ 0.25 °C increase in the range averaged
maximum temperature in depth over 5 years com-
pared with the submarine measured increase of
0.4 £0.05 °C from 1995 to 1999 over 4 years dis-
cussed above. The measured travel time of mode
2 along the APLIS path was 1.2 = 0.5 seconds
shorter than modelled using the SCICEX-99 CTD
data. Since SCICEX could not sample the first
300 km section of the acoustic propagation path
(due to operational restrictions), some recent oce-
anographic measurements from this region in
1993 were used for the acoustic modelling for the
first 300 km. This 300 km section is the warmest
part of the acoustic path, because it stretches from
the Franz Victoria Strait toward the North Pole
and samples the extension of the West Spitsbergen
Current. Such a compilation of older oceano-
graphic data with the newer SCICEX data on this
section could explain the disagreement between
the experimental and modelling results for 1999,
with the modelling results biased slower, as was
observed. Nevertheless, both the modelling and
the experimental acoustic and submarine CTD
data demonstrate considerable warming in the
Atlantic Layer along this section in 1999 relative
to 1994 and 1995.

The errors associated with the absolute travel
times reported above for mode 2 from the TAP
and APLIS experiments were dominated by the
fact that in TAP the source transmission was ini-
tiated by manual synchronization with the rubid-
ium clock (the receive systems were electronically
synchronized) and in APLIS the receive system
had to be manually synchronized with a GPS
(a consequence of experiment field problems).
This resulted in absolute travel time measurement
errors of £ 1.2 seconds in TAP and + 0.5 seconds
in APLIS. With electronic synchronization the
travel time errors and the accuracy are reduced
to the precision of the MLS measurement, which
depends upon the bandwidth of the MLS wave-
form (1.5 Hz for TAP and 2 Hz for APLIS)
and the received signal-to-noise ratio (SNR). For
TAP and APLIS, the longest trans-Arctic path to
the Beaufort and Chukchi seas, respectively, had
a received post-processing SNR of ~18 dB and
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~21 dB for mode 2, respectively. For the shorter
path to the Lincoln Sea the SNR was even higher.
As shown in Mikhalevsky et al. 1999 (Eq. 1), this
yields a time measurement precision of ~30 msec
and ~22 msec, respectively, by picking the peak
of the pulse compressed waveform in time. Travel
time changes using a modal phase measurement
method (also shown in Mikhalevsky et al. 1999)
further reduced these errors to ~0.7 msec and
~0.5 msec, respectively. Using the linear trend
shown in Fig. 5 of 0.044 °C sec™!, a 22 msec travel
time error would correspond to 0.9 m°C error in
the section average temperature on this path (and
0.02 m°C error using the phase method).

These small errors are also a consequence of
the nearly perfect linear relationship of the section
average temperature and travel time for the three
data points shown in Fig. 5. If this linear relation-
ship does not hold up when new data are availa-
ble then these errors must be increased depending
upon the goodness of the linear fit.

Finally, the travel time accuracies assume that
the modal propagation is adiabatic. If significant
mode coupling occurs along the propagation path
then associating a measured travel time with a
particular mode is problematic. Even a small
amount of mode coupling can increase the errors
associated with the waveform peak picking meas-
urement discussed above. Analysis of the bathy-
metrically caused mode coupling on the Lincoln
Sea path during the TAP experiment (Pawlowicz
et al. 1996; Gavrilov & Mikhalevsky 2001) has
shown that the phase method is much more robust
to errors caused by mode coupling than the wave-
form peak picking method. The analysis also
showed that travel time errors using the phase
method would be less than 10 msec. The meas-
ured SCICEX CTD and acoustic data, and acous-
tic modelling using the SCICEX CTD data, have
shown that the warming in the Atlantic Layer of
the Arctic Ocean have decreased the trans-Arc-
tic travel time of mode 2 by ~0.4 sec/yr. Clearly,
these changes, and changes even two orders of
magnitude less than this, on an annual basis will
be easily detectable using acoustic thermometry.

A future monitoring network for the
Arctic Ocean

A notional monitoring network for the Arctic
Ocean is shown in Fig. 2. This grid provides
an integrated Arctic Ocean observing system

Acoustic thermometry in the Arctic Ocean
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exploiting the capabilities of acoustic remote
sensing and direct measurements of important
physical ocean properties using cabled moorings
and autonomous acoustic sources. The notional
network consists of 6 ocean observatories with
acoustic receive arrays and 3 autonomous acous-
tic sources. The scheme shows that an 18 acous-
tic path system will sample every major Arctic
sub-basin and intersect every major branch of the
Atlantic and Pacific water circulation. The acous-
tic signal takes 30 min to propagate along the
longest path from Franz Josef Land to the Beau-
fort Sea array. The ACOUS source currently oper-
ating in the Arctic sends a 20 min signal every
four days. Thus, the notional network shown here
could provide a snapshot of the entire Arctic
Ocean in less than 1 hour every 4 days, and could
operate for years with all of the data being pro-
vided to researchers in real-time. The data would
provide information on temperature changes in
the upper mixed layer and the Atlantic Layer,
through inversion of the mode arrival times. The
inherent low spatial resolution of the acoustic grid
could be later improved with the addition of more
sources and receivers. However, even the notional
grid proposed could alert researchers to impor-
tant changes anywhere in the entire Arctic Basin
for more detailed ice-breaker and ice camp based
research. In addition to the acoustic data, the
observatories would be equipped with oceano-
graphic, biological, chemical, sea ice and seismic
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sensors. This cabled network would provide coin-
cident long term Eulerian time series of all these
measurements.

Propagation loss of acoustic signals in the
Arctic channel strongly depends on the thickness
and roughness of the ice cover. This suggests a
way to remotely observe variations of the aver-
age thickness of sea ice in the Arctic (Gavrilov &
Mikhalevsky 1995). Together with satellite data
on ice concentration, such measurements may
allow us to obtain direct estimates of the volume
of floating sea ice in the Arctic Ocean, which is
one of the important climate variables. However,
the accuracy of such remote sensing of sea ice
thickness needs to be investigated in more detail
and with experimental measurements.

The notional network represents approximately
24 000 km of acoustic path length. To obtain
by direct measurement of temperature an aver-
age temperature on these 18 acoustic paths that
would be equivalent to the acoustic thermometry,
it would require sampling along each path at the
mesoscale correlation length of approximately 50
km. This would therefore require installing and
maintaining a continuous presence of 600 - 1000
buoys equipped with at least a 1 km long ther-
mister chain that must be mounted through the
ice in locations that span the entire Arctic Basin
or performing continuous ice-breaker or subma-
rine transects, neither of which is economically
or even physically possible for continuous sam-
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pling even on a seasonal basis. The accuracy of
the submarine sampled section temperature aver-
age was shown to be approximately + 0.6 m°C and
the acoustic measurement is comparable or better
with an accuracy of £ 0.9 m°C or £ 0.02 m°C
for the waveform time and phase method respec-
tively. Acoustic thermometry provides a way to
measure the average temperature of the Arctic
Ocean water masses synoptically and continu-
ously, unavailable by other means.

Conclusions

The travel time of waveguide modes of a low fre-
quency acoustic signal propagated in the Arctic
Ocean is a precise measure of the average temper-
ature in the main typical water layers along the
acoustic path.

The two acoustic sections of April 1994 and
April 1999 detected basin scale warming in the
Atlantic water layer of the Arctic Ocean. These
results have been confirmed by the SCICEX
expendable CTD transects. Under the ACOUS
program a 14 month time series has been col-
lected and is currently being analysed.

New technologies for synoptic, real-time, auton-
omous and unmanned operation are required if
we are going to be able to make observations
year-round on the spatial and temporal scales
needed to understand the changes that are already
occurring in the Arctic Ocean. A network of
cabled-to-shore Arctic moorings (3 sources and
6 receivers/observatories) would provide real-
time year-round synoptic measurement of the
average temperature of the Atlantic Layer and
other important variables in the Arctic Ocean.
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