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Abstract: The oceans are filled with acoustic waves, which are trapped in a low-velocity layer at about 1 km water depth. The
sound speed depends on the temperature. From hydroacoustic arrays, travel times can be obtained through cross-correlating
transient signals. Hydroacoustic station H10 (Ascension Island) appeared capable of measuring deep ocean temperature
change. A decrease in modeled and observed travel times of —0.002 s/yr was derived between two arrays, corresponding to a
warming of 0.007 °C/yr, at about 900 m water depth over two decades. As such, acoustic waves provide an independent and

passively acquired measure of the temperature change in the deep ocean. © 2025 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Comprehensive Nuclear-Test-Ban Treaty (CTBT) is verified with the International Monitoring System (IMS). The
IMS consists of seismological and infrasonic stations to monitor, respectively, the solid earth and atmosphere for nuclear-
test explosions. These so-called waveform technologies provide an indirect measure of a possible nuclear test explosion. In
addition, radio-nuclides and noble gasses are measured in the atmosphere as actual indicators of a nuclear test (Dahlman
et al., 2009).

In this study, hydroacoustical measurements of the IMS are used, which are in place to monitor the oceans for
explosions. Two types of measurements of this waveform technology are being applied in the IMS: (1) T-phase stations on
steep-sloped oceanic islands and (2) hydrophone stations in the deep oceans. The T-phase stations are seismometers which
measure seismic waves that result from the conversion of hydroacoustic waves (Stevens ef al., 2021). Hydrophone stations
consist of three-element arrays, ie., triplets, located in the sound fixing and ranging (SOFAR) channel (De Groot-Hedlin
and Orcutt, 2001; Gibbons, 2022). The SOFAR channel is a low-velocity layer which traps hydroacoustical waves at
approximately 1km water depth. The low-frequency contents of the waves and ducting properties of the channel ensure
detections over long ranges as the attenuation is limited (Munk and Forbes, 1989).

The sound speed in the ocean depends on pressure, salinity, and temperature. Fluctuations in the sound speed
are primarily driven by ocean temperatures (Munk et al, 1995). Therefore, changes in the travel time of acoustic waves
can be attributed to temperature changes. Acoustic travel times can be passively estimated using diffuse ambient sound
with cross-correlation calculations. Furthermore, transient signals and/or active sources can be used to probe the oceans
temperature. The use of acoustic travel times from ambient noise for estimating the deep ocean temperature has recently
been applied by Ragland ef al. (2024), and references therein give an overview of past studies performed. Dushaw ef al.
(2009) show how an active source can be used to estimate basin-scale deep ocean temperature, following earlier studies on
ocean acoustic tomography and thermometry (Munk and Wunsch, 1979; Cornuelle et al., 1993; Dushaw, 2003). Wu ef al.
(2020) and Wu et al. (2023) used transient signals from earthquakes, so-called T-waves, for estimating temperature
through seismic ocean thermometry (SOT). Peng ef al. (2024) successfully applied SOT to repeating earthquakes in obtain-
ing deep ocean temperature variability.

IMS hydroacoustic station H10 is located in the Atlantic Ocean near Ascension Island (see Fig. 1). Two hydro-
phone arrays are situated to the north (H10N) and south (H10S) of the island at an inter-array distance of 125km. The
arrays have an aperture of about 2km and are placed in the SOFAR channel at a depth of 875m (Metz et al, 2016). Data
from HI10 is available from early 2005 to now. This study uses data from H10; previous studies using H10 data include
acoustic thermometry of the deep oceans with ambient noise (Woolfe ef al., 2015; Woolfe and Sabra, 2015), probing
the SOFAR channel with earthquake signals (Evers and Snellen, 2015), modeling long-range sound propagation in the
SOFAR channel (Heaney and Campbell, 2016), the use of ambient noise in retrieving the crustal structure (Ball et al.,
2016), cross-correlations of single hydrophone pairs and array beams of ambient noise to retrieve the deep ocean sound
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Fig. 1. Hydroacoustic station H10 is located in the Atlantic Ocean near Ascension Island. H10 consists of two hydrophone arrays, i.e., a north-

ern (H10N) and southern array (H10S). Each array is configured with three hydrophones, a so-called triplet, with an aperture of about 2 km at
875 m water depth. Continuous data are available from 3/23/2005 and onward (data for hydrophone S1 are included until October 2013).

speed (Evers ef al., 2017), and studying submarine volcanic eruptions (Metz ef al., 2016; Smets et al., 2022). Furthermore,
H10 data were extensively used for localizing the Argentine submarine ARA San Juan that went missing in November
2017 (Dall’Osto, 2019; Heyburn et al., 2020; Nielsen et al., 2021; Vergoz et al., 2021).

This letter is organized as follows. Section 2 describes how the automatic detections at H10 from coherent arriv-
als from transient signals are used to estimate acoustic travel times between the hydrophone arrays. A trend found in the
travel times is assessed in Sec. 3. Section 4 further refines this travel time analysis by cross-correlating the actual waveforms
between hydrophone pairs of the arrays. The resulting trends in travel times are used to infer ocean temperatures which
agree with ocean model predictions of temperature, as discussed in Sec. 5. It is concluded in Sec. 6 that H10 acts as a con-
tinuous thermometer in the deep ocean capable of sensing decadal temperature variability.

9t€l:LL 920z Aenigad 40

2. Detections

In this section, nearly two decades of detections at H10 are evaluated in terms of acoustic travel times.

The continuous data from HI10 is automatically processed at the International Data Centre (IDC) of the
Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO). A detector is applied to the individual hydrophone
recordings. This detector is based on short-term average/long-term average (STA/LTA) calculations. The individual detec-
tions are combined into an array detection through a closure relation, which is the sum of the average travel times between
the hydrophones with respect to the center of the array. This relation ideally sums up to zero; in practice, a small threshold
is set to allow for signals with a low signal-to-noise ratio to be detected. From the array detection, a slowness and back azi-
muth are derived.

The automatic detections provided by the IDC are evaluated with the aim to obtain the travel time between
HI10N and HI10S. First, detections are selected with a similar slowness per array. Second, if the travel time between H10N
and H10S is within —120 and 120s, the detections at both arrays are assumed to be associated. This means that the same
coherent acoustic wave was detected at HION and H10S. Most likely, this association relates to a common source for the
detections.

A minus sign means the coherent wave traveled from H10N to H10S and, thus, comes from a northerly direction
(and vice versa for the plus sign). Travel times of 0s indicate that the source is located halfway between H10N and H10S
on a roughly east-west trending line. Data of hydrophone S1 (H10S) is available until October 2013. To create a homoge-
neous set of travel times, only hydrophone S2 and S3 are used in the above analysis for the entire period. A total of 81043
travel times between H10N and H10S are retrieved for the period 3/23/2005 through 10/28/2024 and depicted in Fig. 2.

JASA Express Lett. 5 (7), 076001 (2025) 5,076001-2
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Fig. 2. The travel time between H10N and H10S as a function of time, where the average signal-to-noise ratio of the array detections are color
coded. (a) The travel time in the range of —120 to 120s. A minus sign means the detection first occurred at H1I0N and then at H10S. This
implies a common source to the north of H10 (and vice versa for the plus sign). The histogram on top shows the number of detections per day
(black) and the cumulative number of detections (red), i.e., 81 043 in total. The histogram to the left shows the sum of the travel times. (b) The
representation is the same as that in (a) with a zoom-in of the peak of 84.4 s. The average travel times per month (red dots, with standard devi-
ations) and the trend (red) through these averages are also displayed. The trend is found to be —0.01 = 0.005 s/yr in these 43 908 detections.
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From Fig. 2(a), it follows that coherent waves travel from H10S to HI10N, adding up to a peak in the travel time
distribution of 84.4s. Coherent waves coming from northerly directions are more scattered and show up with travel times
between —25 and —85s. Figure 2(b) zooms into the peak of 84.4s; 43908 detections are shown. A yearly repetitive pattern
is visible in the detection rate. Most detections appear to take place at the beginning of the year, although large variations
from year to year are present. Average travel times per month are calculated and shown in Fig. 2(b). A trend of
—0.01 = 0.005 s/yr is found in these travel times, which translate to a reduction of 0.19s (from 83.54 to 83.35s) over the
period analyzed. This trend is significant as the error is an order of magnitude smaller than the value itself. The trend and
its standard error are calculated with the method of least squares (Squires, 2001).

In Secs. 3-5, it will be investigated whether the change in travel time can be attributed to a change in sound
speed and, hence, for example, a temperature change.

3. Deep ocean temperature, sound speed, and travel time

This section describes the influence of temperature variability on deep ocean acoustic travel times.

Munk and Forbes (1989) estimated an average warming of 0.005 °C/yr globally at the axis of the SOFAR channel
under climate-induced changes. A value for which order of size was confirmed by Messias and Mercier (2022), where a
global increase in deep ocean temperature of 0.2°C was estimated for the next 50years (ie., 0.004°C/yr). Bagnell and
DeVries (2021) found a substantial acceleration in warming rates after 1990 in the entire water column in most of the
world’s oceans, including the area and depth in this study, with the deep ocean switching from cooling to warming.

For the location of H10, the Global Ocean Physics Reanalysis GLORYS12V1 product of Copernicus provides the
temperature at around 900 m water depth. GLORYS12V1 assimilates observations such as those from Argo floats (Wong
et al., 2020). These are especially relevant for the target depth in this study, where actual measurements of temperature are
rare.

In Fig. 3(a) the values since 1/1/1993 are shown, and a significant trend of 0.0061 °C/yr is found. The trend for
the period of interest, i.e., since 3/2005, is larger with 0.0086 °C/yr.

JASA Express Lett. 5 (7), 076001 (2025) 5,076001-3
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Fig. 3. The temperature and modeled and observed travel times. (a) The temperatures from GLORYSI2V1 specifications at the location
14.5W, 8.5 at 902.34 m water depth are displayed. Quarterly average values and their trends are shown for the whole period provided by the
model (since 1991 in black) and the period of interest (since March 2005 appears in blue). (b) The derived travel times between H10N and
H10S over 125km, from GLORYS12V1 specifications are depicted. The temperature increase found in (a) leads to an increase in the sound
speed and, hence, a reduction in travel time over the period of interest with a significant trend. (c) The reduction in travel time from H10
observations is shown.
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The sound speed is parameterized as
c(z) = 1449.2 + 4.6T(z) — 0.055T%(2) 4 0.00029T°(z) + (1.34 — 0.01T(2))(S(z) — 35) + 0.016z, 1)

where ¢(z) is the sound speed in m/s as a function of depth z, T(z) is the depth-dependent temperature in centigrade, and
S(z) is the depth-dependent salinity in parts per thousand (Jensen ef al, 2000). From the GLORYS12V1 specifications, the
temperature is expected to increase from 4.29 to 4.45°C. This translates to an increase in sound speed of 0.8 m/s and
reduction in the travel time of 0.044 s between HION and H10S over a distance of 125km [see Fig. 3(b)].

The salinity increases from 34.50 to 34.52 ppt over the period of interest. This leads to a small change in the
sound speed of 0.026 m/s. Although taken into account, this change is too small to affect the travel time.

In travel time analysis, a reduction of 0.19s was found (see Sec. 2). The apparent reduction in the observed travel
time appears too large to be solely explained by deep ocean warming.

In Sec. 4, the analysis of HI10 recordings will be refined by processing the actual waveforms of the events rather
than the derived detections in an attempt to sharpen the travel time distribution.

4. Trends in travel time from cross-correlating event waveforms

In this section, the waveforms of the 43908 events obtained in Sec. 2 are further analyzed to more accurately derive the
travel times between H10N and H10S. For each event, a waveform segment of 120 s around the detection time is acquired
for the different hydrophones, i.e., N1, N2, and N3 and S2 and S3. Next, the cross-correlation between each hydrophone
pair is calculated from HION and HI0S. Prior to this, the waveforms are bandpass filtered with a second order
Butterworth filter with corner frequencies of 3 and 20 Hz.

Figure 4 shows the results for each hydrophone pair. In the top frames, the cross-correlation functions (CCFs)
per event are given. The grand average over all events is displayed to the left with its envelop (in red). The bottom frames
zoom into the CCFs, which are quarterly averaged to stabilize the results. The maxima (or minima) are picked on the basis
of the highest value of the grand average, which is determined with the envelop. Trends are calculated (orange lines) on
the basis of these quarterly travel time values (orange crosses). A consistent trend between all hydrophone pairs is found
and ranges from —0.0016 to —0.0020 s/yr, i.e., a statistically significant decrease in travel time over nearly two decades of

JASA Express Lett. 5 (7), 076001 (2025) 5,076001-4


https://scitation.org/journal/jel

ARTICLE

recordings. (The third quarter of 2020 has been removed from the trend analysis as multiple maxima of the CCFs are pre-
sent over a broad travel time range.) The trend from cross-correlations is an order of magnitude smaller than the trend
from the detections (in Sec. 2).

A sanity check is performed by also calculating the CCFs and their trends between the hydrophones of an array.
The results show, as expected, no trends because of the small distances between the array elements. It also reveals that, for
example, instrumental drift or other acquisition related issues are not present and could erroneously be interpreted as a
change in the medium.

In Sec. 5, the cross-correlation results will be discussed in physical terms and compared to modeled travel times
and temperature variability.

5. Discussion

A distinct peak in travel time is found in the analysis of the detections (Sec. 2) and cross-correlation calculations (Sec. 4),
and its physical meaning and relation to temperature variability will be discussed here.

The peak resembles the stationary phase, which has been found by interferometric approaches to ambient noise
(Evers et al., 2017; Ragland et al., 2024). In such studies, the ambient noise field is homogeneously distributed around the
hydrophones, which allows for the interchange of sources and receivers through reciprocity. Here, transient signals are
used rather than ambient noise. However, as the travel time between H10N and H10S is resolved, similarities between
both techniques are obvious. In this study, only positive travel times are stationary resolved, which implies that the sources
of the transient signals are located to the south of H10. Combined with the fact that periods of high detection rates occur
in austral summer [see, e.g., 2007, 2008, and 2021 in Fig. 2(b)], sources are most likely associated with ice-related activity
on and near Antarctica, which is in the acoustic line of sight (Woolfe and Sabra, 2015). Sources of acoustic waves are gla-
cier dynamics, such as calving of icebergs, and the interaction of icebergs in open water and with the ocean floor (Evers
et al., 2013; Sambell ef al., 2019; Schlindwein, 2024). Each of these events has a specific location. This can be observed in
Fig. 2(b), where the average of the histogram lies at 83.4 s and its peak is at 84.4s. Time averaging the CFFs aids in stabi-
lizing the results by compensating for this non-diffusivity and propagation effects in the wavefield (Godin, 2012; Skarsoulis
and Cornuelle, 2020). I doing so, specific sources in the Fresnel zone of the southern endfire on the azimuth from H10N
and HI0S are allowed to add to the stationary phase. This is confirmed by the average travel times of all time-averaged
CCFs also being 84.4 s (see Fig. 4).

The trends in the travel time differ between the observations (—0.0018 s/yr) and the model (—0.0022 s/yr). Figure
3(c) shows this trend in the observations, which is the average of all trends found in Fig. 4. There are many explanations
for this difference in terms of resolution and uncertainties in the observations and model. Most importantly, it should be
noted that the values are in close agreement. However, there is a clear discrepancy between the depth of H10, i.e., 875m,
and the model depth of 902.34m. It appears that the trend is —0.0012s/yr at 1062.44m (the next model level). By linear
interpolation, the observations and model match —0.0018 s/yr at 974 m, which translates to a temperature increase of
0.0067 °C/yr. The lower temperature at larger depths will also better fit the absolute values of the modeled travel times
with respect the observed travel times. However, it should be noted that modal propagation in the sound channel fills the
channel with sound, leading to a group velocity, resulting from the depth-integrated temperature. Tomographic and inter-
ferometric approaches have also discussed path integrality, e.g., Cornuelle ef al. (1993), Dushaw et al. (2009), and Woolfe
et al. (2015).

As discussed, there are many other ways to fit the observations to the model and even differences may inherently
be present. However, an estimate is provided for the relation between a decrease in travel time (—0.002s/yr) versus an
increase in temperature (0.007 °C/yr).

Woolfe et al. (2015) found a trend of 0.013 °C/yr for H10 with weekly averages of cross-correlations of ambient
noise for the period of 2006-2013. A similar trend is present in the GLORYS12V1 specifications for that period, i.e.,
0.014°C/yr corresponding to —0.0038 s/yr. The quarterly averages presented here for that period only show a slightly
higher value of —0.0019s/yr than the overall trend (—0.0018s/yr). Monthly averaging shows a stronger trend (e.g.,
—0.0025 = 0.0015 s/yr for N1-S2). However, the errors become too large to retrieve significant trends as transient events
are less abundantly present compared to the more continuous ambient noise.

9t€l:LL 920z Aenigad 40

6. Conclusion

Hydroacoustic station H10, located near Ascension Island in the Atlantic Ocean, has been providing data for nearly two
decades. Although in place to detect nuclear-test explosion, H10 with its two arrays at 125km distance can also be used to
measure the deep ocean temperature. Events detected on both arrays have been cross-correlated to obtain an accurate mea-
sure of the travel time. This travel time appeared to reduce at a rate of 0.0018 s/yr. Deep ocean warming leads to an
increase in the sound speed and, hence, a decrease in the travel time. This warming was found to be 0.0067 °C/yr from
model specifications at around 900 m water depth. Taking the uncertainties in the observations and model into account,
an estimate is provided of —0.002 s/yr travel time reduction as a result of 0.007 °C/yr temperature increase over nearly two
decades.

JASA Express Lett. 5 (7), 076001 (2025) 5,076001-5
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Fig. 4. Cross-correlation functions (CCFs) of the hydrophone pairs of HION and H10S. From top to bottom, N1-S2, N1-S3, N2-S2, N2-S3,
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Such warming is also relevant for marine life. Affatati e al. (2022) assessed the (deep) ocean sound speed
changes under future warming and its relation to marine mammals as it may affect communication, feeding, predator
avoidance, and navigation (Venegas ef al., 2023).

It is concluded that hydroacoustic stations can provide an independent measure of the changing temperatures in
the deep ocean. Such observations can be passively obtained and even as a by-product from existing monitoring networks.
Future studies will concentrate on applying the techniques presented here to these networks and other IMS stations.
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