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The application of ocean acoustic tomography in Fram Strait requires a careful assessment of the

accuracy to which estimates of sound speed from tomography can be converted to estimates of

temperature. The Fram Strait environment is turbulent, with warm, salty, northward-flowing North

Atlantic water interacting with cold, fresh, southward-flowing Arctic water. The nature of this

environment suggests that salinity could play an important role with respect to sound speed.

The properties of sound speed with respect to temperature and salinity in this environment were

examined using climatological and in situ glider data. In cold water, a factor of about

4.5 m s�1 �C�1 can be used to scale between sound speed and temperature. In situ data obtained by

gliders were used to determine the ambiguities between temperature, salinity, and sound speed.

Tomography provides a depth-averaging measurement. While errors in the sound speed-

temperature conversion at particular depths may be 0.2 �C or larger, particularly within 50 m

of the surface, such errors are suppressed when the depth is averaged. Using a simple scale

factor to compute temperature from sound speed introduced an error of about 20 m �C for

depth-averaged temperature, a value less than formal uncertainties estimated from acoustic tomogra-

phy. VC 2016 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1121/1.4959000]

[TFD] Pages: 622–630

I. INTRODUCTION

One of the principal aims of acoustic tomography is to

use the travel times of acoustic signals to estimate tempera-

ture variations of the ocean by an inverse procedure (Munk

et al., 1995). Fundamentally, however, the inverse is applied

to the difference between travel times measured and travel

times computed using a suitable reference ocean, and the

product of this inverse is actually an estimate of the devia-

tion of sound speed from the reference ocean. Since sound

speed is a function of temperature, salinity, and pressure

(Del Grosso, 1974; Mackenzie, 1981; Dushaw et al., 1993a;

IOC, SCOR and IAPSO, 2010), deviations of any of these

three quantities from the reference ocean can contribute to

the perturbations in sound speed. In most cases, it is safe to

assume that estimated sound speed variations are equivalent

to temperature variations, e.g., Dushaw et al. (2009); Sutton

et al. (1994). A simple, temperature-dependent scale factor

that ranges from 3.5 to 4.5 m s�1 �C�1 (Dushaw et al.,
1993b) can be used to convert between estimates of tempera-

ture and sound speed perturbations. The smaller scale factor

is appropriate for warm tropical or mid-latitude tempera-

tures, while the larger value is appropriate for near-zero tem-

peratures. Salinity can affect sound speed, but sound speed is

only a weak function of salinity; salinity variations can often

be ignored. Temporal or spatial variations in pressure (e.g.,

atmospheric effects or the tides) have such a small effect on

sound speed that pressure perturbations can be neglected.

Although the application of tomography for observing

Fram Strait (Fig. 1), and high-latitude regions in general, has

been of considerable theoretical interest in the past (Chiu

et al., 1987; De Marinis et al., 2003; Naugolnykh et al.,
1998; Mikhalevsky et al., 2015), it is only in recent years

that these observations have been implemented in Fram

Strait (Sagen et al., 2016; Skarsoulis et al., 2010;

Mikhalevsky et al., 2015). The interest in Fram Strait stems

from its role as the only deep-water connection between the

North Atlantic and Arctic oceans and the associated trans-

ports of both heat and salt (Fieg et al., 2010; Schauer et al.,
2008). Fram Strait is not an ordinary ocean environment,

however, either oceanographically (Langehaug and Falck,

2011; Johannessen et al., 1987; Johannessen et al., 1994,

Sandven et al., 1991; Walczowski, 2013; von Appen et al.,
2016) or acoustically (Dyer et al., 1987; Johannessen et al.,
2003; Mellberg et al., 1987, 1991). Within Fram Strait,

warm, salty, northward-flowing North Atlantic water (the

West Spitsbergen Current, WSC) interacts with cold, fresh,

southward-flowing Arctic water (the East Greenland

Current, EGC). The presence, formation, and melting of sea

ice affects both oceanographic and acoustic conditions.

Because of the unique nature of this environment, caution re-

garding the potential influence of salinity on tomographic

estimates is warranted. The aims of this paper are to describe

the issues associated with the conversion of estimates of

sound speed from tomography to estimates of temperature ina)Electronic mail: brian.dushaw@nersc.no
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the Fram Strait region and to quantify the effects of salinity

as a source of error in this conversion. The developing arctic

modeling and observing capabilities for long-term environ-

mental studies (DAMOCLES) tomography experiment, a pi-

lot study consisting of a single tomographic path of about

130-km range deployed in 2008 (Skarsoulis et al., 2010;

Mikhalevsky et al., 2015), was used as a specific sound

speed section within Fram Strait for this study. The 2009

World Ocean Atlas (WOA09) (Antonov et al., 2010;

Locarnini et al., 2010) was used as the reference ocean to

compute nominal values for temperature, salinity, and sound

speed. In situ perturbations of temperature and salinity with

respect to this reference ocean were computed from hydro-

graphic data obtained from gliders deployed in the region of

the tomography experiment at intervals from 2008 to 2012.

The in situ data allowed the relative effects of temperature

and salinity variations on sound speed, hence their potential

influences on tomographic measurements of the Fram Strait

environment, to be determined with precision. The actual

tomographic estimates of temperature within Fram Strait are

reported elsewhere (Sagen et al., 2016); the conclusions of

the present study justify the estimates of temperature from

the tomographic analysis. In particular, formal inverse

uncertainties derived for averaged temperatures from the

DAMOCLES analysis were 50 m �C, while we show here

that the conversion between sound speed and temperature,

neglecting salinity effects, introduces an error of only about

20 m �C.

In Sec. II, the relations between sound speed and tem-

perature or salinity, as derived from an equation for sound

speed, are described. The tomography inverse problem used

to derive sound speed perturbations from travel time data is

briefly reviewed in Sec. III. The need for a suitable reference

ocean is highlighted. In Sec. IV, climatological sections of

temperature, salinity, and sound speed in Fram Strait derived

from the WOA09 are described and the properties of sound

speed in those conditions discussed. The glider program

used to obtain in situ hydrographic data is briefly described

in Sec. V. In situ measurements of temperature and salinity

obtained by gliders in Fram Strait are described in Sec. VI.

Those measurements were used to estimate the error in con-

verting estimates of sound speed to estimates of temperature.

Finally, a summary discussion is given in Sec. VII.

II. BACKGROUND

The relations between the perturbations in temperature

or salinity and associated changes in sound speed can be

obtained by computing the partial derivatives of the equa-

tions for sound speed, ½@CðT; S;PÞ�=@T or ½@CðT; S;PÞ�=@S.

The simplified Mackenzie equation (Mackenzie, 1981),

which agrees with the Del Grosso equation for most practical

purposes (Del Grosso, 1974; Dushaw et al., 1993a), was

used here for convenience. [The accepted international stan-

dard equation for sound speed in seawater, TEOS-10 (IOC,

SCOR, and IAPSO, 2010), is a complicated equation that

agrees with the Del Grosso equation in detail; it will not be

further considered here.] The Mackenzie equation gives

@C

@T
¼ 4:59� 0:106T þ 7:12� 10�4T2 � 1:03

� 10�2 S� 35ð Þ; (1)

@C

@S
¼ 1:34� 0:103� 10�2T; (2)

which describe for all practical purposes the relative effects

of temperature and salinity on sound speed. The factor relat-

ing sound speed and temperature changes is temperature de-

pendent, as mentioned above, and weakly salinity dependent,

while the factor relating sound speed and salinity changes is

only weakly temperature dependent. Climatological tempera-

tures within Fram Strait are less than 4 �C.

For small changes in temperature, associated changes in

sound speed can be readily and accurately obtained using a

simple scale factor computed using local ambient values

of temperature and salinity. In cases where temperature

changes are large, a more accurate result is obtained by the

integration,

FIG. 1. (Color online) The temperature

(left) and salinity (right) at 300-m depth

of Fram Strait and the Greenland

and Norwegian Seas derived from the

World Ocean Atlas’09 Climatology. The

DAMOCLES acoustic path, deployed to

monitor the temperature variations of the

West Spitsbergen Current, is indicated

by the magenta line in Fram Strait. The

climatological temperature ranges from

�1 �C to 6 �C, while climatological sa-

linity varies from 34.8 to 35.2 PSU.
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DCT �
ðDT

0

@C

@T
dT (3)

to accurately account for the changes in @C=@T with temper-

ature. Under normal circumstances, temperature changes are

small and can be readily derived from estimated sound speed

changes using a simple scaling factor with an accuracy of a

few percent. As an example of abnormal circumstances, a

similar integration to that above was employed by Dushaw

et al. (1993b) to compute the temperature change associated

with sound speed change of about 25 m s�1 in the near-

surface mixed layer of the central North Pacific during sum-

mer 1987.

The contributions of salinity to sound speed can similarly

be computed by the expression

DCS �
ðDS

0

@C

@S
dS; (4)

which can in most cases be reduced to DCS ¼ 1:3 m s�1

PSU�1 DS, with an accuracy of a few percent. Changes in

oceanic salinity are usually much less than 1 PSU.

III. SOUND SPEED, TEMPERATURE, AND THE
INVERSE PROBLEM

It is useful to review the basic equations that form the

basis for tomography. In the absence of ocean currents, the

acoustic travel time of a ray path, Ci, depends on sound

speed as a function of depth and range, c(z, r),

ti ¼
ð

Ci

ds

c z; rð Þ
; (5)

where ds is an element of ray arc length. The sound speed

can be separated into a contribution from a reference ocean,

c0ðz; rÞ [O(1500 m s�1) - the WOA09 in this case], and a per-

turbation with respect to that reference ocean, dcðz; rÞ
[O(10 m s�1)],

cðz; rÞ ¼ c0ðz; rÞ þ dcðz; rÞ: (6)

With this separation, the travel time above becomes after a

perturbative expansion,

ti ¼ t0i �
ð

Ci

dc z; rð Þds

c2
0 z; rð Þ

; (7)

with the ray’s reference travel time computed from the refer-

ence ocean,

t0i ¼
ð

Ci

ds

c0 z; rð Þ
: (8)

In these equations, a fixed ray approximation is assumed,

that is, the sound speed perturbations are assumed not to

significantly disturb the ray path geometry.

The formalism of the inversion solves for the dcðz; rÞ
from the available set of measured travel times, {ti} (Munk

et al., 1995). To obtain an estimate for the ocean

temperature, the sound speed perturbation needs to be con-

verted to temperature, dTðz; rÞ, and added to the reference

ocean temperature to obtain

Tðz; rÞ ¼ T0ðz; rÞ þ dTðz; rÞ: (9)

As noted above, this conversion can often be accomplished

by a simple scaling factor. It is often convenient to compute

the inverse using travel times relative to the time-averaged

travel times, in which case the resulting estimate of temper-

ature perturbation is with respect to an unknown, and per-

haps less interesting, mean temperature. An essential part

of the inverse solution is the error covariance, which

depends on the nature of the ocean model assumed for the

inverse and the sampling by the acoustic rays. In the esti-

mate of temperature from sound speed, the uncertainty for

temperature is therefore derived from the combination of

the uncertainty for sound speed from the error covariance

and the errors associated with the sound speed-temperature

conversion.

Although tomography was originally conceived as a

way to estimate variability as a function of range or depth,

the information provided by the ray paths available in Fram

Strait is predominantly a range and depth average. Within

the inverse formalism, one could certainly compute an esti-

mate of variability along a single acoustic path as a function

of range and depth, but the uncertainties associated with

such an estimate would be so large as to make it meaning-

less. For this reason, it is often better to compute the range

and depth average of the sound speed estimate, which has

small uncertainty.

IV. THE CLIMATOLOGICAL CONDITIONS OF FRAM
STRAIT

The DAMOCLES acoustic path was about 130 km range

and located in the eastern side of Fram Strait, just west of

Svalbard (Fig. 1). Sections of temperature, salinity, and

sound speed along this path were derived from the WOA09

(Fig. 2). The sections were extended eastward onto the

Svalbard continental shelf and westward into the East

Greenland Current to put the DAMOCLES section into a

larger context. The bathymetric section was derived from the

International Bathymetric Chart of the Arctic Ocean data-

base (IBCAO) which has 2 min resolution (Jakobsson et al.,
2008). Acoustic propagation in Fram Strait is bottom limited

to around 2000 m (Sagen et al., 2016).

The West Spitsbergen Current is apparent in Fig. 2 as

the relatively warm, ca. 3 �C, water to the east of the section.

The warm Atlantic water of the current is mainly confined to

the upper few hundred meters, hence most of the variations

in temperature likely occur in these depths. The full range of

temperature, in the annual mean section, is from about

�1 �C in deeper waters to þ3 �C towards the surface; this

temperature range is a quite narrow.

Salinity is similarly confined to a narrow range. Over

most of the section, salinity lies between 34.85 and 35 PSU.

The notable exception is the thin layer of low-salinity (ca.

34.5 PSU) water at the surface. This layer is less than 50 m

624 J. Acoust. Soc. Am. 140 (1), July 2016 Dushaw et al.



deep, and deepens slightly towards Greenland. Variations in

sound speed associated with salinity variations of 0.15 PSU

are about 0.20 m/s.

The climatological variations do not capture the full ex-

tent of the variations in oceanic conditions driven by the

West Spitsbergen Current in Fram Strait. The variations of

temperature along the DAMOCLES section observed by a

year-long acoustical record are less than 60:5 �C, averaged

over the range of the DAMOCLES section and between the

surface and 1000 m (Sagen et al., 2016). It therefore seems

that, in terms of sound speed, large variations in temperature

in the Fram Strait region are unlikely.

While the relation of sound speed to temperature or sa-

linity variations can be obtained analytically, as described

above, it is perhaps more straightforward just to compute

these changes from the sound speed equation by varying

temperature or salinity. If the WOA09 temperatures are in-

creased or decreased by 1 �C, sound speed increases or

decreases by a fairly constant 4.3–4.6 m s�1 (Fig. 3, left).

Changes in salinity of 1 PSU change sound speed by about

FIG. 2. (Color online) Hydrographic

parameters along the DAMOCLES to-

mography section determined from

WOA09 climatology. The path extends

onto the Spitsbergen shelf to the right

and into the East Greenland Current to

the left. The DAMOCLES acoustic

section is denoted by the two vertical

lines. The bathymetric data were de-

rived from the IBCAO 2 min resolution

database (Jakobsson et al., 2008). The

top panel is temperature, the middle

panel is salinity, and the bottom panel

is sound speed. Note the presence of

the warm Atlantic water layer between

the surface and 500-m depth in the

West Spitsbergen Current (WSC) and

the shallow layer of low-salinity water

across the section, deepening to the

west. The WSC flows over the upper

continental slope west of Svalbard.
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1.3 m s�1 in the Fram Strait region (Fig. 3, right). Changes of

salinity of this size occur between the fresher, near-surface

polar water and the more-saline, underlying Atlantic water

in northern Fram Strait.

Estimates of sound speed from tomography over this

section have been averaged over range and depth (Sagen

et al., 2016). Along the DAMOCLES acoustic path, the rays

cycled between the surface and about 1000 m depth.

Averaged over range and over the upper 1000 m, a scale

factor of about 4.5 m s�1 �C�1 would appear to be suitable

for converting sound speed to temperature, with an accuracy

of about 2%. More careful and more laborious approaches,

taking account of the depth and range dependence of the

temperatures and salinity along the section, perhaps com-

bined with nominal estimates for variations in salinity, could

be employed to improve accuracy if necessary.

V. IN SITU OBSERVATIONS BY SEAGLIDERS

Associated with the Nansen Center’s DAMOCLES and

subsequent programs for acoustical observations within

Fram Strait (Mikhalevsky et al., 2015), regular, nearby

hydrographic observations were made by Seagliders operat-

ed by the Alfred Wegener Institute for Polar and Marine

Research in Bremerhaven (AWI) (Fig. 4). The data collected

allowed the effects of the fluctuations of temperature and

FIG. 3. (Color online) Climatological sound speed along the DAMOCLES section (top panel), together with sound speed changes occurring by 1 �C tempera-

ture change (left panels, increase or decrease) and 1 PSU salinity change (right panels, increase or decrease). Nominally, the factors 4.5 m s�1 �C�1or

1.3 m s�1 PSU�1 can be used to convert temperature or salinity variations to sound speed with an accuracy of a few percent.

FIG. 4. Relative locations of the DAMOCLES acoustic path and glider

measurements of temperature and salinity obtained in Summer 2010. The

origin is at 78.5�N, 0�E. The glider pilot attempted to fly repeat hydrograph-

ic sections. The open triangles indicate locations of the AWI/NPI moorings

across Fram Strait, as deployed in 2008–2009.

626 J. Acoust. Soc. Am. 140 (1), July 2016 Dushaw et al.



salinity on sound speed to be determined. The glider pro-

gram was also designed to augment oceanographic measure-

ments by AWI and the Norwegian Polar Institute (NPI)

through their AWI/NPI moored array, a sustained deploy-

ment of moorings along 78�500N at 20–28 km spacing across

Fram Strait. Since these glider data have not been published

elsewhere, a brief description of the glider observations is

given here.

AWI employed four Seagliders to obtain hydrographic

sections. These Seagliders were manufactured by Seaglider

Fabrication Center (one vehicle) and iRobot. They were

equipped with a standard package of sensors and measured

temperature and conductivity (an unpumped Sea-bird

Electronics SBE13 CT sail), pressure (Paine Corporation

sensor), fluorescence and optical backscatter (WETlabs

custom ECO-BB2F puck), and dissolved oxygen (Aandera

optode 4330). The relatively slow speeds and accelerations

of a gilder provided a steady flow to the sensors. Compared

to a pumped CT sail, however, the unpumped sensors had

problems with salinity spikes, especially in regions with

rapid temperature changes. Initial accuracy of temperature

measurement is 60.002 �C with typical stability 0.0002 �C
per year. Raw measurements from the CT Sail were initially

calibrated using manufacturer-supplied coefficients and

corrected for first-order lag. No further corrections to

account for thermal lag were performed for the data used in

this paper. For near-bottom dives the Seaglider is equipped

with bathymetry maps and a bottom avoidance altimeter.

All missions were carried out in the eastern and central

Fram Strait during summer or autumn, mostly in open water

and at the ice edge. Gliders were typically deployed for 2–3

months with a turnaround time for the vehicles in September.

A few missions, particularly those in autumn, were shorter be-

cause of technical problems with the gliders. In the sections

surveyed by gliders, measurements were obtained to within

about 5 m above the bottom in water shallower than 1000 m

and in the upper 1000 m in deep areas. In deep water, a typical

full dive has an average speed of 0.5 knots and lasts roughly

8 h. With three dives per day, the horizontal resolution of the

measurements is about 4 Nm, while the vertical resolution is

0.5–1 m. The horizontal resolution of the glider measurements

was significantly higher than measurements by the AWI/NPI

moored array. After each dive, a glider obtained data from the

near-surface layer, and it paused at the surface for a communi-

cation session to transmit environmental and mission engi-

neering data to the base station in Bremerhaven. The AWI/

NPI moored array does not obtain data near the surface.

Altogether, eight missions were completed by AWI

gliders in Fram Strait over five years (summers 2008–2012

and autumns 2010–2012. Table I summarizes the glider

missions, including duration, number of dives, and total

section length. Glider tracks were roughly parallel to the

moored array and the DAMOCLES tomography path. Because

of strong currents and numerous mesoscale structures in the

eastern Fram Strait, the trajectory of a glider often deviated

from the programmed track. Glider trajectories were manually

corrected by pilots. The amount of glider data acquired during

this program and summarized in the analysis below is

extraordinary—about 9900 km distance traveled, 2400 hydro-

graphic profiles, spanning five years.

VI. IN SITU CONDITIONS OF FRAM STRAIT

The glider hydrographic data highlight the extraordinary

variability within Fram Strait, with profiles of temperature

and salinity often decorrelated from day to day. Fall profiles

often exhibit surface mixed layer features of greatly varying

depths. While the goal of the glider program was to obtain

hydrographic sections, in practice the nature of the time

(slow) and space (irregular) sampling of these data make

them challenging to construct conventional hydographic

sections. These data can be used only to approximate synop-

tic hydrographic estimates along a particular section, such as

an acoustic path. Here, we treat these data as a collection of

independent hydrographic profiles, and abandon hope of

using them to directly compute range averages as might be

more directly comparable to the acoustic measurements. The

upper panels of Fig. 5 give example profiles of temperature,

salinity, and sound speed obtained on 8 July 2010 compared

to the WOA09 profiles at the glider position. The observa-

tions were warmer and more saline than the climatological

model, particularly in the upper 100 m.

The glider data allowed a quantitative test of the accura-

cy of employing sound speed perturbations to compute tem-

perature (Fig. 5, lower panels). Temperature perturbations

relative to climatology were scaled to compute equivalent

sound speed perturbations. The sound speed perturbations

computed this way, without regard to salinity, were then

added to the climatological sound speed to produce an

estimate for in situ sound speed. This estimate was directly

compared to actual sound speed computed from the glider

profiles of temperature and salinity. The differences between

estimated (based on scaled temperature only) and actual

sound speed gives a precise estimate for the errors that can

occur by simple scaling between temperature and sound

speed perturbations.

The lower panels of Fig. 5 give an example of this pro-

cedure. Glider data were separated by year/day, with profiles

TABLE I. Seaglider missions conducted between 2008 and 2012 for long-

term monitoring of Fram Strait. The mean and RMS error from simple scal-

ing depth-averaged sound speed to temperature are given in the final col-

umn. Assuming an empirically determined scale factor 4.2 m s�1 �C�1, the

error in temperature arising from a simple scaling of sound speed deter-

mined by inspection is about 0.020 �C. Since the precise scale factor is tem-

perature dependent, hence varying from year to year, both temperature and

salinity contribute to this error.

Mission Section No. Record Error

Season Year Duration (d) Length (km) Dives Length (d) ( �C)

Summer 2008 67 1335 394 68 �0.028 6 0.020

2009 76 1369 400 76 �0.008 6 0.023

2010 71 998 294 71 þ0.009 6 0.022

2011 78 1567 350 29 þ0.026 6 0.020

2012 58 1059 303 56 þ0.001 6 0.025

Fall 2010 72 1550 284 73 þ0.016 6 0.020

2011 52 1058 205 53 þ0.026 6 0.016

2012 45 955 202 47 þ0.003 6 0.016
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obtained on one day assumed to be decorrelated from data

obtained on other days. As Fig. 5 illustrates, sound speed per-

turbations arising from temperature were of order 10 m s�1,

while perturbations arising from salinity were of order

1 m s�1. In all observations, the largest variations occurred in

the upper 100 m of ocean. The sound speed perturbation from

temperature alone was then added to the climatological sound

speed, and the difference between that sum and the in situ
sound speed computed. This difference was then scaled by

4.5 m s�1 �C�1 to obtain an estimate of the temperature error

that occurs in converting between temperature and sound

speed. This error was usually much less than 0.1 �C over

most of the water column, and it was of order 0.2 �C in the

upper 50 m.

There are two main factors contributing to the estimated

temperature error. First, the simple scale factor, 4.5 m s�1 �C�1,

may not be reflective of the in situ environment. As noted

above, the observed ocean was warmer than the reference

ocean by a couple of degrees. This scale factor is therefore

slightly too large, leading to an overestimate of the temperature

contribution to sound speed and a slight negative bias in esti-

mated temperature error over depth. Second, as noted, salinity

is omitted. Salinity contributes only about 1 m s�1 to sound

speed, mainly in the upper 100 m of ocean, equivalent to about

0.2 �C temperature error.

Such temperature errors were computed on a daily basis

for all the glider data obtained from 2008 to 2012 (Table I).

As noted above, tomography has robust resolution for only

the depth-averaged temperature, so the depth average of the

error was computed. By this average, the large errors at par-

ticular depths near the surface were suppressed. The mean

and root-mean-square (RMS) of the time series of the depth-

averaged error were then computed for each glider mission

(Table I). The error in the mean mainly arises from the

FIG. 5. Top panels: Profiles of temper-

ature, salinity, and computed sound

speed obtained by a glider on 8 July

2010, compared to equivalent October

WOA09 profiles (heavy line). Fram

Strait was warmer and more saline than

climatology in the upper ocean. Bottom

panels: sound speed perturbations de-

rived from temperature and salinity dif-

ferences with respect to the WOA09,

and the temperature-equivalent error

obtained from the difference between

true sound speed and temperature-

corrected WOA09 sound speed: ½cðzÞ
�ðcWOA þ DcTÞ�=4:5. Sound speed

variations are dominated by tempera-

ture, and significant errors arising from

ignoring salinity effects occur only in

the near surface.
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assumed scale factor between sound speed and temperature,

here empirically derived to be 4.2 m s�1 �C�1; as described

above, inaccuracies in this scale factor can introduce a bias.

The RMS of the time series reflects errors due to salinity and

to the details of the temperature profile obtained on each day.

The conclusion derived from this calculation is that the pro-

cess of scaling the tomography estimates of average sound

speed to obtain estimates for temperature introduces an uncer-

tainty of about 20 m �C. This uncertainty might be reduced by

paying particular attention to the temperature conditions in

any given time interval to derive more accurate, tailored, scal-

ing factors. Note that this uncertainty was obtained from data

at points in the ocean, whereas the line-averaging of tomogra-

phy would further suppress uncertainty.

VII. DISCUSSION

While the Fram Strait region is an energetic and turbu-

lent oceanic region, the variations of temperature and salini-

ty appear to be modest insofar as the sound speed equation is

concerned. A simple scale factor of about 4.5 m s�1 �C�1

would appear to be suitable for conversion of sound speed

variations to temperature in most circumstances, giving an

accuracy of a few percent. This conversion can be made

more accurate by properly taking into account the range and

depth variations of temperature and salinity, and by taking

into account the temperature dependence of the scale factors.

An even more careful assessment of the sound speed/

temperature conversion could be made by looking at the

time dependence of Atlantic water temperature in the West

Spitsbergen Current and its seasonal cycle. Notional esti-

mates of these variations could be obtained through the

high-resolution models that are available or from continuous

measurements by a moored array as shown by Beszczynska-

M€oller et al. (2012). The time-dependent variations do not

appear to be large enough to change the conclusions of this

study, however. A simple scale factor to obtain estimates of

temperature from estimates of sound speed introduces an er-

ror of about 20 m �C for depth-averaged temperature. This

error is smaller than the estimated uncertainty from tomogra-

phy on the DAMOCLES acoustic path, which was 50 m �C
(Sagen et al., 2016).

Within the context of ocean modeling and data assimila-

tion, the issue of the conversion of sound speed to tempera-

ture is moot. Through the direct assimilation of travel time

data, the model will be adjusted in both temperature and sa-

linity, subject to its dynamical constraints, so that its state

estimates result in sound speed fields that are consistent with

the acoustic data. While an ambiguity between the contribu-

tions of temperature and salinity to sound speed will likely

remain (embodied in the ocean model error covariance), the

effects of, or errors from, salinity can be safely ignored inso-

far as tomography in Fram Strait is concerned.
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