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Application of a small AUV for
mapping water column
properties in the Baltic Sea

Taavi Liblik* and Fred Buschmann

Department of Marine Systems, Tallinn University of Technology, Tallinn, Estonia

The Baltic Sea observing system combines ship-based, autonomous, and
remote-sensing components, yet major observational gaps persist in the
shallow and dynamic coastal zone. Here, we present the first evaluation of a
micro-autonomous underwater vehicle (micro-AUV) for high-resolution
mapping of the Baltic Sea water column and assess its potential integration into
regional coastal observing systems. Eleven missions were conducted in 2025
across three contrasting environments—the shallow estuarine Bay of Matsalu, the
Suur Strait, and the coastal slope of the Baltic Proper—covering depths from 1 to
over 100 m. The micro-AUV operated reliably under diverse hydrographic
conditions, capturing fine-scale frontal, submesoscale, and benthic-layer
structures, as well as a dual upwelling cell. Comparisons with reference profiles
confirmed the high accuracy of temperature and salinity measurements, and
strong correlations for chlorophyll-a fluorescence and turbidity. The vehicle's
endurance (up to 40 km or ~7 h at 1.5 m s™%) enables efficient mesoscale surveys,
while its maneuverability allows operation in very shallow or complex coastal
areas where gliders and floats cannot be used. The results demonstrate that
micro-AUVs can fill a critical observational gap between ship-based surveys,
gliders, FerryBoxes, and coastal stations by extending coastal observations
offshore and resolving vertical structures inaccessible to remote sensing.
Despite limitations in endurance and communication range, micro-AUVs
represent a promising, cost-efficient addition to integrated coastal observing
systems, supporting targeted process studies and rapid-response missions in
dynamic environments such as the Baltic Sea.
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1 Introduction

Ocean observing systems have developed considerably in recent decades. The
conventional research vessel surveys have been increasingly complemented by
autonomous observations. As a result, the majority of the Global Ocean Observing
System now relies on observations from unmanned platforms (Tanhua et al., 2019). The
coastal ocean plays a crucial role in marine ecosystems and human society. It is the zone
where land—sea interactions are most intense, and where strong physical, chemical, and
biological gradients shape the marine environment. Coastal waters are strongly influenced
by riverine inputs, atmospheric forcing, and human activities. Measuring this complex
ecosystem is particularly challenging because of its high spatial and temporal variability,
which requires dedicated and adaptive observational approaches. Integrated initiatives such
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midnight. Thanks to the AUV’s lights, the recovery procedure at
night proved as straightforward as during the day.

Overall, the Suur Strait missions demonstrated the capability of
the micro-AUV to perform repeated vertical profiling and long
transects in areas with variable topography. The vehicle maintained
stable navigation, precise depth and altitude control, and reliable
data acquisition throughout the missions.

2.2.3 Baltic Proper

Mission 11 was conducted in the northeastern Baltic Proper,
near the mouth of the Gulf of Finland (Figure 5). The transect
extended from the offshore area, with depths reaching 103 m, to the
shallow coastal zone of about 3 m. The primary objective was to test
the performance of the AUV in deeper offshore conditions,
including dives from the sea surface to 100 m depth across two
pycnoclines: the seasonal thermocline and the permanent halocline
(e.g. Liblik and Lips, 2017). A previous glider study in the central
Baltic Proper showed that, due to the strong halocline and the
presence of turbidity maxima, the glider altimeter may erroneously
register the halocline as the seafloor and stop descending further
(Meyer et al., 2018).

The horizontal speed of the AUV was set to 1.5 m s~* and the
vertical speed to 0.25 m s™*. The mission began with a helical dive to
20 m depth, followed by a period of neutral floating until the vehicle
resurfaced by its own buoyancy. In the next phase, the AUV was
programmed to descend to an altitude of 4 m above the seafloor, but
due to inertia it reached 3 m altitude (99 m depth) before resurfacing
by its own buoyancy to the sea surface. Subsequently, the vehicle was
directed SSE and instructed to follow a sawtooth trajectory between 1
m depth and 3 m altitude above the bottom. As in earlier missions,
the AUV approached within ~2 m of the seafloor due to inertia.
Importantly, the vehicle successfully traversed both the seasonal
thermocline and the permanent halocline, demonstrating its ability
to operate through strong pycnoclines in the offshore Baltic Proper.
Overall, the offshore mission confirmed that the micro-AUV can
operate reliably in deeper, strongly stratified environments.

FIGURE 5
Track of AUV Mission 11 in the Baltic Proper.
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2.3 Endurance and power consumption

The AUV records battery fullness as a percentage of total
capacity. For each mission, battery consumption was normalized
by the distance travelled, providing a measure of energy cost
per kilometer:

Consumption = DBattery%/Distance [km]

To investigate the factors influencing energy expenditure, we
examined the dependence of consumption on commanded speed,
the mean conservative temperature of seawater, and the variability
of vehicle attitude expressed through roll, pitch, and yaw (see
Equations 1-5). Maneuvering effort was quantified from angular
rates of roll, pitch and yaw, computed as time derivatives of the
attitude angles:

J =d(roll)=dt,q" = d(pitch)=dt,y" = d(yaw)=dt Q)
The variances of these rates were calculated as:
Var(j ), Var(q'), Var(y") @
and combined into a single maneuvering effort metric:
AttVar = Var(j )+ Var(q ) + Var(y ') 3)

The relationship between battery consumption and the predictor
variables was assessed using a multiple linear regression model.

Y = by + by -Speed + b, - Temperature + bs - AttVar + e (4)

where Y denotes the battery consumption per kilometer
travelled in a mission, mean commanded AUV speed (m s%),
Temperature is the mean water temperature (°C), AttVar is the
maneuvering effort defined above, and e is the residual error. by-bs
are regression coefficients.

The explanatory power of each predictor was evaluated using a
variance decomposition approach. For each variable, the reduction
in the coefficient of determination (R?) after its removal from the
model was calculated:

DR? _predictor = R? _full -R? _drop (5)
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where R2_full is the coefficient of determination for the full
regression model and R2 _drop is the value obtained when the
respective predictor was excluded. This method allowed us to
quantify the relative importance of commanded speed,
temperature, and maneuvering effort in determining battery
consumption, as well as the fraction of variability that
remained unexplained.

The analysis demonstrated that battery consumption per
kilometer correlated most strongly with the mean commanded
speed (Figure 6), while water temperature and maneuvering effort
provided additional but weaker contributions (Table 2). Based on the
regression between commanded speed and battery cost (Figure 6), the
AUV endurance range spans from ~40 km (~7.8 h) at the minimum
commanded speed of 1.5 m s~ to ~14 km (~1.3 h) at the maximum
commanded speed of 3.0 m s, assuming 90% of the battery capacity
is available for propulsion. Temporal endurance can be extended if
the vehicle is allowed to float part of the mission.

2.4 Sensor performances

The sensors installed on the AUV have fast response times and
high accuracy (see Section 2.1). To verify measurement reliability,
AUV sensor data were compared with reference measurements
obtained from SBE probes. Simultaneous vertical profiles were
collected in the Baltic Proper during Mission 11. In addition,
chlorophyll-a and turbidity data were validated in the Matsalu
Bay in April during Missions 1-3 and 5.

Comparison with a brand-new, factory-calibrated SBE sonde
(Figure 7) showed a strong agreement between the AUV and SBE
measurements. The water column structure and vertical gradients
were very well captured by the AUV sensors. In the upper layer (2—
15 m depth), the differences in temperature and salinity were 0.0235
°C and 0.0078 g kg™ (SBE — AUV), respectively, while in the deeper
layer (82—88 m depth) the corresponding differences were —0.0125 °
C and 0.0036 g kg™*. Although simultaneous measurements at
exactly the same time and position were intended, perfect

FIGURE 6
Battery usage as function of commanded speed.
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alignment was not achievable due to boat drift and other
operational factors. Considering these factors and the presence of
strong gradients in the area, these small deviations demonstrate that
the AML sensors installed on the AUV provide highly accurate data
suitable for resolving fine-scale oceanographic features in the
brackish Baltic Sea and similar environments.

To compare the AUV's chlorophyll-a and turbidity measurements
with those from the SBE19 sonde, we conducted reference
measurements with the SBE19 in the upper layer of Matsalu Bay.
The measurements were performed as close as possible in time and
location to the AUV transects. Each SBE19 measurement lasted a few
minutes at a fixed site, while the corresponding AUV data were
extracted within a 100 m radius around the SBE location. For the
comparison, the median values from both datasets were used. The
resulting median turbidity and chlorophyll-a values for the AUV and
SBE19 are shown in Figure 8. The comparison shows a strong
correlation between the two instruments, although the absolute
values differ, likely due to differences in sensor design and
measurement techniques between the two systems (Matos et al.,
2024; Richardson et al., 2025). In order to convert turbidity (NTU)
values to suspended matter concentrations or to determine local
chlorophyll-a values, regression relationships should be established
between the optical AUV measurements and values obtained from
water samples, which were not collected in the present study.
However, the strong relationship between the classical SBE sonde
and the AUV demonstrates the good performance of the AUV’s
optical sensors.

3 Survey results

3.1 Meteorological conditions before and
during AUV missions

Surveys were conducted in three time windows in April, July,
and October 2025 (see Table 1). The water properties in the coastal
areas of the Baltic Sea are strongly dependent on the atmospheric
forcing (Astok et al., 1999; Liblik and Lips, 2011; Cahill et al., 2024).
Wind speed and direction, as well as sea-surface and air
temperature, during and within five days preceding each mission
period, are presented in Figure 9.

Both the Matsalu and Suur Strait missions were conducted
during an atmospheric heatwave. Daily maximum air temperatures
at the nearby coastal station in Haapsalu were between 3and 8 °C in
the preceding days, but increased to 15-16 °C on the day before and
during Mission 1 (Figure 9b). Exceptionally high daily maximum
air temperatures, reaching up to 20 °C, were recorded during
Missions 3 and 5 (Figure 9b). The heatwave led to pronounced
warming of the water in the nearby enclosed Bay of Haapsalu,
where temperatures rose from 4-6 °C before the missions to
9-10 °C on the day of Mission 5 (Figure 9b). Similar rapid
warming was observed by the AUV in Matsalu Bay, whereas in
the more open Moonsund area the warming was weaker (see
Section 3.2). Light winds, predominantly from easterly directions,
prevailed during Missions 1-5 (Figure 9a).
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TABLE 2 Variance decomposition of battery consumption per kilometer,
showing the relative contributions of speed, temperature, and attitude
variability, as well as the residual unexplained fraction.

Component Explained (%)

Speed 76.2
Temperature 21
AttitudeRateVar 0.6
Unexplained (residual) 211

The July heatwave began two days before Mission 6 and persisted
during Missions 6 and 7, when daily maximum air temperatures
reached 28-29 °C (Figure 9d). Although the heatwave slightly
weakened, it continued throughout Missions 8-10. This period of
elevated air temperature led to a warming of the daily maximum sea-
surface temperature in Suur Strait at Virtsu, increasing from 19-20 °C
before the heatwave to 21-22 °C during Missions 6-10. Winds
remained light throughout the missions (Figure 9c).

In contrast, Mission 11 was conducted during the cooling
season. Nighttime air temperatures dropped to 2—7 °C (Figure 9f),
resulting in a decrease of the sea-surface temperature at the Dirhami
coastal station from about 14.5 °C to 12.5 °C within one week
(Figure 9f). Before and during the mission, weak easterly winds
prevailed (Figure 9e).

3.2 Matsalu Bay

Missions 1-3 and 5 were conducted in Matsalu Bay in April
(Figure 3). The inner part of the bay was characterized by warmer,
fresher, and more turbid water, whereas the western part was colder,

10.3389/fmars.2026.1743589

saltier, and less turbid. During the five-day observation period, a
marked warming occurred due to prevailing warm weather. At the
beginning, water temperature was about 5 °C in the west and up to 7 °C
in the inner bay, while by the final day it had increased to 11.7 °C inside
the bay and exceeded 7 °C in the west during Mission 5. It should be
noted that Mission 5 was focused on the mouth of the bay; thus,
temperatures in the inner bay were likely even higher, while those in
the western part were somewhat lower than those recorded at the
mouth. Salinity, turbidity, and chlorophyll-a showed strong contrasts
between the inner bay and the western, open Moonsund, ranging from
2010 6.6 g kg™ 1to 30 NTU, and 1 to 145 mg m™3, respectively.

A frontal zone was present between the two water masses and was
specifically targeted during Mission 5 (Figure 10). The front was oriented
northwest—southeast, with fresher and more turbid water extending
westward along the northern part of the bay, while more saline waters
from the open Moonsund intruded into the bay from the southern
side of the mouth. Within the 4 x 4 km mouth area, temperature
ranged from 7.7 to 11.7 °C, salinity from 3.2 to 6.5 g kg*, chlorophyll-a
from 0.3 to 10.4 mg m™3, and turbidity from 0 to 125 NTU. The
strongest frontal gradients reached 0.005 °C m™ (0.5 °C per 100 m),
0.005gkg ™ m™(0.5gkg " per 100m),0.03mgm~>m™ (3 mgm™ per
100 m), and 0.02 NTU m™ (2 NTU per 100 m), respectively.

Salinity provides a reliable descriptor of the water masses in the
study area, with the freshest water representing the inner Matsalu Bay
and the most saline water representing the open Moonsund. Based on
this assumption, the correlations calculated for Mission 5 data suggest
that the relative contribution of these two water masses largely
determines the observed variability in temperature (R2 = 0.83,
n = 345 015), chlorophyll-a (R2 = 0.93, n = 345 015), and turbidity
(R2=0.97, n = 345 015). This finding supports the interpretation that

FIGURE 7

Temperature and salinity measured by the AUV and the SBE 19plus V2 SeaCAT in the Baltic Proper during Mission 11 on 1 October 2025.
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FIGURE 8

Turbidity and chlorophyll-a measured by the AUV and the SBE 19plus V2 SeaCAT in Matsalu Bay from 14 to 18 April.

the distribution of water properties was primarily determined by the
location of the front and frontal mixing between the two water masses.

Overall, the Matsalu Bay observations highlight the strong
horizontal gradients between the fresher bay water and the more
saline Moonsund water. These results demonstrate the AUV’s
capability to capture estuarine front dynamics and related
biogeochemical gradients at spatial resolutions unattainable by
traditional ship-based surveys.

FIGURE 9
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The Suur Strait area was visited with the AUV once in spring
(Mission 4) and on five consecutive days in summer (Missions 6-10).
Mission 4 surveyed the area north of Kesselaid, while the subsequent
missions focused on the Suur Strait south of Kesselaid (Figure 4). The
collected data revealed both the interactions between Baltic Proper,
Moonsund and Gulf of Riga waters and a submesoscale patchiness.
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Salinity, temperature, chlorophyll-a, and turbidity measured in the upper layer (~ 1 m depth) in Matsalu Bay during Mission 5.

During the only spring survey, an interleaving, slightly warmer
and more turbid water mass was observed at the coastal slope of
Muhu Island. In the cross-strait section this feature appeared as a 6—
8 m thick wedge extending about 1 km offshore (Figure 11), while in
the along-strait section it manifested as a 4 m thick patch with a
meridional extent of roughly 2 km (Figure 12). The mechanisms
responsible for the formation of this patch are beyond the scope of
the present study. Nevertheless, the observation demonstrates that
the AUV is capable of capturing submesoscale structures.

Unlike in spring, temperature strongly enhanced stratification
in July. Surface temperatures exceeded 23 °C, while bottom waters
remained below 17 °C in the deep part on the Gulf of Riga side
(Figure 13). Salinity varied between 5.9 and 6.7 g kg™*. The
Moonsund functions as a shallow junction where the fresher,
nutrient-richer Gulf of Riga water meets the saltier, nutrient-
poorer Baltic Proper water (Astok et al., 1999), and it also
receives riverine input from the Kasari River via Matsalu Bay (see
previous section) and smaller rivers. The Suur Strait is a frontal
zone between Moonsund and Gulf of Riga waters. Despite the net
freshwater flux from the Kasari, one might expect saltier water on
the northern side of the meridional section and fresher water on the
southern side (Astok et al., 1999); however, the high-resolution
AUV observations reveal a more complex hydrography.

At least five distinct water types (see Figure 13b) can be
distinguished: (i) a cold (<17 °C), dense sub-thermocline Gulf of
Riga water (Wg coiq) With salinity of 6.4-6.5 g kg™ (ii) a saltier
(~6.7 g kg™*), moderately warm (~18 °C) Baltic Proper water that
had transited the shallow (~5 m) central Moonsund and
experienced mixing en route (Wpgp); (iii) a fresher (~6.4-6.5 g
kg™ and marginally warmer (~18.5 °C) Moonsund water formed
prior to the heatwave by mixing of Gulf of Riga, Baltic Proper, and

Frontiers in Marine Science
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riverine waters (Wy coig); @and, above these, two warm surface
waters (~22—23 °C) developed under strong atmospheric heat flux: a
fresher Gulf of Riga warm water (Wg warm) and a relatively saltier
Moonsund warm water (W warm)- TOgether, these waters and their
mixtures produce lateral and vertical gradients that differ from the
simple north—south salinity contrast expected from steady estuarine
exchange and underscore the value of synoptic, high-resolution
AUV sampling.

Considerable displacement and modification of water masses
occurred during the five-day survey. On 21-22 July the surface layer
was mostly occupied by fresher Wg warm Water, which already
appeared in the southern part of the section on 20 July (Figure 13a),
while in the rest of the surface layer Wy warm Was present. The core of
the Baltic Proper water (Wgp) exhibited the highest salinity on 18 July
and became progressively fresher thereafter, decreasing from about
6.71 g kg on 18 July to 6.66 g kg™ on 22 July. The Wgp was beneath
the fresher and slightly warmer Wy, 4. Both the location and
thickness of the Wgp core varied over time. On 20 July (Figure 13b)
the Wgp intruded between the cold Gulf of Riga water (Wg o1g) and
the warm Gulf of Riga water (Wg warm) in the southern part of the
section. Warm and saline patches of buoyant subsurface waters have
previously been observed in the Gulf of Riga, with their formation
linked to water exchange through the Irbe Strait (Stipa et al., 1999;
Liblik et al., 2017). The present AUV observations suggest that similar
lenses also form in the Suur Strait. Liblik et al. (2017) identified such
submesoscale lenses using a fixed vertical profiler. However, their
spatial extent, temporal evolution, and influence on the water
properties of the Gulf of Riga remain poorly understood due to the
absence of targeted observational campaigns.

Whereas in the Matsalu Bay frontal area the spatial distributions
of chlorophyll-a and turbidity could largely be explained by the

frontiersin.org
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survey tracks that fall within the defined interpolation corridor.

0.8
Distance [km]

Temperature (a), salinity (b), chlorophyll-a (Chl-a, c), and turbidity (d) along across the Suur Strait from west to east on 17 April 2025 (Mission 4). The
location of the section is marked with a red line across the strait near Kesselaid in Figure 4. The lime green line marks the AUV track and brown dots
indicate locations where the seabed was detected by the altimeter. At approximately 1.15 km distance, where different section lines intersect (see
Figure 4), the AUV trajectory may appear irregular within the section; these data points correspond to valid measurements collected along crossing

horizontal position of the front between Moonsund and Matsalu Bay
waters, in the Suur Strait the vertical structure of the water column
played a more prominent role. The chlorophyll-a concentrations
were linked both to the thickness of the upper mixed layer and to the
prevailing water mass, which varied between missions and spatially.
For example, the fresher water mass that entered the southern part of
the study area (Figure 13b) contained lower chlorophyll-a and
turbidity levels (Figure 13c).

A striking feature was the persistent near-bottom turbidity
maximum in the Suur Strait, which was observed during all five
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summer missions and across most of the section. The thickness of
the near-bottom turbidity maximum layer was typically 2—4 m, with
magnitudes reaching up to 12-13 NTU (Figure 13d). Wave-induced
sediment resuspension occurs frequently in the Moonsund region
(Danielsson et al., 2007) and related increases in turbidity have been
observed by both remote sensing and fixed mooring (Liblik and
Lips, 2011; Raag et al., 2014). In such cases, the water column is
usually well mixed. However, in the Suur Strait a persistent near-
bottom turbidity maximum was also observed under calm wind and
stratified conditions, indicating that the elevated turbidity was not
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Temperature (a), salinity (b), chlorophyll-a (Chl-a, ¢), and turbidity (d) across the Suur Strait from north to south on 17 April 2025 (Mission 4). The
location of the section is marked with yellow dashed line in Figure 4. The lime green line marks the AUV track and brown dots indicate locations
where the seabed was detected by the altimeter. At approximately 6.3 km distance, where different section lines intersect (see Figure 4), the AUV
trajectory may appear irregular within the section; these data points correspond to valid measurements collected along crossing survey tracks that

fall within the defined interpolation corridor.

caused by wave-induced stress. It was more likely associated with a
fluffy layer consisting of recently deposited, organic-rich material—
planktonic detritus, bacteria, and other fine organic and inorganic
particles (Leipe et al., 2000; Christiansen et al., 2002). This layer is
easily resuspended compared with the underlying consolidated
sediments (Orvain et al., 2003). Consequently, turbidity increases
observed by remote sensing or in situ measurements in the upper
layer may not necessarily indicate sediment resuspension, but
rather the redistribution of this fluffy layer. From an observing-
system perspective, such near-bottom processes cannot be detected
by surface-based or remotely sensed observations, underscoring the
unique contribution of AUV measurements to resolving benthic
boundary-layer dynamics.

Overall, the Suur Strait observations reveal a complex and
dynamic hydrographic system shaped by the interplay of Gulf of
Riga, Moonsund, and Baltic Proper waters. The micro-AUV
successfully resolved the fine-scale lateral and vertical structure of
multiple interacting water masses, as well as transient submesoscale
lenses and persistent near-bottom turbidity layers. These results
demonstrate the capability of AUV-based surveys to capture short-
term variability and benthic boundary-layer processes.

3.4 Offshore area

Mission 11 extended from shallow coastal waters to the offshore
region (Figure 5) and encompassed all three principal layers of the
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eastern Baltic Sea: the warm and relatively fresh surface layer, the cold
and more saline intermediate layer, and the warmer and saltiest deep
layer. Temperature and salinity ranged from 5.1 to 16.0 °C and from
6.2 to 10.5 g kg™, respectively, corresponding to a potential density
difference of up to 4.3 kg m™ between the surface and deep layers
(Figures 14a—d). The layers were separated by two distinct pycnoclines
— the thermocline and the halocline — located approximately at 5-25
m and 50-80 m depth, respectively. Both pycnoclines shoaled toward
the coast, likely as a result of easterly winds (Figure 9e) preceding the
survey, which are known to induce upwelling and raise the halocline
along the southern coast (Liblik and Lips, 2017). Two zones were
evident where colder and saltier thermocline water reached the
surface: one within a ~3 km coastal zone at the nearshore end of
the section, and another near the steep coastal slope, where depth
decreased from 70 to 15 m over a distance of about 4 km (Figures 15a,
b). These observations reveal a dual upwelling structure, in which the
thermocline surfaces not only directly adjacent to the coastline—as
classically expected—but also along the coastal slope. Moreover, the
AUV measurements showed that although the upper mixed layer
extended to more than 20 m depth in the offshore area, the water
column remained stratified in the coastal zone, where the total depth
was less than 15 m and mixing did not reach the seafloor.

The lower temperatures observed on the southern side of the
section were not solely related to the vertical uplift of the pycnoclines
caused by upwelling. Extensive shallow areas in the southern part of
the region, including the Moonsund, cool more rapidly than the
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Temperature (a), salinity (b), chlorophyll-a (Chl-a, ¢), and turbidity (d) along the Suur Strait from north to south on 20 July 2025 (Mission 8). The
location of the section is marked with orange line in Figure 4. Five distinct waters have been marked to the panel b: (i) a cold, dense sub-
thermocline Gulf of Riga water (Wg co0); (ii) a saltier, moderately warm Baltic Proper water (Wgp); (i) a fresher and marginally warmer Moonsund
(WM cola); @ fresher Gulf of Riga warm water (Wg warm), and a relatively saltier Moonsund warm water (Wpm warm). The lime green line marks the AUV
track and brown dots indicate locations where the seabed was detected by the altimeter.

deeper offshore waters during autumn. It is likely that this colder,
denser water cascades downslope until it reaches a depth
corresponding to its density equilibrium (Chubarenko and
Demchenko, 2010), thereby contributing to vertical exchange
between the surface and deeper layers as well as to lateral exchange
between coastal and offshore regions. The influence of seasonal
cooling is also evident in the temperature—salinity relationship (not
shown): for instance, water with a salinity of 6.6 g kg™ had a
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temperature of approximately 12-13.5 °C in the southern part of
the section, whereas in the offshore area it was 15-16 °C (Figures 15a,
b). Although autumnal cooling had begun offshore as well, it
progressed more slowly than in the shallow coastal zone. The
maximum temperature in the entire section was found within a 3
m thick submesoscale patch centered around 18-21 m depth in the
offshore area, where the negative buoyancy was compensated by a
local vertical salinity gradient.
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FIGURE 14

Temperature (a), salinity (b), chlorophyll-a (Chl-a, €), and turbidity (d) in the Baltic Proper from north to south on 1 October 2025 (Mission 11). The
location of the section is shown in Figure 5. The lime green line marks the AUV track and brown dots indicate locations where the seabed was

detected by the altimeter.

Elevated chlorophyll-a concentrations were confined to the upper
layer and closely followed the depth of the upper mixed layer. Because
the thermocline was shallower and the mixed layer thinner near the
coast, the chlorophyll-a maximum was correspondingly thinner in
this region and did not extend to the seafloor. Turbidity showed a
distinct maximum within the halocline, at depths of 65-80 m. The
elevated turbidity values were closely associated with the salinity
structure and occurred at salinities between 9.4 and 9.9 g kg™. This
turbidity maximum was likely not caused by suspended matter but
rather associated with the redoxcline within the oxic—anoxic
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transition zone, where enhanced turbidities represent the optical
signature of colloidal sulfur particles generated during the mixing
of oxic and sulfidic waters (e.g., Holtermann et al., 2020).

Overall, the offshore mission demonstrated the micro-AUV'’s
capability to perform deep dives through multiple pycnoclines and
to resolve the vertical and lateral structure of the stratified water
column in the Baltic Proper. The measurements revealed dual
upwelling structure, differential cooling of coastal and offshore
waters, and the general fine-scale horizontal and vertical
structures of temperature, salinity, chlorophyll-a, and turbidity.
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4 Discussion

4.1 Operational characteristics of a micro-
AUV

The tested AUV is capable of covering a maximum distance of
approximately 40 km during a 7-hour mission without recharging.
The battery recharging time is in a similar order. Consequently,
continuous 24-hour coverage of a specific area could, in principle,
be maintained with two AUVs operating alternately. However, if
recharging cannot begin immediately after recovery—due to
transport or logistical delays — three AUVs would likely be
required to ensure uninterrupted temporal coverage.
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FIGURE 15
Same as Figure 14 but showing only the upper 30 m of the water column, with turbidity omitted. The location of the section is shown in Figure 5.

In comparison, an underwater glider operating in the Baltic Sea
can typically travel 10-15 times farther without recharging than the
AUV, although its velocity is about ten times slower (approximately
0.3 m st versus 3.0 m st Salm et al., 2023). Unlike gliders,
however, AUVs can operate effectively in very shallow waters: our
missions occasionally reached depths shallower than 2 m, and in
principle, operation at ~1 m depth is possible, though this increases
the risk of bottom collision and may compromise data quality.

To put these performance characteristics into a practical
context, we next estimate the time required for the AUV to
traverse a typical mesoscale eddy with a diameter of 5-10 km
(Alenius et al., 2003; Karimova, 2017). At 1.5 m st the crossing
requires ~1-2 h, whereas at 3.0 m s * it is reduced to 0.5-1 h. With a
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representative background current of 0.1 m s™* (Suhhova et al.,
2018; Liblik et al., 2022), water would be displaced by only 0.2-0.7
km during the AUV transect, which is small compared to the eddy
diameter. This confirms that the vehicle can provide a high-
resolution, synoptic view of mesoscale eddies in the Baltic Sea.

By contrast, autonomous underwater gliders typically operate at
horizontal velocities of only 0.3 m s~ (Meyer et al., 2018; Carpenter
et al.,, 2020; Salm et al., 2023). At these speeds, an eddy crossing
would require 5-10 h, during which water could be advected 2—4
km by background currents. Such displacements are a substantial
fraction of the eddy radius, meaning that glider sections cannot be
regarded as fully synoptic. The AUV therefore offers a distinct
advantage over gliders for resolving the spatial structure of
mesoscale features in the Baltic Sea.

While the deepest parts of the Baltic Sea were not explored in
this study, our results show that the AUV can easily pass through
pycnoclines to depths of 100 m, suggesting that deeper regions such
as the Gotland Deep could also be surveyed. The Landsort Deep
remains the only location in the Baltic Sea that exceeds the vehicle’s
300 m depth rating.

By default, the AUV samples at a rate of 2 Hz, though this can be
increased up to 20 Hz when higher temporal resolution is required.
Given an operational speed of 1.5-3 m s, the default rate corresponds
to a horizontal resolution of several meters along its track. The vertical
speed was primarily set to 0.25 m s, resulting in a horizontal spacing
of approximately 300 m between profiles for 50 m-deep dives, and
600 m for 100 m-deep dives. Pairaud et al. (2025) reported that slightly
higher vertical speeds (up to 0.3 m s™%) can also be used successfully,
although further increases tend to cause difficulties maintaining the
desired depth limits. The AUV performed helix-shaped ascents with a
radius of approximately 15 m, followed by neutral floating until
surfacing, during which the vertical velocity was about 0.13 m s
Assuming a typical current velocity of 0.1 m s in the Baltic Proper
(Suhhova et al., 2018; Liblik et al., 2022), and a barotropic current
structure, the resulting horizontal drift during neutral floating would be
on the order of the depth. However, due to the vertically layered
current structure observed in deeper areas (Lilover et al., 2017), the
actual drift there is likely smaller than the depth. In conclusion, the
AUV enables both vertical and horizontal high-resolution
measurements, making it well suited for investigating fine-scale
processes in estuarine environments.

The temporal and horizontal resolution of measurements
collected along the AUV's track—typically on the order of a few
meters at the default 2 Hz sampling rate, and improving to tens of
centimeters at the maximum rate of 20 Hz—is comparable to that
achieved by underwater gliders, whereas FerryBoxes and research
vessel (RV)-mounted flow-through systems typically provide
resolutions of 150-250 m (Karlson et al., 2016). The vertical
resolution of the AUV is similar to that of underwater gliders and
moored profiling systems. A major advantage of the AUV over
these other observing platforms lies in its high maneuverability that
enables three-dimensional mapping with spacing between adjacent
measurement lines of only a few tens of meters, while maintaining
meter-scale resolution along each track. This maneuverability also
allows the AUV to navigate effectively in complex coastal and
estuarine regions (Pairaud et al., 2025).
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Unlike underwater gliders, the AUV does not transmit
measurement data or its position over satellite or mobile
networks. Instead, communication is limited to a UHF handheld
command unit, which provides short-range location information
when the vehicle is at the surface and within a range of 1-2 km,
which could be approximately doubled with a longer antenna.

The absence of long-range measurement data and location
transmission introduces a risk of vehicle loss and necessitates the
presence of personnel at sea, which may not always be feasible
during adverse weather conditions. Implementing real-time
communication and positioning capabilities via satellite or mobile
networks would significantly enhance operational flexibility,
enabling safer, more efficient missions with reduced personnel
requirements and greater adaptability to varying environmental
conditions. To provide a backup source of location information in
case the AUV drifts beyond UHF communication range, we plan to
attach a small Argos satellite tag, similar to those used for tracking
marine mammals (e.g. Prawirasasra et al., 2022), in future studies.

In principle, hydrodynamic conditions in the Baltic Sea impose
only minor operational limitations on the micro-AUV, as typical
current velocities (Raudsepp et al., 2011; Liblik et al., 2022) are
substantially lower than the vehicle’s cruising speed. This contrasts
with underwater gliders, whose much lower speeds make them more
sensitive to advection by ambient currents and may limit their ability
to maintain planned survey trajectories under stronger flow
conditions. Practical operational limits are therefore more closely
related to deployment and recovery conditions, as well as surface
communication constraints. Strong winds, waves, or poor visibility
can complicate launch and retrieval operations and may restrict
mission execution despite otherwise favorable underwater conditions.

Data can be downloaded and processed within approximately
10-30 minutes, provided that robust data-processing routines are
established. For example, when operating at the maximum AUV
speed, completing a cross-section of a mesoscale eddy with a
diameter of 5-10 km and producing an initial visualization of the
results would typically require 1-1.5 hours from deployment of
the AUV.

Various sensors can be installed on the AUV; however, due to
the small size of the micro-AUV, the payload capacity—that is, the
number and weight of sensors that can be carried simultaneously—
is limited. In this study, we used AML-3 sonde, which has three
sensor ports, fitted with conductivity-temperature, chlorophyll-a
fluorescence, and turbidity sensors. Because of differing sensor
weights, re-ballasting is required whenever the sensor
configuration is changed. For instance, the AML X2change
oxygen sensor is heavier than the chlorophyll-a fluorescence and
turbidity sensors, necessitating the addition of extra buoyancy to
maintain proper trim. Furthermore, because the sensors are
mounted on the nose section of the AUV, replacing them also
requires rebalancing. For the Yuco AUV, this can be achieved to
certain extent by adjusting the position of the internal battery,
without opening the vehicle’s dry compartment.

The potential generation of underwater noise by the micro-
AUV was not evaluated in this study. The vehicle is fully electrically
powered and expected to produce relatively low acoustic emissions
compared to conventional vessel-based surveys; however,
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quantitative assessment of underwater noise and its possible
environmental implications was beyond the scope of the
present work.

In summary, the tested micro-AUV demonstrated reliable
operation across a broad range of coastal and offshore conditions,
from 1-2 m shallow waters to depths exceeding 100 m, while
maintaining sub-meter vertical and meter-scale horizontal
resolutions. With an endurance of about 7 hours and a 40 km
range, it enables efficient, high-resolution surveys of mesoscale to
submesoscale features when deployed in repeated missions. The
platform’s maneuverability, including the ability to perform helix-
type dives, allows flexible control of horizontal sampling density
and precise navigation across strong thermohaline gradients. While
communication is currently limited to a short-range (1-2 km) UHF
link, extending this range would substantially enhance operational
flexibility and reduce the risk of instrument loss.

4.2 The potential role of micro-AUVs in
observing systems

AUVs have the potential to play a significant role in integrated
marine observing systems, and to complement existing observing
platforms (Figure 16). Their high maneuverability, fine-scale spatial
resolution, and ability to operate in shallow and complex coastal
environments make them particularly valuable for targeted process
studies, event-driven surveys, and adaptive sampling. AUVs can
bridge the observational gap between fixed-point platforms and
basin-scale observing systems, providing high-resolution three-
dimensional data essential for understanding short-term
variability and small-scale physical and biogeochemical processes.
Together with Argo floats, research vessels, underwater gliders, and
moored profilers, micro-AUVs contribute to characterizing the
vertical structure of the water column, a key aspect of the marine
environment that cannot be resolved by remote sensing,
FerryBoxes, surface drifters, or coastal stations (Figure 16).

10.3389/fmars.2026.1743589

Due to their limited autonomy, small AUVs cannot make a
substantial contribution to the collection of long-term time series,
which are more effectively maintained by conventional ship-based
monitoring, FerryBox systems, Argo floats, moored observatories,
and coastal stations. Similarly, their limited operational range
prevents them from supporting basin-scale studies independently.
However, AUVs can provide valuable contextual and complementary
information by capturing high-resolution spatial variability in the
vicinity of fixed mooring sites, thereby helping to explain the
temporal fluctuations observed in these long-term datasets.

Moreover, AUVs can be effectively deployed in key locations
such as straits, river mouths, and narrow estuaries, where their
maneuverability and fine-scale sampling capability enable detailed
investigations that are challenging for other observing platforms.
They can also be effectively used to map anthropogenic pressures,
such as construction, dredging, wastewater discharge, or thermal
plumes from power plant cooling water, as well as to conduct
surveys around structures like wind turbines, jetties, and
breakwaters (Lass et al., 2008; Raag et al., 2014; Schultze et al.,
2020; Lin et al., 2021), where high-resolution spatial mapping is
required. AUVs can further help bridge the gap in high-resolution
observations between underwater gliders, which typically operate in
waters deeper than 25-30 m, and coastal stations located in very
shallow environments. Unlike slow-moving gliders, micro-AUVs
can operate effectively in areas with strong currents, maintaining
their planned trajectories and sampling patterns even under
dynamic flow conditions. Thus, micro-AUVs could be effectively
used to study (sub)mesoscale coastal processes and coastal—offshore
exchange studies (Chrysagi et al.,, 2022; Krayushkin et al., 2023;
Salm et al., 2023). They can also make a significant contribution to
benthic observations due to their ability to follow bathymetry
accurately, maintaining a constant altitude above the seafloor and
enabling detailed mapping of near-bottom processes, such as
groundwater discharges into the sea (Kreuzburg et al., 2023;
Szymczycha et al., 2023).
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4.3 Potential use cases

Based on the missions conducted in the diverse locations of the
Baltic Sea—ranging from shallow estuarine areas to deep offshore
waters—several promising applications for micro-AUVs can be
identified. These use cases demonstrate how such vehicles can
complement existing observing platforms and enhance
understanding of regional hydrography and ecosystem dynamics.

4.3.1 Coastal zones

AUVs are well suited for observing coastal gradients where
strong spatial and temporal variability occurs over short distances.
Their maneuverability and high-resolution sampling capability
enable mapping of hydrographic structures that are difficult to
resolve with other platforms. One example in the Baltic Sea is the
complex coastal archipelago region (Miettunen et al., 2024).

4.3.2 River plumes and estuarine regions

Micro-AUVs can track freshwater dispersion, chlorophyll-a,
oxygen, and suspended matter dynamics at river mouths and
estuarine plumes—environments that are often too shallow for
glider operation. In the Baltic Sea context, they can support
studies of riverine influence and mixing in areas such as Matsalu
Bay, as illustrated in the present study.

4.3.3 Harbor activities

Because of their compact size and precise navigation, micro-AUVs
can operate safely in the vicinity of harbors to monitor and assess
dredging or dumping activities, sediment resuspension, and related
changes in turbidity. Their fine-scale spatial mapping capability can
provide valuable information on the spreading of dredging-induced
material. Dredging is regularly conducted in the Baltic Sea (Raag et al.,
2014; Cieslikiewicz et al., 2018; Virtasalo et al., 2018) and is considered
a potentially significant pressure on the marine environment.

4.3.4 Pollutant, wastewater, and thermal
discharges

AUVs can map and quantify anthropogenic inputs such as
wastewater outflows, thermal plumes from power-plant cooling
systems, and other discharges (Andersson et al., 2016; Dvornikov
et al., 2017). Their maneuverability allows repeated surveys close to
inputs, providing high-resolution data for tracking anthropogenic
signals and evaluating environmental impacts.

4.3.5 Fronts, filaments, and (sub)mesoscale
features

AUVs enable targeted, adaptive sampling of dynamic ocean
features such as fronts, eddies, upwellings, and their filaments. In
the present study, frontal structures in Matsalu Bay and
submesoscale variability in the Suur Strait and the Baltic Proper
were successfully resolved, demonstrating their potential to quantify
short-term variability and small-scale exchange processes.
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4.3.6 Benthic boundary layer and seafloor
mapping

By maintaining a constant altitude of a few meters above the
seafloor, AUVs can map near-bottom water properties—including
groundwater discharge, high-turbidity layers, and sediment
resuspension events. In the present study, a 2-4 m thick turbid
layer above the seafloor was successfully detected.

4.3.7 Offshore renewable energy and
infrastructure monitoring

AUVs could monitor offshore wind farms, bridges and other
marine infrastructure that influence hydrographic conditions
around installations (Lass et al., 2008; Christiansen et al., 2023).
Their ability to repeatedly follow programmed tracks enables
consistent baseline monitoring and change detection over time.

4.3.8 Under-ice surveys

With careful navigation and mission planning, AUVs could
somewhat operate beneath sea ice to collect temperature, salinity,
and biogeochemical data from otherwise inaccessible sub-ice
environments—an application particularly relevant for northern
Baltic conditions during winter.

4.3.9 Event-based or adaptive missions

AUVs are well suited for rapid-response operations following
exceptional events such as inflows, heatwaves (as illustrated in the
present study), algal blooms, or pollution incidents (Lyngsgaard
et al., 2017; von Nordheim et al., 2020; Jaskulak et al., 2022). Their
flexibility makes them suitable for adaptive sampling strategies.

4.3.10 Water-properties mapping in nature
reserves

AUVs can conduct surveys in sensitive areas where the presence
of boats or people disturbs local fauna, such as seals and birds.
AUVs operate quietly and have minimal surface presence, avoiding
the bird escape effect (e.g. Fliessbach et al., 2019) and noise
disturbance for seals (e.g. Prawirasasra et al., 2022). For example,
the shallow Matsalu Bay, visited in this study, has seasonal
restrictions on human presence, yet an AUV can collect data
there with minimal disturbance.

4.3.11 Complementation of other observing
platforms

AUVs can complement gliders, long-term moorings, and FerryBox
systems. They can extend glider transects into shallower coastal areas,
collect vertical profiles to complement FerryBox surface data, or map
the surroundings of mooring sites to enhance interpretation of time-
series variability. In addition, micro-AUVs can effectively extend
coastal station observations toward offshore regions, providing a
dynamic link between nearshore fixed-point measurements and
wider-scale autonomous observations.

frontiersin.org


https://doi.org/10.3389/fmars.2026.1743589
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liblik and Buschmann

4.3.12 Acting as other platforms

For short periods, AUVs can emulate the functionality of other
observing platforms, providing comparable data type and
resolutions. They can be programmed to drift passively and act as
a surface drifter (Lee and Centurioni, 2018), collect data
continuously along a route like a FerryBox system (Karlson et al.,
2016), follow a sawtooth trajectory like an underwater glider, or
maintain position while performing repeated vertical profiles,
functioning as a profiling mooring.

5 Conclusions

This study demonstrated that the YUCO-PHYSICO micro-
AUV can operate reliably across diverse Baltic Sea environments
—from 1-2 m deep estuaries to >100 m deep, strongly stratified
offshore waters—while providing high-resolution physical and
biogeochemical measurements. The missions in Matsalu Bay, the
Suur Strait, and the Baltic Proper showed that the AUV successfully
captured estuarine fronts, submesoscale features, a dual upwelling
structure, and near-bottom high turbidity layer. The estimated
endurance ranges from ~40 km (~7 h) at 1.5 m s™* to ~14 km
(~1.3 h) at 3.0 m s™'. Sensor comparisons with reference
measurements confirmed high data quality suitable for brackish-
water applications.

Micro-AUVs can fill a critical observational gap in the Baltic Sea
between conventional monitoring, fixed moorings, FerryBoxes, and
underwater gliders, particularly in shallow and dynamic coastal
zones. Integration into existing observing systems would be
beneficial, as the micro-AUV represents an efficient platform for
high-resolution surveys and rapid-response missions. The main
limitations are short endurance, limited payload capacity, and
short-range communication. Extending communication to mobile
or satellite networks would make micro-AUVs more attractive for
operational programs and end users.
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