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ABSTRACT

Subsurface observations are crucial for understanding the ocean's role in Earth's climate and for refining climate
models. However, existing aquatic monitoring systems that allow such insights remain complex and costly due to
their high demands for deployment, sampling, and recapture. Since low-cost, easy-to-deploy deep-sea landers are
scarce, and with the aim of facilitating more subsurface observations, this study provides a simple method for
georeferencing small-sized untethered landers. Their underwater trajectories are modelled with fundamental
physics, dead reckoning, lander geometry, and numerical simulations. Using free fall, upthrust, and ocean cur-
rent dynamics, the proposed approach estimates their underwater trajectories, including landing (at the seabed)
and pop (at the sea surface) points. The method relies on the lander's physical characteristics, including its
vertical and horizontal cross-sectional areas, to calculate the drag force coefficients used to determine its tra-
jectories during descent and ascent through the water column. Ocean currents' magnitudes are modelled using
Ekman's exponential decay down to 90 m of the water column, while the depths until 900 m are modelled from
prior ADCP surveys by varying ocean current headings with depth between —20 and 20°. Surface ocean and wind
current headings are modelled with open datasets from satellite telemetry. Lander's velocity, displacement, and
dive time to the landing and pop points, including the total radial excursion and uncertainty in heading, are
analytically derived, numerically calculated, and empirically assessed a-posteriori until 90 m, yielding a ~38 m
radial excursion (40% error) against the obtained GNSS coordinates in field deployment, and 33° in heading
uncertainty during a 138-s excursion. Additional random walk simulations are shown for full ocean depth
obtaining radial excursion of 1038 m with 278 min total dive time. This approach is generalizable to any sub-
surface aquatic monitoring systems targeting deployments with diverse payloads from smaller sea vessels, not
requiring cranes, radio, GNSS, or acoustic telemetry. Since it accounts for key nature factors, our method pro-
vides special benefits in planning and optimizing deployments. Additional discussion focuses on the method's
practicality for full ocean depth deployments.
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1. Introduction

Subsurface ocean observation is critical to understanding the ocean's
functioning as a whole (Gould et al., 2013). While the ocean surface is
continuously monitored through remote sensing techniques based on
satellites (Ardhuin et al., 2018), planes (Rascle et al., 2020), drones
(Monteiro et al., 2021), and others, sampling the essential ocean vari-
ables, including observations of the ocean water column and
near-bottom characteristics, remains sparse (Liu et al., 2020). Indeed,
the most relevant oceanic processes occur in the upper layers, where
interaction with the atmosphere determines most of the functioning
ecosystem, and rarely in the lower layers, well below the thermocline,
and only a fraction of them leave an imprint on the ocean surface (Max
et al., 2022). As climate change affects predictable patterns of ocean
currents (Miller, 2017) and the dispersal of associated species (Garcia
Molinos et al., 2017), more long-term and high-resolution observations
of the ocean's interior are needed (Gould et al., 2013).

To gain more insights beneath the ocean surface, hydrodynamic
numerical simulations are parametrized, building a suite of models that
mimic the ocean behavior (Ramming and Kowalik, 1980), serving as the
basis for digital ocean twins development (Rapalo et al., 2024). In terms
of hardware, most of the subsurface aquatic monitoring systems include
landers and moorings that are used with an integrated large variety of
sensors and actuator payloads, as they remain the most cost-effective
and long-term candidate for Eulerian observatories (Cristini et al.,
2016). Landers carry instruments for scientific sampling (Miwa et al.,
2016), ranging from water to environment assessments (Bagley et al.,
2004), fauna attraction and trapping (Jamieson, 2016), to gateways
(Fukuba et al., 2018) specially used for underwater acoustic communi-
cation (Silva et al., 2016). Landers are commonly used for benthic
research and can reach full ocean depth (Peoples et al., 2019), such as
the Challenger Deep (Jamieson et al., 2009; Muir et al., 2021), while
low-cost, easy-to-deploy full ocean depth landers' remain scarce.

Landers can be either tethered or untethered, but despite efforts to
simplify their deployment (Gonzalez-Pola et al., 2021), most tethered
systems remain costly due to their size and complex logistics. When
tethered, an important limiting factor is their umbilical, coaxial, or
optical connection to surface vessels (Almeida et al., 2024), which is
typically strengthened with synthetic fibers or wound steel layers,
allowing landers' mechanical strength to withstand tension as well as
real-time data streaming to the surface. However, such tethered con-
nections are prone to entanglement within the ghost gear and require
advanced planning, significant logistical efforts, special types of
deployment cranes, an experienced crew, and the careful design of their
casings (Dominguez-Carrio et al., 2021). In contrast, untethered landers
are less costly and can be deployed into the ocean from smaller-sized sea
vessels using single-use ballast such as natural cobble (Radeta et al.,
2025), reaching terminal velocity” during their excursion to the seabed.
Depending on their weight, shape, and operational depth, their descent
to the seafloor can take up to several hours (Bagley et al., 2004). Once at
the seabed, untethered landers typically sample data for several hours,
then begin their ascent back to the surface. The ascent starts when the
ballast is discarded at the seabed with a timed (Sessions and Marshall,
1971; Heffler and Locke, 1977), galvanic (Jamieson et al., 2013), or
surface acoustic (van Haren et al., 2020) signal as a trigger. Lander's
gradual ascent is then caused by flotation units in the form of buoys,
which cause the (upthrust) buoyancy force.

To increase smaller-sized landers and success in their recapture rate,
it is necessary to understand their landing (at the seabed) and pop (at the
sea surface) positions (see Graphical Abstract). Prior methods relied

! An example of the Full Ocean Depth Lander by the Schmid Ocean Institute
can be seen at this link: https://schmidtocean.org/technology/robotic-platfo
rms/11000-m-lander/.

2 A maximum speed attainable by an object during a free-fall through liquid.
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either on computational fluid dynamics (Xiang et al., 2020) or on
empirical studies mostly conducted in controlled settings such as
swimming pools (Yasseri, 2014), yielding the region probabilities of
where the sinking objects during descending will touchdown the seabed
at a specific distance relative to the drop point (Aanesland, 1987),
known as the radial excursion. The same techniques were used for
ascending, e.g., when studying how risers may be subject to potential sea
vessel collisions (Veritas, 2010) at the sea surface. More accurate land-
ing and pop points can be obtained using controlled descent vehicles
with buoyancy engines (Yin et al., 2024), thrusters (Silva et al., 2016), or
acoustic pingers (Yang et al., 2022), which transmit the lander's current
position to the surface. However, all these approaches suffer from high
costs caused by the logistical complexity, availability of resources, and
may cause unnecessary stress to marine mammals (Harris et al., 2018). A
more affordable approach could leverage dead reckoning with inertial
measurement based on sensor fusion of accelerometer, gyroscope, and
magnetometer readings (Radeta et al., 2023). However, objects that
reach terminal velocity during gradual descent or ascent may exhibit
low to almost no acceleration (Equation (A.40) in Appendices). These
cause difficulty for algorithms to obtain the correct attitude and heading
reference system (Madgwick et al., 2011).

During their descent and ascent, untethered landers are also prone to
significant drifts (Berkenpas et al., 2017) caused by the varying hori-
zontal ocean currents (Lewis et al., 2017). Because of this, it is chal-
lenging to georeference the landers at the sea surface. Equipping landers
with telemetry tools increases their weight, size, logistics, and overall
system costs (Silva et al., 2016). This is due to the requirements for
battery autonomy and a communication unit for surface telemetry,
which can use satellite uplinks or Very High Frequency (VHF) within the
line of sight with sea vessels (Schaefer and Fuller, 2016). Cost-effective
telemetry can leverage smaller Internet of Things (IoT) hardware and
long-range (LoRa) radio to coastal receivers or sea vessels (Radeta et al.,
2024). However, it suffers from signal multipath issues caused by water
attenuation, proximity to the island peaks, or the absence of a line of
sight.

In this context, this study focuses on georeferencing affordable,
small-sized untethered landers designed for a lower amount of payloads.
Research contributes a model which is validated in situ at the 90 m with
additional numerical simulations extending for 900 and 9000 m, facil-
itating the planning of future lander missions. This approach simplifies
logistics, deployment, and recapture operations and allows more sub-
surface ocean observations.

2. Materials and procedures

The proposed method is based on fundamental physics, lander's ge-
ometry, dead reckoning, and numerical simulations, validated theoret-
ically and empirically. The small-sized untethered lander is deployed
from a priori known surface (drop) point and depth (obtained from
sonar). The overall challenge is predicting its landing and pop points at
the seabed and sea surface, respectively (see Graphical Abstract). Lander
trajectories during descent and ascent dives are modelled based on their
physical characteristics (e.g., cross-sectional area), including the forces
and medium acting on it (e.g., weight, buoyancy, drag force, horizontal
ocean currents). Numerical simulations with variable ocean currents'
magnitudes and headings were computed (as a function of depth) for
both shallow and full ocean depth, including the in situ validation in the
photic zone.

2.1. Physical characteristics

The untethered benthic lander used in this study (Figs. 1 and 2) is
deployed from smaller sea vessels by two persons from the sea surface
(drop point) at a predetermined location (using Global Navigation Sat-
ellite System-GNSS) and depth (obtained from the sea vessel sonar).

Lander starts its descent dive with free-fall and is subject to


https://schmidtocean.org/technology/robotic-platforms/11000-m-lander/
https://schmidtocean.org/technology/robotic-platforms/11000-m-lander/
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horizontal drift caused by ocean currents until reaching the seabed.
Once it touches down (landing point), it samples the required data for a
custom period, after which it begins its ascent dive to the sea surface.
This is caused by the upthrust force from used buoys, the programmable
multipurpose auto-release system (Radeta et al., 2025), which ignites
the primer at a specific time (Sessions and Marshall, 1971) and releases
the natural cobble as a ballast. The challenge is georeferencing the
lander at the sea surface when it emerges (pop point) by calculating its
radial excursion relative to the drop point.

The lander consists of four different units (Radeta et al., 2025):
Buoyancy, Payload-based on Baited Remote Operated Video
System-BRUVS (Langlois et al., 2006), Timer, and Ballast (Fig. 3a). Each
unit encompasses components approximated to the geometric shapes
(Heddleson et al., 1957). For instance, the cobble bottom cross-sectional
area was approximated to an ellipse, buoys to circles, and vertical and
horizontal supports to long cylinders. The total cross-sectional area A
was computed considering both vertical and horizontal displacements,
being the most extensive profiles that penetrate the water. The vertical
profile during descent (Fig. 3b) included ballast, all buoys, and baited
canister as the largest cross-sectional areas, while during ascent, there
was no ballast (Fig. 3b). All other components (e.g., double swivels,
timers) were considered negligible in causing drag force since they were
occluded behind the larger. The horizontal profile during descent and
ascent (Fig. 3c¢) included the vertical frame, bait, and timer.

Since all lander components were assembled from different mate-
rials, online product specifications were used to obtain their densities p;
(Fig. 4). Each component was measured using callipers and measuring
tape, following fundamental principles in metrology, and drawn as 3D
models in Autodesk Fusion software to obtain individual volumes V; and
masses m; = p;V;. Obtained masses and volumes differed for descent
(Mges, Vges) and ascent (Mg, Vasc). The details are presented in Table B1
of the Appendices.

This study's tetherless lander setup included the following compo-
nents: 3 x small and 1 x sizeable deep-sea rated buoys, 1 x vertical and 1
x horizontal support for 1 x rock and 1 x bait canister, respectively joined
with 2 x T-connectors, 1 x timer with primer igniter, and 2 x double
swivels (see Table Bl in Appendices). To facilitate later analytical
derivation, the lander's constant k was computed (Eq. (A.4) as a function
of the seawater density p,,, the lander's total cross-sectional area A, and
the drag force coefficient y by summing all individual components
whose profile penetrates the water during the dive (Fig. 3b and c). The
details are presented in Egs. A.1-A.4 in Appendices.

Four constants were obtained for descent (Apgs, fig.), ascent (s,
Aasc), and horizontal and vertical axes. The same physical characteris-
tics were also used to obtain the vertical and horizontal terminal ve-

FLOATING DEVICE '
v g CUSTOM PAYLOAD

= .5 RELEASE MECHANISM

WA\ GZ N ATURAL COBBLE

Fig. 1. Untethered MARS lander setup on a sea vessel prior to the deployment
at 90 m depth in the south coast of Madeira Island, NE Atlantic. Details of the
auto-release system based on natural cobble and DIY timed-release primer
ignition are available in Radeta et al. (2025).
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Fig. 2. Untethered MARS lander seen during descent in the water column off
the south coast of Madeira Island, NE Atlantic (Radeta et al., 2025).

locities of lander dives (Table B2 in Appendices).

K(pu Ao ) = p An (kg /m) a9

2.2. Drop-point fixed coordinate system

Since this study investigates the lander's underwater trajectories
from drop to pop points without angular measurements, a Cartesian
coordinate system with three perpendicular axes is suggested, where the
origin of the coordinates is at the drop point (a priori known latitude and
longitude using a sea vessel GNSS), where the lander is deployed into the
water (see Graphical Abstract). The X-axis represents the lander's hori-
zontal displacement and is collinear with the ocean's current heading
obtained from the sea vessel, allowing the translation of the coordinate
system (Fig. 5). The Y axis represents the lander's heading offset, caused
by the ocean current oscillation (see e.g. Fig. 8b). The Z axis represents
the lander's vertical displacement and is collinear with the depth,
requiring a priori knowledge of the maximum depth Zp.. using a sea
vessel sonar. In this drop-point fixed coordinate system, the Earth's
curvature variation is neglected (Bell et al., 2024) as the study focuses on
smaller-scale radial excursions. The whole coordinate system is trans-
lated in the direction of the radial excursion where the lander emerges
(pops) at the sea surface (see Graphical Abstract and Fig. 11d), from
which the latitude and longitude are obtained using the geographic
coordinate system.

2.3. Model

Fundamental physics and Newton's Second Law of Motion are used to
compute the forces acting on a lander moving in a fluid, obtaining ve-
locity and displacement during descent and ascent. Fundamental forces
acting on the lander are its weight Fyy, drag Fp, and buoyancy Fp (Fig. 5).
The ocean current in the horizontal direction causes a drag force Fp, to
the lander, making it reach the ocean current velocity (v,,) or horizontal
terminal velocity, causing motion due to its inertia (see Eq. A.35-A.41 in
Appendices). In this model, the damping and added mass as hydrody-
namic forces were neglected as the lander uses the open geometry of the
structure, moves with low speed without thrusters, and causes laminar
motion without turbulence. Also, the vertical component of the ocean
currents is neglected as it is commonly much smaller than the horizontal
component (Haland et al., 2012).

2.3.1. Net forces

In the case of vertical forces, the weight force Fy (N) of an object
with mass m (kg) under an acceleration g (m/s%) due to the gravity
pulling the object's mass with a force Fyy = mg. At the location of study
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Fig. 3. Schematic of the MARS lander's main units: (a) with cross-sectional areas of vertical (b) and horizontal (c) profiles. A circle with a dot indicates the lander's
motion going out of the plane. Details of the auto-release system based on natural cobble and primer ignition are available in Radeta et al. (2025).

deployment latitude, g = g(0) = 9.7955m/s> (Moritz, 2000). The
buoyant force is Fg = p,,-V-g (Munson et al., 2012), where p,, is the fluid
density. In this study, the considered fluid was seawater with density
pw = 1023.6kg/m® at a temperature of 25 °C, salinity of 35 g/kg, and 1
atm pressure (Poisson et al., 1980). The V is the volume of displaced
fluid equal to the lander's total volume, following Archimedes' principle.
The total drag force Fp acting on an object is: Fp = pAuv?/ 2, where A is
the cross-sectional area perpendicular to the fluid's flow (and lander
movement), ¢ is the dimensionless drag force coefficient of fluid resis-
tance on a lander body, and v is the lander's velocity component along
the movement direction.

Following Newton's second law, F =md = m% =31, F,withF
being the sum of the above forces, for a lander in a vertical descent to-
wards the center of gravity, fluid resistance and buoyancy, the net force
isF = Fy — Fg — Fp. Conversely, for a lander in a vertical ascent towards
the sea surface, fluid resistance has the opposite sign F = Fyy — Fg+ Fp.
For both descent and ascent, the net forces are non-linear first-order
ordinary differential equations (ODEs) seen below, while their deriva-
tion is shown in Egs. A.1-A.3 inside of Appendices.

Maesg — Poy Viies§ — KdesVas = My (A.2)

Masc8 — Pw Vascg + kascvic = may (A3)

Horizontal force is the drag force caused by the ocean currents, F, =
P Ap/2. Vertical velocity and displacement were obtained analytically,
allowing the derivation of total lander dive time. Horizontal velocity and
horizontal displacement were solved numerically (Eqs A.35-A.42 in
Appendices).

Lander's vertical velocity and displacement were derived by sum-
ming all the forces being part of the system (Eqs A.11-A.31 in Appen-
dices). Based on its physical characteristics, it is revealed how fast the
untethered benthic lander reaches the terminal velocity during both
descent and ascent (see Graphical Abstract).

2.3.2. Terminal velocity

The lander may experience no acceleration during the dives (a = 0),
indicating constant velocity. This is also known as the terminal velocity
(v = vr), which the lander asymptotically approaches (Afonso, 2008).
Naturally, varying ocean currents cause acceleration and deceleration
during descent and ascent (Tuchen et al., 2022). The vertical gradients
of the horizontal velocity of the ocean current (vertical shear) influence
the lander's velocity, which needs to be calculated for the model.
Although the terminal velocity vy is constant, it will differ during
ascending and descending. The two terminal velocities (Eq. (A.9) and
Eq. (A.10)) differ due to their masses, densities, cross-sectional areas,
and drag force coefficients during the descent and ascent (Eqs. A.5-A.10
in Appendices) as the lander's individual components vary between the
ascent and descent as the ballast is discarded. The formulae below show
the derived terminal velocities during descent and ascent along the Z
axis. Obtained vertical terminal velocities of the lander's individual
components (Fig. 4) were 1.4 m/s and 1.25 m/s for descent and ascent,
respectively.

VTdes = \/ Mdes ;dpw Vdesg (Ag)
es
_ [PwVasc8 — Masc§
Vrase = — k
-asc

2.3.3. Vertical velocity

By solving ODEs from Equations A.2 and A.3 and considering time t
as the dive time to the seabed and sea surface, respectively (with t; being
the start of ascending), the lander's velocity is analytically derived for
both descending and ascending, obtaining hyperbolic tangent (Eq.
(A.22) and Eq. (A.24)). The corresponding derivation is presented in Eq.
A.11-A.15 in Appendices. Vertical velocity during descent and ascent
differ in sign and time.

(A.10)

(A.22)

des

Kesv
dee:(t) =VTdes tanh <7des Tdes t
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Fig. 4. 3D models of the tetherless MARS lander's individual components and their densities. From left to right: (a) Small Buoy PU (0,289 g/cm3), (b) Large Buoy
HDPE (0,299 g/cm3), (c) Vertical Support PVC (1,4 g/cm3), (d) Horizontal Support PVC (1,4 g/cm3), (e) Bait Canister PVC (1,4 g/cm3), (f) T-Connection Stainless
steel 303 AISI (7,85 g/cm3), (g) Timer holder PLA (1,32 g/cms), (h) Double swivel Stainless steel 303 AISI (7,85 g/cm3), and (i) Natural Cobble Basalt (2,9 g/cm3).

Vewse () = — Ve tanh {M (t — t)] (A.24)

asc

2.3.4. Vertical displacement

From the obtained lander's vertical velocity component v,, the
displacement is integrated along the Z (depth) axis (Eq. (A.30) and Eq.
(A.31)). The full derivation is shown in A.25-A.31 inside Appendices
and seen in the expression below.

Zaes(t) = 7::“ In {cosh (kd%;d“ t) } (A.30)
Zasc(t) = — % {cosh (k"jnﬂ (t; — t))} ¥ Zax (A.31)

2.3.5. Dive time

From vertical displacement, it is possible to obtain the time until
touchdown. Lander's mission is divided into three major intervals:
descending, data sampling, and ascending, or mathematically: A
trorar, = Atpgs + Atpata + Atasc. Four important moments are: ty, indi-
cating the start of the dive (drop point, see Graphical Abstract), t; when
the lander reaches the targeted seabed depth Z,, (landing point, see
Graphical Abstract), t, when the lander begins its ascent, and t; when it
emerges at the sea surface (pop point, see Graphical Abstract). Addi-
tional time may be added until recaptured by the sea vessel. As t, = 0 is

the drop moment, Atrorar = tf — 0 = tf, so is the t; = Atpgs + Atpara +
Atasc. After touching the seabed at the target depth, the lander samples
data for Atpara seconds, previously programmable by the timer Atyper =
Atpata + tl. By calculating vertical descent displacement (see Eq.
A.25-A.31 in Appendices), since Atpgs = t; — 0 = t;, it is possible to
obtain t; and t; (Eq. (A.33). The related derivation, is presented in Eq.
A.32-A.34 of Appendices.

Zmax

k
m, _ Hdes
s cosh™! | emaes

tl =
kdes VTdes

(A.33)

t2 = AtDES + AtDATA

2.3.6. Ocean currents

One approach in modelling ocean currents can be in computing the
ocean current velocity (v,,) as a function of depth. Ocean current meters
can obtain such information from the specific location and deployment
time. However, since one study constraint was to streamline the appa-
ratus to facilitate aquatic monitoring, this is not required, although it
can be complementary to additional peripheral devices.

One approach may be to resort to satellite remote sensing. For depths
<30 m of the upper ocean layer, a constant value for ocean current can
be obtained from the NASA Earth Data public dataset: Ocean Surface
Current Analyses Real-time (OSCAR) Surface Currents - Near Real Time
0.25 Degree (Version 2.0, Lagerloef et al., 1999). The OSCAR's
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Fig. 5. Lander's model with fundamental forces (lander's weight Fy, drag force Fp, and buoyancy Fg forces) during descent (a) and ascent (b). Ocean medium and
currents cause a drag force on the lander, making the lander instantaneously reach both the horizontal and vertical terminal velocities.

simplified ocean current model uses satellites for sea surface height
gradients, encompassing ocean vector winds and sea surface tempera-
ture gradients. This is a simplified physical model for geostrophic,
Ekman, and thermal wind dynamics (Roemmich, 1983). OSCAR does
not include the tidal currents, and while they may be an important
horizontal current component in estuaries, they are not modelled in this
study, since the study location is a volcanic island with steep gradients.
Section 4.1 presents the information about the quantitative estimate
describing how barotropic tides would contribute solely to <7 drift in
this test. The OSCAR dataset uses daily averaged surface currents, being
provided on a global 25 x 25 km grid.

However, as OSCAR suffers from a low spatial resolution, it cannot
resolve the sub-grid dynamics which are relevant in this study. This sea
current dynamics is induced by the wind motion near the sea surface,
causing Ekman transport (Ekman, 1905; Vallis, 2017) to occur in the
surface layer. Instead of using the grid averaged OSCAR data for velocity
and heading of the surface layer, the real-time on-board sonar sensing
was used (see Fig. B.4) in Ekman's solution for the exponential decay of
velocity with depth: u,v ~ e ?/P=, where u and v are zonal and meridional
ocean current velocity components, z is the depth, and D is the char-
acteristic width of Ekman layer. This direct approach allows us to
smoothly connect the surface layer velocity profile with the empirical
profile of ocean currents at greater depths.

For the day of deployment (March 11, 2024), the sonar readings
were used to set the upper boundary for the surface layer horizontal
velocity magnitude and direction for depths <90 m. For depths >90 m,
given the unavailability of the datasets and costly transducers, this study
relied on the shipborne 38 kHz Acoustic Doppler Current Profiler
(ADCP) profile collected nearby on 02 March 2024 (Kopte et al., 2024)
during MSM126 (32.60358° N, —16.88877° W), i.e., 9 days earlier and
~3.9 km from the drop site, within the same OSCAR quadrant. Obtained
ocean current depth profile spanned epipelagic and mesopelagic zones
(from 38 to 1302 m, seen in Fig. 6).

To couple the two datasets, a depth-dependent ocean current is
defined piecewise: Ekman exponential decay for z < 90 m, and spline fit
to the ADCP magnitudes for z > 90 m (Fig. 7). We carefully blend Ekman
exponential delay with ADCP profile by choosing the optimal value for
the Ekman depth coefficient D = 90 m which agrees with the typical
quantities (Mellor, 1996), and which preserves continuity without
affecting the integrated drift. This provides a simple, robust CO match at
the interface and numerically stable trajectories.

Probability Density Functions (PDFs) of ocean current magnitudes
(or speed of water v, = v/u2 + v2) per depth bin (Fig. 6a) indicate mild
ocean currents (less than 0.2 m/s) and follow the Maxwellian distribu-
tion. This is because they are the squared sums of both the u (zonal) and
v (meridional) ocean current components, respectively, which individ-
ually follow the Gaussian distribution. Differences in magnitudes per
depth also indicate mild variation up to 0.1 m/s (Fig. 6b). The computed
PDFs of ocean current headings (or direction of water 6,, = atan(u /v))

for each depth bin (Fig. 6¢) indicate a weak bimodal distribution with
two peaks at the depth range ~ 0-200 m, with the former being the
dominant heading of ~100° and the latter with a heading of —100°. This
clearly indicates a presence of the vorticity in the surface layer which is
attributed to the mixing of surface and deep ocean currents. The motion
at the depths greater than 200 m confirms the existence of the ocean
current unrelated to the Ekman dynamics which is restricted to the
surface layer. The vortices in the layer 0-200 m are most likely to cause a
small net velocity which represents an average value in the observed
quadrant in OSCAR data. Even though the averaged velocity vector in
the OSCAR data is negligible, it still implies a slow drift in the direction
of the deep ocean current in ADCP profiles. The differences in headings
per depth in ADCP profiles (Kopte et al., 2024) indicate the maximum
variation of headings between —20° and +20° (Fig. 6d) which are
further used in numerical model.

2.3.7. Horizontal velocity

The model of horizontal velocity assumes the Ekman transport
exponential decay for the depths until 90 m (Vallis, 2017). For depths up
to 900 m, average ocean current magnitudes v, for the whole ADCP
depth data were obtained, with a 5th order spline polynomial interpo-
lation as the best fit (Fig. 7). Since the fit does not provide realistic
values for depths greater than 900 m due to errors in readings from the
ADCP, such currents are modelled with a steady exponential function
which asymptotically approaches the value of 0.07 m/s. This horizontal
component of current velocity is further placed into the differential
equation (A.40), where the horizontal drag force and ocean current v,
are used to obtain the lander's horizontal velocity component v, (deri-
vation presented in Eq. A.35-A.40 in Appendices).

%:ﬂ("w - Vx)z:ﬂ:%

The analytical solution requires a priori knowledge of the ocean's
current depth profiles. However, in the absence of such datasets, the
solution to this nonlinear differential equation (also known as the Ric-
cati equation) cannot be determined analytically and needs to be
determined using numerical methods such as the fourth-order Runge-
Kutta method, adaptive step-size embedded fifth-order RK, Bulirsch-
Stoer (BS), or others (Bini et al., 2011).

(A.40)

2.3.8. Horizontal displacement

As the model's X axis is collinear with the ocean current direction,
from the lander's horizontal velocity component v, the lander's hori-
zontal drift or radial excursion x(z(t)) is obtained relative to the drop
point. Such estimates the landing point within a probability region
(circular uncertainty areas depicted in Graphical Abstract), whose mean
radius is the most probable value of the lander drifts along the X and Y
axes. The same procedure is required to compute the radial excursion
during the ascent. These calculations are performed using random walk
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Fig. 6. Probability Density Functions (PDFs) of sampled ocean currents: (a) magnitudes, (b) magnitude differences, (c) phase angle headings, and (d) phase angle
differences. PDFs are computed from a dataset obtained from shipborne ADCP (Kopte et al., 2024) during 02/03/2024 per depth bin of 16 m from 38 to 1302 m.
Probability Density Functions (PDFs) of sampled ocean currents: (a) magnitudes, (b) magnitude differences, (c) phase angle headings, and (d) phase angle differences.
PDFs are computed from a dataset obtained from shipborne ADCP (Kopte et al., 2024) during 02/03/2024 per depth bin of 16 m from 38 to 1302 m. Depths greater
than 900 m indicate reading errors from the ADCP instrument.
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numerical simulations.
3. Assessment
3.1. Numerical simulations

With an overall aim to facilitate subsurface ocean observations by
creation of low-cost, easy-to-deploy deep-sea untethered small-sized
landers, their deployment, sampling, and to probe the model based on
fundamental physics and dead reckoning, it is essential to understand
diverse ranges of outcomes and most likely scenarios during both the
lander's descent and ascent dives. For that purpose, a random walk
numerical simulation with 10 runs was used, respecting the computed
terminal velocities during descent (1.4 m/s) and ascent (1.25 m/s) from
individual physical components and characteristics (Fig. 4). The simu-
lations are based on the physical model described in the previous sec-
tion, that uses the solution of the Ekman transport equation with the
boundary condition set to the readings (speed-over-ground (SOG) of
lknot = 0.5 m/s) from the sea vessel sonar (see B.4), which is smoothly
connected to the empirical dependencies from ADCP data. To populate
the phase space with possible lander trajectories (Fig. 8), variations of
the ocean current headings between —20° and +20° were included as
obtained from ADCP data. Such a range was consistent with the obtained
standard deviations of heading differences per depth bin from ADCP
readings (Fig. 6d). Headings were further sampled following a Gaussian
distribution with a mean of 0° and a standard deviation of 20°.

Fig. 8 shows the results of our numerical simulations calculating the
lander's drop, landing and pop points as well as its underwater trajec-
tories at the depths of 90 m (Fig. 8a, b, 8¢c), 900 m (Fig. 8d, e, 8f), and
9000 m (8g, 8h, 8i), respectively. When simulating the real deployment
at 90 m depth, the lander's mean radial excursion (drop to landing to pop
displacement along the X axis) was ~37 m with a maximum heading
uncertainty of 33° (along the Y axis) and excursion time of 138 s (2.3
min), excluding the sampling time at the seabed. Additional simulations
were performed at 900 m depth, where the lander's mean radial
excursion was 137 m with a maximum heading uncertainty of 47° and
1364 s (~22 min) of excursion time. Also, observing the simulations at
9000 m, the lander's mean radial excursion was 863 m with a maximum
heading uncertainty of 89° and 13,630 min (~3.8 h) of excursion time.

3.2. Field deployment

The lander's numerical simulations for depth of 90 m were used in
the previous section to model a single deployment (Fig. 2) which was
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carried out on March 11, 2024, in the pelagic zone 1 km south of Funchal
(see dive log in Table B3 of Appendices), Madeira Island, NE Atlantic.
The deployment location was inside the same OSCAR quadrant with a
centroid of 32.50° latitude and —16.75° longitude (Fig. 9). The
deployment included the benthic lander with baits (Fig. 2). The used sea
vessel was a 10 m semi-rigid sea vessel carrying GNSS and sonar
instrumentation from the Ocean Observatory of Madeira (OOM). The
maximum depth was obtained (Zqx, 90 m) from the sea vessel's sonar
(see Sonar Readings in Figure B4 in Appendices), selected by the marine
ecologists. The landing point depth at the seabed was assumed to be the
same depth as the drop point. See Figure B4 in the Appendices for the
bathymetry during deployment. The ADCP transect used (MSM126 on
02/03/2024) was ~3.9 km from the drop site and within the same
OSCAR quadrant.

Since the lander has several buoys and is relatively lightweight
without ballast (8.4 kg), the surface wind may also cause drift of the
lander and impact the georeferencing trajectory (Wagner et al., 2022).
For this reason, the magnitude and direction of both the ocean and wind
currents were derived from their available u and v components. Ocean
current data were taken from OSCAR® (Dohan, 2017) and wind data
from ERA5" (Hersbach et al., 2020) datasets, both taken as a daily
average. Both datasets are depicted in Fig. 9 during the deployment date
at 12:00 UTC. The average magnitude of the total ocean current v, =
Vu? + v2 at the deployment area was 0.03 m/s with an average direction
0y = (atan 2(u,v) x180 /7+180) mod 360 of 347.22°. The wind speed
was 4.19 m/s with the azimuth of 107.41°.

As the wind data has a sparse granularity, information from the
official wind station at Madeira International Airport, located on the
south coast of Madeira Island (approximately 200 m from the sea), was
retrieved through Iowa State University's lowa Environmental Mesonet
(IEM), which maintains a global record of Meteorological Aerodrome
Reports (METAR). Positioned close to the coastline (triangle in Fig. 9),
the airport's location captures local orographic effects that influence
wind direction, offering a more representative value for the wind con-
ditions at the drop point. In the METAR report (LPMA 111200Z 05006
KT 010V080 9999 SCT015 19/09 Q1024), the official 10-min mean
wind speed was recorded as 3.1 m/s with the azimuth of 50°, and it is
illustrated in Fig. 9. Fig. 12a shows the average surface wind speed
(ERA5 and METAR) of 3.20 m/s with the heading of 263.45°.

An additional custom logger (Radeta et al., 2024) was attached to the
benthic lander to obtain the timestamp, depth, temperature, and drop
and pop points’ latitude and longitude, all sampled at 1 Hz. The drop
point water temperature was 20.7 °C, while the landing point water
temperature was 17.8 °C at a depth of 90 m.

3.2.1. Baseline terminal velocities

From the obtained depth and timestamps, empirical vertical terminal
velocities were obtained (Fig. 10). The same figure also shows the
modelled terminal velocities based on physical characteristics (Figs. 3
and 4). At the drop point and moment ty, both the descent and ascent
terminal velocities were reached within the first 3 s, after which the
lander's velocities reached the plateau. The descent terminal velocity
(average speed computed from logger readings) was 1.216 m/s, while
the ascent was 1.125 m/s (Fig. 10b). This is consistent with the literature
(Giddens et al., 2021) and provides controlled speed. Minor oscillations
in terminal velocity readings from the logger indicate the presence of the
vertical shear. Descent dive time (obtained from the logger) to the

3 Ocean current dataset: Ocean Surface Current Analyses Real-time (OSCAR)
Surface Currents - Interim 0.25 Degree (Version 2.0). Ver. 2.0. PO.DAAC, CA,
USA. Accessed [2024-03-20] at https://doi.org/10.5067/0OSCAR-25120.

4 Wind dataset: Copernicus Climate Change Service, Climate Data Store
(2023): ERA5 hourly data on single levels from 1940 to present. Copernicus
Climate Change Service (C3S) Climate Data Store (CDS). Accessed [2024-03-
20] at https://doi.org/10.24381/cds.adbb2d47.
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landing point (t;) was 75 s, while the ascent dive time to the pop point
(tf) took 80 s, indicating a longer ascent dive time by 5 s. This is due to
the lander's differences in weight and buoyancy between descent (26.8
kg, including the ballast) and ascent (8.4 kg, excluding the ballast).
Because the lander spends only ~25 s descending and ~27 s ascending
through the upper 30 m (empirical terminal speeds ~1.216 and 1.125
m/s), the OSCAR surface current (0.03 m/s on 11/03/2024) contributes
~1.5 m horizontal drift in total; even assuming 0.10 m/s, the contri-
bution would be ~ 5 m. This is small relative to the observed ~27-30 m
excursion driven by the 30-90 m shear resolved by the ADCP, which
required a more thorough analysis using the Ekman transport.

3.2.2. Estimated terminal velocities

For the descent, the terminal velocity calculated from the model was
1.4 m/s. The experimental data indicate a slightly lower velocity,
averaging around 1.2 m/s with minor fluctuations. Pearson's R corre-
lation coefficient between the experimental and modelled velocities is
0.986, and a p-value of 0.0294 confirms the statistical significance of
this correlation at the 5% significance level, indicating that the observed
linear relationship is unlikely to be due to chance. Slight discrepancies
may stem from factors such as measurement errors or drag force caused
by the individual component areas. For the ascent, the terminal velocity
predicted by the model was 1.25 m/s, while the experimental data
approached tangentially, reaching approximately 1.2 m/s in about 3 s.
In this case, Pearson's R correlation coefficient was 0.8594 with a p-
value of 0.0283, also confirming the significance of positive correlation
at the 5% significance level. As in the case of the descent, this demon-
strates a good agreement between the experimental and modelled ve-
locities, supporting the model's reliability.

3.2.3. Predicted pop point

From the onboard logger, the untethered lander's drop and pop
points were obtained and depicted in Figs. 11a and b in green and red
colors, respectively. A detailed log of the deployment is shown in
Table B3 inside the Appendices. The obtained Euclidean distance be-
tween the drop and pop points was 27 m (Fig. 11c). Since this encom-
passes both the descent and ascent radial excursions, this agrees with the
numerical simulations (Fig. 11d), which estimate the radial excursion to
and from a depth of 90 m to be 38 m. This suggests the model had an
error of ~40% in predicting the lander's pop point.

The lander's horizontal heading and drift were also verified empiri-
cally using the sea vessel sonar during the descent by switching off the
engine and allowing the sea vessel to align with the sea currents,
obtaining 263° current over ground (COG) during the deployment (see
Figure B4 in Appendices). Figure B4 shows the dominant linear behav-
iour of the drift for the upper water column until 90 m, which is in line

with the heading obtained using numerical simulations (Fig. 8). Fig. 12
shows that the computed bearing between drop point (32.62922,
—16.91667) and pop point (32.62913, —16.91694) was 248.41° which
is similar to the measured COG value of 263° at the ocean surface. Also,
the wind at the airport (METAR) is aligned with the coastline due to
orographic influences, like flow splitting and mountain waves
(Belo-Pereira and Santos, 2021), and considering that the test was
conducted in Funchal, where wind conditions from ERA5 can differ
substantially from those at the airport due to local topographic effects, it
is appropriate to use the average between ERA5 and METAR data as a
first-order fusion approach (Fig. 12a).

This averaging acts as a simple blending technique, analogous to the
methodology proposed by prior work (Escobar and Alvarez, 2023), who
demonstrated that combining reanalysis and in situ or remotely sensed
datasets can significantly reduce local inaccuracies in wind field esti-
mation. The resulting average wind heading (248.41°) aligns with the
bearing between the drop and pop points and shows an uncertainty of
15.04°, consistent with the expected variability of about 20°.

3.3. Case full ocean depth

In addition to the performed field study, the scenario for full ocean
depth has also been computed numerically. Since the obtained ADCP sea
current profiles have errors above 900 m (Fig. 7), for depths beyond the
900 m to full-ocean-depth, the steady current velocity with the value of
0.07 m/s has been assumed as it asymptotically approaches that value in
ADCP survey (Kopte et al., 2024). Additional numerical simulations
were performed with 10° runs with the case study at 9, 90, 900, 1,000, 3,
000, 5,000, 7,000, 9000 and 11,000 m with the same descent (1.4 m/s)
and ascent (1.25 m/s) terminal velocities. The mean time (minutes),
mean radial excursion (m), and heading uncertainties (m) are shown in
Fig. 13. With an order of magnitude of depth, there is an exponential
increase in the dive time as well as in the radial excursion (the
displacement along the X-axis).

In the case of full-ocean-depth (11,000 m), the grand average ob-
tained radial excursion for both the descent and ascent is ~1038 m, with
heading uncertainty of 95° and the grand average dive time is 278 min
(4.6 h), consistent with the literature (Bagley et al., 2004). Assuming the
variable ocean current headings (—20° to +20°), the tendency of the
heading uncertainty (displacement error along the Y axis) is nearly
linear with the increase of magnitude (yellow bars in Fig. 13). This
implies that the recapture of the equipment from the deepest ocean
depths needs to be performed within a perimeter of 50 m relative to the
centroid of the estimated pop point.

10
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model calculated from Figs. 3 and 4. Both descending and ascending speeds converge to modelled terminal velocities (plateau at appx 1.2 m/s, consistent with

Giddens et al., 2021).

4. Discussion

A novel georeferencing method is presented for low-cost untethered
landers based on fundamental physics, facilitating the deployment and
recapture of the subsurface ocean observatories. The study focused on
predicting the untethered lander's landing and pop points at the seabed
and sea surface, respectively, in an effort to allow more deployment,
sampling, and successful recapture of the affordable Eulerian observa-
tories. The model used the physical characteristics of the lander to model
the buoyancy, drag, and weight forces, including the drift caused by
ocean and wind currents. The ocean currents were modelled using an
analytic solution of the Ekman transport (Vallis, 2017) for the depths
0-90 m, and ADCP surveys for the depths beyond 90 m. The model does
not take into account other types of forces that may be involved in the
system, such as those of tension on the used lines (Huang et al., 2007) or
the tidal forces (Garrett and Maas, 1993). This work focused on paving
the way towards more accessible Eulerian observatories, providing more

11

affordable means for their use. The method proposed here may not be
used only to simplify the existing complex and costly techniques in
georeferencing such equipment at the sea bed and at the sea surface (Yu
et al., 2022) but also to increase their recapture rate and ultimately
reduce the potential hazards to the seabed, pipelines, or surface infra-
structure (Kawsar et al., 2015) as an alternative to complex robotics
(Liljeback and Mills, 2017).

4.1. Modelling versus field deployment

When modelling the ocean currents, one can argue that the tidal
currents should be part of the model and are very important in limited
continental shelf regions, which include bays and estuaries (Clarke and
Battisti, 1981), and thus should be included. However, in this study, the
tidal currents were not considered as primary, as the focus of the study is
on providing more subsurface observations, which, although it implies
having less precision, also provides more access to deep-sea and open
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(b)
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Fig. 11. Untethered lander deployment drop at latitude, longitude = 32.62922, —16.91667 (green pin) and pop points at 32.62913, —16.91694 (red pin) at 12:00
and 13:01:27 UTC, respectively, south of Funchal in Madeira island, NE Atlantic. Blue and red points indicate surface GNSS coordinates during the deployment and
after recapture. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. (a) Wind average from Fig. 9; (b) computed drop/pop bearing from Fig. 11.

oceans deployments where other factors such as wind-driven currents
and larger-scale oceanographic features are more dominant (Rohrs
et al., 2023). While the single 90 m deployment was indeed carried out
within the continental shelf (photic zone), the next considerations sug-
gest excluding the tidal currents from the proposed main model (the
model of the study based on fundamental physics is depicted in Section
2.2). First, the local barotropic signal was quantified, where the
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TPXO10-atlas solution (Egbert and Erofeeva, 2002) gave an My
depth-mean amplitude of 0.04-0.05 m/s for the tidal current at 32.64°
N, 16.89° W (within the quadrant of the field deployment). Second, the
38 kHz ADCP transect within the quadrant of the field deployment
(Kopte et al., 2024) measured 0.12-0.20 m/s between 30 m and 90
m—the layer that dominated the 155 s dive time (descent-ascent) of the
untethered lander used in this study. Even if a coherent 0.05 m/s tide
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Fig. 13. Numerical simulations with 10° runs with mean average time, mean radial excursion, and mean heading uncertainty within 3 sigma.

persisted throughout that interval, the maximum extra drift would be <
7 m. The proposed model already reproduced the pop point to within 3
m of uncertainty, so any residual tidal contribution may lie within the
present error envelope. While this rationale is adequate for the short,
single-cycle test reported here, the authors of the study fully acknowl-
edge that tidal forcing becomes increasingly important for multi-hour
missions, for spring-tide conditions, and for shelf or channel sites
where barotropic amplitudes can exceed 0.5 m/s.

Another important note of the field deployment it was decided to
limit to the epipelagic (photic) zone with two rationales: (i) first, the
untethered monitoring system considered in this study was the benthic
lander, which was based on BRUVS. As such, the system contained the
camera without any external lights, and any obtained footage would not
be visible if carried out in the deep sea; (ii) second, most of the important
biological processes and ocean current dynamics appear in the upper
water column. After 200 m of depth, the ocean currents decrease in
magnitude, and as such, they can be approximated as being constant
(Tuchen et al., 2022).

4.2. Comparisons against the literature

Contrary to complex and costly untethered lander setups (Hardy and
Kontoes, 2019), this study provides a location estimation focusing on
affordable and custom-made aquatic monitoring systems, such as
low-cost landers or BRUVs based on primer ignition auto-release
mechanisms using natural cobble (Radeta et al., 2025), allowing their
surface recapture. The proposed model also expands upon the prior
work (Schmid, 1969) by enhancing it further with ocean current depth
profiles and by calculating the radial excursion along both the X and Y
axes using random walk numerical simulations with 10° runs. Moreover,
it expands prior studies on free-falling descent analysis (Zhang et al.,
2023) by incorporating horizontal drift, which has been neglected in the
study performed by the authors due to the large lander's weight (above
600 kg). It also expands the analysis beyond controlled environments
(such as in tanks or swimming pools), providing initial steps for in-situ
pelagic and deep-sea deployments (Yasseri, 2014; Chu et al., 2005).
Also, it builds upon the existing standards for protecting underwater
pipelines (Veritas, 2010) by providing initial insights into the possible
trajectories of future, smaller-sized landers. Conversely, a reported study
complements the existing efforts in calculating and optimizing the drag
force coefficients of bodies penetrating the fluids, ultimately allowing
the customization of the required horizontal and vertical terminal ve-
locities and controlled descent of vehicles with buoyancy engines (Yin
et al., 2024).
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4.3. Study limitations and future work

The robustness of the proposed method has several constraints.
Although the Ekman transport is a known phenomenon, it is not sure
how the wind driven Ekman rotation of the ocean current couples with
the currents that originate at greater depths. Also, subtidal currents in
this study are neglected since the deployment was very near the south
coast where local winds and waves are reduced. However they should be
taken into consideration when modelling the ocean currents as they may
vary on the weekly basis (Tai et al., 2017). For instance, currents around
Madeira Island do show significant variability on weekly to multi-week
timescales (Alves et al., 2023). However, deployment in this study was
conducted during the spring when currents tend to be weaker, ranging
from roughly 0.1-0.5 m/s (Alves et al., 2023). Furthermore, the vorticity
observed in the layer closer to the surface (0-200 m) in the ADCP data
implies the existence of complex structures which may lead to different
results. Also, all carried out numerical simulations assume a constant
value for depths beyond 1000 m (0.07 m/s).

All depths within the range of 90-900 m assume historical ADCP
samples of ocean currents from the nearby transects in the region (Kopte
et al.,, 2024). This means that although the near-real-time satellite
telemetry may be accessible for the given hour of the deployment, for
greater precision (and thus less fuel cost in search and recapture), it may
require past knowledge of ocean currents from nearby ADCP surveys.
Conversely, if ADCP datasets are from different latitudes, the ocean
current depth profiles will naturally vary (Tuchen et al., 2022). Never-
theless, should the ocean current magnitude and heading be unknown
from external datasets, the ocean current headings can be approximated
using the sea vessel's compass.

In the case of hardware probes, contrary to the complex ADCP
setups, the magnitude can be obtained with low-cost rotors (Wijaya,
2018) or vector measuring current meters (Way et al., 1996). These
probes can be integrated within the proposed model. Also, the
carried-out deployment process did not rely on the model to retrieve the
lander, and it used the experienced skippers on board, focusing on
scouting the sea surface for larger yellow fluorescent buoys.

Another important limitation is that all of the reported calculations
dealing with predicting the landing and pop points were performed a
posteriori, where a priori simulations are needed. This brings some
possible pragmatic considerations during the deployment. For instance,
during the deployment, an onboard computer with access to the internet
is required to run the algorithm for predicting the landing and pop
points based on real-time data. The proposed technique should be
rigorously assessed in terms of practicality, starting from the experiment
design, sampling currents/winds from remote sensing ad hoc on a sea
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Appendices.
A. Theory and calculation

Below derivations encompass fundamental physics for modeling aquatic observation systems, including: (i) net forces, (ii) vertical terminal ve-
locities, (iii) vertical velocities, (iv) vertical displacements, (v) dive time, (vi) horizontal velocities, and (vii) horizontal displacements.

A.1-A.4 Net Forces
From Newton's second law, the motion equation is:

F, net = Ma (Al)
The force balance equation for descending (with positive z direction of motion) from the surface to the seabed is:

FW —FB — FD = may, (A.2)

2
Maesg — Poy Vaies§ — KaesViges = Mz

where fundamental forces acting on the lander are its weight Fy, drag Fp, and buoyancy Fg (Fig. 5). Lander has a mass m (kg) which during descent has
an acceleration g (m/s?) due to gravity. The p, is the seawater density p,, = 1023.6kg/m® at a temperature of 25 °C, salinity of 35 g/kg, and 1 atm
pressure (Poisson et al., 1980). The V is the volume of displaced fluid equal to the lander's total volume, following Archimedes' principle. The v is the
lander's velocity component along the movement direction.

For ascending (with negative z direction of motion) from the seabed to the surface is:

Fy — Fg + Fp = ma,,

(A.3)
Masc8 — Py Vascg + kGSCvi;C = ma,
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where k is the lander's constant, being one-half the product of the seawater density p,, that the lander displaces, the lander's frontal cross-sectional area
pushing through the seawater A, and the lander's drag force coefficient y, both changing during descent (Apgs, f4.s) and ascent (y4., Aasc):

1
K(pu Asi) = puAn (kg/m),
1
Kaes (P, A, 1) = EprdeS”dexﬂ A9
1
km':(/)WﬂAhu) = EprmC”a_;c'
Since the coefficient u varies with the material's shape (Heddleson et al., 1957), the Apgs is the sum of the cross-sectional area approximations of
the: ballast as a circle; L-shaped BRUVs as a long cylinder; and spherical buoys as n circles, due to the group of n buoys. The same applies to the Agc

being without ballast.

A.5-A.10 Terminal Velocity
Terminal velocity occurs when there is no acceleration (a = 0):

mg—pVg —kv* =0, (A.5)
mg — pVg = kv? (A.6)
kv =mg — pVg, (A.7)
v B P8 L (A.8)

VTdes = \/ Mdes ;dpw Vdesg: (A9)
VTase = \/ Mv (AlO)

whose derivation is from (A.6), however, with —kgv? and the other ascending values.

A.11-A.24 Vertical Velocity

mg —pVg — kv2 :may:m% (A11)
Vg _k, dv (A12)
m m dt
k Vg dv,
_EVgJ”g_p?g:E (A.13)
k mg pVg\ dv;
() -G (19
k dv.
——dt=—% (A.15)
m 2 _mg  pVg
(Vz %t T)
Excluding the terminal velocity solution & = 0 & v(t) = vr.
p e PV (A.16)
k
k 1
—a dt = W dv (A.17)
tk Vo1
— A H dt:/or m dv (A.lS)
k 1 (Vs
ﬁtﬂ =tanh (E) (A.19)
Mges§ — WV les.
B=Viges = %g (A.20)
Y _tanh <’ﬂ t) (A.21)
vr m
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Kaesv
Vzdes (t) = VTdes tanh (M t
Mges

Similar methods may be used for ascending motion:

Va.sc — Mg
B=Vrec = HW

Therefore, the solution for ascending velocity is:

Vzase(t) = Vrgs tanh

kachTa.sc (fz o t):|

asc

Deep-Sea Research Part I 228 (2026) 104650

(A.22)

(A.23)

(A.24)

where t; is the time when ascending starts. This comes from (A.18), where the left integral now starts at tz, not at 0. One can see that v, (t =t2) = 0,

which is identical to v,4,(t = 0) = 0, confirming the physical intuitions.

A.25-A.31 Vertical Displacement
To find the position function z(t), we integrate v(t) from O to t:

t t
Z(t):/vz(t) dt:vT/ tanh(mt> dt
0 0 m

The indefinite integral of tanh(ax) with respect to x is:
/tanh(a_x) dx:%ln(cosh(ax)) +C

Applying this to the integral in A.25:
t
Z(t) :vT/ tanh (lﬂ ) dt
0 m

this becomes:

z(t)= vT'kﬂvT {ln (cosh (% t) ) } ;, or:

2(t) = {m (cosh ('% t) ) — In(cosh(0) )}

Since cosh(0) =1 and In(1) = 0, the expression simplifies to:

k.
Zaes () = 2 1 {cosh <7d“v”“ t) }
kdex des
Integrating from Eq. (A.27), with ascending parameters, from ¢, to t:

Zase(t) = — %1 {cosh (M (t — t))] ¥ Zx

kasc asc

att =ty Zgsc(t2) = Zmax, as expected.

A.32-A.34 Dive Time

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

Given that the z4.;(t) function reaches maximum value Zn, at the seabed, it is possible to calculate the descending time:

t1 = tges (Zmax)

Inverting Eq. (A.30) and evaluating it at 2 = Z,,4, One can obtain:

s
Zmax

ke
my, —1
% _cosh™' | emaes

t] =
kdesdeEs

which is the time interval from the surface to the depth obtained a priori (read by the sea vessel's sonar).

Now the t; can be obtained (the moment when the ascent begins):

ty = Atpgs + Atpara
Sty =t; + Atpara
<t = Attimer = ttimer

remembering that Aty is the time at the seabed during sampling.
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A.35-A.40 Horizontal Velocity
From Newton's Second Law, considering the only horizontal force present is a sideways hydrodynamic drag force, which is a function of the relative
velocity between the object (v,) and the ocean current (v,,). One can formulate mathematically as:

d
Fo=ma, & f, = m%, (A.35)
dv

ﬂAz'DW(vW —n)P= md_tx’ (A.36)
dvx _ 2 5 pAp,
g =P )T p= (A.37)

Due to the quadratic nature of the relative velocity term in A.37, it is necessary to explicitly separate the equation into the two possible scenarios.
D vy — V)% v <V H(ve—vy) 2
Dx _ Vx = — (—1)HOxww _ A.38
dt { —B — V) Ve > Wy (-1 Ao =¥, (4.38)

where H is the Heaviside function, or:
HVe =) ={0,vx <1,V >y, (A.39)
Using shorthand notation becomes:

dx dvx H(vx—vw) 2 A
DX, Dx (L yHOe —yp)2. .40
{dt Vx dt (-1 BV — Vx) ( )

A.41-A.42 Horizontal Displacement
Since the final goal is to obtain the trajectory x(z), and given that the equation of motion in the vertical direction A40 has an explicit form, one can
use the chain rule in the following to yield only one system of equations needed to compute the final path.

dx dxdz dv, dv, dz Hive—vy) 2
e Ty XX (- x~Vw — A.41
{ & @d a aa VPO *4D)

Given that & = v,, with a variable change v,(t(z)) = v;(z), the set of equations can be written in the form:
dx Vx dvx H(vx—W, )ﬁ 2
Ve Vx gy Py, .40 A.42
{dz V. & (-1) VZ(VW Ve)® v £ 0 (A.42)

B. Tables and Figures

B.1 Lander measurements

Table B1

Untethered benthic lander's measurements. Legend: d-Diameter [cm], L-Length [cm], A-Area [cmz], w-Weight [g], V-Volume [cms], p-Density [g/cm3], p-Drag force
coefficient [dimensionless], VRT-Vertical, HOR-Horizontal, IN-Inside, OUT-Outside, DES-Descent, ASC-Ascent. Bold values indicate the most significant component
volumes that displace water.

(@ (b) © @ (e) ® (@) )
Unit Qty. Component d L A w A 1
VRT HOR VRT HOR
Buoyancy 3 Small buoy 12.6 n/a 124.69 124.69 280 967.5 0.4 0.4
1 Large buoy 18.0 n/a 254.47 254.47 883 2952 0.4 0.4
Payload 1 VRT support 2.09 80 3.43 167.2 199.5 142.5 1.15 0.963
1 HOR Support 2.09 73.5 153.62 3.43 166.7 129.2 0.95 1.13
1 Bait canister 7.5 26.5 540.9 33.17 301 878.91 1.35 0.82
2 T-connection 1/2" FFF 14.67 5.43 168.3 21.04 0.85 0.85
Timer 1 Timer 04x35 14 14 33.4 25.3 1.05 1.00
2 Double swivel 0.8 8.71 9.02 6.97 153.38 19.54 0.74 0.82
Ballast 1 Natural cobble 18.15x12.15x 6.58 700.8 247.11 17629 6078,97 0.74 0.4
Total A (VRT/HRT) w \Y% p (VRT/HRT)
@ DES 700,8 1072,69 20696 12812 6,72 6,63
@ ASC 389,28 825,57 3067 6733 6,35 6,43
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B.2 Lander's coefficients

Table B2
Calculated lander's coefficients ready for deployment, including both the vertical and horizontal profiles, and including descent
and ascent dives.

Lander's coefficient Vertical profile (V) Horizontal profile (H) Sum (V + H)
Kaes 115.39 221.16 336.55
Kees 88.74 144.53 223.27

B.3 Dive Log

Table B3
Benthic lander dive log obtained from the placed sensor on March 11, 2024, during deployment in the pelagic area of Madeira Island, NE Atlantic. The n/a indicates
that the GPS sensor is being submerged in the water.

Epoch Local time Latitude Longitude Moment Description

1710154801 11:00:01 32.629209 —16.916356 - Lander was placed in water
1710154809 11:00:09 32.629229 —16.916679 to Descend start (drop point)
1710154880 11:01:20 n/a n/a - Image from sonar taken
1710154883 11:01:23 n/a n/a t Touchdown (landing point)
1710158410 12:00:00 n/a n/a - Primer ignition
1710158410 12:00:10 n/a n/a ta Ascend start

1710158489 12:01:29 n/a n/a tr Ascend end (pop point)
1710158647 12:04:07 32.62913 —16.916694 - Lander recapture

B.4 Sonar Readings

=

e PROFUNDIDADE ]

85.7
263

N 32°37.750'
W’ 16°55.014'

0.92my-.
NM

Fig. B4. Sonar readings from the sea vessel during benthic lander deployment in the pelagic area of Madeira Island, NE Atlantic, on March 11, 2024, at 11:01:20
GMT. The figure depicts the linear horizontal drift caused by the sea currents.
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