
Twenty Years of MERMAID
Mobile Marine Sensors for Terrestrial Seismology and Oceanic Acoustics

Sirawich Pipatprathanporn, Joel D. Simon, Frederik J. Simons
Princeton University, Department of Geosciences

What is MERMAID? 
Mobile Earthquake Recording in Marine Areas by Independent Divers 
are freely drifting oceanic floats equipped with a hydrophone designed 
to detect, classify, and report low-frequency hydroacoustic signals. 
Diving to 2,000–4,000 m depth, they record the oceanic soundscape.

The third-generation instrument, built by OSEAN SAS

Equipped with GPS and two-way Iridium communications, MERMAID-III detects 
& reports earthquake signals, returns acoustic 1-year buffer data upon request, 
with a lithium-battery lifetime of 5+ years (or 250+ customizable cycles).

The South Pacific Mantle Plume experiment (2018– )

Over 50 MERMAID-III instruments were deployed in the South Pacific to collect 
earthquake seismograms, to conduct tomographic wavespeed inversions of the 
upper mantle, to study the composition and temperature of mantle plumes 
underneath Polynesian hotspots. Over 3,000 earthquakes  have been identified.

What is EarthScope-Oceans? 
We are a multidisciplinary international academic consortium who 
have created a global network of ocean-based sensors for seismology 
and solid-Earth science, expanding into volcanology, environmental 
sensing, meteorology, oceanography, and marine bioacoustics.

Some 75 MERMAID-III instruments have been deployed in the Pacific, the 
Mediterranean, and the South China Sea. The average instrument lifetime, 
targeted for 250 descent-ascent cycles, exceeds 5 years. EarthScope-Oceans’ 
goal of bringing 300 MERMAIDs into all of the world’s oceans was endorsed as a 
UN Ocean Decade Programme in Ocean Observing CoDesign project in 2022.

Modeling Earth and Ocean Sounds

The future 
MERMAID includes several open data ports suitable for other sensors. 
Princeton, JAMSTEC, CNRS Géoazur, and OSEAN SAS integrated an SBE 
conductivity-temperature-depth sensor (CTD) into a new MERMAID-IV 
model capable of carrying out profiling missions to depths of 4,000 m.
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S U M M A R Y
A fleet of autonomously drifting profiling floats equipped with hydrophones, known by their
acronym MERMAID, monitors worldwide seismic activity from inside the oceans. The instru-
ments are programmed to detect and transmit acoustic pressure conversions from teleseismic
P wave arrivals for use in mantle tomography. Reporting seismograms in near-real time, within
hours or days after they were recorded, the instruments are not usually recovered, but if and
when they are, their memory buffers can be read out. We present a unique 1-yr-long data set
of sound recorded at frequencies between 0.1 and 20 Hz in the South Pacific around French
Polynesia by a MERMAID float that was, in fact, recovered. Using time-domain, frequency-
domain and time-frequency-domain techniques to comb through the time-series, we identified
signals from 213 global earthquakes known to published catalogues, with magnitudes 4.6–8.0,
and at epicentral distances between 24◦ and 168◦. The observed signals contain seismoacous-
tic conversions of compressional and shear waves travelling through crust, mantle and core,
including P, S, Pdif, Sdif, PKIKP, SKIKS, surface waves and hydroacoustic T phases. Only
10 earthquake records had been automatically reported by the instrument—the others were
deemed low-priority by the onboard processing algorithm. After removing all seismic signals
from the record, and also those from other transient, dominantly non-seismic, sources, we are
left with the infrasonic ambient noise field recorded at 1500 m depth. We relate the temporally
varying noise spectral density to a time-resolved ocean-wave model, WAVEWATCH III. The
noise record is extremely well explained, both in spectral shape and in temporal variability,
by the interaction of oceanic surface gravity waves. These produce secondary microseisms at
acoustic frequencies between 0.1 and 1 Hz according to the well-known frequency-doubling
mechanism.
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1 I N T RO D U C T I O N

Global seismic tomography, the imaging of 3-D wave speed struc-
ture inside the Earth (Ritsema & Lekić 2020; Tromp 2020), is data-
limited by the sparsity of oceanic stations (Romanowicz 2008).
Approaches to mitigate this problem include installing moored hy-
drophones (e.g. Fox et al. 1993) and ocean bottom seismometers
(e.g. Stephen et al. 2003). The logistical difficulties and high costs
of installation and data recovery of these devices render such meth-
ods not viable for filling vast gaps in the ocean with sufficient
station density for seismic tomography. Repurposing ocean-bottom
telecommunication optic fibers for distributed acoustic sensing (e.g.
Marra et al. 2018) may hold promise for extending the range of ex-
isting seismic arrays (e.g. Williams et al. 2019). MERMAID (Mobile
Earthquake Recording in Marine Areas by Independent Divers) is a
more established recent alternative (Simons et al. 2006b; Sukhovich

et al. 2015; Simon et al. 2020, 2021a). This low-cost, easily deploy-
able and generally unrecovered robotic instrument is capable of
maintaining a constant depth in the ocean, where it continuously
records the acoustic pressure field, and autonomously reports seis-
moacoustic waveform arrivals in near-real time. A combination of
time-domain triggering and probabilistic wavelet-domain identifi-
cation algorithms (Simons et al. 2006a; Sukhovich et al. 2011)
running onboard determines detections of likely teleseismic earth-
quake P-wave arrivals, prompting MERMAID to surface and report
the recorded waveforms via satellite before resuming its mission.

Over the last decade, multiple generations of MERMAID instru-
ments have collected thousands of earthquake signals recorded in
the oceans, suitable for seismic tomography and more (Simons et al.
2009; Sukhovich et al. 2015; Nolet et al. 2019; Simon et al. 2021b).
Nevertheless, the bulk of the acoustic record never gets transmit-
ted but remains in the instrument’s memory, which, in the third
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Twenty-Thousand Leagues Under 
the Sea: Recording Earthquakes 

with Autonomous Floats
Frederik J. Simons, Joel D. Simon, and Sirawich Pipatprathanporn

Fifty Years
Much like medical doctors who use X-rays or acoustic 
waves to make three-dimensional images of our insides, 
geophysicists use the elastic wavefield generated by earth-
quakes worldwide to scan the deep interior of our planet 
for subtle contrasts in the propagation speeds of seismic 
waves. To image the deep Earth using seismic tomogra-
phy, over the years, seismologists have densely covered the 
continents with seismometers to measure ground motion. 
As with medical tomography, where sources and detectors 
are rotated all around to illuminate our bodies from all 
angles, achieving similarly evenly distributed geographical 
coverage for seismology requires making measurements 
all over the Earth surface, including the two-thirds that are 
covered by oceans. Yet, although some ocean islands do 
host geophysical observatories, gathering data over marine 
areas continues to present unique challenges. 

As early as the 1960s, seismologists began making seis-
mic measurements on the ocean bottom, using motion 
sensors known as geophones that were sunk into the 
sediment. The small movements of the seabed convert 
to acoustic waves that can also be recorded in the water 
layer itself. Hence, soon thereafter, scientists started 
using deep current-tracking oceanographic floats to 
make measurements midwater, away from the difficult-
to-access ocean bottom and away from the sea surface 
where wind and water waves generate unwelcome noise. 
This strategy opened up the oceans to drifting sensors 
capable of roaming over large areas. In particular, last 
year marked the 50th anniversary of the invention of a 

“neutral buoyancy free-floating midwater seismometer.” 

Bradner et al.’s (1970) drifting instrument (see Figure 1) 
was first and foremost meant to characterize the poorly 

known marine acoustic soundscape, or noise spectrum, 
at the very low frequencies where seismic measure-
ments are made. However, to detect and locate signals 
from specific earthquakes and measure the travel times 
of individual seismic waves so that wave speed varia-
tions can be calculated, the position of the receivers 
must be precisely known and the time accurately kept. 
Both requirements presented unsurmountable chal-
lenges for drifting underwater instrumentation at the 
time. Hence, by the mid-1970s, the action moved to 
sonobuoys (which could be kept track of using radio 
telemetry) and moored underwater buoys (which did 

Figure 1. Schematic view of Bradner et al.’s midwater 

seismometer. A three-component triaxial seismometer (SEIS) 

is contained in aluminum pressure housing, along with 

amplifiers (AMP), a crystal clock, a tape recorder, a pressure 

“pot” to measure depth, and a radio recovery beacon transmitter. 

Reproduced from Bradner et al., 1970, with permission.
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S U M M A R Y
We present the first 16 months of data returned from a mobile array of 16 freely floating
diving instruments, named MERMAID for Mobile Earthquake Recording in Marine Areas
by Independent Divers, launched in French Polynesia in late 2018. Our 16 are a subset of
the 50 MERMAID deployed over a number of cruises in this vast and understudied oceanic
province as part of the collaborative South Pacific Plume Imaging and Modeling (SPPIM)
project, under the aegis of the international EarthScope-Oceans consortium. Our objective is
the hydroacoustic recording, from within the oceanic water column, of the seismic wavefield
generated by earthquakes worldwide, and the nearly real-time transmission by satellite of
these data, collected above and in the periphery of the South Pacific Superswell. This region,
characterized by anomalously elevated oceanic crust and myriad seamounts, is believed to
be the surface expression of deeply rooted mantle upwellings. Tomographically imaging
Earth’s mantle under the South Pacific with data from these novel instruments requires a
careful examination of the earthquake-to-MERMAID traveltimes of the high-frequency P-
wave detections within the windows selected for reporting by the discrimination algorithms on
board. We discuss a workflow suitable for a fast-growing mobile sensor database to pick the
relevant arrivals, match them to known earthquakes in global earthquake catalogues, calculate
their traveltime residuals with respect to global seismic reference models, characterize their
quality and estimate their uncertainty. We detail seismicity rates as recorded by MERMAID
over 16 months, quantify the completeness of our catalogue and discuss magnitude–distance
relations of detectability for our network. The projected lifespan of an individual MERMAID
is 5 yr, allowing us to estimate the final size of the data set that will be available for future
study. To prove their utility for seismic tomography we compare MERMAID data quality
against ‘traditional’ land seismometers and their low-cost Raspberry Shake counterparts, using
waveforms recovered from instrumented island stations in the geographic neighbourhood of
our floats. Finally, we provide the first analyses of traveltime anomalies for the new ray paths
sampling the mantle under the South Pacific.

Key words: Seismic instruments; Pacific Ocean; Body waves; Structure of the Earth; Seismic
tomography.

1 I N T RO D U C T I O N

Seismic data recorded in the global oceans are sparse in both spa-

tial and temporal coverage, especially in the Southern Hemisphere.

Fig. 1 maps the location of every seismic station for which, in princi-

ple, data are retrievable from the Incorporated Research Institutions

for Seismology (IRIS), showing how underserved the oceans are

relative to the continents. The history of seismic studies in and

under the oceans, which are complex and costly, is short, and no

single seismic instrument has yet combined the ability to deliver

high-quality data with autonomy, low cost, low latency and nim-

bleness. Our instrument named MERMAID for Mobile Earthquake

Recording in Marine Areas by Independent Divers (Simons et al.

2009) fills a gap in instrumentation by providing low-cost seis-

moacoustic records suitable for global seismology (Simons et al.

2006b) from the oceans in near real-time (Hello et al. 2011) with-

out the requirement of a research vessel for deployment and, being

unrecovered, negating the need for a recovery cruise.

To place MERMAID in historical perspective: only about 100

seismic records from the deep-ocean bottom existed by the early
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S U M M A R Y

We present a computational technique to model hydroacoustic waveforms from teleseismic
earthquakes recorded by mid-column MERMAID floats deployed in the Pacific, taking into con-
sideration bathymetric effects that modify seismo-acoustic conversions at the ocean bottom and
acoustic wave propagation in the ocean layer, including reverberations. Our approach couples
axisymmetric spectral-element simulations performed for moment-tensor earthquakes in a one-
dimensional solid Earth to a two-dimensional Cartesian fluid-solid coupled spectral-element
simulation that captures the conversion from displacement to acoustic pressure at an ocean-
bottom interface with accurate bathymetry. We applied our workflow to 1,129 seismograms
for 682 earthquakes from 16 MERMAIDs owned by Princeton University that were deployed
in the Southern Pacific as part of the South Pacific Plume Imaging and Modeling (SPPIM)
project. We compare the modeled synthetic waveforms to the observed records in individually
selected frequency bands aimed at reducing local noise levels while maximizing earthquake-
generated signal content. The modeled waveforms match the observations very well, with a
median correlation coefficient of 0.72, and some as high as 0.95. We compare our correlation-
based travel-time measurements to measurements made on the same data sets determined by
automated arrival-time picking and ray-traced travel-time predictions, with the aim of opening
up the use of MERMAID records for global seismic tomography via full-waveform inversion.

Key words: Broad band, Earthquakes, Oceans, Synthetic waveforms, Wave propagation

1 I N T R O D U C T I O N

Oceans cover two thirds of Earth’s surface, where seismic data, crucial for imaging mantle structure (Romanowicz 2003, 2008), remain scarce

due to limitations of accessibility, logistics, technical difficulty, and cost (Hammond et al. 2019). Mid-column, freely-floating hydrophones

aboard MERMAID, short for Mobile Earthquake Recording in Marine Areas by Independent Divers, are among the alternatives touted to

hold potential for improving seismic coverage over the oceans (Simons et al. 2006; Hello et al. 2011; Yu et al. 2023), along with ocean

bottom seismometers (Collins et al. 2001; Stephen et al. 2003; Suetsugu & Shiobara 2014), cabled hydrophone arrays (Slack et al. 1999;

Bohnenstiehl et al. 2002; Dziak et al. 2004), and distributed acoustic sensing (Marra et al. 2018; Williams et al. 2019; Sladen et al. 2019).

MERMAID was designed to detect, identify and report, in near real-time, first-arriving compressional P-waves from teleseismic earth-

quakes (Simons et al. 2009; Sukhovich et al. 2011), autonomously transmitting brief segments of hydroacoustic seismograms suitable for

improving global tomographic models (Simon et al. 2022; Nolet et al. 2024). It is a low-cost, easily deployed, long-lived, versatile instrument

(Simons et al. 2021). Simon et al. (2021) and Pipatprathanporn & Simons (2022) have shown that MERMAID records provide much more

information than the ability to make a traditional first-arrival “pick”: the sensor records all manner of signal and noise, including ship traffic,

marine mammals, submarine volcanic eruptions, and infrasonic ocean ambient noise which is a gauge for surface environmental conditions.

MERMAID seismograms are being and have been (Nolet et al. 2019) used for travel-time tomography. Modeling the entire finite-

frequency waveform, to move beyond P-wave arrival-time picking and structure mapping along the ray-theoretical fastest ray path (Nolet &

Dahlen 2000; Rawlinson et al. 2014), has remained elusive. Yet incorporating full-physics effects holds the key to imaging geodynamically

important regions of strong heterogeneity (e.g., Zhang et al. 2023). Applying modern full-waveform inversion techniques (e.g., Tarantola

1984; Tromp 2020; Lei et al. 2020) to hydroacoustic seismograms requires simulating seismic wave propagation in a 3-D globe with a

heterogeneous ocean overlying variable bathymetry in which acoustic waves propagate (e.g. Lecoulant et al. 2019; Fernando et al. 2020). At

the frequencies 0.1–10 Hz, where MERMAID’s instrument response is flat and its signal-to-noise high (Simon et al. 2022), carrying out such

simulations remains far too computationally expensive.

A MERMAID Miscellany: Seismoacoustic
Signals beyond the P Wave
Joel D. Simon*1 , Frederik J. Simons1 , and Jessica C. E. Irving2

Abstract
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Mobile Earthquake Recorder in Marine Areas by Independent Divers (MERMAID) is a

passively drifting oceanic diving float that transmits acoustic pressure records from

global earthquakes within hours or days of their rupture. The onboard algorithm used

for the detection and identification of signals from the hydrophone prioritizes the

recovery of ∼ 1 Hz teleseismic P waves, which are useful for seismic imaging of

Earth’s mantle. Two years into a mission that launched 50 MERMAIDs to map 3D mantle

wavespeed anomalies with high resolution under the Pacific in French Polynesia, it is

clear that the data returned contain much information beyond the first-arriving seismic

P phases. These include acoustic conversions from Swaves, surface waves, Twaves, and

inner- and outer-core phases, generated by earthquakes heard across the globe—and

sounds from otherwise unidentified events occurring in remote and uninstrumented

parts of the world’s oceans. Our growing database of automatically accumulating

∼ 240 s long-triggered segments contains a treasure trove for geophysicists interested

in seismology beyond P-wave tomography. Furthermore, equipped with two-way com-

munication capabilities, MERMAID can entertain requests to deliver data from its 1 yr

buffer. In this article, we highlight the data classes and categories in MERMAID’s

“extended-utility” catalog.

Introduction
We present an overview of the diverse signals beyond teleseis-

mic P waves recorded by Mobile Earthquake Recorder

in Marine Areas by Independent Divers (MERMAID).

MERMAID is a freely drifting hydrophone that records earth-

quakes within the world’s oceans. It periodically surfaces at its

own discretion to update its location and correct instrumental

clock-drift errors via its built-in Global Positioning System

receiver and to transmit waveforms in near real-time via the

commercial Iridium satellite constellation. MERMAID was

designed to return teleseismic tomographic-quality ∼1 Hz

P-wave arrivals (Sukhovich et al., 2011, 2014), and the first-

generation (Simons et al., 2006, 2009) and second-generation

floats (Hello et al., 2011; Joubert et al., 2016) have been shown

to do this quite well (Sukhovich et al., 2015; Nolet et al., 2019;

Simon et al., 2020).

The signals shown in this study were recorded by the com-

mercially available third-generation MERMAID version

designed by Yann Hello at Géoazur and manufactured by

French underwater engineering firm OSEAN SAS (Hello

and Nolet, 2020). This latest MERMAID model has a lifetime

of 5 yr, and 46 out of 50 instruments initially deployed are cur-

rently active and reporting data around French Polynesia in the

South Pacific. All signals presented here were recorded during

the ongoing South Pacific Plume Imaging and Modeling

(SPPIM) project overseen by the international EarthScope-

Oceans consortium. For a near real-time map of the entire

SPPIM array, including downloadable historical drift-trajec-

tory data, see Data and Resources. In this study, we only con-

sider the data returned by the 16 floats owned and maintained

by Princeton University. Their surface locations over 16

months of deployment are plotted as colorful drift tracks in

Figure 1. (MERMAID 23 was recovered and redeployed, which

explains the gap in the drift track, and MERMAID numbers 14

and 15 never existed.)

Earthquake identification and P-wave travel-time residual

determination, and their uncertainties, for incorporation into

tomographic models of the plume-rich region of interest, are

ongoing following the procedures outlined by Simon et al.

(2020). The present study complements a separate analysis by

the authors (J. D. Simon et al., unpublished manuscript, 2021,

see Data and Resources), which is a singular look at

MERMAID’s primary target: mantle P waves of tomographic

quality. There, readers will find an exhaustive discussion of
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On the potential of recording earthquakes for global seismic

tomography by low-cost autonomous instruments in the oceans
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[1] We describe the development and testing of an autonomous device designed to
revolutionize Earth structure determination via global seismic tomography by detecting
earthquakes at teleseismic distances in the oceans. One prototype MERMAID, short
for Mobile Earthquake Recording in Marine Areas by Independent Divers, was
constructed and tested at sea. The instrument combines two readily available, relatively
low-cost but state-of-the-art components: a Sounding Oceanographic Lagrangian
Observer, or SOLO float, and an off-the-shelf hydrophone, with custom-built data logging
hardware. We report on the development of efficient wavelet-based algorithms for the
detection and discrimination of seismic events and analyze three time series of acoustic
pressure collected at a depth of 700 m in pilot experiments conducted offshore San Diego,
CA. In these tests, over 120 hours of data were gathered, and five earthquakes, of
which one was teleseismic, were recorded and identified. Quantitative estimates based on
these results suggest that instruments of the MERMAID type may collect up to a hundred
tomographically useful teleseismic events per year. The final design will also incorporate a
Global Positioning System receiver, onboard signal processing software optimized for
low-power chips, and high-throughput satellite communication equipment for telemetered
data transfer. With these improvements, we hope to realize our vision of a global array of
autonomous floating sensors for whole-earth seismic tomography.

Citation: Simons, F. J., G. Nolet, P. Georgief, J. M. Babcock, L. A. Regier, and R. E. Davis (2009), On the potential of recording

earthquakes for global seismic tomography by low-cost autonomous instruments in the oceans, J. Geophys. Res., 114, B05307,
doi:10.1029/2008JB006088.

1. Introduction and Motivation

[2] Despite the rapid advances in determining the three-
dimensional seismic wave speed, density and attenuation
structure of the Earth that were made in the 1980s and
1990s [Romanowicz, 1991, 2003], progress in seismic
tomography has now slowed due to lack of global earth-
quake data from oceanic stations. This severely hampers our
ability to image large sections of the mantle. Sampling is
poorest in the southern hemisphere where a number of
mantle plumes, including two superplumes beneath the
Pacific and African plates, likely play a large role in driving
the Earth’s heat engine.
[3] While normal-mode [e.g., Ishii and Tromp, 1999]

finite-frequency [e.g., Dahlen et al., 2000], and noise-
correlation analyses [e.g., Campillo and Paul, 2003] miti-

gate the sampling problem to some extent, whole-Earth
imaging remains data limited. The most straightforward
route to enhanced model resolution and the exploration of
the Earth’s uncharted interior is through increasing the
number of seismic stations where they are scarcest: in the
oceans. Of the roughly 200 digital broadband stations with
real-time data availability that currently fall under the
umbrella of the International Federation of Digital Seismo-
graph Networks (FDSN, www.fdsn.org), the vast majority
are located on continents. This leaves only scattered station
coverage, mostly on ocean islands, over the remaining two
thirds of the Earth’s surface [Romanowicz and Giardini,
2001; Romanowicz, 2008].
[4] In addition to isolated island stations, most broadband

seismic data suitable to improve global tomographic Earth
models is collected by ocean bottom seismometers (OBS
[Bradner, 1964; Stephen et al., 2003]). These need to be
sunk to the ocean bottom from a research vessel and are
usually recovered for data collection, which, owing to the
cost of ship time, is very expensive. Recovery remains
technically challenging, even if failed retrievals sometimes
are remarkable discoveries by themselves [Tolstoy et al.,
2006]. Notwithstanding certain impressive scientific suc-
cesses [e.g., Zhao et al., 1997; Forsyth and the Melt Seismic
Team, 1998; Smith et al., 2001; Isse et al., 2004; Tibi et al.,
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3138 earthquakes triggered the SPPIM MERMAID

The latest generation 
has effectively become 
a Deep-Argo float, 
collecting hydrographic 
CTD profiles while 
continuing to record 
and report earthquake 
waveforms. Three 
instruments were 
launched in the Pacific 
in June 2023. 
A 6,000 m version is 
under development. 
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ise MERMAID floats detect 
infrasonic ambient noise 
generated by ocean surface 
gravity waves. The corres-
pondence with WAVEWATCH 
modeled signals is very high.

Seismic travel-time 
tomography of the solid 
Earth begins by collecting 
earthquake arrival times. 
Now, we also model full 
hydroacoustic waveforms 
from MERMAID floats 
using numerical solvers 
that involve wave propa-
gation in the entire Earth.

MERMAID gathered a unique set of 
records from the 2022 Hunga Tonga-
Hunga Ha’apai explosive underwater 
eruption, whose signal propagated 
as hydroacoustic T waves. 
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In 2020, Wu Wenbo developed 
seismic ocean thermometry, using 
repeated earthquakes recorded at 
fixed ocean-bottom stations. We 
are investigating whether mobile 
MERMAID arrays can be both direct 
and indirect probes of mesoscale 
and secular temperature variability.  


