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ARTICLE INFO ABSTRACT

Keywords: We present the design and positioning results of four cost-effective Global Navigation Satellite System (GNSS)
GNSS units deployed on Saba, Caribbean Netherlands. Despite harsh environmental conditions and initial prototyping
Cost-effective challenges the units function well. Each unit costs less than €1.000 and integrates solar charging capabilities,
f/?)tl):ano monitoring data logging and data transmission via the introduced 4G extension. The positioning performance of the cost-
Deformation monitoring effective units is comparable to those of conventional permanent GNSS stations on the island, with standard
Lesser Antilles deviations in the horizontal and vertical components within 2-4 mm and 6-9 mm, respectively. The cost-
effective units can be used to expand existing GNSS monitoring networks or to build stand-alone networks in
budget-constrained environments. Their rapid deployment solution makes them suitable for hazardous appli-
cations. Future improvements to the current Printed Circuit Board (PCB) design, implementing the presented
changes, are anticipated. The schematics of the PCBs, material lists, and software are made available to the

community.

1. Introduction

With geodetic observations highly accurate spatial and temporal
changes of the Earth’s system can be characterized. One technique used
for geodetic monitoring is Global Navigation Satellite System (GNSS)
measurements. The value of GNSS measurements is evident from the
diverse applications including the use of precise timing and positioning
(Leick et al., 2015), monitoring of atmospheric properties within the
ionosphere and troposphere Jakowski et al. (2002), Bevis et al. (1992),
as well as the monitoring of phenomena such as landslides (Gili et al.,
2000), crustal deformations (Wilkinson et al., 2023), tectonic plate
movements (Kreemer et al., 2014), and seismological activities (Nie
et al., 2016). In volcanology, GNSS measurements are used to detect
ground deformations and yield insight into magmatic systems or me-
chanics of caldera formations (Anderson and Johanson (2022); Aoki
(2024); Segall et al. (2019)). They can also reveal displacements
consistent with dike intrusions (e.g., Parks et al. (2023)) or volcanic/
tectonic faulting (Dumont et al. (2022); Poland et al. (2017)) and hy-
drothermal activity (Bonforte et al. (2024)).

Using GNSS, ground position precision down to the centimeter level
or less can be reached even for real-time applications (Teunissen and
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Montenbruck, 2017). Traditionally this is achieved using expensive,
geodetic-grade GNSS receivers along with high-precision antennas. For
classical GNSS processing applications, the data is then processed either
over baselines between a) two stations (single baseline), b) multiple
baselines between multiple GNSS stations (network processing) or ¢) in a
stand-alone mode where data from each GNSS station is processed
individually (Precise Point Positioning [PPP]). For the latter, observa-
tions tracked from at least two frequencies are required (Zumberge
et al., 1997).

Cost-effective GNSS technology has been on the market for about a
decade starting with single-frequency GNSS receivers. The use of these
receivers in combination with a cost-effective GNSS antenna is chal-
lenging because of e.g., constraints on the number of concurrently
tracked channels, errors caused by the ionosphere and generally less
precise antenna performance. Despite these limitations, these receivers
facilitate outcomes that can be deemed comparable to those obtained
using geodetic-grade equipment (Marut et al. (2024); Krietemeyer et al.
(2020); Garrido-Carretero et al. (2019)). This generated an interest in
scientific communities using this equipment for precise applications (e.
g., suggested for volcano monitoring by Saunders et al. (2023) or Wil-
kinson et al. (2023)). The release of cost-efficient dual-frequency
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receivers a few years ago, spurred a further increase in use, as the data
processing became easier. With dual-frequency data every station can be
processed individually, using PPP processing.

Most studies conducted with cost-efficient dual-frequency receivers
use the u-blox ZED-FOP GNSS receiver (available for about 200€) for
which the receiver noise is reported to be in the sub-mm level (Hamza
et al., 2021). Several studies compared the positioning performance of
the ZED-F9P receiver with different antennas ranging from low-cost to
geodetic-grade (Janos et al. (2022); Wielgocka et al. (2021); Tunini et al.
(2022), Hohensinn et al. (2022); Krietemeyer et al. (2022); Marut et al.
(2024)). They report a positioning accuracy from mm to cm, depending
on the receiving antenna and processing application and suggest that the
main limitation of a cost-effective setup is the quality of the receiving
antenna. This means that to achieve precise results, the use of a high
quality antenna (with a nearly equal antenna phase pattern in all di-
rections) or calibration of the receiving antenna (Krietemeyer et al.,
2020) is essential. Marut et al. (2024) show an assessment of the quality
of raw GNSS signals obtained with the ZED-F9P module and a range of
cost-efficient antennas. There are also other manufacturers on the
market that produce cost-efficient GNSS modules. The most prominent
one is the Mosaic-X5 receiver from Septentrio used in a recent study by
Vidal et al. (2024). Though the sole hardware cost of the receiver itself is
about three times compared to the ZED-FOP, it can still be considered as
cost-efficient because the price is far below the cost of a conventional
GNSS receiver.

Even though volcano geodesy is seen as one of the major pillars of
volcano surveillance (Poland and de Zeeuw-van Dalfsen, 2021) world-
wide less than half of the Holocene volcanoes are monitored with a
ground-based deformation network (Widiwijayanti et al., 2024). The
high cost of equipment is often a limiting factor in the deployment of a
ground-based volcano deformation monitoring network, especially in
developing nations, where volcanic hazard can be very high. The use of
alternative cost-effective equipment can in such cases be highly ad-
vantageous. Therefore, we investigate the use of cost-effective dual-
frequency GNSS units for deformation monitoring on the volcanic island
of Saba in the Caribbean Netherlands.

2. Case study on Saba

The island of Saba (Northernmost island in the Lesser Antilles Arc,
Fig. 1) in the Caribbean Netherlands is home to the active but quiescent
stratovolcano, Mt. Scenery, with one charcoal sample dating the last
eruption to around 1640 CE (Roobol and Smith, 2004). KNMI operates a
comprehensive multi-sensor geophysical monitoring network (Fig. 2) on
Saba. Currently, the monitoring network includes four permanent GNSS
stations (SABY, SABA, SABN, and SABP) and five broadband seismom-
eters (SABY, SABA, SABN, SABW and SABQ). SABN and SABP operate as
off-grid stations, powered by solar panels, with data transmission
facilitated by a mobile 4G network (SABP) and satellite communication
via a VSAT dish (SABN). The seismic stations are integrated into the
seismic Netherlands Antilles (NA) network (Sleeman and de Zeeuw-van
Dalfsen, 2022). Additionally, three permanent temperature probes are
deployed: i) near the hotspring opposite Green Island, ii) at the aban-
doned sulfur mine and iii) in the Green Gut. The permanent GNSS sta-
tions (De Zeeuw-van Dalfsen and Sleeman, 2018) are strategically
located around the volcano with the aim to detect potential de-
formations resulting from moving or accumulating magma in the
subsurface.

To complement the existing permanent GNSS monitoring network,
and to verify the feasibility of using cost-effective GNSS for volcano
monitoring, four experimental cost-effective GNSS units were installed
in February 2022 (Fig. 2 and Fig. 3). SCOO is positioned at the site of the
future harbor, SCO1 is in Windwardside, and SC02 is atop Mt. Scenery.
For evaluation purposes, SCO3 is co-located with the permanent GNSS
station SABP.
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Fig. 1. The islands of the Lesser Antilles volcanic arc with their names shown
on the right. Saba is the northernmost island. Grey triangles indicate the
location of active volcanoes with their names indicated on the left. The inset
shows the geographical location of the arc with a red bounding box. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

3. Cost-effective GNSS unit design

For our installations, we choose to use the Ardusimple “Survey GNSS
Multiband antenna” as GNSS antenna and the u-blox ZED FOP as GNSS
receiver to balance costs versus data quality. Both are capable of
tracking dual-frequency GNSS data while the overall setup costs remain
below €1.000 per unit. This is a fraction of the equipment cost of a
permanent conventional GNSS station, which quickly exceeds €10.000.
One limitation of the GPS L2 signals recorded by the ZED-F9P receiver is
that it only tracks signals on L2C. These signals are only available on
newer generation GPS satellites. This slightly limits the number of sat-
ellites with simultaneous dual-frequency signals available. Due to the
high total number of available satellites, this drawback however has
marginal implications.

Originally, the prototype used in this work was developed as part of a
Ph.D. initiative within the BRIGAID (BRIGAID, 2020) and TWIGA
(TWIGA, 2021) projects. In its early stages, the prototype comprised a
Raspberry Pi Zero, a power bank, the Ardusimple u-blox ZED-F9P
receiver, and the u-blox ANN-MB-00 patch antenna. The prototype
development commenced at TU Delft, and subsequent testing took place
in close proximity to the International GNSS Service (IGS) station in
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Fig. 2. The current monitoring network on Saba consisting of: permanent GNSS
stations co-located with broadband seismometers (blue triangles), a permanent
off-grid GNSS station (orange triangle), a permanent off-grid GNSS station co-
located with a broadband seismometer (green triangle), broadband seismom-
eters (red triangles) and temperature sensors (yellow triangles). The cost-
effective units are depicted using purple stars. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Delft, which served as a reference point. Studies revealed that the setup
could yield results of similar quality to geodetic-grade configurations
(Krietemeyer et al., 2020). With the implementation of a locally per-
formed antenna calibration, the prototype achieved high-quality Zenith
Total Delay (ZTD) results with a Root Mean Square (RMS) of 4 mm.
Furthermore, improvements were observed in Real-Time Kinematic
(RTK) and static Precise Point Positioning (PPP) results, leading to a
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reduction in biases and a lower standard deviation of the estimates.

The prototype was further refined and developed into a stand-alone
unit by adding solar panels, solar charge controllers, and lithium-ion
batteries (Verweij, 2020), Fig. 4 A and C). Also, all components were
either integrated or designed to be plugged into the Printed Circuit
Board (PCB) of the system (Fig. 4 B). The solar charging capacity was
originally designed for deployment in sun-rich countries in the Global
South. It consists of a 20Wp (watt-peak) solar panel and has an overall
maximum battery capacity of 140 Wh. To quantify the power con-
sumption, we measured the current of the components with a multi-
meter and converted it to power (Watt). The Raspberry with GNSS
module and antenna connected consumes around 1.75 Wh. The 4G
module extension approximately 0.7 Wh. Due to the uncertainty of the
measurement, we indicate the total consumption at about 3 Wh. With
fully charged batteries, the system can therefore run up to a maximum of
two days without power input generated by the solar panel. The PCB
schemes and a comprehensive list of all incorporated components are
available for download on the GitHub page (Verweij, 2023). One
notable advantage of the cost-effective unit design is the ease of swap-
ping components, both hardware and electrical.

High quality positioning and tropospheric results could be achieved
with the u-blox ANN-MB-00 antenna in combination with an antenna
calibration (Krietemeyer et al., 2020), (Krietemeyer et al., 2022). This
antenna was included in the original design. In the prototype used in this
study, we replace the ANN-MB-00 antenna with the Ardusimple “Survey
GNSS Multiband antenna”. The positioning accuracy of this antenna,
even without antenna calibration, is on a high level (see also Marut et al.
(2024)). With respect to the data transmission, the original prototype
was limited to sending data via a 2G connection and the PCB design
revealed a wiring fault, impeding the delivery of sufficient power to
reach the 2G modem (Fig. 4 C). To overcome the wiring limitation, an
additional circuit was implemented. This newly added circuit is solely
responsible for the mobile network connection. We now use a 4G
module (Fig. 4 D) featuring global frequency band coverage
(SIM7600G). The software of our latest distribution has been tailored to
support internet connection via the 4G connection. Currently, the sys-
tem can transmit files to a server on a daily basis, and real-time

Fig. 3. Photos of the four cost-effective units installed on Saba: SCOO is at the location of the future harbor, SCO1 is in Windwardside and SC02 is on top of Mt.

Scenery. SCO3 is co-located with permanent GNSS station SABP.
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Fig. 4. Technical components of the cost-effective GNSS units. Top left corner
(A) shows the electrical box with pole, solar panel and metal mounting
brackets. Top right (B) shows the PCB of the original design as available via
GitHub. Bottom left (C) shows the installed inside of the electrical box without
modifications. Bottom right (D) shows the modifications for the data connection
highlighted in red (additional power circuit) and green (4G unit) rectangles.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

streaming data with RTCM3 (Radio Technology Commission for Mari-
time Services) messages can be configured. Due to the relatively high
cost of data transmission (~$20/month) only one site (SC00) is outfitted
with a mobile network connection. However, all stations log 15-second
data locally, with sufficient storage capacity for at least two years. Data
are manually retrieved during routine visits to the island. A standard
software package for using the described unit and modifications has
been mirrored to an SD card image, available at 4TU (Krietemeyer and
van Dalfsen, 2024). It can be flashed to SD cards sizes 8GB or larger.

Solutions for software errors, which were identified and remedied
throughout the experiment, are fully incorporated into the current sys-
tem. Another issue involved the steel door hinges of the electrical box,
which extensively corroded. These hinges were replaced with carbon
sticks in October 2023. Following the modifications above, the system
operates independently with remote access possibilities and automatic
data transmission. However, a comprehensive review of the electrical
components is recommended to incorporate these modifications into the
PCB design. Given that the system was originally designed for deploy-
ment in countries with high sun-hours throughout the year, it currently
relies solely on solar power. Introducing the capability for the system to
also operate on wind power would be advantageous. Improvements of
the software would be beneficial to enhance robustness of the system
and also eliminate manual configuration steps which are currently
necessary to configure the u-blox receiver to log raw data in the specified
logging interval.

Regardless of the type of measurement device installed in the field,
the exposure to the environment must be taken into consideration.
Particularly challenging in the Caribbean are high winds, intense UV
radiation, and salty sea spray. The cost-effective units are therefore

Journal of Volcanology and Geothermal Research 459 (2025) 108263

designed with robustness in mind, utilizing materials such as high grade
stainless steel, aluminum, and reinforced brackets for mounting the
electrical box and accompanied solar panel. Two different installation
types were used for the prototype installations on Saba. The first design
integrates the antenna, instrument box, and solar panel onto a single
pole (Fig. 5a) and was implemented at the location of the future harbor
(SC00). The second design (Fig. 5b) consists of an antenna rod installed
detached from the instrument and solar panel pole. This separated
design was installed at the remaining sites (SC01, SC02, and SC03). Both
designs use quick-dry chemical two-component mortar to fix the bolts to
the ground.

Installation time does not significantly differ between the two de-
signs. Depending on technical affinity and routine, both installations
require approximately one hour to drill holes and install the materials,
even for non-technical personnel. The separated design offers the
advantage of placing the antenna detached from the instrument box.
This could potentially be on top of an exposed boulder, while locating
the solar panel and instrument box in a more secure location. Addi-
tionally, the footprint of the installed poles (10x10cm) is smaller, using
less heavy material. This design also minimizes potential reflections
from the solar panel to the antenna phase pattern. Depending on the
chosen antenna cable, the antenna can be placed at several metres dis-
tance to the instrument box. In contrast, the combined solution may be
more robust, featuring a thicker pole and a larger footprint (20x20cm).
With approximately one metre pole height, the antenna is also higher,
enabling it to stay above growing vegetation. With all components in
one place, and due to the nature of placing a GNSS antenna in preferably
open sky conditions, it is more exposed to the elements. Because of the
advantages of separating the antenna from the instrument box, we chose
this design for three out of four locations. Wherever possible, UV-
resistant plastic cable ducts protect the antenna cable and industrial
lubricant is used to shield the connectors.

4. Data processing

Data retrieval of the cost-effective units is achieved either by
manually extracting the data in the field from the SD card or by
downloading it from the server were they are send to. The binary UBX
file types are organized into hourly files and subsequently merged into
daily RINEX3 files using RTKLIB’s convbin (Takasu, 2013) software.
These RINEX files are then processed to obtain the station’s daily
coordinates.

The data is processed either in a network solution (forming baselines
between receivers defined in the network) or in PPP. With PPP, each
station is processed individually. The downside is that the noise in the
data is increased by a factor of 3, making good antenna performance and
site selection more important. Table 1 shows an overview of the used
processing methods.

We process the data of the GNSS stations on Saba in five different
ways: BSW-PN: The routine, operational, processing of the KNMI per-
manent network (including stations on both Saba and St. Eustatius)
using a Bernese 5.4 network solution; NRCAN-PPP: An NRCan (Banville
et al., 2021) online PPP solution; BSW-PPP: A PPP solution (Bernese
5.4); BSW-PN+CE: A network solution (Bernese 5.4) of our entire GNSS
network (including cost-effective and permanent KNMI GNSS sites on
Saba and St. Eustatius); and BSW-CE: A network solution (Bernese 5.4)
of our cost-effective units excluding the permanent KNMI GNSS sites.
The errors reported by the Bernese processing engine of all processing
solutions of each station and day are typically below or around 1 mm.
High outliers (6 reported >3 mm) are removed from the data. All
network solutions use the same external reference sites distributed
across the Caribbean and North- and South America (Appendix A.3). The
data for these sites is obtained from either the Crustal Dynamics Data
Information System (CDDIS) or from the EarthScope archive. The
network solutions BSW-PN, BSW-PN+CE and BSW-CE use GPS, GLO-
NASS and Galileo satellites. To include Galileo observations in the cost-
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Fig. 5. Two installation designs used on Saba. An integrated design (left) and a separated version (right).

Table 1

Overview of used processing strategies. The entries in the abbreviation column (Abbr.) are used in the text to identify the processing strategy. Bernese solutions are
consistent with the IGS20 reference frame. NRCan PPP results switched on 27 November 2022 to IGS20.

Abbr. Processing Engine Remarks

BSW-PN Bernese 5.4 Network Only permanent GNSS, 3° cutoff GPS,GLO,GAL,
NRCAN-PPP NRCan PPP Standalone, 7.5° cutoff GPS,GLO

BSW-PPP Bernese 5.4 PPP Standalone, 3° cutoff GPS(+GLO,GAL)
BSW-PN+CE Bernese 5.4 Network All stations, 3° cutoff GPS,GLO,GAL

BSW-CE Bernese 5.4 Network Only cost-effective units, 3° cutoff GPS,GLO,GAL

effective units processing BSW-PPP, BSW-PN+CE and BSW-CE, the
Galileo E5b signal (L7X in RINEX notation) is used (instead of the E5a
signal). The 3" cutoff angle is the default setting for the Bernese pro-
cessing. All Bernese solutions use precise orbit and clock data from the
Center for Orbit Determination in Europe (CODE). The NRCAN-PPP
solution uses a non-changeable cutoff angle of 7.5 degrees.

The Processing strategies are chosen to investigate applicability and
performance of cost-effective units to be used 1) as a standalone defor-
mation monitoring network or 2) to densify an existing GNSS network.
The standalone solutions are calculated using solely the newly installed
cost-effective units on the island. These are the PPP solutions NRCAN-
PPP and BSW-PPP. The network solution BSW-CE uses the external

SCO1

reference sites (Appendix A.3) and the cost-effective GNSS units.
Densifying the existing GNSS network on the island is investigated using
processing strategies BSW-PN+-CE.

Bernese and NRCan allow for fixing the ambiguities to integer values.
With NRCan, only GPS is fixed to integer and GLONASS observations
remain float. In Bernese 5.4, GPS and Galileo ambiguities can be
resolved to integer. However, this requires to apply so-called observ-
able-specific signal biases. These biases from the CODE analysis center
are not available for the Galileo E5b signals. Our Bernese PPP solutions
from the cost-effective units therefore only use GPS satellites for the
fixed ambiguity resolution. The processing of permanent GNSS stations
with PPP additionally uses Galileo satellites, as they track data on the

2.5MB

2.0 MB

1.5 MB

1.0 MB

0.5 MB

0.0 MB

May 2'022 Sep '2022 / Jan éoz3
Power went low in winter

Jan 2024

May 2023 . Sep 2023

Loose antenna cable

Fig. 6. Data availability of the units for 2022-2023 whereby dark green indicates a file size above 2.5 MB. Lighter colors depict partial data loss, red almost empty
files and grey means no files were archived. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Table 2

Inventory of the cost-effective unit station availability. The arbitrary file size threshold of a file considered full is set to 2.5 MB.
Station Start-End dates #Days % #Days>2.5 MB %
SC00 2022-02-23-2023-12-31 675/677 99.7 % 483/677 71.3 %
SCo1 2022-02-21-2023-11-01 580/619 93.7 % 566/619 91.4 %
5C02 2022-02-13-2023-11-04 615/630 97.6 % 605/630 96.0 %
SCo3 2022-02-22-2023-11-01 615/618 99.5 % 610/618 98.7 %

E5a frequency for which these biases are provided.

Atmosphere and ocean loading effects are removed from all pro- B BSW-PN [ IBSW-PN+CE
cessing runs. Given that the utilized antennas of the cost-effective units 15 (671) (669) (609) (668) (389) (554) (51_0) (5-?-2)
are uncalibrated, an empty antenna pattern was appended to the Bern- E. 104 ﬂ I T =E =
ese antenna calibration files. E 5 4 _

The obtained positions (XYZ, Earth Centered, Earth Fixed - ECEF) = _
and geographic coordinates are transformed to a local coordinate system g o I
originating at the location of the first epoch of each antenna. Trend = 57
parameters were obtained by using least squares estimation using the —10 1 I
following formula:. -15 T T T T T T T T

ST 1 |
¥(t) = a+b't+A cos(f t + phi) @ . S S o

Where a is the intercept, b the slope, A the amplitude, f the frequency = 5 ] I 1 &5 L 1L
(fixed to an annual component) and phi the phase shift. We estimate the €
parameters a, b, A and phi using a least squares estimation. % 0+

. 8 -5 I
5. Runtime
-10 1 I

The data availability for all four cost-effective units remained 15 : . ' 5 i , . S
consistently high, with an average availability between 91 % (SC01) and 151 I
99 % (SC03) shown in Fig. 6 and Table 2. 15 '|'

All four cost-effective units faced a power outage in November 2022, _ T
due to the low number of sun hours. This situation is rare and was not 5 59 I l ’_:[7
repeated since. Station SC02, situated atop Mt. Scenery, exhibited the g 04 I T
highest data gaps, likely attributed to common higher cloud cover on the a I |
mountain hampering solar charging and causing power outages. As = =
anticipated, the system autonomously came back online. To address 10 4 I —
potential winter power shortages in the future, a larger solar panel is 15 . . . , . . . ‘
recommended. During this period, also the permanent GNSS station E é aZJ % I = P N 9
SABN relying on solar power, experienced power outages due to the lack < < < < O O O O

(%) %) %) %) n n n n

of sun hours. Overall, the data availability of the permanent GNSS sta-
tions is generally better, averaging to above 99 %. This is not surprising
as two of the four permanent stations are connected to a stable power
line and only SABN and SABP are running on solar powered batteries.

Between November 2022 and November 2023, station SCO00
exhibited reduced data quality due to a loose antenna connector
(approx. 71 % files are >2.5 MB), which was replaced in November
2023. This issue resulted in some data being inaccurately tracked by the
receiver during this period. Despite this hardware issue, we included the
processing results into our analysis as since November 2023 this station
is equipped with 4G connection, transmitting data to KNMI on a daily
basis.

GNSS unit SCO1 has the second lowest data availability of approxi-
mately 91 %. This is related to an unexplainable software error on 27
September 2023 (rightmost vertical red line in SCO1 row in Fig. 6). Most
likely cause is that the device was stuck in a boot loop. After a restart and
supplying updated software to the device in November 2023, the device
continued recording data. November 2023 was also the last time data
was collected offline from the stations SC00, SCO1 and SC02. The next
data collection is planned in 2024 but will not be considered in this
manuscript.

6. Daily positioning results

As outlined in section 4, we processed the GNSS data with a range of

Fig. 7. Estimated velocities in mm/year in North, East and up directions using
the BSW-PN (green, left; permanent GNSS stations) and BSW-PN+CE (yellow,
right; cost-effective GNSS units) processing solutions. The values in brackets
denote the number of days available for obtaining the solutions. The whiskers
above each bar denotes the estimated error of the respective velocity. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

different processing methods (Table 1). The positioning estimation is
done with daily GNSS files, resulting in one position per day per station.
All stations show a movement in the Northeastern direction, aligning
with the anticipated Caribbean Plate movement. We refer to these trends
as velocities here. Note that we are not focusing on potential deforma-
tion on the island, but instead look into the dispersion of the data as a
measure to determine the performance of the cost-effective GNSS units
in comparison to their conventional counterparts. For this purpose in the
further analysis in this paper, station-specific linear and seasonal trends
(eq. 1) were removed from the data. Fig. 7 shows the estimated yearly
velocities in North, East and up directions using the BSW-PN and BSW-
PN-+CE processing solutions. The estimated values can also be found in
Table B.1 in the appendix. Assuming zero random walk error over long
time spans, we estimate their uncertainties (6,.,4) for each station by
scaling the standard deviations of the residuals by the length of the time
series in years. It has to be noted that the time spans used to estimated
the velocities (between 389 and 669 days) are short. For tectonic
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interpretation typically 2.5 years of data should be used (Blewitt and
Lavallée, 2002).

The estimated velocities in Fig. 7 show the movements of all stations
in North, East and up directions. It can be seen that the permanent
stations generally have more observation days available compared to
the cost-effective units. The reason for this lies in the chosen data period
ending on 31 December 2023, as SCO1, SC02 and SCO03 lack data from
November and December due to the last offline data collection in
October. However, also removal of data outliers plays a role. The data of
SCO0 includes only 389 days of data mostly caused by the loose antenna
cable.

As for the velocities in North direction, all stations agree reasonably
well with each other. Only SCO0 and SCO1 show a slight difference
(between one and two mm). The estimate of SCO1 is however within the
error range to match the velocity of the remaining stations. All stations
agree well in East direction. Only in up direction, the estimates deviate
noticeably. The up direction is generally estimated with the highest
uncertainty, and thus is the error range also highest.

Assuming constant velocities, the estimates become more accurate
for longer time series. The velocity estimates of the whole time series
data of our permanent GNSS network (starting in 2018, not shown here)
shows a slight downward trend of about 1-2 mm per year for all stations.
The results shown here use data of less than two years with a higher
uncertainty. This demonstrates the consequences of using shorter time
spans for velocity estimations because also the permanent network
stations show deviations in the up component, which are not evident
when using the full dataset (2018+). It is therefore most likely that a
longer time series will improve the velocity estimations, not only for the
permanent stations, but also for the cost-effective units.

Plate tectonics is the main driver causing the movement of the sta-
tions. For the same reason identified above, we choose not to compare
the estimated velocity trends from the cost-effective units to those
derived from a plate model. Instead, we evaluate the reliability of the
measurements by looking at the scatter of the obtained daily positions to
establish whether the units can produce results similar to their con-
ventional GNSS counterparts.

Fig. 8 shows the boxplots of the standard deviations of all GNSS
stations on the island using the BSW-PN and BSW-PN+CE processing
solutions after removing the station-specific linear and seasonal trends
from the data.

The standard deviations (¢) shown in Fig. 8 (and Table C.1 in the
appendix) indicate a good agreement between the permanent GNSS
stations and the cost-effective GNSS units. Small boxes and whiskers
indicate good data quality with crosses depicting single data points
outside the range of the whiskers. In horizontal directions, the median ¢
ranges from 1.8 to 4.8 mm for the permanent stations and 1.8 to 4.9 mm
for the cost-effective sites. In vertical direction, the ¢ is between 5.4 and
9.0 mm for the permanent stations and between 6.0 and 9.7 mm for the
cost-effective sites. It is evident that station SABY at the airport performs
best based on the obtained residuals. SCO1 in Windwardside and SC02 at
the top of Mt. Scenery also demonstrate low standard deviations (~2
mm horizontal and ~6 mm vertical) of the residuals and perform very
comparable to the permanent GNSS stations. These units are located at
the sites with the least obstructions. This observation indicates that the
influence of local factors, like visibility of the horizon, unobstructed sky
view and least reflections from nearby objects should not be under-
estimated. Finding a balance between an optimal location with respect
to the volcano and the best satellite tracking possibilities can therefore
be very challenging. This may result in stations with slightly lower data
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Fig. 8. Boxplots of the estimated standard deviations of the residuals after
removing the station-specific linear and seasonal trends from the data using
processing solutions BSW-PN (green, left; permanent GNSS stations) and BSW-
PN+CE (yellow, right; cost-effective GNSS units). The boxes represent the
middle 50 % of the standard deviations, the whiskers the smallest and largest
values within 1.5 times the interquartile range and crosses values outside this
range. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

quality, e.g. site SABP, which still fulfil the goal of volcano monitoring.
Compared to the permanent GNSS stations, less data is available for the
cost-effective stations to interpret the obtained positions. This is caused
by the offline data collection, data outages and outlier removal during
processing and particularly evident for unit SCOO.

We compare the positioning results of the different processing stra-
tegies after removing the station-specific linear and seasonal trends (eq.
1) from the data by looking at the Median Absolute Deviation (MAD) in
the local coordinate system directions (Fig. 9).
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Fig. 9. Comparison of processing strategies. It shows the Median Absolute Deviation (MAD) in North (top), East (middle) and up (bottom) after removal of the
station-specific linear and seasonal trends following from eq. 1. Left of the dashed line (green boxes) are the permanent network sites. They are processed using
Bernese 5.4 in a network solution (BSW-PN). On the right are the MAD values for the cost effective units in groups of four. Each bar of each unit shows the MAD
resulting from the different processing strategies: NRCAN-PPP; BSW-PPP; Bernese 5.4 Network [all sites] - BSW-PN+CE; Bernese 5.4 Network [cost-effective only
sites] - BSW-CE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

MAD = 1.4826-median(|x; — median(x) |) 2)

Where the variables x; are individual data points and x the entire
data set and 1.4826 the scale factor for data which are normally
distributed. The MAD is a more outlier resistant measure of the disper-
sion compared to the standard deviation.

The green columns show the positioning results of the permanent
network (BSW-PN) processing. It is evident that station SABY has the
lowest residuals and SABP the highest. The deviations are in the mm
range (horizontally between 1.6 and 4.1 and vertically between 5.3 and
9.1). Right of the dashed line are the different processing strategy results
in pairs of four for each cost-effective unit. Looking across all units one
can generally see the lowest errors for station SCO1 and highest for SCO0
which is expected given the connector issues with SC00. Comparing the
different processing strategies, the Bernese PPP processing (BSW-PPP)
shows the highest errors. This is rather unsurprising because the pro-
cessing only takes GPS satellites for the PPP ambiguity resolution into
account. The NRCan (NRCAN-PPP) solution however, performed better
compared to the Bernese PPP solution (BSW-PPP). This could be because
NRCan also takes GLONASS satellites into account and uses a higher
elevation cutoff angle. Across all processing schemes, SC03 has mostly
higher errors compared to the other stations. This unit is co-located with
permanent station SABP where less favourable acquisition conditions
were accepted to establish a monitoring side west of the volcano. The

influence of local factors on data quality is also seen by looking at the
error bars in the up direction of SCO1 and SCO02, especially for the
Bernese PPP processing (BSW-PPP). Because the ionosphere-free linear
combination is utilized, the noise introduced by environmental factors is
increased. The higher error could be attributed to the vegetation sur-
rounding the antennas. Looking at results from the processing strategy
BSW-PN+CE which uses Bernese 5.4 network processing with all sta-
tions on the island, the errors in the horizontal directions are between 2
and 4 mm and in vertical direction between 5 and 9 mm. The standalone
network processing strategy BSW-CE, using only the cost-effective units
on the island, shows a slightly higher but same order of magnitude MAD
(maximum of 1 mm in up-direction). This indicates that, looking at data
quality, a network of only cost-effective units could be used for volcano
monitoring purposes in budget-tight areas.

The Bernese network processing solutions (BSW-PN, BSW-PN--CE,
BSW-CE) use a mixture of different ambiguity resolution techniques. In
order to form baselines between the external reference GNSS stations
and the local GNSS network on Saba, at least one (long) baseline has to
be formed between the two. Such a baseline is too long to form only
double differences to resolve the integer fixed ambiguities. Instead, an
ionosphere-free linear combination is utilized which unfortunately in-
creases the noise in the data. Using observations from the permanent
GNSS network on Saba (solutions BSW-PN and BSW-PN+CE) has a clear
advantage because the antennas of the permanent GNSS stations are
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Fig. 10. Horizontal (top) and vertical (bottom) movement after removal of the station-specific linear and seasonal trends. Each colour represents one station. The
lowest four lines are the permanent network sites and the top four stations are the cost-effective units. The positions were shifted for visual purposes.

calibrated and the error caused by the receiving antenna phase pattern
on the longer baseline can be accounted for. When using only cost-
effective units for the network processing (BSW-CE), a higher error
compared to the BSW-PN and BSW-PN+CE processing solutions on
establishing the longer baseline is expected because of the unknown
antenna patterns. The remaining baselines on the island are short
baselines where the error caused by the antenna phase pattern is
cancelled out if the same antenna pattern is expected for the same an-
tenna model. Calibration of the cost-effective antennas, either per-
formed in the lab or directly in the field (Krietemeyer et al., 2022), may
improve the obtained positioning results.

For further analysis, we use the best performing processing strategy
BSW-PN+CE which uses the Bernese 5.4 network processing including
all stations on the island. We show the horizontal and vertical movement
of all stations on the island after removing the station-specific linear and
seasonal trends (eq. 1) from the data (Fig. 10).

The top panel shows the horizontal (resulting vector of combining
North and East vectors) and the bottom panel the vertical movements for
each measurement site. In each panel the lower four lines indicate the
permanent network stations and the upper four the cost-effective units.
Visual comparison of the cost-effective results with those from the per-
manent sites reveals only marginal differences in the positioning per-
formance. Evident are multiple monitoring gaps when the solar power
could not recharge the batteries and for SCO0 (cyan line) the data gaps
caused by the processing of data with the loose antenna cable. Stations
SC01-SCO3 yield no data after November 2023 as this was the last time
offline data were collected. Of the cost-effective units, only SCO0 dis-
plays data after November 2023 because at that location a 4G connec-
tion was implemented. Visible is also a period of increased noise
between July 2023 and September 2023 in the horizontal direction for
data from SCO3 (red line) and SABP (dark red line). This is also partly
evident for station SABA (orange line). Interestingly, this is followed by
a short period in September 2023 of slightly noisier data in the up
component across all stations. The underlying cause of this effect

remains to be clarified and a closer analysis of the data will be carried
out outside the scope of this paper.

7. Positioning comparison of a co-located cost-effective unit to a
permanent GNSS station

The cost-effective GNSS unit SC03 is positioned co-located with the
permanent GNSS station SABP serving as verification for our analysis.
While the true baseline between the antennas is unknown, we evaluated
the change over time of the positions. The approximate distance be-
tween SCO3 and SABP is one metre horizontally and 50 cm vertically.

Fig. 11 shows the direct comparison of the time series in North, East
and up components of the permanent station SABP and cost-effective
unit SCO3 processed using the network processing strategy BSW-PN-+CE.

Looking at the daily positioning results and their adjusted standard
deviations, the same positioning trend is evident suggesting a similar
behaviour of both set-ups. The estimated velocities (Fig. 7, Table B.1)
and the standard deviations (Fig. 8, Table C.1) are at a comparable level
differing only within the error tolerance. Comparing the MAD of SABP
with those of SC03, it can be noted that the observations are rather alike
(3-5 mm in horizontal directions and 9 mm in vertical direction). Both,
the permanent GNSS station and cost-effective GNSS unit, achieve
similar results with respect to their daily positioning performance. Since
both sites show similar MADs, the biggest difference lies in the number
of days of data that is used in the processing (592 for SC03 and 668 for
SABP). Based on data quality alone, cost-effective units could replace
more expensive equipment conventionally used for permanent GNSS
monitoring. However, data acquisition currently is more robust using
conventional GNSS equipment, as is evident from higher data avail-
ability. Hence, if sufficient funds are available, conventional GNSS
equipment remains the prime choice. If financial constraints are present,
or if the area is prone to destruction (by a potential eruption), cost-
effective GNSS equipment is deemed a suitable alternative.
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Fig. 11. Comparison of the co-located cost-effective unit SCO3 (blue, top line) and permanent GNSS station SABP (red, bottom line). The North (top), East (middle)
and up (bottom) components are shown with their respective scaled 1o error bars and estimated linear and seasonal trends (thick lines). The positions of the cost-
effective data are shifted for visual intend. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

8. Conclusions and Outlook

Despite the harsh environmental conditions and initial prototyping
issues, four cost-effective GNSS units were successfully deployed on
Saba. The units operate independently and are able to log high quality
GNSS data. Compared to the permanent GNSS stations the data avail-
ability of the cost-effective units is lower. This is partly due to the fact
that the majority of the units only record offline data. Disruptions, or
erroneous behaviour of the cost-effective units can therefore only be
detected from post-analysis and remedied during the next on-site visit.
By using the presented 4G extension, data transmission, remote control
and continuous monitoring of the unit is possible.

The GNSS data of the cost-effective units can be processed opera-
tionally, either as a stand-alone monitoring network or as an expansion
of an existing monitoring network. To compare the results, data were
processed in stand-alone PPP (NRCAN-PPP, BSW-PPP) or network
(BSW-CE) modes and also integrated in an existing network processing
scheme (BSW-PN--CE). The quality of the obtained daily processing
results depends on the utilized processing strategy. With the best per-
forming processing scheme (BSW-PN+CE), MADs between 2 and 4 mm

10

in the horizontal and 6 to 9 mm in the vertical direction can be achieved
for the cost-effective units making them suitable to expand an existing
monitoring network. The results from the stand-alone network pro-
cessing strategy (BSW-CE) are comparable to those of the permanent
GNSS network (BSW-PN) and within requirements deemed necessary for
volcano monitoring purposes. Furthermore these results are achieved
for a fraction of the costs of conventional equipment. With the presented
GNSS unit designs, an almost out of the box solution is available. The
schematics, list of materials and software necessary to run the units are
supplied to the community. The ease of installation enables rapid set-ups
in potentially hazardous areas. An improved version of the PCB design,
especially implementing the presented changes necessary for 4G
connection, is envisioned for the future.

We encourage the deployment of cost-effective GNSS units for vol-
cano monitoring in areas where densification of the existing monitoring
network is advantageous or in hazardous environments where rapid
installations are important and loss of equipment is deemed viable.
Finally, cost-effective GNSS units can be operated as a stand-alone
network in budget constrained regions where volcano monitoring is
essential.
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Reference sites used for the Bernese network processing.

Station Data Attribution
ABMF IGN https://rgp.ign.fr/STATIONS/#ABMF
CRO1 NRAO/JPL https://files.igs.org/pub/station/log/crol_20230305.log
GODE GSFC/JPL https://files.igs.org/pub/station/log/gode_20230305.log
KOUG CNES https://regina.cnes.fr/en/stations/KOUG
KOUR ESOC https://files.igs.org/pub/station/log/kour_20240117.log
MDO1 MLRS/JPL https://files.igs.org/pub/station/log/mdol_20230313.log
POVE IBGE https://files.igs.org/pub/station/log/pove_20230608.log
RDSD Geomedicion https://files.igs.org/pub/station/log/rdsd_20240129.log
RIOP IG https://files.igs.org/pub/station/log/riop_20211122.1og
SALU IBGE https://files.igs.org/pub/station/log/salu_20230608.log
SCUB CENAIS/GFZ https://files.igs.org/pub/station/log/scub_20211116.log
DISD HoustonNet https://doi.org/10.7283/T5319T64

Table A.2

Abbreviations of A.3.

Abbreviations

IGN Institut national de I’information géographique et forestiere
NRAO National Radio Astronomy Observatory

JPL Jet Propulsion Laboratory

GSFC Goddard Space Flight Center

CNES Centre national d’études spatiales

ESOC European Space Operations Centre

MLRS McDonald Observatory

IBGE Instituto Brasileiro de Geografia e Estatistica

1G Instituto Geofisico, Ecuador

CENAIS Centro Nacional de Investigaciones Sismologicas, Cuba

GFZ German Research Centre for Geosciences
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Appendix B. Estimated velocities

Table B.1

Estimated velocities (Vel.) and their uncertainties (o) in North, East and up directions of the stations in mm per year using available data from 2022-03-01 - 2023-12-
31. The permanent GNSS stations SABY, SABA, SABN, SABP are processed with the Permanent Network (BSW-PN) processing scheme and SC00-SC03 with processing
scheme BSW-PN+CE) from table 1. The number of days (# days) used for the processing are indicated in the line below the stations names.

BSW-PN BSW-PN-++CE

SABY SABA SABN SABP SC00 SCO1 SC02 SC03
Vel. / # days 671 669 609 668 389 554 540 592
North 13.09 13.93 13.71 13.80 10.86 11.89 13.97 13.66
Ovel +1.06 +1.35 +1.28 +1.51 +1.51 +1.38 +1.07 +1.62
East 8.31 9.07 7.97 8.97 8.93 8.25 8.74 8.95
Ovel +1.00 +2.23 +1.92 +2.60 +2.02 +1.29 +1.65 +2.89
up 0.12 —4.68 -4.73 —6.63 7.67 4.04 4.74 —-3.32
Ovel +2.94 +3.30 +3.32 +4.90 +5.29 +4.02 +3.56 +5.46

Appendix C. Standard deviations of the residuals

Table C.1
Estimated median, minimum and maximum standard deviations (o) of the residuals in North, East and up directions. The permanent GNSS stations SABY, SABA, SABN
and SABP were computed with the Permanent Network (BSW-PN) processing strategy and the cost-effective units SC00-SC03 with the BSW-PN+-CE processing strategy

from Table 1. All values are indicated in mm.

BSW-PN BSW-PN+CE
Station SABY SABA SABN SABP SC00 SCO1 SC02 SC03
Parameter / # days 671 669 609 668 389 554 540 592
Median o 1.94 2.47 2.35 2.76 2.78 2.18 1.80 2.72
North Min. ¢ 1.38 1.76 1.71 1.93 1.69 1.49 1.20 1.70
Max. ¢ 3.18 4.15 4.41 3.86 3.69 3.41 2.61 3.74
Median o 1.82 4.07 3.50 4.76 3.72 2.03 2.79 4.85
East Min. ¢ 1.25 2.75 2.44 3.36 2.19 1.37 1.90 3.08
Max. ¢ 3.13 6.49 6.26 6.86 4.67 3.13 4.37 7.16
Median o 5.38 6.04 6.07 8.96 9.73 6.35 6.00 9.15
Up Min. ¢ 3.64 4.24 4.25 6.21 5.47 4.29 4.06 5.65
Max. ¢ 9.16 10.13 11.84 13.26 12.16 10.40 9.02 14.00
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