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Abstract.

Water-air fluxes of carbon dioxide (CO2) and methane (CH,) in lakes exhibit substantial spatial heterogeneity, often varying
across remarkably fine spatial scales. While manual flux chamber measurements offer high spatial resolution and the potential
to capture this variability, their application is typically constrained by labor intensity and logistical limitations. In contrast,
eddy covariance (EC) measurements integrate fluxes over a larger footprint, effectively averaging over spatial gradients and
complicating a process-based interpretation of the data. Bridging this gap requires methods that combine spatial precision with
scalable, continuous monitoring — essential for advancing our mechanistic understanding of lake carbon dynamics.

To facilitate highly resolved biogeochemical measurements, we developed BlueMinerva, an autonomous platform to monitor
surface carbon fluxes with the static chamber method, and simultaneously determine physicochemical, biological, bathymetric,
and meteorological variables at pre-defined locations. The platform can be programmed to navigate a user-defined track across
a waterbody, and collect flux and ancillary data both in transit and at fixed locations for several hours to days, depending on
the sensor configuration and related battery requirements.

We deployed the setup at Dagow Lake (Germany) and in a small lake in the Stordalen Mire (Sweden). In total, we obtained
485 chamber-derived flux estimates over 72 measurement hours. We compared CO- flux estimates between measurements
with two different gas analyzers that were simultaneously mounted on the BlueMinerva. The lower-cost sensor (CARBOCAP
GMP343, Vaisala) performed equally well as the precise, but costlier sensor (LI-7810, LI-COR) as long as measurements were
sufficiently long (around 5 min). Furthermore, we compared measured carbon fluxes with those from an eddy covariance tower
at Dagow Lake where CH, fluxes diverged slightly, possibly linked to the usage of different sensors (closed-path versus open-

path), while magnitudes of CO5 fluxes matched well. At both lakes, we identified areas of higher emissions, especially for
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CHy, and were thus able to resolve the spatial variability of carbon fluxes within the waterbodies. Concurrently, we measured
differences in meteorological conditions, and critical limnological variables (water temperature, specific conductivity, pH,
dissolved oxygen, chlorophyll, phycocyanin, turbidity, and fluorescent dissolved organic matter) — valuable measurements that
enable a comprehensive assessment of environmental drivers behind flux variability.

We conclude that platforms like the BlueMinerva have the potential to be adopted widely by scientists and stakeholders to

better capture biogeochemical processes in lakes at high spatial and temporal resolution.

1 Introduction

The amount of carbon exchanged between the water surface and the atmosphere often shows pronounced spatial variation
within lakes (Natchimuthu et al., 2016, 2017; Loken et al., 2019; Sg et al., 2023). Spatial variability in flux rates can be
introduced, for example, by gradients in bathymetry (Spafford and Risk, 2018; Yin et al., 2025), coverage by vegetation with
different community structure (Desrosiers et al., 2022), or lateral influx of groundwater discharge (Tian et al., 2025). The
resulting variability in carbon cycle processes makes it difficult to estimate net lake flux budgets based on a small number of
sampling points obtained at fine scales. Meanwhile, integrated signals from observations at a coarser resolution are difficult
to interpret because they combine multiple carbon sources and sinks. To capture this spatial variability using in situ flux
measurements, an extensive, spatially resolved survey of the lake surface is therefore required.

For long-term monitoring, the eddy covariance method can be used to determine ecosystem-scale carbon fluxes. However,
the associated footprint extent and coverage vary over time due to changes in atmospheric stability, wind speed and direction.
Consequently, the footprint may not cover the entire lake and may, for example, overlook littoral areas with potentially higher
fluxes (Juutinen et al., 2003; Spafford and Risk, 2018). Moreover, particularly for smaller lakes the footprint regularly reaches
beyond the shoreline, therefore mixing the lake flux signals with those from the surrounding terrain. While the eddy covariance
method can yield a high temporal resolution under favorable conditions, spatial gradients of carbon fluxes within waterbodies
remain unresolved. In addition, the quantification of comparatively low flux rates from the water surface may be affected by
the inclusion of terrestrial signals, which can differ substantially from those of the waterbody.

Flux measurements conducted at smaller scales are thus better suited to obtain a good understanding of spatial differences in
flux signals across the lake surface. Manually operated floating chambers provide a low-cost, simple measurement technique
that is suitable for water-air carbon flux measurements, although restricted to manual labor and episodic sampling events
(Kremer et al., 2003). To better capture temporal dynamics in aquatic carbon fluxes, in recent years automatic flux chambers
were developed and deployed on lakes (Than Duc et al., 2013; Martinsen et al., 2018; Spafford and Risk, 2018; Gerardo-
Nieto et al., 2019; Dietrich et al., 2025). This technique facilitates the collection of continuous flux measurements, albeit
only at fixed locations. Spatially explicit automated platforms for biogeochemical and hydrological measurements beneath
the water surface evolved simultaneously (Crawford et al., 2015). Truly autonomous high-tech platforms including CO4 flux
measurements for waterbodies only emerged recently (Pose et al., 2023; Zug et al., 2025); however, the development and

application of such systems still requires extensive knowledge about robotics. In addition, autonomous platforms for CH, fluxes
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were developed previously, but detection limits of integrated analyzers restrict measurements at low-emitting waterbodies
(Dunbabin and Grinham, 2017).

To provide an easy-to-use and flexible mobile observational system, we developed BlueMinerva, a simplified autonomous
platform for water surface measurements of CO2 and CH4 fluxes, physicochemical and biological indicators, and bathymetry,
accompanied by a suite of meteorological measurements (Fig. 1). Here, we provide an overview on the technical setup and
capabilities, followed by an assessment of system performance under various conditions and a discussion of the limitations of
and the opportunities arising with the BlueMinerva. First, we assessed the agreement between a silicon-based non-dispersive
infrared CO4 analyzer (CARBOCAP GMP343, Vaisala) and a precise optical-feedback cavity-enhanced absorption spectro-
scopic analyzer of CO, and CH, (LI-7810, LI-COR) which can simultaneously be deployed on the platform. In addition, we
compared the measured spatially resolved fluxes with those from a reference eddy covariance tower. Finally, we show results on
the spatial heterogeneity in aquatic carbon fluxes and ancillary measurements at two test sites, a temperate lake in northeastern

Germany, and a sub-Arctic lake in northern Sweden.

Figure 1. A picture of the BlueMinerva on a lake at Stordalen Mire.
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2 Materials and Methods
2.1 Test sites

The BlueMinerva was tested at Dagow Lake (Latitude: 53.1514°N, Longitude: 13.0543°E) in northeastern Germany and at
Inre Harrsjon (Latitude: 68.3584°N, Longitude: 19.0460°E) in the Stordalen Mire in northern Sweden (Fig. 2).

Dagow Lake is a mesotrophic waterbody with a mean depth of around 5 m, a maximum depth of approximately 9 m
and a surface area of 0.24 km? (Casper et al., 2009; Guseva et al., 2023). The glacial lake is surrounded by beech forest.
Measurements at Dagow Lake were conducted on May 13-16, 2025, and covered both daytime and nighttime periods. The
air temperatures ranged between 7 and 20°C, westerly winds prevailed, and marginal rain occurred in the afternoon of May
15. These and more measurements were obtained from an eddy covariance tower situated in the center of the lake where CO2
fluxes were measured with the Enclosed CO2/H20O Analyzer LI-7200 (LI-COR, USA), and CHy fluxes with the Open Path
CH4 Analyzer LI-7700 (LI-COR, USA) at 1.97 m above the water surface.

For the deployment at a high-latitude lake, we tested the BlueMinerva at Inre Harrsjon, a small lake with a maximum
depth of 5.4 m and a surface area of 0.02 km? (Wik et al., 2013). The lake is part of a network of multiple lakes within the
Stordalen Mire complex that are connected by narrow and shallow channels, while the outlet of Inre Harrsjon is located at the
northwestern end. The lake is mostly surrounded by wet fens, and a few degrading palsas. Measurements at Inre Harrsjon were
conducted in daylight on July 9, 10, 13 and 16, 2025. During this time, air temperatures ranged between 5 and 23°C and no rain
was observed according to hourly data from the Swedish Meteorological and Hydrological Institute for the Abisko Automatic

Station (Latitude: 68.3538°N, Longitude: 18.8164°E) (Swedish Meteorological and Hydrological Institute (SMHI), 2025).

Inre Harrsjon

Dagow Lake

—=
Inre Harrsjon

55°N 3
? # Dagow Lake

5°E 10°E  15°E  20°E  25°E

a

100 m

0.5 1.5 25 35 4.5 5.5 6.5 7.5 8.5 9.5
Depth (m)

Figure 2. The test sites Dagow Lake in northeastern Germany (panel A) and Inre Harrsjon in the Stordalen Mire in northern Sweden (B).
The contours indicate lake bathymetry based on measured and interpolated water depths. The orange triangle marks the location of the eddy
covariance tower at Dagow Lake. The locator map (C) shows the test sites in northern Europe, with basemap data provided by Natural Earth

(https://naturalearthdata.com) accessed via Cartopy.
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2.2 Instrumental setup

The BlueMinerva is composed of off-the-shelf components listed in Table 1 and shown in Fig. 3. The BlueBoat Uncrewed
Surface Vessel (BlueRobotics, USA) serves as a propeller-driven platform for chamber flux, water quality, meteorological and
bathymetric measurements. To conduct chamber flux measurements, we installed an opaque chamber, 25 cm in height and
diameter. The lowering and lifting of the chamber is facilitated by pneumatic pistons driven by a vacuum pump (NMP 850,
Diaphragm Gas Pump, KNF Neuberger GmbH, Germany). As the chamber is lowered, approximately 6 cm of the bottom of
the chamber is submerged, to guarantee a tight seal of the chamber headspace during measurements. The chamber is connected
in a closed loop with two greenhouse gas analyzers: a portable analyzer with Optical Feedback—Cavity Enhanced Absorption
Spectroscopy (LI-7810, LI-COR, USA; hereafter: LI-7810) measuring wet and dry mole fractions of CO2 and CH, every
second, and a silicon-based non-dispersive infrared sensor (CARBOCAP Carbon Dioxide Probe GMP343, Vaisala, Finland;
hereafter: GMP343) collecting wet CO2 mole fractions at 0.5 Hz.

The CO; analyzer GMP343 (approximately 4,000 EUR) has been used widely for aquatic chamber flux measurements
given its comparatively low cost and high performance (Oviedo-Vargas et al., 2016; Spafford and Risk, 2018; Dubey et al.,
2024). We used the diffusion model of the analyzer with a custom-built enclosure for flow-through measurements. The LI-
7810, the second analyzer used in this study, performs especially well measuring CHy, but also comes with a substantially
higher cost (approximately 40,000 EUR). For CO2 measurements, the LI-7810 has a specified precision of 3.5 ppm at 400 ppm
with 1 s averaging, whereas the GMP343 manufacturer specification implies an accuracy of 3 ppm plus 1% of the measured
mole fractions. It should be noted that precision and accuracy metrics as specified in instrument datasheets cannot be directly
compared; however, they both provide valuable context for understanding measurement performance, and indicate lower short-
term measurement noise under stable conditions for the LI-7810. For CH4 measurements, the LI-7810 has a precision of 0.6
ppb at 2 ppm with 1 s averaging, and offers substantially higher resolution of small changes in CH4 mole fractions than sensors
used in previous autonomous setups (Dunbabin and Grinham, 2017).

A fan circulates the air within the chamber, while air temperature, relative humidity (RH) and pressure are recorded both
inside and outside the chamber and a GPS records the location of the platform. In addition, we deployed a 2D anemometer
(LI-550 Trisonica Mini, LI-COR, USA) at approximately 1 m above the water surface to determine the wind speed.

For observations below the water surface, a multiparameter water quality sonde (EXO2, YSI, USA) is used to measure wa-
ter temperature, pH, specific conductivity, dissolved oxygen (DO), fluorescent dissolved organic matter (fDOM), chlorophyll
and phycocyanin concentrations approximately 10 cm below the water surface. Once an hour, the sensors of the sonde are
automatically wiped with an integrated wiper. The water depth is measured with a single beam echosounder (Ping2, BlueR-
obotics, USA) that is mounted facing downward just below the water surface. In addition to scanning the water surface while
the BlueMinerva is operating autonomously, the sonde can be lowered manually into the water column in order to conduct

depth profiles.
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All components of the measurement platform are powered by batteries and all data are logged at 1 Hz on a datalogger
(CR1000X, Campbell Scientific, USA), which was fitted in a waterproof case (yellow box in Fig. 1). The dimensions of the
BlueMinerva are 122.5 cm in height, 191 cm in length and 91 cm in width. The total weight amounts to 57 kg.

Table 1. Overview of the main components of the BlueMinerva and their function.

Component Manufacturer Function

BlueBoat BlueRobotics, USA Autonomous platform for instrumental
setup

LI-7810 LI-COR, USA CO2 and CHy analyzer

CARBOCAP GMP343 Vaisala, Finland CO analyzer

GPS 16x-HVS Garmin, USA GPS

KPK-ME Galltec+MELA, Germany  Ambient temperature and relative hu-
midity sensor inside the chamber

CPC-ME Galltec+MELA, Germany  Ambient temperature and relative hu-

Barometric pressure sensor 61402V

R.M. Young, USA

midity sensor outside the chamber

Pressure sensor

LI-550 Trisonica Mini LI-COR, USA Measurements of wind speed

Ping2 Sonar BlueRobotics, USA Measurements of water depth

EXO2 YSI, USA Multiparameter sonde for physico-
chemical and biological subsurface
measurements

CR1000X Campbell Scientific, USA  Datalogger to record all data

2.3 Implementing measurement trajectories

The measurements were primarily conducted on missions lasting several hours at a time, following a user-defined path across
the lake area both during the day and at night (Fig. Al). The missions were designed with the ground-control and mission-
planning software Mission Planner (ArduPilot Dev Team, 2024) developed for unmanned aerial systems, and subsequently
uploaded to the BlueBoat. A mission was started once the BlueMinerva was in the water, all instruments were turned on and
warmed up. The measurement platform moved at a cruising speed of approximately 1 m/s during transit. Once arrived at a pre-
defined measurement location, the platform was programmed to loiter, aiming at maintaining the position with minimum use
of the propellers in order to minimize disturbance of the measurement conditions. This implies that the platform automatically
maneuvered back to the original measurement location during a measurement if it drifted away due to wind or current. After a

measurement had finished, the platform autonomously moved on to the next measurement location (Fig. A1).



130

135

140

https://doi.org/10.5194/egusphere-2026-2262
Preprint. Discussion started: 26 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Temperature sensor

LI-550 anemometer !
~ !
\ ) ' @
~ N 1
- 1 BLUE MINERVA

. EX02
_.L1-7810

Electronics, incl.
- “ datalogger

122.5 cm

Chamber

191 cm

Figure 3. Technical drawing of the BlueMinerva from a side (left) and top view (right). The main components are listed in Table 1. The

drawing was produced with the Blender software. Credit: Istvan Héjja.

2.4 Platform performance

To quantify how well the platform maintained its position during individual measurements, we determined the centroid across
the positions of the BlueMinerva and the median distance of individual positions to the centroid, which represents the Circular
Error Probable (CEP). This measure indicates the radius within which 50% of the recorded positions fall.

To determine how severely the BlueMinerva formed waves on the water surface during chamber measurements, we deter-

mined the Froude number (F'r),
Fr=— (1)

with the platform speed U, the acceleration of gravity g = 9.81 m s~2, and the length of the platform L. Subsequently, we

quantified the Reynolds number (Re) to verify that viscous effects can be neglected in the propeller slipstream,

inD
Re = YstinD. @)

14

with the maximum water speed in the propeller’s slipstream (Us;p,), the propeller diameter (D = 0.122 m), and the kinematic

viscosity of freshwater at 20°C (v = 1.004 - 10~¢ m? s—1), and using

K,V
— YT

Uslip = 60

D, 3)
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where K, = 470 RPM V1 is the motor velocity, and V represents a voltage of 16 V assuming fully charged batteries. Then,

we used a turbulent jet model with the centerline velocity of the jet (Ugecqay) decaying as

T
Udecay (l‘) ~ Uslip(ﬁ)ilv (4)

where x = 0.95 m denotes the distance between the propeller and the chamber.
2.5 Technical details
2.5.1 Communication features

The BlueBoat component enables autonomous navigation on a waterbody through pre-programmed trajectories, facilitated by
a Navigator Flight Controller expansion board connected to the onboard Raspberry Pi 4, in combination with the ArduRover
control firmware and wireless communication tools. An adequate mission-planning software, MissionPlanner in this case, aids
in communicating the user-defined trajectory including loiter times to the BlueBoat. To time the chamber measurements so that
they occurred when the platform was loitering and maintaining its position, we additionally implemented a communication
scheme between the datalogger and the BlueBoat with a program based on the Campbell Scientific programming language
CRBasic.

By default, all environmental data (meteorological, bathymetric, and physicochemical and biological variables) were saved
at 1 Hz on the datalogger, whether the platform was in transit or loitering at a user-defined sampling spot. During transit, the
chamber was open, and no signals from the gas analyzers were stored. Once the platform reached a measurement location, the
BlueBoat was programmed to turn on a 5 V output signal of the Raspberry Pi for two seconds when it reached a measurement
location. This 5 V signal was detected by the CR1000X datalogger to initiate the measurement sequence of the chamber.

At this point, the measurement cycle began following the communication scheme (Fig. 4). First, the fan inside the chamber
turned on to circulate the air within the chamber to prevent any potential changes in mole fractions absorbed during transit.
Simultaneously, an external pump (Schwarzer SPS 622) was turned on by the CR1000X to flush the air inside the tubes and
the measurement cell of the GMP343 with ambient air from inside the chamber. The LI-7810 was continuously flushed by
its internal pump. Both gas analyzers were connected in independent closed loops with the chamber to account for different
flow rates of the respective pumps. The venting time was pre-defined at 45 s before and after the measurements. This time also
allowed for the system to equilibrate as the platform stopped transiting and the propellers only turned on as needed to maintain
the location. Subsequently, the chamber was lowered by pneumatic pistons. This process initiated the gas exchange between
the water surface and the sealed chamber headspace as well as the collection of chamber data (gas mole fractions, temperature
and humidity). After the pre-defined duration of the measurement (e.g. 300 s), the chamber data collection stopped and the
chamber opened using the pneumatic pistons. Another ventilation period began in order to flush the unit and prevent gas from
being carried over to the next measurement. Following the transit to the next user-defined position, this cycle started again once
the next measurement location was reached and the 5-V signal was sent out anew.

Another operating mode of the BlueMinerva is the static mode, where the location is either program-controlled (e.g. by using

the unlimited loitering mode in MissionPlanner) or mechanically maintained by anchoring or tying the platform, or where the
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platform is free-floating without the propellers turned on. In this case, the measurement cycle functioned as outlined in Fig. 4,
except that no signal was received, but rather the measurement cycle was repeated in a loop based on the pre-defined ventilation

and measurement times.

Datalogger program
Collect environmental data (every second) Iﬁ

1 L

Signal to start No signal to start
measurement cycle measurement A
——— cycle

Start ventilating

chamber %
Until user-defined pre- A
measurement ventilation
time is over (e.g.45s)
l Close chamber and start o
—~ chamber data collection
Until user-defined A
chamber measurement
. time is over (e.g. 300 s)
Stop chamber data collection
and open chamber

Until user-defined post- A
measurement ventilation

—— Stop ventilating time is over (e.g. 45 s)

chamber

Figure 4. An overview of the communication scheme embedded in the datalogger program.

2.5.2 Power supply

The BlueMinerva was powered by several batteries (Table 2). The stated quantities were needed to operate the platform at any
given time. However, additional batteries are recommended to allow swapping and thereby minimize interruptions to operation.
In our setup, we kept an additional set of the three times two batteries for exchange, which allowed for almost continuous
measurements, provided that batteries were manually exchanged as needed. The operational time was mainly limited by the
batteries of the LI-7810 gas analyzer, which required replacement every 6—8 hours. If the measurement time of the analyzer
were to be extended (e.g. by installing additional external batteries, or solar panels), also more batteries would be needed to
power the remaining components. While adding batteries or solar panels can extend the operational time of the BlueMinerva,
this comes with a trade-off between increased data acquisition and added payload, which could theoretically be overcome with

attaching additional floats.
2.5.3 Performance features

At Dagow Lake, the BlueMinerva showed a maximum CEP of 0.77 m, and at Inre Harrsjon a maximum CEP of 1.00 m. The

GPS-derived speed of the BlueMinerva ranged between 0-0.72 m s~! during measurements, and up to 1.65 m s~! during
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Table 2. List of all six batteries needed to power and run the BlueMinerva with all components listed in Table 1. RH refers to relative

Phosphate Battery
(LiFePO4) CUBE

Temp/RH, Pressure
Sensor, LI-550,
Ping2, EXO2,

humidity.
Type Manufacturer Nominal voltage  Capacity Weight Consumer Quantity
2] (Ah) (kg)
Lithium-ion battery ~ BlueRobotics, 14.8 18 1.18 BlueBoat 2
(18650 cells, 4S6P)  USA
Lithium-ion battery  Inspired Energy, 14.4 6.8 0.45 LI-7810 2
(P/N 442-11807) USA
Lithium Iron Green Cell, Poland 12.8 10 1.00 GMP343, GPS, 2x 2

CR1000X, pumps

transit at Dagow Lake. At Inre Harrsjon, the speed during measurements ranged from 0-0.41 m s~! and reached 1.13 m s~}

during transit. With the resulting maximum Froude number during measurements being 0.17 at Dagow Lake and 0.10 at Inre
Harrsjon, the BlueMinerva operation did not generate significant surface waves or flow perturbations.

Furthermore, we determined a maximum water speed in the slipstream centerline of the propeller of roughly 44 m s~*
(Re =4.9-10%), which decayed to 5 m s~! in the jet centerline at a distance of 0.95 m at the chamber. This estimate can
be considered very conservative, given jet spreading and turbulent mixing, causing the effective flow at the chamber to be
considerably lower. In this setting, the propeller-induced flow likely only affected the downstream region of the thrusters. The
chamber was positioned such that residual slipstream velocities decayed substantially before reaching the measurement area.

When located upstream of the thrusters, the propeller influence on the water surface was likely even smaller. Hence, local

turbulence from the propellers is unlikely to influence flux measurements substantially.
2.5.4 Payload and floating devices

According to the manufacturer recommendations, the maximum payload of the BlueBoat is 15 kg. However, the payload for
the BlueMinerva amounted to 42.5 kg. To counteract the concomitant reduction in freeboard (height between the waterline and
the top of the hull) and increasing draft, we installed four additional custom-fabricated floats made of polyvinyl chloride (PVC)
tubes that were sealed on both ends (Fig. 3). Each float measured 96 cm in length and 11.5 cm in width. They were fitted to
sit below the waterline to create maximum buoyancy and offset the additional weight. This configuration ensured stability and

1

robustness of the platform during deployment, even when intermittent wind bursts exceeding 30 m s™* occurred.

10
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2.6 Data processing
2.6.1 BlueMinerva

While dry mole fractions measured with the LI-7810 did not require any corrections, the wet CO2 mole fractions measured
with the GMP343 were corrected online for temperature, humidity and pressure measured within the chamber. The respective
data were transmitted to the datalogger via serial communication (RS232). Our chamber flux measurements usually lasted
around 5 min. For one mission at Dagow Lake, we shortened the duration of measurements to 1.5 min to compare the sensor
performance at shorter measurement intervals. For this mission, measurement locations were distributed across the lake to
maximize spatial separation and to stress-test the motor by operating it over longer travel distances.

For simplicity, all fluxes (F) were estimated with Eq. 5 using linear regressions fitted to the change of dry CO5 and CHy

mole fractions over time (%), so that

_dCV p

@ A RT )

with the chamber volume (V) in m3, chamber area (A) in m?

, measured barometric pressure (p) in Pa, the ideal gas constant
(R=8.31 m3® Pa K~! mol~1), and the measured air temperature in the chamber (T) in K. Fluxes of CO; and CH, were
discarded where the boat exceeded a speed of 0.25 m s~ over, in total, ten or more seconds during individual measurements
(n =9). This occasionally occurred, for example, at the end of missions when the chamber measurement was still ongoing
despite us manually maneuvering the BlueMinerva towards the lake shore. One measurement at Inre Harrsjon was disrupted
by bubbles entering the chamber (ebullition), which was detected by an abrupt, large increase of mole fractions during the
measurement. Consequently, we discarded the respective CO5 and CHy flux. All other CO, fluxes were kept. Fluxes of CHy
were discarded where R? < 0.8 (n = 22) and where bubbles entered the chamber and caused a sudden jump in CH, mole
fractions, but not for CO5 (n = 1). As a result, we obtained 485 flux estimates for CO- and 462 for CH,4 across Dagow Lake
and Inre Harrsjon over 72 measurement hours in total.

Measured wind speeds were corrected for pitch and roll of the BlueMinerva, and were transformed into its reference frame
(0° or north at the bow). The true wind speed was obtained by subtracting the GPS-derived velocity from the transformed and
tilt-corrected wind speed.

For the multiparameter sonde, the wiping period (first 30 s of each hour) was discarded for the optical variables (DO, fDOM,
chlorophyll, phycocyanin, turbidity). Furthermore, fDOM was corrected for temperature and light attenuation following Eq. 1-3
in Snyder et al. (2018).

Water depth was filtered based on the instrument-specific output of confidence levels, so that all depths above a confidence
of 76% were retained. To delineate the lake outlines, we manually digitized polygons for each studied lake (https://geojson.io).
To yield smoothed bathymetry for the whole lake, we assumed a virtual water depth of 0.1 m at distances of 0.5 m along all lake
shores to ensure a shallow water depth towards the edges of the polygons. A 1 m by 1 m grid was generated across the water
surface, and using triangulated linear interpolation embedded in the verde package in Python (Uieda, 2018), we interpolated

the measured water depths. Based on residuals at grid cell level, this approach yielded a root mean squared error (RMSE) of

11
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0.10 m for the water depth at Dagow Lake for 118,106 effectively measured points, and an RMSE of 0.11 m at Inre Harrsjon

for 57,318 depth measurements.
2.6.2 Eddy covariance tower

At Dagow Lake, eddy covariance measurements were conducted at 20 Hz and processed with the software EddyPro (LI-COR
Biosciences, 2021; Fratini and Mauder, 2014) to calculate half-hourly fluxes. A two-step coordinate rotation was applied to the
three-dimensional wind vector measured with an ultrasonic anemometer (Gill HS-50, Gill Instruments Limited, UK). The gas
concentration time series were linearly detrended to extract turbulent fluctuations and de-lagged relative to the vertical wind
velocity to maximize covariance. Calculated CH, fluxes were corrected with respect to air density and water vapor dilution
effects (Burba et al., 2012), and signal attenuation in the high- and low-frequency part of the turbulence spectrum (Fratini et al.,
2012; Moncrieff et al., 2004). Finally, quality flags were generated according to Foken and Wichura (1996) and Sabbatini et al.
(2018). Only data of the highest quality class were used for analyses. The fetch length that contributed 90% of the half-hourly
flux was calculated based on Kljun et al. (2004) in order to determine if measurements of the BlueMinerva were taken within

the tower footprint, or if the footprint extended beyond the lake surface.
2.7 Statistical analyses

We assessed the agreement of CO, fluxes between the two gas analyzers: the costlier LI-7810 and the lower-cost GMP343. We
used a Bland-Altman plot to determine whether one of the analyzers consistently over- or underestimated the other, or whether
their agreement changed with flux magnitude (Martin Bland and Altman, 1986).

When comparing the fluxes at Dagow Lake measured with the BlueMinerva and the eddy covariance tower, we selected
data with the highest quality flag (0) from May 13-16, 2025 for the tower. In addition, we used the 90% fetch lengths and
wind directions to identify the maximum extent of the footprint — depending on whether this location was on water or land,
respectively, we removed any tower fluxes that were influenced by the land area. For the comparison between BlueMinerva and
eddy tower, only EC fluxes with fetch lengths within the lake, and BlueMinerva measurements inside the footprint area were
used. To test for significant differences (p < 0.05) between flux distributions from both methods, we used a nonparametric
Mann-Whitney U test given that the datasets were independent, and reported the rank-biserial correlation coefficient (r,p).

To determine spatial differences of carbon fluxes, we used standard statistics (median, 25th—75th percentiles, skewness of
data distribution v (Zwillinger and Kokoska, 2000)). To check whether meteorological, physicochemical, biological, and flux
measurements were spatially structured and not randomly distributed, we determined the global Moran’s I values (Moran,
1950) for each lake using k-nearest neighbors with row-standardized weights using libpysal and esda Python libraries (Rey
and Anselin, 2010). The k was chosen to be 5 for Dagow Lake and 8 for Inre Harrsjon. The significance of Moran’s I was
evaluated using permutation tests with 999 random permutations, with p < 0.05 indicating a significant result. Similarly, the
local Moran’s I was determined and the quadrant of the Moran scatterplot was used to assign fluxes to spatially coherent
hotspot and coldspot clusters (p < 0.05). These clusters represent locations where fluxes were consistently higher or lower

than the lake-wide mean, and were embedded within neighborhoods of similarly high or low fluxes.
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To visualize spatially continuous flux maps, the measurements were interpolated onto a regular grid using Gaussian kernel
smoothing. To account for differences in lake areas, a grid size of 5 m was chosen for Dagow Lake and 1 m for Inre Harrsjon.
For each grid cell within the lake polygon, flux values were computed as distance-weighted averages of nearby observations.
The spatial smoothing length scale (o) was chosen individually for each lake based on the typical spacing between measurement
locations and their characteristic spatial scale of variability observed in the data (¢ = 30 m at Dagow Lake, o = 10 m at Inre

Harrsjon). All analyses were conducted using Python (version 3.12.11).

3 Results and discussion
3.1 Comparison between analyzers and measurement duration

We compared the estimated CO5 fluxes between the gas analyzers LI-7810 and GMP343 based on the measurements at Dagow
Lake for the two measurement durations of approximately 5 min and 1.5 min (Fig. 5). For the duration of 5 min, the CO5 flux
estimates matched better between the analyzers (RMSE = 0.04 ymol m~2 s~1) than for 1.5 min (RMSE = 0.19 zmol m~2
s~!; Fig. 5A). Besides, the coefficient of determination (R?) for fitting a linear function to estimate the CO, flux yielded better
fits for the LI-7810 than for the GMP343 for both measurement durations (Fig. 5B). The Bland-Altman plots clearly show
higher 95% limit bands for the short measurement duration (1.5 min; Fig. 5C) than for the longer measurement period (5 min;
Fig. 5D). In addition, the trend in panel C indicates a bias proportional to the flux magnitude, which is substantially smaller
in panel D. Overall, this implies that the higher precision of the LI-7810, compared to the GMP343, reduces uncertainties in
flux estimates, but this advantage is marginal for longer sampling times. Nonetheless, the mean absolute difference between
the flux estimates based on GMP343 and LI-7810 was very close to zero (0.001 zmol m~2 s~1) for 1.5 min, and slightly larger
for 5 min (—0.01 gmol m~2 s~1). Therefore, even for shorter measurement periods, fluxes matched well on average. However,
both sensors showed better agreement for longer measurement periods of 5 min.

As aresult, we recommend a measurement period of 5 min rather than 1.5 min for future aquatic chamber measurements with
the GMP343 or LI-7810. Besides, these findings suggest that aquatic CO flux estimates based on 5 min long measurements
agreed well between the GMP343 and LI-7810. Therefore, for future measurements requiring accurate COq flux estimates
with a similar setup as presented in this study, the lower-cost GMP343 can be considered sufficient. An additional incentive
is the lower weight of the GMP343, which contributes to a smaller payload compared to the heavier LI-7810. However,
if simultaneous measurements of CHy are required, the LI-7810 is a very suitable choice, given its high precision needed
for comparatively short measurement cycles (5 min), as well as for measuring mole fractions close to atmospheric levels and
resulting low fluxes in natural ecosystems. Alternative low-cost sensors (Bastviken et al., 2020; Malerba et al., 2025) may not be
suitable for the current setup of the BlueMinerva due to their lower accuracy in the order of ppms, and the related requirement
of long measurement durations. Accordingly, these sensors provide a good choice for stationary, long-term monitoring of

aquatic fluxes.
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Figure 5. Estimated CO» fluxes at Dagow Lake for two gas analyzers: LI-7810 (LI-COR) and CARBOCAP GMP343 (Vaisala). In panel

A, fluxes are directly compared between analyzers for measurement periods of 1.5 and 5 min. In panel B, all fluxes are shown with their

corresponding R? of the linear fit. The lower panels are Bland-Altman plots to indicate the agreement between the analyzers for 1.5 min

(panel C) and 5 min measurements (panel D).

3.2 Comparison between eddy covariance and chamber fluxes

Based on the results from the sensor intercomparison, for subsequent analyses in this study, we focused on flux estimates

obtained with the LI-7810 only. Given that an eddy covariance tower equipped with a CO5 and a CH4 analyzer was located in

the center of Dagow Lake, we compared the point-level chamber-based measurements taken with the BlueMinerva (Chamber)

with the ecosystem-level measurements from the tower (EC). Such comparisons have been done previously at other lakes

(Schubert et al., 2012; Podgrajsek et al., 2014; Erkkila et al., 2018).
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After selecting the flux estimates from within the same footprint area inside the lake during the measurement period of May
13-16, 2025 (Fig. B1), we did not find significant differences of CO5 fluxes between EC and Chamber (Mann—Whitney U
= 287, p = 0.52; Table 3). The rank-biserial correlation coefficient (r,, = 0.11) indicated a small effect size and no substantial
systematic difference between methods. However, in the case of CHy, mean fluxes from the chamber setup were more than
three times higher than from the tower (Table 3). These observed differences were significant (Mann—Whitney U =23, p <
0.01), and the effect size was large (1, = 0.91). In previous studies, such discrepancies were linked with the higher spatial
heterogeneity of CH4 fluxes compared to CO2 (Natchimuthu et al., 2016; Denfeld et al., 2020) and a resulting lack of spatial
representativeness of EC measurements. Overall, it should be noted that CH, fluxes measured at Dagow Lake in May were
low compared to estimates from the peak emission period later in the year. In line with this, not accounting for ebullition
events for chamber measurements — bubbling was only detected on one occasion and the respective flux was excluded during
data processing — likely did not affect overall CH, flux magnitudes given presumably small ebullition fluxes in spring (Praetzel
etal., 2021). Therefore, discrepancies of CH, fluxes could be attributed to sensor-based differences resulting from a comparison
between an open-path sensor for EC and a closed-path setup for the chamber (Detto et al., 2011). In addition, estimates of fetch
length may have been subject to bias, given the non-homogeneous terrain and differences in roughness between the water
surface and the mature forest surrounding the lake, which may have led to a stronger influence of terrestrial signals for EC
fluxes than suggested by the footprint estimates. If we assumed near-zero CH, fluxes or even uptake from the surrounding
forest (Lang et al., 2025), the result could be an underestimation of lake CHy4 fluxes by EC.

Regarding previous intercomparisons between fluxes from EC and floating chamber systems, the cumulative CH, flux
derived from floating chamber measurements was lower than from EC measurements at a Swiss lake (Schubert et al., 2012).
Similarly, at a lake in southwest Sweden CH,4 fluxes based on chambers were substantially lower than from EC measurements,
in this case likely due to different footprints that captured higher-emitting areas with EC (Podgrajsek et al., 2014). However,
findings from a lake in southern Finland showed higher CH, flux estimates for chambers than for EC (Erkkili et al., 2018),
similar to results found in this study. This was justified by overall low CH,4 fluxes which may have fallen below EC detection
limits. A similar effect may have affected our method intercomparison for Dagow Lake, given that previous studies found a
minimum detection limit around 3 nmol m~2 s~! for the open-path analyzer LI-7700 used in the EC setup (Detto et al., 2011;
Deventer et al., 2019). However, this potential effect would not fully explain the flux discrepancies between methods. At the

same time, CO5 fluxes in Erkkili et al. (2018) matched similarly well between methods as found in this study.
3.3 Meteorological, physicochemical, and biological measurements

Meteorological variables including air temperature, relative humidity, barometric pressure and wind speed varied widely when
averaged during measurements at Dagow Lake and at Inre Harrsjon (Fig. 6). Given that measurements at Inre Harrsjon were
taken a week apart with warmer temperatures in the second half of the campaign, water temperatures showed a clear bimodal
distribution. Due to the temperature dependence of pH (Langelier, 1946), we found large spatial variability within Inre Harrsjon
for this variable, while measurements were rather stable at Dagow Lake. Also dissolved oxygen, chlorophyll and phycocyanin

concentrations showed more variability at Inre Harrsjon than at Dagow Lake. Furthermore, substantial differences in magni-
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Table 3. Comparison of CO, and CH4 fluxes between eddy covariance (EC) and chamber measurements for May 13-16, 2025 at Dagow
Lake. Fluxes from EC and chambers were filtered to include only those within the 90% footprint area around the EC tower (see Fig. B1).
For EC, the footprint where 90% of the data contributed to the flux was used, and only fluxes with the best quality flag were selected. The

number of observations (n) refers to half-hourly fluxes for EC and to individual measurements for chambers.

COq, fluxes CHy4 fluxes
Statistics  (umol m~2s™1)

EC Chamber EC Chamber

(nmol m~2s71)

n 38 17 29 17
Mean 0.03 0.27 5.25 18.96
Std. 1.31 0.11 3.61 7.17
Min. -1.74 0.06 -2.62 5.90
Median -0.27 0.29 4.84 19.24
Max. 2.82 049 13.28 33.00

tudes of specific conductivity (359-364 1S cm ™! at Dagow Lake and 6263 ;1S cm™! at Inre Harrsjon) and fDOM (14-24 QSU
at Dagow Lake and 53-58 QSU at Inre Harrsjon) were identified between the test lakes. We also found that all environmental
variables differed significantly between measurement days (Kruskal-Wallis test, p < 0.05; Fig. C1), and that all variables ex-
hibited significant spatial structure within both lakes (global Moran’s I ranging between 0.06-0.74, p < 0.05; Table S1). This
pronounced spatial and temporal variability in environmental conditions suggests that a highly resolved monitoring program,
such as made possible by the BlueMinerva platform, is necessary to capture a representative net carbon flux for such ecosys-
tems. With our flux measurements conducted under a wide range of environmental conditions and in a heterogeneous spatial

context, we established a suitable basis for flux measurements across contrasting local conditions.
3.4 Spatial heterogeneity of carbon fluxes

Fluxes of CO, measured with the BlueMinerva ranged from 0.06 to 0.58 zmol m~2 s~! at Dagow Lake (n = 250), and from
—0.48 to 0.25 yumol m~2 s~! at Inre Harrsjon (n = 235, Fig. 7A and C). Fluxes of CH, varied between 4.38 and 48.91 nmol
m~2 s~! at Dagow Lake (n = 249), and between 1.99 and 35.08 nmol m~2 s~! at Inre Harrsjon (n = 213, Fig. 7B and D).

In a previous study at Dagow Lake, negative CO4 fluxes very close to zero were found between 2006 and 2007 (—0.01-0.18
pmol m~2 s™1), and a small source of CH, (0.46-7.06 nmol m~2 s~!) was quantified from water surface flask samples using
gas transfer parameterizations (Casper et al., 2009). For lakes in the Stordalen catchment, mean ice-free season fluxes of 0.17
+0.11 gmol m~2 s~! for CO, and 8.67 & 5.78 nmol m~2 s~! for CH, were determined from water samples and estimated
gas transfer (Lundin et al., 2013). Specifically for Inre Harrsjon, CH4 ebullition was captured with ebullition traps and fluxes

—1

reached up to 567 nmol m~2 s~1, but 4.91 nmol m~2 s~* on average (Wik et al., 2013). These magnitudes of fluxes agreed well

16



365

370

375

380

https://doi.org/10.5194/egusphere-2026-2262
Preprint. Discussion started: 26 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

©

100 A 1010 4 —_ _ 20 Hll Dagow La!<"e
S 20 A = E 6 o I Inre Harrsjon
< $ 80+ £ 1000 4 = 218+
g 151 Iz o o 44 £
5 z 604 5 990 A g 8
& = 2 g 2 16
= < N Q
3 104 < 404 & 980 2 2
H 2 14
204 i 04
51 970
8.8 7 0.40
31054 —~ 1.2
861 I 361 2035 -
I £ 1004 g e 2 1.0
S 8.4 = 10. 25 = 0304 g
. o > E >
o o 4 2 0.8
% 82 S 951 54 % 0.25 5
= ° EL ¢ <
8.0 g 9.0 2 S 0.204 506
2 5 2
[a) 2 o
7.8 8.5 A 0.15 4 0.4

Figure 6. Violin plots of meteorological variables (air temperature, relative humidity, barometric pressure, and wind speed) and physic-
ochemical and biological variables (water temperature, pH, dissolved oxygen concentration, chlorophyll and phycocyanin concentrations
and turbidity) during measurements at Dagow Lake and Inre Harrsjon. For better visibility, two outliers of turbidity at Dagow Lake were

removed. Specific conductivity and fluorescent DOM measurements are not shown.

with those determined with the BlueMinerva in our study. However, none of the previous measurement campaigns resolved the
fluxes spatially as detailed as the BlueMinerva did within a matter of a few days (Fig. 7).

The distribution of CO,, flux rates at Dagow Lake was largely symmetric around the median (0.28 gmol m~2 s~1, 25th—75th
percentiles: 0.22-0.33 pmol m~2 s~ 1), and the data distribution was almost unskewed (v = 0.09), indicating moderate spatial
variability. Our spatially distributed dataset indicated highest fluxes occurring in the southwestern tip of the lake (Fig. 7A and
8A). For CHy4, highest fluxes were detected at the northeastern shore, which led to a slight positive skew (7 = 0.39) and a
more pronounced spatial heterogeneity compared to CO (median: 20.15 nmol m~2 s, percentiles: 15.13-24.38 nmol m~2
s~!; Fig. 7B and 8B). At Inre Harrsjon, slightly negative CO, fluxes prevailed (median: —0.06 zmol m—2 s~!, percentiles:
—0.16-0.01 pumol m~2 s~1), causing a negative skew (7 = —0.30). The highest uptake was measured towards the southern
shore alongside the highest emission (Fig. 7C and 8C). However, since measurements were taken in two blocks a week apart
from each other, the emerging spatial patterns may also be influenced by temporal differences. Slight spatial heterogeneity
was also found for CHy, with a mild positive skew (v = 0.25, median: 14.83 nmol m~2 s~!, percentiles: 9.64—18.62 nmol
m~2s71), and highest fluxes close to the southern shore (Fig. 7D and 8D). At Inre Harrsjon, we spared the eastern shore from
measurements due to the dense growth of emergent horsetail, in order to prevent damage to the plants and disruption to the
missions (Fig. 7C and D).

Our geostatistical analyses revealed that fluxes were not randomly distributed in space in either lake, for either gas. For
CO., fluxes, we found weak, but significant positive autocorrelation at Dagow Lake (k = 5, Moran’s I = 0.12, p < 0.01) and
at Inre Harrsjon (k = 8, Moran’s I = 0.10, p < 0.01), which suggests patchy structure at small spatial scales. For CHy4, fluxes
were just slightly more autocorrelated at Dagow Lake (k = 5, Moran’s I = 0.13, p < 0.01), but showed the strongest spatial
autocorrelation at Inre Harrsjon (k = 8, Moran’s I = 0.33, p < 0.01). Consequently, CH, fluxes at Inre Harrsjon were organized

into distinct spatial clusters, indicating the presence of coherent high- and low-flux regions rather than scattered hotspots
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Figure 7. Spatially-resolved fluxes of CO2 (panels A and C) and CH4 (B and D) measured at Dagow Lake (A and B) and at Inre Harrsjon
(C and D). Uptake of CO2 (negative flux) was only measured at Inre Harrsjon. Violin plots show the distribution of CO2 and CHy4 fluxes per
lake, and the median with 25th and 75th percentiles. Halos around points indicate lake-specific clusters of hot and coldspots, as determined

by local Moran’s 1.

(Fig. 7D). These results demonstrate that the spatial variability of fluxes was structured, underscoring the critical limitation of
traditional sampling approaches to capture or represent true spatial patterns. Our autonomous platform, by contrast, enables

385 systematic, high-resolution spatial mapping of fluxes (Fig. 8) — providing a methodological solution to a long-standing sampling

bias.
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Figure 8. Spatially continuous maps of CO2 (panels A and C) and CH4 fluxes (B and D) for Dagow Lake (A and B) and Inre Harrsjon (C
and D). Spatial flux maps were generated using Gaussian kernel smoothing of measured data. Grid sizes and spatial smoothing length scales

(o) differed between lakes and were kept small to avoid over-smoothing and preserve spatially heterogeneous patterns.

4 Limitations and opportunities

The ability of the BlueMinerva to collect data at small scales across waterbodies with consistent protocols provides the spatial
density required to resolve meaningful CO, and CH,4 flux variability — something most prior studies cannot achieve. In the

390 following, we list some limitations of the outlined setup and suggest directions for future developments.
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4.1 Practical considerations

Pre-measurement inspection: To facilitate the planning of the measurement missions, the software Mission Planner (ArduPi-
lot Dev Team, 2024) provides background satellite imagery on a global level. Depending on its recency, the imagery may
be more or less accurate. To mitigate the risk of the platform being hindered by obstacles, it is always recommended to
inspect the target area prior to starting a mission for emergent vegetation that may become entangled in the propellers, or
for very shallow areas, as well as submerged and exposed rocks in the lakes that may ground the platform. In addition,
the platform may pose potential risks to human swimmers and traffic on the water. Therefore, an autonomous operation

is only possibly if the waterbody shows no further human use, or if all users have been instructed accordingly.

Deployment in shallow waters: The BlueMinerva has a draft of roughly 23 cm. Therefore, it is recommended to deploy the
platform using this setup at a minimum water depth of roughly 25 cm. Consequently, maneuvers towards shallow lake
shores, but also subaqueous features (shoals, sandbanks, rock outcrops, or submerged dense vegetation beds) should be

undertaken with caution.

Deployment in turbulent waterbodies: We recommend to use the BlueMinerva in the present setup on lakes or low-flow
waterbodies only. While the BlueBoat was developed for any waterbody, including marine ecosystems, we refrained
from testing the setup in such waterbodies to mitigate the risk of damaging instruments and electronic parts. Besides,
under high-energy circumstances, waves may develop and lead to air intrusion into the water-sealed chamber, thereby
compromising the measurement. The BlueMinerva was occasionally exposed to short wind bursts exceeding 30 m s—!

during measurements, but withstood these conditions without issues. In fluvial waterbodies, the missions would need to

be adapted, since it would potentially not be possible to maintain the measurement location during loitering due to the

presence of currents. Furthermore, autonomous measurements would not be possible due to the likelihood of obstacles

such as fallen trees, rocks, cascades and boats.

Weight: The total weight of the BlueMinerva in the configuration described above was 57 kg. Managing such a weight can be
challenging and may require several people to assist in the field. Ideally, the platform would be transported to the target
lake by vehicle. Alternatively, the components of the platform can be carried individually to the target area which is less
efficient in terms of time and workforce. One optional item with a high impact on the overall payload is the LI-7810
with internal batteries (10.5 kg). The case which houses the datalogger and further electronics (9 kg) also significantly
contributes to the total weight of the platform. As shown here, the GMP343 is a lighter-weight, reliable alternative to the
heavier LI-7810 for those only interested in CO-, and not CH, flux patterns.

Depth profiles: The main focus of the BlueMinerva is to capture surface processes with high spatial coverage. Nonetheless,
processes within the water column should not be neglected as they are closely coupled to surface dynamics through
vertical mixing and physical stratification, with direct implications for carbon exchange, biological productivity, and nu-
trient availability (Bastviken et al., 2008). Therefore, depth profiles can be conducted manually using the multiparameter

sonde mounted on the BlueMinerva, which is done by slowly lowering the sonde into the water. This is only possible if
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the BlueMinerva is not operating autonomously and a small rowing boat or similar vessel is available. Ideally, the profile
is conducted at a location where the waterbody is deepest. An example for Dagow Lake can be found in the appendix,

Fig. El.
4.2 Potential upgrades

Some technical upgrades could transform the BlueMinerva from a capable autonomous platform into a truly adaptive and

resilient system for aquatic biogeochemical monitoring.

Battery life: The bottleneck of the battery setup used for the BlueMinerva are the LI-7810 batteries. The endurance of the
remaining components powered by the other batteries (Table 2) is higher. Therefore, adding extra power sources for
operating the LI-7810 would extend the duration of gas measurements, and therefore the duration of the missions overall.
However, this would come at the expense of increased overall weight. Ultimately, the best compromise between payload,

power supply and operation needs to be identified on a case-by-case basis.

Additional variables: While the BlueMinerva captures a large portion of relevant variables, more variables could be added to
deepen our understanding of factors driving surface fluxes. Setting aside drawbacks related to weight, further meaningful
aquatic measurements that could be added in future setups include those of dissolved gas and dissolved organic carbon
concentrations. Combining the BlueMinerva with previously developed systems (Crawford et al., 2015; Dalvai Ragnoli
and Singer, 2024; Zug et al., 2025) could potentially complement the array of obtainable measurements, both at the
surface and subsurface. Furthermore, the modular design of the platform enables the measurement of other trace gases
by replacing the CO, and CH4 analyzers with sensors tailored to measure, for instance, nitrous oxide, or volatile organic

compounds.

Adaptive, data-driven path planning: While the BlueMinerva currently operates along fully pre-programmed trajectories,
future upgrades could incorporate real-time spatial modeling — such as Gaussian process regression over observed flux
gradients — to enable the platform to dynamically adjust its sampling strategy. This would allow high-flux regions to be
revisited at higher resolution, and anomalies to trigger adaptive responses, significantly improving flux budget accuracy
without increasing deployment time. Such information-driven navigation is an active area of mobile robotics research

and represents a natural next step toward intelligent aquatic monitoring.

Heterogeneous multi-robot systems: Beyond single-platform deployments, integrating the BlueMinerva with complemen-
tary platforms — such as underwater vehicles for continuous depth profiling or aerial drones for large-scale spatial con-
text — could address current limitations in vertical and spatial coverage. Coordinating these systems across different
sensing modalities (individual, complementary, or tightly collaborative operation modes) would enable comprehensive,

multi-scale monitoring of lake biogeochemistry, reducing reliance on manual interventions.

Onboard fault detection and recovery: Increasing the operational robustness of the BlueMinerva through real-time anomaly

detection — such as chamber seal failure, propeller entanglement, collisions with submerged or floating objects, or po-

21



460

465

470

475

https://doi.org/10.5194/egusphere-2026-2262
Preprint. Discussion started: 26 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

sition drift beyond acceptable thresholds — combined with defined recovery behaviors, would be essential for longer
unattended deployments. This would improve data quality and reduce the need for human supervision, enhancing the

platform’s reliability in remote or challenging environments.
4.3 New opportunities

As this study showed, the BlueMinerva was operated in a near-continuous mode, collecting almost seven flux measurements
per measurement hour. Once initiated, the platform operated unsupervised on the chosen lake domain and only required action
when it was time to change batteries or when technical issues arose. During previous tests, the BlueMinerva was exposed to
heavy rain, but measurements were not compromised.

Given this efficiency and robustness, the BlueMinerva is a promising tool to determine small-scale variability in carbon
fluxes as well as physicochemical, biological, meteorological and bathymetric features of low-flow waterbodies and enables the
acquisition of dense, spatially resolved datasets with minimal effort. The wide use of this and similar platforms has the potential
to advance our understanding of carbon cycle processes in waterbodies tremendously — given that in an ideal scenario almost
170 flux measurements could be taken within a day, and over 1,000 within a week. These measurements are useful to generate
snapshot maps of carbon emissions (Fig. 8), bathymetry and water quality which may be of interest to local communities,
stakeholders, and policymakers. When used over longer periods, the BlueMinerva can provide extensive datasets, offering an
unparalleled combination of highly resolved surface fluxes alongside waterbody and climate characteristics. This allows for
new insights into control factors and functional relationships, which are often required to inform machine learning models

aiming to improve predictive capability and reduce uncertainty in emission estimates.

Data availability. System files including the datalogger program and wiring diagram, an example mission file for the Mission Planner
software, and a 3D animation of the BlueMinerva are available on Zenodo at https://doi.org/10.5281/zenodo.19136563 (Vogt et al., 2026a).
The flux estimates with ancillary data, interpolated bathymetry, and the depth profile collected at Dagow Lake are available on Zenodo at

https://doi.org/10.5281/zenodo.19365068 (Vogt et al., 2026b).
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Appendix A: Trajectories of missions

The pre-programmed trajectories and measurement locations are shown in Fig. Al.

Dagow Lake Inre Harrsjon

Ancillary measurements
Flux measurements

Figure A1. Trajectories and locations of ancillary and flux measurements at Dagow Lake and Inre Harrsjon.
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Appendix B: Eddy covariance footprint and measurement locations of associated chamber fluxes

The flux measurements taken with the BlueMinerva that coincided with the footprint area of the eddy covariance tower at

Dagow Lake during the measurement period are shown in Fig. B1.

CO, footprint endpoints CH, footprint endpoints

[0.0:0.5)

[0.5: 1.0)

[1.0: 1.5)

[1.5:2.0)

[2.0:25) Eddy covariance tower
>2.5 Main fetch area

o 90% flux contribution

Figure B1. The flux measurements for CO2 (left) and CH4 (right) at Dagow Lake were placed on the map under consideration of the fetch
length and the wind direction, where 90% of the data from within the given distance of the tower contributed to the measured flux. Only
fluxes with the highest quality flag during the measurement period (May 13-16, 2025) were shown. The main fetch area denotes the area
within the lake, where the fluxes were assumed to mainly originate from. The wind rose shows the wind speed and direction measured at the

eddy covariance tower during the measurement period.

24



https://doi.org/10.5194/egusphere-2026-2262

Preprint. Discussion started: 26 May 2026
(© Author(s) 2026. CC BY 4.0 License.

Appendix C: Daily timeseries of environmental variables

The daily variability of environmental variables measured alongside the carbon fluxes are shown in Fig. C1.
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Figure C1. Boxplots of meteorological variables (air temperature, relative humidity, barometric pressure, and wind speed) and hydrochemical
variables (water temperature, pH, dissolved oxygen concentration, chlorophyll and phycocyanin concentrations, and turbidity) for each
measurement day at Dagow Lake (in May 2025) and Inre Harrsjon (in July 2025). For better visibility two outliers of turbidity at Dagow

Lake were removed. Specific conductivity and fluorescent DOM measurements are not shown.
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485 Appendix D: Global Moran’s I for environmental variables

To determine the spatial autocorrelation of the environmental variables within each lake, we determined global Moran’s I

values (Fig. D1).

Table D1. Global Moran’s I for each lake and environmental variable to determine spatial autocorrelation. Moran’s I permutation tests were

not significant (p > 0.05) for air humidity, chlorophyll, and fDOM at Inre Harrsjon and are therefore not shown.

Lake Variable Moran’s | p
Dagow Lake  Air temp. 034 <0.01
Air RH 0.16 <0.01
Pressure 0.47 0.02
Wind speed 021 <0.01
Water temp. 0.09 0.01
Water pH 038 <0.01
Diss. oxygen 043 <0.01
Chlorophyll 025 <0.01
Phycocyanin 020 <0.01
Turbidity 0.19 <0.01
Spec. conductivity 0.58 < 0.01
fDOM 020 <0.01
Inre Harrsjon  Air temp. 030 <0.01
Pressure 0.74 <0.01
Wind speed 0.08 <0.01
Water temp. 034 <0.01
Water pH 0.08 <0.01
Diss. oxygen 0.06 0.03
Phycocyanin 021 <0.01
Turbidity 0.11 <0.01
Spec. conductivity -0.08 <0.01
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Appendix E: Depth profile from Dagow Lake

EGUsphere\

The vertical distribution of water temperature, dissolved oxygen, pH and specific conductivity were obtained from depth

490 profiles taken with the multiparameter sonde (Fig. E1).
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Figure E1. Depth profile taken with the multiparameter sonde at Dagow Lake (Latitude: 53.1516°N, Longitude: 13.0559°E) on May 16, 2025.

Panel A shows the vertical water temperature profile, panel B dissolved oxygen saturation, panel C pH, and panel D specific conductivity.

The water depth at the point of measurement was around 8 m. The depth of the epilimnion, metalimnion and hypolimnion were determined

visually based on the water temperature profile.
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