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Abstract A pilot acoustic tomography program in Fram Strait during 2008–2009 measured a year-long
record of acoustic travel times along a 130 km range acoustic path crossing the West Spitsbergen Current.
Individual ray arrivals were not observed. Rather, the arrival patterns consisted of a single, stable, broad
arrival pulse of about 100 ms duration. Travel time variations of 60.15 s recorded the vigorous mesoscale
environment of the region and the seasonal cycle. To estimate ocean temperature from the tomography
data an inverse scheme employed a high-resolution ocean model for Fram Strait as the reference ocean.
The information from the tomographic measurements is primarily average temperature. Estimated
temperatures, averaged over 0–1000 m depth and over range, had a mean of 1.118C and variations of
60.338C; the uncertainty of the tomography estimates was about 60m8C. Agreement with an alternate
inverse approach based on EOFs and a Markov Chain Monte Carlo inversion scheme relying on a
matched-peak approach was excellent, indicating a robust estimate for ocean temperature. The inverse
estimates for average temperature agreed with the equivalent estimates from hydrographic sections
obtained along the acoustic path at the start and end of the program. Among other deﬁciencies, the ocean
model greatly underestimated the intensity of the mesoscale ﬂuctuations and exhibited a warm bias of
about 0.388C in section-averaged temperature. Tomographic measurements in Fram Strait offer unique
large-scale temperature constraints for ocean models through data assimilation. It is anticipated that these
constraints will lead to more accurate estimates of the circulation and transports in Fram Strait.

1. Introduction
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The Fram Strait is of great oceanographic interest, since through this narrow, deep passage the West Spitsbergen Current carries warm, salty Atlantic Water north into the Arctic, while the East Greenland current carries ice and cold, fresh Polar Water south into the North Atlantic (Figure 1). Below these upper ocean
currents, deep currents carry water from the Arctic basins south out of the Arctic and cold Norwegian Sea
water and Arctic Intermediate Water north into the Arctic [Langehaug and Falck, 2011; Schauer et al., 2008;
von Appen et al., 2015]. The region is therefore an important element of the oceanic circulation system. The
region is difﬁcult to accurately observe, however, because the strong currents within Fram Strait are turbulent and recirculating. Associated mesoscale features have short 4–10 km Rossby radius [Fieg et al., 2010;
Nurser and Bacon, 2014].
The Nansen Environmental and Remote Sensing Center (Nansen Center, NERSC) in Bergen, Norway has conducted an on-going observation program for Fram Strait focused on exploiting the remote sensing capabilities of acoustics, using both active (acoustic tomography) and passive sources [Haugan et al., 2012;
Mikhalevsky et al., 2015; Sagen et al., 2010; Sandven et al., 2014; Geyer et al., 2016]. The program began in
2008–2009 with the deployment of a single pilot tomography line as part of the ‘‘Developing Arctic Modeling and Observing Capabilities for Long-term Studies’’ (DAMOCLES) project (Figure 1), continued through
2010–2012 with the ‘‘Acoustic Technology for Observing the Interior of the Arctic Ocean’’ (ACOBAR) deployments (Figure 1), and now has sustained observations with the 2014–2016 ‘‘Arctic ocean under melting ice’’
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Figure 1. (left) Climatological temperature and (right) salinity at 300 m depth derived from the 2009 World Ocean Atlas [Antonov et al.,
2010; Locarnini et al., 2010]. Depths shallower than 300 m are white. The DAMOCLES tomography path (red line) and three of the six
ACOBAR tomography paths (black lines) cross the West Spitsbergen current. Compare with Figure 3.

(UNDER-ICE) program. The principal aim of the acoustic measurements is to assess the ability of tomography [Chiu et al., 1987; Munk et al., 1995; Naugolnykh et al., 1998; B. D. Dushaw and H. Sagen, A comparative
study of the properties of moored/point and acoustic tomography/integral observations of Fram Strait
using objective mapping techniques, submitted to Journal of Atmospheric and Oceanic Technology, 2015] to
provide a data type that is both accurate and complementary to data from other on-going programs. One
such program is the Alfred Wegener Institute’s (AWI) long-term Moored Array [Schauer et al., 2008; Beszczyn€ller et al., 2012]. The use of data assimilation techniques with ocean models is essential to assess the
ska-Mo
relative impact of the various data types on the ocean state estimates [Gaillard, 1992; Lebedev et al., 2003;
Remy et al., 2002].
The acoustic arrivals in long-range acoustic propagation within Fram Strait have an unusual character that
appears, at ﬁrst glance, to preclude the usual ray-based inversions of the tomographic data to obtain estimates of temperature [B. Dushaw, et al., On the effects of small-scale variability on acoustic propagation in
Fram Strait: The tomography forward problem, submitted to J. Acoust. Soc. Am., 2015b]. The usual, although
not exclusive, arrival pattern from many of the paths of the DAMOCLES and ACOBAR deployments is a single broad pulse, with no identiﬁable or stable speciﬁc ray arrivals (Figure 2). The usual techniques of tomography require the ability to identify speciﬁc ray paths with speciﬁc ray arrivals [Worcester et al., 1999]. The
prerequisite for any inverse problem is the understanding of the forward problem. Arrival patterns computed using a smooth ocean environment or a numerical ocean model are inconsistent with the observed
arrival pulses. The need for a better understanding of the forward problem was one motivation for a study
of the effects of internal wave and mesoscale variability on the acoustic arrival patterns [Dushaw et al., submitted manuscript, 2015b]. As Dushaw et al. submitted manuscript [2015b] conclude, the broad arrival pulse
results from a combination of the sound speed proﬁle unique to the region and the scattering of the acoustics by the extraordinary small-scale variability in the Fram Strait region.

2. The DAMOCLES Tomography System
DAMOCLES was an integrated, multiinstitutional project ﬁnanced by the European Union in the 6th Framework Programme for Research and Development. As part of DAMOCLES, the Nansen Center conducted a 10
month long pilot experiment by deploying two tomographic moorings from 21 September 2008 until 31
July 2009 [Haugen et al., 2010]. The goal of this experiment was to test the ability of tomography to measure
the heat content across the eastern part of the Fram Strait. Coupled to this goal was the conjecture that
these measurements would lead to better estimates of the ﬂuxes through the strait by using them to
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improve high-resolution ocean models
through data assimilation techniques. The
experiment involved a swept-frequency
acoustic source moored at 78 30:60 N, 8
15:10 E and a vertical receiver array
moored at 78 25:50 N, 2 26:50 E at a range
of 130.01 km from the source (Figure 1).
The acoustic source was deployed at a
depth of 378 m, while the 8 singlehydrophone receivers spanned depths
between 307 m and 973 m. The acoustic
source was located within the core of the
West Spitsbergen Current, which is centered on about 500 m depth. The source
transmitted frequency modulated signals
sweeping between 189 and 290 Hz over
60 s duration every 3 hours at a source
level of 190 dB re 1 lPa@1 m. The receiver
array consisted of two ‘‘Simple Tomographic Acoustic Receiver’’ (STAR) systems
[Worcester et al., 2013], each consisting of a
controller unit and 4 hydrophones, combined in a tail-to-tail conﬁguration [Sagen
et al., 2008; Sandven et al., 2008]. The vertical hydrophone array consisted of 8 hydrophones at 307 m, 403 m, 499 m, 595 m,
685 m, 781 m, 877 m, and 973 m. The
upper four hydrophones suffered from
excessive strumming noise, so data from
these instruments were not considered
here.
Long baseline, high-frequency, acoustic
transponder systems were used to moniFigure 2. A 50 day section of the DAMOCLES acoustic data obtained by the
tor the motion of the moorings during
hydrophone at 973 m. The acoustic arrival patterns consist of a single ‘‘pulse’’
of about 100 ms width, followed by mostly random arrivals resulting from
the experiment. These measurements
bottom scattering. Travel time variations caused by the mesoscale are
were used to correct the acoustic travel
evident. Arrival patterns obtained by hydrophones at 877, 781, and 685 m
times for the horizontal displacements of
depths were similar. These data form a ‘‘dot plot’’ in which peaks of the full
arrival pattern have been selected, hence they do not show the complete
the source and the receiver. In the case of
nature of the acoustic arrival pattern. Colors and dot size correspond to peak
the receiver, the long baseline system
SNR.
monitored the positions of the two STAR
controller units at the upper and lower
points of the array at 295 m and 973 m. The displacement corrections for each hydrophone between the
STAR controllers were then estimated by interpolation. Positioning errors were estimated to be about 1–
2 m. After correcting for clock errors and mooring motion, the nominal errors in travel time due to time
keeping and positioning were less than 10 ms [Haugen et al., 2010].

3. The NERSC Fram Strait Model
Given the dominance of short-scale variability in Fram Strait, a high-resolution model was essential to capture the nature of Fram Strait oceanography. To this end, the Fram Strait Model, a regional high-resolution
(a 400 3 320 computational domain with grid cells of approximately 3.5 km on a side) model based on the
Hybrid Co-ordinate Ocean Model (HYCOM) [Bleck, 2002; Bleck et al., 1992], was developed for the DAMOCLES project (Figure 3). The accuracy of this regional model depends on the states of the North Atlantic and
Arctic Oceans which were prescribed at open boundaries using a one-way nesting scheme. Barotropic
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Figure 3. A snapshot of (left) temperature and (right) salinity at 300 m depth derived from the Fram Strait Model (HYCOM) for 26 March
2008. Depths shallower than 300 m are white. The edge of the ice is denoted by the magenta line. The DAMOCLES (red line) and ACOBAR
(black lines) tomography paths are indicated. The ocean variability of Fram Strait is characterized by 4–10 km scales. Compare with the 18
resolution climatology of Figure 1.

velocity, depth-dependent pressure, temperature, salinity and ice ﬁelds were provided by the ‘‘Towards an
Operational Prediction system for the North Atlantic European coastal Zones’’ (TOPAZ) system (http://topaz.
nersc.no) [Sakov et al., 2012], an operational model for the North Atlantic and Arctic Oceans. The baroclinic
state of the model at the boundary was relaxed to that of the TOPAZ. Both the Fram Strait Model
and TOPAZ have 28 layers in the vertical; the HYCOM model incorporates both Lagrangian and Euler characteristics in its vertical coordinates. The thermodynamics of ice and ice formation were implemented according to the Drange and Simonsen [1996] scheme, while ice dynamics followed Hunke and Dukowicz
[1997] with the elastic-viscous-plastic (EVP) rheology, modiﬁed as of Hunke [2001], for ice concentrations
higher then 0.89. Below this threshold value, the collisional rheology of Shen et al. [1987] was applied as an
attempt to simulate marginal ice zone dynamics.
The ocean models were forced by atmospheric data with a resolution of 0.58 3 0.58, available from the European Center for Medium range Weather Forecasting (ECMWF). The near real-time observations used to
constrain TOPAZ are Sea level anomalies (SLAs) combined from 3 satellite altimeters (GFO, ENVISAT, and
Jason-2), sea surface temperatures (SSTs) from AVHRR, sea-ice concentrations from SSM/I and in-situ temperature and salinity proﬁles from eXpendable BathyThermographs (XBTs) and Argo ﬂoats. The data assimilation method used in TOPAZ is the Ensemble Kalman Filter (EnKF) [Evensen, 2006, 2003]. The assimilation
of ocean surface parameters controls the ocean surface dynamics [Brusdal et al., 2003], and the assimilation
of sea-ice concentrations controls the location of the ice edge [Lisæter et al., 2003].
The Fram Strait Model states were compared to observations by the AWI Moored Array and ConductivityTemperature-Depth (CTD) hydrographic proﬁles obtained during DAMOCLES deployment and recovery in
2008 and 2009. Temperature and salinity proﬁles from the model were similar to the observations, with no
unphysical artifacts evident in the model [Dushaw et al., 2013]. The model sound speed proﬁles were sufﬁciently accurate that the results for acoustic propagation computed using this model were not unphysical.
The model underestimated volume and heat transports through Fram Strait by 20–40% compared to the
estimates from Moored Array data, although the model and measured transport variability had a similar character. The properties of both barotropic and baroclinic currents were weaker in the model than observed.
Since one aim of DAMOCLES was to use the tomography data to correct or constrain the large-scale temperature properties of models, the Fram Strait Model was used as the reference ocean, that is, the inverse
employed as data the differences between the measured ray travel times and travel times computed using
the model. It also seemed likely that this model had a better representation of Fram Strait conditions than
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Figure 4. A set of eigenrays obtained from a snapshot of the Fram Strait Model sound
speed. The ﬁve eigenrays obtained represent similar measurements of the ocean. The
acoustic source is located at 378 m depth within the West Spitsbergen current at the
left of the ﬁgure, the receiver is at 685 m depth at the right. Svalbard is to the left of
this ﬁgure, Greenland to the right. The inverse employed similar sets of rays to four
deep hydrophones on the receiver mooring. The bathymetry is derived from version
3.0 of the International Bathymetric Chart of the Arctic Ocean (IBCAO) [Jakobsson
et al., 2008].

10.1002/2015JC011591

smoothed products such as the
World Ocean Atlas [Antonov et al.,
2010; Locarnini et al., 2010]. The ﬁrst
step in employing a reference like
this is to compute the eigenrays
(Figure 4) and their travel times in
each model snapshot (Figures 5–8).
The aim of the inverse is to correct
the model such that computed
travel times agree with the measured travel times. The comparison
of travel times computed in the
uncorrected model and measured
travel times gives an initial assessment of the impact the tomography
travel time data may have on the
model.

The comparison of measured and
modeled travel times highlights
several signiﬁcant errors in the
ocean model (none of which should
be surprising to the reader). Both
the phase and amplitude of the seasonal cycle of the model are incorrect. The seasonal cycle in Fram Strait
is mostly advective in origin, rather than from local seasonal surface heat exchange. The data show the signiﬁcant and rapid variations of temperature as a result of mesoscale ﬂuctuations, most likely originating in
the West Spitsbergen Current. These ﬂuctuations occurred at weekly time scales with peak-to-peak travel-

Figure 5. The observed travel times obtained on the receiving hydrophone at 685 m depth compared to Fram Strait model predictions.
The red-green dots show the peaks of the arrival patterns, with both color and size corresponding to peak intensity. The recorded arrival
consists of a broad arrival pulse of about 100 ms width, followed by random arrivals from sea ﬂoor scattering. The blue dots indicate travel
times computed using the Fram Strait Model, excluding rays that reﬂected from the sea ﬂoor. As discussed in the text, the model predictions disagree with the observations in several important ways. The aim of the inverse is to correct the Fram Strait Model such that travel
times computed using the corrected model agree with the observations.
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Figure 6. As in Figure 5, but for the receiving hydrophone at 781 m.

time variations of up to 150 ms. Comparable model variations are much weaker, indicating that the model
is underestimating the intensity of the mesoscale ﬂuctuations. As will be shown later, the measured and
modeled time-mean travel times are different, which indicates a warm bias in the model estimates of temperature. Finally, the dispersal of the measured acoustic arrivals is less than predicted by the model. This discrepancy suggests the vertical gradients of sound speed from the model are in error. The use of acoustic
travel times as constraints on the model could be expected to correct all of these model deﬁciencies.

Figure 7. As in Figure 5, but for the receiving hydrophone at 877 m.
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Figure 8. As in Figure 5, but for the receiving hydrophone at 973 m.

4. Approaches to Inversion
While much can be learned about the integrity of an ocean estimate by comparing acoustic signals computed from that estimate to measured acoustic signals [see also Dushaw et al., 2009], the acoustic data can
be used to obtain estimates of sound speed variations, hence temperature, by the use of inverse techniques. The conventional procedure for computing a tomographic inverse relies on a set of individual, stable,
acoustic arrival peaks that can be identiﬁed with computed peaks and their associated ray paths determined using a reference ocean. The differences between measured and computed peak travel times form
the data on which the inverse operates, while the ray paths determine the measurement kernels for the
acoustic sampling that can be applied to a parameterized ocean model. The inverse estimate is therefore
relative to the reference ocean. The ray sampling of the parameterized model is essential to compute the
required components for the conventional inverse [Munk et al., 1995; Cornuelle et al., 1989, 1993; Morawitz
et al., 1996].
As noted in the introduction, the acoustic data acquired during DAMOCLES are signiﬁcantly affected by the
small scales of the Fram Strait region. Simulations of small-scale variability in Fram Strait showed that the
broad acoustic arrival pulses that were recorded during DAMOCLES are associated with signiﬁcant acoustic
scattering and a multitude of unstable ray paths (Dushaw and Sagen, submitted manuscript, 2015). While
the observed broad arrival pattern was stable, the situation is not amenable to the conventional inverse in
which speciﬁc arrival peaks are identiﬁed with speciﬁc ray paths. Two different schemes for inversion of the
DAMOCLES data have been developed, however, both leading to nearly identical estimates for the time variability of ocean temperature. In the ﬁrst scheme, the ‘‘matched peak’’ inverse, the amplitudes of a small set
of two-dimensional empirical orthogonal functions are selected by brute force, such that the acoustic arrival
pattern computed from an ocean state estimated by a linear summation of those functions matches the
observations. In the second scheme, the ‘‘conventional’’ inverse, geometric rays with similar travel time and
spatial sampling characteristics are assigned to travel times of peaks within the broad pulse arrivals to estimate temperature by conventional inverse techniques.
4.1. Matched Peak Approach Using Two-Dimensional Empirical Orthogonal Functions
Skarsoulis et al. [2010] approached the inverse problem with the strategy of systematically searching a
sequence of possible ocean states to select those states that gave acoustic predictions that matched the
observations. In other words, Skarsoulis et al. [2010] employed a matched-peak approach to the DAMOCLES

SAGEN ET AL.

TOMOGRAPHY IN FRAM STRAIT

4607

Journal of Geophysical Research: Oceans

10.1002/2015JC011591

inverse. A small set of two-dimensional empirical orthogonal functions (EOFs) for temperature were ﬁrst
derived from the AWI Moored Array data. Equivalent modes in sound speed were then computed assuming
a ﬁxed salinity of 35 PSU. The aim of this approach was to model the sound speed ﬁeld as a sum of the twodimensional EOFs, and systematically search the parameter space of EOF amplitudes to obtain those solutions for which the computed acoustic arrival patterns best match the observations. The approach was computationally challenging, and it depended on the accuracy of the two-dimensional EOFs in representing
Fram Strait variability. The use of a small number of EOFs limits the dimensionality of the model parameter
space to search, minimizing the computational challenge. The distribution of model states consistent with
the data can then be used to compute estimates for the uncertainty of the inverse solution. As the number
of parameters of the matched-peak inverse increases, however, the computational requirements of the
matched-peak approach increases dramatically. One advantage of the approach is that it was not essential
to determine the precise spatial sampling characteristics of the acoustics; the ray identiﬁcation problem is
avoided.
While the matched-peak inverse appeared to work for obtaining estimates of average temperature from
the tomography data, the approach has a number of limitations. The inverse relied on the accuracy of the
2-D EOFs in representing the spatial structure of the variability in Fram Strait. These functions were obtained
from data acquired at a different time (2002–2005) and a different place (along the moored array) than the
DAMOCLES tomography path. Further, although quite a lot of data were used to compute these EOFs, the
ocean section along the moored array line was likely undersampled. The 2-D EOFs computed this way are
not likely to give general correct representations for variability within Fram Strait. These 2-D EOFs are not
likely to be appropriate for data from other acoustic paths within Fram Strait, such as have been acquired
during 2010–2012 ACOBAR program (Figure 1). Lastly, inasmuch as a goal of the present analysis is to begin
to bring together the acoustic data and numerical ocean models, it is not clear how the 2-D EOFs could be
used to represent errors in an ocean model. Such models may encompass some of the features represented
by the 2-D EOFs, for example; such features would have to be identiﬁed and disentangled. We therefore
sought a more versatile approach to estimating temperature from the acoustic data.

4.2. Conventional Inverse
Despite the unusual nature of the acoustic data, it proved possible to construct a more conventional inverse
by recognizing the essential nature of the acoustic propagation. An important point to recognize was that
since all rays arrive at about the same time, it does not matter which ray was assigned to which arrival peak,
at least to ﬁrst order. A not-unrelated property is that while the rays are not all the same, they do all have
similar spatial sampling characteristics, cycling between about 1.5 km depth and the surface (Figure 4). The
strategy was therefore to assign computed rays to measured arrival peaks randomly, assume a large uncertainty for the travel time to account for the identiﬁcation ambiguity, and rely on the large numbers of data
to obtain a reliable inverse solution. Once ray paths are assigned to particular arrival peaks, an inverse using
the conventional approach is possible. An obvious consequence is that it is not possible to derive detailed
information about the vertical variations of the sound speed estimate. The single essential piece of information provided by these data is the range- and depth-averaged sound speed; the acoustic rays provide a natural measure of this quantity. While these inverse estimates required this novel approach, they resulted in
estimates for sound speed that were in essential agreement with the Skarsoulis et al. [2010] estimates.
While this approach may appear ad hoc, it should rather be viewed as a way to approximate the spatial
sampling of the acoustic propagation and relate that sampling to the acoustic travel times. A more rigorous
approach to this problem may be available in the Time Sensitivity Kernel (TSK) theory which relates the spatial sampling of an acoustic ﬁeld to travel time changes of an arrival pattern [Skarsoulis et al., 2009]. This
technique has not yet been applied in practice yet, particularly not to complicated data such as have been
acquired in Fram Strait. Nevertheless, approximating the inverse problem through a set of rays with common sampling that is related to a common travel time appears to be a practical way forward at this time.
Similar approximations have been employed elsewhere for acoustic tomography, e.g., Taniguchi et al.
[2013]. This inverse approach appears to have general utility for computing estimates for temperature from
acoustic tomography data acquired in the region of Fram Strait. Indeed, preliminary temperature estimates
have been obtained this way from the ACOBAR tomography data.
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A practical scheme for identifying computed rays with measured arrival peaks is given in Appendix A. One
important characteristic of this identiﬁcation was to maximize the randomness of this identiﬁcation to avoid
potential biasing problems in the solutions. This identiﬁcation also results in the set of travel time differences that were employed by the inverse. These differences were between the travel times computed using
the Fram Strait Model and travel times measured by DAMOCLES. The parameterized ocean model
employed as the inverse model was described by Dushaw et al. [submitted manuscript, 2015b] and Dushaw
and Sagen (submitted manuscript, 2015). A brief summary of how the model for the sound speed section
was constructed using EOF functions in the vertical and sinusoids in the horizontal is given in Appendix B.
The vertical functions were selected to avoid artifacts in the vertical gradients of sound speed estimated by
the inverse, so that the ray calculations using the inverse solution were well behaved.
The Fram Strait Model evolves over time, of course, so the reference ocean is time-dependent. A timedependent reference was used by Dushaw et al. [1993] in the central North Paciﬁc to account for the
change in ray paths resulting from the formation of the intense near-surface mixed layer in late summer.
Morawitz et al. [1996] employed a time-dependent reference for tomographic estimates in the Greenland
Sea. Hydrographic data were used to construct a reference ocean that accounted for most of the seasonal
variability. One advantage of employing a time-dependent reference is that sound speed perturbations relative to that reference are small, ensuring linearity of the inverse estimates. The times of the Fram Strait
Model snapshots do not exactly correspond to the times of acoustic transmissions, however. The model
snapshot occurring at the time closest to any particular time of measurement was therefore used as the reference ocean state for the inversion of that acoustic data. Formally, the reference ocean does not vary
smoothly with time, but jumps from one state to another, depending on the alignment of transmission
times and times of model states. This quirk is a nonissue in the formal estimate of the ocean by the inverse,
since only the sum of the reference and inverse estimate is the meaningful quantity.

5. Inversions Relative to the Fram Strait Model
The above sections have outlined all the required elements for the inverse of tomography travel times to
obtain estimates of sound speed. The data were the differences between the travel times of measured
peaks and travel times predicted from the Fram Strait Model. The data were loosely associated with speciﬁc
ray paths, which allowed the forward problem operator, G, to be calculated using the assumed parameterized ocean model,
ð
Pm ðr; zÞ
Gnm 522
ds
(1)
2
Cn c0 ðr; zÞ
where ðCn Þ are a set of acoustic ray paths and c0 ðr; zÞ is the reference sound speed section derived from
the Fram Strait Model (Dushaw and Sagen, submitted manuscript, 2015). The Pm ðr; zÞ are the twodimensional functions obtained by combining vertical and horizontal functions of the assumed model
(Appendix B). With this operator, the inverse problem in matrix notation is
d5GA1

(2)

where d are the travel time data, A are the model parameters (Appendix B), and  is data noise or uncertainty. The ocean model also required a statistical description of the variances, or weights, of the model
parameters which were used in the weighted-least-squares ﬁt. The uncertainty for these data was assumed
to be 200 ms. While this value is larger than the duration of the arrival pulses, the inverse estimates were
empirically determined to be more accurate with this value. In this case, the data noise may be interpreted
as the combination of both measurement noise (ca. 100 ms) and nonlinear errors introduced by the ocean
model. As noted above, the dispersal of the travel times computed from the model was signiﬁcantly larger
than that observed.
Since the reference ocean is time-dependent, new travel times and ray paths need to be computed whenever the Fram Strait Model snapshot used as the reference changes. The inverse therefore requires a
sequence of computations each time the reference changes: recalculate the travel times and identify them
with measured peaks, select the rays to be used for the inverse, recalculate the forward problem operator,
and do the least squares ﬁt to solve for the model parameters. The result of this sequence of calculations is
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a time series of model parameters giving the sound speed correction relative to a speciﬁc Fram Strait Model
snapshot, the snapshot occurring closest to the transmission time. Ultimately, the corrections, applied to
the Fram Strait Model, gave a time series of sound speed sections along the DAMOCLES path that comprised the corrected Fram Strait Model.
While the travel-time uncertainty for any particular arrival peak was large, the combination of data from the
four hydrophones provided data sufﬁcient to overcome the weak constraints of the individual peaks. The
information provided by the hydrophones is redundant, to ﬁrst order, since the character of the four time
series was similar; in other words, the rays to the upper hydrophone do not sample the ocean very differently than rays to the lower hydrophone.
The corrected model must give travel times that match, within data uncertainty, the tomography data. In
this case, we were not concerned about the precise identiﬁcation and match of speciﬁc ray travel times–we
just needed the corrected prediction to be consistent with the single, wide arrival pulse of the observations.
This requirement is the ultimate test of the accuracy of the sound speed corrections from the inverse. Whatever approximations, assumptions, or nonlinear ray properties that may be inherent in the inverse procedures, the solution in the end must give predictions that agree with the observations within uncertainty.
This requirement adds an additional step to the sequence of calculations required for each step of the
inverse. After the solution for the model parameters was obtained, the correction to the Fram Strait Model
sound speed section was calculated and applied to the model sound speed section. The acoustic predictions were then recomputed using the sound speed section from the corrected Fram Strait Model and
compared to the observations. These predictions were found to agree with the observations (Figure 9),
establishing the integrity of the inverse.

6. Conversion of Sound Speed Estimates to Temperature Estimates
The estimates for sound speed can be accurately converted to temperature estimates; salinity variations do
not signiﬁcantly affect the estimates of sound speed. In the Fram Strait region the factor 4.5 m s21 8C– 1 can
be used to scale between sound speed and temperature estimates with an accuracy of perhaps 2% (B. D.
Dushaw et al., Sound speed as a proxy variable to temperature in Fram Strait, submitted to Journal of the
Acoustical Society of America, 2015a). The acoustic data alone are not adequate to resolve the details of the
sound speed section, however. While the sound speed correction obtained from the inverse of course
implies a speciﬁc solution as a function of range and depth, the uncertainties of this solution at any point
are large. The uncertainty of the average over depth and range is small, however (Dushaw and Sagen, submitted manuscript, 2015); the oceanographically meaningful quantity is the average. To obtain an estimate
of temperature, therefore, the appropriate average sound speed quantity is calculated, and this quantity
and its uncertainty were scaled to obtain temperature.
The time series of estimated, averaged sound speed or temperature is noisy. The noise of the time series
reﬂects the scattered nature of the travel time peaks within the wide arrival pulse, together with the looseness of the inversion with its large data uncertainties and approximate ray identiﬁcation. The highfrequency noise, with rapid variations from transmission to transmission, should be distinguished from the
apparent variations in temperature as a result of mesoscale variability occurring at weekly to monthly time
scales. The former is noise, the latter is signal. The uncertainties of the temperature estimates are dominated
by the high-frequency noise of the time series, rather than the formally estimated inverse uncertainties. The
formal inverse uncertainties for the range- and depth averages are about 0.27 m s– 1 (60 m8C). The rootmean-square (RMS) noise of the time series, estimated by subtracting a 2 day running mean of the time
series, is 0.43 m s– 1 (96 m8C). Further reﬁnements of the details of this inverse may reduce this highfrequency noise; the inverse might be reﬁned to reduce the inﬂuence of particular peak travel times.
The time series of absolute temperature is estimated from the sound speed estimates with a series of simple
calculations. These calculations convert sound speed ﬂuctuations relative to the time-mean sound speed to
temperature ﬂuctuations relative to the time-mean temperature. The corrected Fram Strait Model estimates
are ﬁrst used to obtain a time series of absolute sound speed (Figure 10, top), averaged over range and
0–1000 m depth. The time-mean sound speed is subtracted, and the estimated variations in sound speed
are then scaled by a factor 4.5 m s21 8C– 1 (Dushaw et al., submitted manuscript, 2015a) to obtain the estimated variations in temperature. The corrected time-mean temperature is obtained by ﬁrst computing the
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Figure 9. Each plot reproduces the data and predictions shown in Figures 5–8, but only those computed ray arrivals used for the inverse
are shown (dark blue dots). After the sound speed is corrected by the inverse, the ray arrivals are recomputed giving travel times that
agree with the observations (cyan dots).

time series of range- and depth-averaged temperatures of the uncorrected Fram Strait Model at the times
of the acoustic transmissions. The time mean of this time series then computed, and this mean is corrected
according to the difference between the time means of uncorrected and corrected Fram Strait Model sound
speeds. These two sound speeds differ by 1.71 m s– 1, corresponding to a temperature bias of 0.388C. The
uncorrected Fram Strait Model is slightly warmer by this amount compared to the DAMOCLES measurements. The corrected mean temperature is then added to the time series of estimated temperature variations to give the estimates for absolute temperature of Figure 10.
The temperature estimates can be compared to the estimates obtained by Skarsoulis et al. [2010]. The comparison required some approximations since the Skarsoulis estimate averaged over the top 2000 m of
ocean, whereas the essential resolution of the acoustic measurements is over the top 1000 m of ocean. The
present inverse estimates can be compared to the earlier estimates by subtracting the time mean from the
Skarsoulis time series, and then scaling that time series by a factor of two to obtain an estimate over
1000 m rather than 2000 m (Figure 10). This procedure assumed the temperature variations below 1000 m
depth were negligible. Both time series used the same time-mean temperature.
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Figure 10. (top) The time series of range- and depth-averaged sound speed from the Fram Strait Model, averaged along the DAMOCLES
path (red x’s), and the sound speeds obtained by inverse of the DAMOCLES acoustic data (blue dots). (bottom) The time series of estimated
sound speed was used to obtain estimates of temperature (blue line), with an uncertainty of about 60 m8C. The temperature time series
was low-pass ﬁltered using a 2 day running mean. The equivalent time series of temperature derived from the Fram Strait Model (red line),
and the temperature estimates of Skarsoulis et al. [2010] (green line) are shown. Some of the ﬂuctuations of the acoustic estimates are a
product of the randomness of picked-peak travel times. Single points with error bars indicate equivalent average and RMS temperature
estimated from CTD (17 August 2008, 6 August 2009) or XBT (20 September 2008) sections, roughly along the DAMOCLES path.

The acoustic temperature estimates can also be compared to estimates obtained from CTD or XBT sections
taken roughly along the DAMOCLES acoustic path during deployment or recovery of the moorings in 2008 and
2009 (Figure 10). CTD sections were obtained on 17 August 2008 (Yearday 230, 7 casts) and 6 August 2009
(Yearday 583 (2008), 13 casts) and an XBT section was obtained on 20 September 2008 (Yearday 264, 11 casts).
In this case, the range and depth-average temperatures were obtained by averaging the proﬁles from a section
from the surface to 1000 m, and then computing the average and RMS of those values. Values obtained were
1.56 6 0.338C (Yearday 230), 1.56 6 0.228C (Yearday 264), and 1.30 6 0.208C (Yearday 583). These hydrographic
estimates are reasonably consistent with the acoustic measurements, accounting for the obvious rapid variations of temperature, accuracy of XBT measurements, and the irregularity of the hydrographic sampling. The
sampling did not correspond exactly to the DAMOCLES acoustic path, and sampling did not extend fully
between the source and receiver locations. The section on 20 September 2008 began at the source mooring,
but ended about 0.758 of longitude short of reaching the receiver mooring, for example. The DAMOCLES path
spanned 5.88 of longitude. Inasmuch as upper ocean temperature is cooling across Fram Strait as the East
Greenland Current is approached, the undersampling of the cooler water near the DAMOCLES receiver mooring could account for the warmer estimate from this section compared to the acoustic estimate.

7. Discussion
The acoustic data acquired during the DAMOCLES tomography transmissions were of an unusual nature,
compared to previous midlatitude tomographic observations, reﬂecting the ﬂattened proﬁle of sound
speed (weak gradient) in the region and the scattering by vigorous small scale sound speed ﬂuctuations
[Dushaw et al., submitted manuscript, 2015b]. The arrival patterns, though random in detail, were stable, and
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recorded travel time variations were consistent with the nature of oceanographic variability of the region. Individual ray arrivals were not apparent, with the arrival pattern consisting of a single broad lump of acoustic
energy of about 100 ms duration. The randomness of the acoustic ray paths caused by scattering and the
near-simultaneous arrival of these rays to form the arrival pulse were properties that were exploited to obtain
temperature estimates from the DAMOCLES tomography data by an inverse calculation. The inverse estimates
of sound speed were corrected model realizations for the sound speed sections. These corrected sections
gave computed arrival times that agreed with measurements (Figure 9), the principal requirement for the
inverse solution. The information provided by tomography is primarily the depth- and range-averaged temperature (Dushaw and Sagen, submitted manuscript, 2015) (Figure 10). Temperature estimates were readily
obtained from the sound speed estimates by a simple 4.5 m s21 8C–1 scale factor (Dushaw et al., submitted
manuscript, 2015a).
While the inverse estimates derived in this analysis appear to be adequate, different approaches may give
more accuracy. Neither the Fram Strait Model nor the World Ocean Atlas were particularly accurate representations of the sound speed environment. The inﬂuence of the small scales on the acoustic propagation
was, of course, not represented by these modeled environments, but the acoustic scattering is a central element to the acoustic propagation problem in Fram Strait. One approach may be to add small scale variations, either simulated mesoscale or internal waves, to the environment to induce greater acoustic
scattering as described by Dushaw et al., submitted manuscript [2015b], that is, employ a reference
c0 ðr; zÞ5cM ðr; zÞ1cI:W: ðr; zÞ, where cM is the sound speed section from the model or climatology and cI:W: is
a statistical internal wave realization as computed from a stochastic model such as Colosi and Brown [1998].
The resulting reference ocean would then have the small-scale sound speed scintillations required to provide a plethora of scattered rays, in accordance with what is observed. Such scattered rays would perhaps
lead to better inverse estimates. Employing the full, continuous acoustic arrival pattern, rather than just several peaks chosen from that pattern, may give a better acoustical constraint. Finally, the nature of the acoustic propagation suggests that geometric rays may be an inherently poor representation of the acoustic
propagation in Fram Strait. This particular inverse problem may be an ideal application of the TimeSensitivity-Kernel (TSK) of Skarsoulis et al. [2009], which accurately represents the spatial sampling of an
acoustic ﬁeld associated with acoustic arrivals at a particular travel time.
One of the most interesting aspects of the time series of temperature is the obvious mesoscale contribution
to the section-averaged temperature, as evidenced by the variations or ﬂuctuations at week-to-month time
scales. The ﬂuctuations are as large as 0.58C, and likely correspond to meanders of the West Spitsbergen
Current or to the advection of mesoscale features across the acoustic path. As was shown by Dushaw et al.,
submitted manuscript [2015b], these ﬂuctuations do not indicate substantive changes in the average temperature, but result from the ﬁnite range of the acoustic path with a limited ability to average out the ﬂuctuations. These variations would seem to be noise insofar as estimates of temperature and heat ﬂux are
concerned, but mesoscale processes may play an important role in Fram Strait circulation and transports.
The comparison of estimated depth- and range-averaged temperatures and temperatures derived from the
Fram Strait model highlighted several signiﬁcant errors in the ocean model (Figure 10), which can be
viewed as examples of how the information provided by tomography can be used to correct ocean models.
The phase and amplitude of the seasonal cycle of the model were incorrect. Observed mesoscale ﬂuctuations in temperature were considerably larger and more rapid than indicated in the model. The model was
therefore underestimating the variability associated with the West Spitsbergen Current. The time-mean,
depth- and range-averaged temperature of the model had a warm bias of about 0.388C. Lastly, the comparison between measured and modeled acoustic arrival patterns showed that the model gave an acoustic
arrival pattern that was too dispersed, suggesting that the vertical gradients of model sound speeds were in
error. The use of acoustic travel times as constraints on the model, through data assimilation or other
means, could be expected to correct all of these model deﬁciencies.

Appendix A: Quantification of Travel Time Differences
Although the general approach was to randomly assign rays to measured peak arrivals, without regard to
speciﬁc identiﬁcation, a well-deﬁned prescription for making these assignments was required. Care was
taken to ensure the ray assignments were not biased in some way, and such a prescription may be required
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for employing this data type for data assimilation. The ray path-to-peak assignment also gives the difference
between measured and computed travel times, the quantity required for obtaining the temperature estimates from these data. Employing trial and error, several schemes for peak identiﬁcation were developed;
the prescription described here appeared to work well.
First, the arrival peaks occurring within the main pulse were selected. Peaks arriving too early or too late to
possibly be within the main pulse were omitted. Under the assumption that the peak with the largest amplitude occurs within the main pulse, travel times arriving earlier or later than 150 ms from this largest-peak
travel time were then excluded. With these criteria, only peaks within the main pulse remained. The remaining peaks were then sorted by amplitude.
To obtain the computed ray paths and travel times to be associated with a particular acoustic transmission,
a full set of eigenrays was ﬁrst computed using the Fram Strait Model snapshot at the time nearest to the
transmission time. The computed rays were then sorted by absolute value of the ray angle at the source,
smallest to largest. This sorting was to alleviate a suspected issue with bias; a systematic identiﬁcation of
rays with one portion of the main arrival pulse might bias the inverse estimates. The aim of sorting the rays
by angle was to introduce an element of randomness with the identiﬁcations within the pulse, while making the assumption that the rays with the smallest angles travel closest to the sound channel axis and have
the largest amplitudes. If there were N measured peaks found from the measured main arrival pulse, sorted
by amplitude from largest to smallest, then these were assigned to N computed rays, sorted by source
angle from smallest to largest. The unstable nature of the ray calculations resulting from the sound speed
environment [Dushaw et al., submitted manuscript, 2015b] contributed to the randomness of the ray assignments; this property is exploited in this case. Five peaks were selected from each hydrophone record,
roughly the nominal number of available peaks, thus about twenty data were employed for each inverse.
One potential reﬁnement of this prescription would be to to use as much data as possible from each transmission, while guarding against biasing effects. Abandoning speciﬁc, selected peaks as the data and using
the continuous arrival pulse in some way, would be helpful in this regard.
Given the general imprecision, or looseness, of this procedure, travel time uncertainties of about 100 ms
were assumed for the travel time data. This uncertainty is large compared to the usual O(10 ms) uncertainty
when individual rays are resolved. Individual travel times, or, more precisely, the differences between computed and measured travel times, are only accurate to within the O(100 ms) width of the main arrival pulse.
The accuracy of the inverse estimates rely on the large numbers of data and their random element to overwhelm the large uncertainties assigned to the individual travel times. Indeed, the inversion might be made
more accurate if modeled internal wave scintillations were to be added to the Fram Strait Model sound
speed sections. Such scintillations lend considerable randomness to the ray computations.

Appendix B: The Inverse Model
Dushaw et al. [submitted manuscript, 2015b]; Cornuelle et al. [1989, 1993]; Morawitz et al. [1996]; Dushaw
and Sagen (submitted manuscript, 2015) have described the inverse of tomography travel times to obtain
sound speed estimates as a weighted least squares ﬁt of a particular model, and associated data and model
parameter statistics, to the travel time data. The details of the inverse will not be repeated here. The particular parameterized model employed for the present inverse requires a discussion, however. The ocean model
used to ﬁt the tomography data consisted of sines and cosines in the horizontal (along the DAMOCLES
acoustic path) and a small set of vertical functions.
B1. Vertical Functions
The Fram Strait Model, used here as the reference ocean, is, of course, only an approximate representation
for the variability in Fram Strait. The model likely has its own ideosyncrasies in how it represents such variability as mixed layers, the North Atlantic water of the West Spitsbergen current, and the mesoscale ﬂuctuations. Any estimate for sound speed variability should minimize unrealistic vertical gradients, however
[Dushaw et al., 2013]. Acoustic propagation is governed by these gradients, and unphysical discontinuities
in the estimated sound speeds can render the acoustic predictions unphysical. Employing vertical functions
deﬁned externally from the Fram Strait Model (synthetic covariance empirical orthogonal functions (EOFs),
layers, etc.) seemed counterproductive, since any mismatch between Fram Strait Model features and these
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external functions would likely produce large sound
speed gradients. Rather, vertical functions deﬁned by
the Fram Strait Model itself, were likely to produce
corrections to that model that were both consistent
with the nature of the model and well-behaved in
vertical variation. For these reasons, vertical covariances at several ranges along the DAMOCLES acoustic
path were computed from the Fram Strait Model,
and EOFs (eigenvectors) derived from these covariances were used to model the vertical variability. The
EOFs obtained at the several ranges along the DAMOCLES path were similar, indicating that the essential
nature of the vertical variability was independent of
the location along the acoustic path. Therefore, a single set of EOFs was derived at about the midpoint of
the DAMOCLES path, and these EOFs were assumed
to be adequate to model the ocean variability
(Figure B1). The spectrum (or eigenvalues) associated
with the EOFs results from the singular value decomposition of the vertical covariance. The spectrum falls
off rapidly with EOF number, indicating that just the
ﬁrst few EOFs can account for most of the oceanic
variability. The ﬁrst ﬁve of these EOFs were used as
the set of vertical functions for the inverse model.
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Figure B1. Functions used to model variations in the vertical in
the inversion of travel time data to estimate sound speed.
These functions are covariance EOFs, derived using the time
series of proﬁles of sound speed given by the Fram Strait Model
at the midpoint of the DAMOCLES path. While the EOF functions vary somewhat along the DAMOCLES path, in practice the
essential nature of the EOFs are so similar that inverse results
are not dependent on the precise EOFs.

EOFs such as these form a general basis set of functions for ﬁtting variability in the vertical. The aim is to
ﬁt such variability while enforcing a covariance similar to that that is observed in the ocean, viz., greater
variance toward the surface, greater vertical scales
deeper down. While EOFs derived strictly from a suitable comprehensive data set, should one be available, would ﬁt variability in the vertical optimally, in practice EOFs derived from any reasonable covariance
can ﬁt such variability well. Representations for covariances can be obtained analytically by deﬁning them
by simple functions tailored to match what data are available, e.g., Morawitz et al. [1996], or, as we have
done here, by computing them from an available ocean model. Insofar as acoustics are concerned, the principal advantage of an analytic approach is that EOFs deﬁned this way are smooth and well-behaved,
whereas EOFs derived from covariances computed strictly from data can have artiﬁcial gradients or glitches
stemming from the realities of ocean data.
B2. Wavenumber Spectrum
Simple sines and cosines of a truncated Fourier series were used to model variability in the horizontal. The
form for the wavenumber spectrum, which sets the assumed length scales and gives the weights for these
functions, was
Sij 5

wi 1
Xi Kj2 1K0i2

(B1)

2pj
where indexes i and j refer to vertical and horizontal function indexes. The wavenumbers, Kj 5 1:5L
, where L
is DAMOCLES tomography path length; this length is multiplied by 1.5 to minimize periodicity effects on
the solution. Xi sets the horizontal scale of the ith vertical function, and K0i 5 2p
Xi . The values for the Xi were X1
5200 km, X2 5100 km, X3 550 km, X4 530 km, and X5 510 km. The horizontal length scale is shorter for
higher-order vertical functions. As described by Dushaw et al., [submitted manuscript, 2015b] and Dushaw
and Sagen (submitted manuscript, 2015), the wi were set by the spectrum of the vertical functions.

Putting the vertical and horizontal components together, the ocean model for the sound speed ﬁeld F(r, z)
was
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V
H
Fðr; zÞ5RNi51
Vi ðzÞ½A0i0 1RNj51
ðA1ij cosðKj rÞ1A2ij sinðKj rÞÞ;

(B2)

Fðr; zÞ5RNm51 Am Pm ðr; zÞ;

(B3)

or

where the Vi ðzÞ are the vertical EOFs. There are NV vertical EOFs and NH wavenumbers, which combine to
form N total number of functions Pm ðr; zÞ. This model was used to ﬁt the acoustic travel time data using the
stochastic inverse [Aki and Richards, 1980]. The prior weights of the model parameters, that is, the assumed
the variances of the model parameters, Aij , are an essential component of the ocean model. These weights
were deﬁned by the wavenumber spectra, (B1).
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