
Vol. 1, Issue 3 (2026) 98

Reports in Science and Applied Research

https://sciappreports.science

Measurement  Continuity  under  Sensor  Deployment 
Strategies in Polar Field Stations: Field Study
Andreas Senn*, Elia Frey

Faculty of Management, Economics and Social Sciences, University of Fribourg, Fribourg, Switzerland

Corresponding author: andreas.senn@unifr.ch

Abstract

Polar field stations are critical hubs for monitoring global climate dynamics, yet the harsh environments of these 
regions present severe challenges to sensor deployment and measurement continuity. This paper presents a 
comprehensive field study evaluating various sensor deployment strategies across Antarctic and Arctic research 
stations. We examine the impact of extreme temperatures, high winds, and icing on sensor survivability and data 
transmission. Our findings highlight the importance of localized shielding, robust power management, and 
adaptive data buffering techniques in maintaining uninterrupted observational series. Through empirical data 
collected over a three-year observation period, we compare standard open-air deployments with specialized 
protective configurations, assessing their relative performance in preserving meteorological and geophysical 
measurements. Ultimately, this work provides a set of validated design guidelines and deployment topologies 
intended to optimize the resilience and longevity of polar scientific instrumentation networks.
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1. Introduction

1.1 The Crucial Role of Polar Observations

Polar regions act as the primary engines of the global climate system, driving atmospheric circulation, oceanic 
currents, and sea-level variations. Accurate, continuous observation of these remote environments is essential 
for understanding global climate feedbacks, ice sheet dynamics, and ecological shifts. However, the scarcity of 
in-situ  measurements  remains  a  major  bottleneck  in  validating  climate  models  and  predicting  future 
environmental changes. Traditional remote sensing methods provide valuable spatial coverage but often suffer 
from orbital constraints, cloud cover interference, and calibration uncertainties. Therefore, ground-based sensor 
networks established around polar field stations play an irreplaceable role in providing high-resolution ground-
truth data [1]. These networks measure variables such as temperature profiles, wind speed, solar radiation, ice 
velocity, and subsurface heat flux. The continuity of these observational time-series is critical; any data gaps can 
severely limit the utility of the dataset for statistical modeling, trend analysis, and model validation [2]. Given 
the acceleration of cryospheric changes, establishing resilient observation infrastructure is a matter of immediate 
scientific urgency.

1.2 Challenges in Extreme Environmental Monitoring

The deployment of scientific instrumentation in the Arctic and Antarctic is fraught with exceptional physical 
and  operational  hurdles.  Polar  environments  represent  some  of  the  most  hostile  conditions  on  Earth, 
characterized by ambient temperatures plummeting below minus eighty degrees Celsius, persistent katabatic 
winds exceeding fifty meters per second, and extended periods of polar darkness [3]. Furthermore, phenomena 
such as rime icing, heavy snow accumulation, and blowing drift snow threaten the structural integrity and 
functionality of sensor nodes. Rime icing occurs when supercooled water droplets freeze upon contact with 
sensor surfaces,  leading to mechanical  binding of anemometers,  blockage of  optical  windows, and severe 
structural loading on masts [4]. In addition to meteorological threats, polar deployments must cope with extreme 
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logistics limitations, including seasonal accessibility, high costs of maintenance, and the need for complete 
energy self-sufficiency over months of darkness. Traditional energy harvesting systems, such as standard solar 
panels, frequently fail due to low sun angles, snow burial, and extreme battery degradation in low-temperature 
states. Consequently, standard engineering solutions developed for temperate climates are thoroughly inadequate 
in these regions, necessitating specialized design paradigms.

1.3 Objectives and Scope of the Study

This study aims to systematically investigate and evaluate sensor deployment strategies that optimize both 
physical survivability and measurement continuity at polar research field stations. Over a three-year observation 
period spanning multiple field campaigns, we evaluated various hardware configurations, protective structures, 
power management protocols,  and telemetry techniques. The scope of this paper encompasses the design, 
implementation,  and  empirical  evaluation  of  autonomous  sensor  nodes  deployed  across  distinct  polar 
microclimates [5]. We analyze the efficacy of different passive and active shielding mechanisms in preventing 
data loss caused by environmental icing and extreme temperature excursions. Additionally, this study explores 
the performance of localized data buffering and low-power communication topologies designed to mitigate 
telemetry failures caused by atmospheric interference and physical blockages. By quantifying the relationship 
between deployment methodology and data completeness, we establish a robust framework for future polar 
sensor networks [6]. The ultimate goal of this research is to provide field scientists and engineers with actionable, 
field-proven guidelines to maximize the return on investment for polar observational infrastructure.

2. Polar Sensor Deployment Strategies

2.1 Microclimate and Topographic Positioning

Successful sensor deployment in polar regions begins with a meticulous analysis of local microclimate and 
micro-topographical variations. Terrain features such as ridges, valleys, nunataks, and local wind shadows exert 
a profound influence on snow drift patterns, wind velocity, and temperature stratification [7]. Deploying a sensor 
node on the windward side of a ridge may minimize snow accumulation but expose the structure to destructive 
wind forces and flying ice particles. Conversely, leeward positioning often results in rapid burial by drifting  
snow,  rendering  optical  and  atmospheric  sensors  useless  [8].  To  address  these  challenges,  we  utilized 
computational fluid dynamics modeling prior to deployment to predict snow accumulation zones around field 
stations. By selecting elevated, wind-swept rocky outcrops for primary communications relays and utilizing 
aerodynamically neutral masts in high-accumulation areas, we successfully minimized the risk of physical burial. 
Furthermore, understanding the local thermal regime, such as the height of the boundary layer inversion, allowed 
for the optimized vertical placement of temperature and humidity sensors, ensuring that the collected data 
reflected regional climatic trends rather than localized ground-level disturbances [9].

2.2 Mechanical Structuring and Mounting Methods

The structural integrity of a polar sensor station depends heavily on its mounting configuration and the 
materials used in its construction. Extreme cold causes many common structural materials, such as standard 
plastics and carbon steels,  to become highly brittle and prone to catastrophic fracturing under stress [10]. 
Therefore, our structural designs utilized low-temperature-rated aluminum alloys, stainless steel fittings, and 
specialized ultra-high-molecular-weight polyethylene for insulating barriers and structural mounts. Anchoring 
techniques must also adapt to the specific substrate, which ranges from solid granitic bedrock and permafrost to 
shifting glacial ice. On bedrock, chemical expansion anchors and rock bolts were used to secure guyed masts, 
whereas on glacial ice, deep-drilled thermal anchors and self-tapping ice screws were deployed to accommodate 
glacier  movement  and summer ablation.  Wind-induced vibration is  another  critical  factor;  high-frequency 
vibrations caused by sustained katabatic winds can loosen mechanical fasteners and induce fatigue failure in 
metal brackets. To mitigate this, we implemented dual-nut locking systems, spring washers, and vibration-
dampening elastomeric mounts at all critical junctions [11].

2.3 Power Harvesting and Conservation Systems

Energy management is the single most critical factor determining the longevity of autonomous polar stations. 
The combination of prolonged polar night, extreme cold, and low solar elevation angles demands a highly 
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resilient, hybrid power harvesting strategy. Our deployed systems combined vertically mounted bifacial solar 
panels with low-threshold micro-wind turbines [12]. Vertically oriented solar panels prevent snow accumulation 
on the active surface and leverage the high albedo of the surrounding snowpack, capturing reflected radiation 
from both sides.  For energy storage,  standard lithium-ion batteries are unsuitable due to their  inability to 
accept a charge below freezing without sustaining permanent damage. We utilized lithium iron phosphate 
chemistries equipped with integrated, low-power thermal management jackets. These jackets divert a portion of 
the incoming solar or wind energy to heat the battery core to a safe charging threshold before initiating the  
charge cycle. Furthermore, the system controller was programmed with an adaptive power-saving algorithm that 
scales down non-essential measurements and telecommunications frequency during periods of prolonged energy 
deficit, prioritizing core scientific observations and system health telemetry.

3. Measurement Continuity and Data Preservation

3.1 Localized Buffering and Non-Volatile Storage

In  remote  polar  environments,  telemetry  links  are  frequently  interrupted  by  atmospheric  disturbances, 
magnetic storms, and physical damage to antennas. To prevent data loss during these communication outages, 
robust localized data buffering is mandatory [13]. However, solid-state flash memory components are highly 
sensitive to sub-zero temperatures, which can increase write errors and accelerate flash cell degradation. To 
ensure data integrity, we deployed industrial-grade, wide-temperature range NAND flash memory chips utilizing 
single-level  cell  technology,  which  offers  superior  endurance  and  reliability  compared  to  multi-level  cell 
alternatives. The data storage protocol was designed around a circular queue architecture with multi-sector 
redundancy, where each measurement is written to three separate physical memory sectors [14]. Additionally, 
we implemented a cyclic redundancy check to detect and correct corruption caused by temperature-induced bit 
flips. In the event of a telemetry failure, the local controller stores high-frequency raw data locally and transmits 
compressed summary packets once communication is re-established, ensuring that high-resolution data remains 
available for physical retrieval during subsequent maintenance seasons [15].

3.2 Wireless Transmission and Remote Telemetry

Transmitting scientific data from polar field sites to centralized research stations or home institutions requires 
reliable, low-power wireless communication systems. For short-range communication between localized sensor 
nodes and a central gateway, we evaluated low-power wide-area network technologies, specifically LoRaWAN, 
operating at sub-gigahertz frequencies [16]. These frequencies exhibit excellent propagation characteristics over 
snow and ice, with minimal attenuation from terrain obstacles. For long-range telemetry from the central gateway 
to global networks, satellite communication via the Iridium constellation was utilized due to its complete polar  
coverage. However, satellite transmission is highly energy-intensive and prone to signal attenuation during 
severe snowstorms. To counter this, we designed an adaptive communication protocol that monitors the signal-
to-noise ratio of the link. When the signal quality falls below a defined threshold, the transceiver enters a low-
power sleep state and defers transmission until atmospheric conditions improve [17]. This approach prevents 
unnecessary energy expenditure during unsuccessful connection attempts, preserving battery life for critical 
environmental measurements.

3.3 Physical Protection and Active Thermal Mitigation

Sensors  exposed  directly  to  polar  conditions  are  highly  vulnerable  to  physical  degradation  and  drift.  
Temperature and relative humidity sensors must be shielded from direct solar radiation and wind-blown snow 
to prevent measurement bias. Standard passive radiation shields, while effective in temperate climates, are highly 
susceptible to clogging by wind-driven snow, which restricts airflow and causes significant temperature errors. 
To  address  this,  we  designed  an  aerodynamically  optimized,  multi-plate  passive  shield  with  specialized 
hydrophobic coatings that discourage snow adhesion [18]. For sensors requiring active thermal regulation, such 
as optical spectrometers and gaseous analyzers, passive insulation alone is insufficient. We developed an active 
thermal mitigation enclosure incorporating vacuum insulation panels and variable-conductance heat pipes. This 
system maintains the internal electronics cavity within their nominal operating temperature range using minimal 
electrical energy. By routing waste heat from the main processing unit to the outer optical windows, we also 
successfully prevented ice formation on critical optical paths without the need for high-wattage active heaters.
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4. Field Study and Experimental Analysis

4.1 Field Campaign Setup and Site Descriptions

To validate our sensor deployment strategies, a comprehensive field campaign was conducted over a thirty-
six month period at two distinct polar field locations: Site Alpha, a coastal ice shelf characterized by high relative 
humidity and severe wind storms, and Site Beta, an inland plateau characterized by extreme low temperatures 
and  low  moisture  levels.  At  each  site,  we  deployed  identical  sets  of  meteorological,  glaciological,  and 
environmental sensors, configured with varying levels of physical protection and power configurations. Site 
Alpha experienced frequent transitions around the freezing point during summer, leading to significant rime 
icing events, while Site Beta presented a continuous deep-freeze environment with minimum temperatures 
reaching minus seventy-eight degrees Celsius. The geographical and environmental parameters of these test sites 
are detailed in Table 1, showing the highly contrastive nature of the experimental locations.

Table 1: Environmental and Geographical Characteristics of the Test Sites

Parameter Site Alpha (Coastal Ice Shelf) Site Beta (Inland Plateau)

Altitude 45 meters 3200 meters

Latitude 70.64 degrees South 75.10 degrees South

Minimum Temperature -42.5 degrees Celsius -78.2 degrees Celsius

Maximum Wind Speed 52.4 meters per second 28.1 meters per second

Mean Relative Humidity 84 percent 32 percent

Dominant Icing Type Rime and Glaze Ice Dry Drifting Snow

To illustrate the physical layout and data path of the deployed instrumentation networks, we present the 
comprehensive system architecture in Figure 1.

Figure 1: Comprehensive Schematic of Decentralized Wireless Routing Optimization Mechanism

The deployment at both sites utilized the architecture shown in Figure 1 to ensure that data collected from 
outlying sensor nodes could be reliably routed back to the regional central hub [19]. This setup allowed for 
continuous monitoring of sensor status, temperature drift, and battery state-of-charge. The experimental nodes 
were grouped into two primary configurations: Control nodes, which utilized standard commercial off-the-shelf 
mounting  and  housing  solutions,  and  Experimental  nodes,  which  incorporated  our  customized  thermal 
mitigation, hydrophobic coatings, and adaptive power controllers [20]. This comparative setup allowed for direct 
quantification of the performance gains associated with our specialized polar engineering strategies [21].

4.2 Performance Analysis of Different Shielding Configurations

The  performance  of  the  shielding  configurations  was  evaluated  based  on  two  primary  metrics:  data 
availability, defined as the percentage of valid, non-corrupted measurements received over the study duration, 
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and sensor survival time. The results of this analysis are summarized in Table 2, highlighting the performance 
differences between the control and experimental configurations across both sites.

Table 2: Sensor Survival and Data Availability Performance Metrics

Configuration Site
Temperature Data 

Availability
Humidity Data 

Availability
Structural Survival 

Time

Control Node Site Alpha 72.4 percent 51.2 percent 14 months

Experimental Node Site Alpha 99.6 percent 98.1 percent 36 months

Control Node Site Beta 84.1 percent 68.3 percent 22 months

Experimental Node Site Beta 99.9 percent 99.4 percent 36 months

The data in Table 2 demonstrates that standard commercial enclosures are highly vulnerable to the polar 
environment. At Site Alpha, the control node temperature sensor suffered from significant data loss due to rime 
ice clogging the radiation shield, which caused artificial heating during sunny periods [22]. In contrast, the 
experimental node, equipped with the hydrophobic-coated, aerodynamically optimized shield, maintained nearly 
perfect data continuity throughout the entire deployment period. At Site Beta, the primary failure mode for the 
control node was battery exhaustion during the long polar night, which led to extended data gaps [23]. To explore 
the battery behavior further, Figure 2 illustrates the discharge profiles and thermal state of the primary energy 
storage units during the deep-freeze testing.

Figure 2: Thermal and Battery Discharge Characteristics Under Simulated Extreme Cold Conditions

The  experimental  battery  configuration,  utilizing  the  thermal  jacket,  successfully  prevented  the  core 
temperature from falling below minus ten degrees Celsius, maintaining stable discharge voltage and preventing 
lithium plating [24]. The control battery, lacking thermal insulation, suffered from rapid voltage drops and 
eventual shutdown, leading to the observed data gaps during peak winter.

4.3 Failure Mode Analysis and Recovery Protocols

A detailed post-fieldwork inspection of failed components revealed several critical failure pathways that must 
be addressed in future designs. The most common physical failure at Site Alpha was cable shear, caused by 
wind-driven ice particles wearing away the polyurethane cable jackets,  exposing the copper conductors to 
moisture and causing short circuits. At Site Beta, the primary physical failure was mechanical binding of the 
wind speed sensors due to fine drift snow penetrating the unsealed ball bearings. To address these failure modes, 
we developed a set of autonomous recovery protocols implemented in the firmware of our experimental nodes. 
These protocols include automatic sensor reboots upon detecting frozen data lines, localized heat pulses to melt 
ice buildup on wind sensors, and dynamic routing changes where adjacent nodes act as relays if a primary node 
experiences localized antenna icing. The implementation of these firmware-level safeguards proved crucial in 
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maintaining a high level of system-level continuity even when individual sub-components suffered temporary 
physical degradation.

5. Discussion and Future Outlook

5.1 Synthesis of Deployment Principles

The empirical findings from this three-year study validate several key principles for sensor deployment in 
polar regions. First, the physical geometry of the deployment must be optimized to work with, rather than against, 
the local wind patterns. Masts and enclosures should present minimal cross-sectional areas to reduce mechanical 
stress and ice accumulation [25]. Second, power management cannot rely on standard solar or battery sizing 
formulas designed for temperate zones. A hybrid harvesting system combining vertical, double-sided solar arrays 
with highly insulated, thermally self-regulating battery storage is essential to survive the polar night. Third, 
localized data redundancy and adaptive telemetry scheduling are critical to bridging the frequent communication 
outages caused by severe polar storms [26]. By integrating these principles into a cohesive design framework, 
researchers can significantly increase the lifespan of their instrumentation networks while reducing the high 
logistical costs associated with manual maintenance and data retrieval.

5.2 Critical Infrastructure Gaps and Open Challenges

Despite the successes of our experimental configurations, several significant infrastructure gaps and technical 
challenges  remain  unresolved.  One  of  the  most  persistent  issues  is  the  impact  of  long-term  biological 
interference, particularly from polar wildlife such as penguins, seals, and birds, which frequently use sensor 
masts as scratching posts or nesting sites, causing physical displacement and alignment errors. Furthermore, the 
lack  of  standardized  testing  protocols  for  low-temperature  electronics  remains  a  major  obstacle.  Most 
commercial components are only rated down to minus forty degrees Celsius, forcing researchers to conduct 
expensive, custom environmental chamber testing to verify component reliability at lower temperatures [27]. 
Additionally, the high cost of specialized materials, such as aerospace-grade low-temperature lubricants and 
custom composite masts, represents a significant barrier to the widespread deployment of dense, high-resolution 
sensor networks across polar regions. Addressing these challenges will require closer collaboration between 
cold-regions engineering specialists, materials scientists, and the broader scientific community.

5.3 Future Directions in Polar Environmental Sensing

Looking forward, the next generation of polar sensor networks will likely benefit from advancements in 
materials science, low-power computing, and autonomous systems. The integration of self-healing polymers 
could mitigate the issue of cable jacket wear, while the development of solid-state batteries could eliminate the 
need for active thermal management systems, greatly reducing power requirements [28]. Additionally,  the 
implementation of localized artificial intelligence at the edge could allow sensor nodes to dynamically adjust 
their sampling frequency based on real-time environmental events, such as capturing high-frequency data during 
the onset of a major storm while conserving power during calm periods. As these technologies mature, they will 
enable the deployment of truly autonomous, maintenance-free sensor networks capable of operating for decades 
in the most extreme environments on Earth, providing unprecedented insights into the changing dynamics of the 
global cryosphere.
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