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Accurate measurement of solid precipitation still remains a significant challenge especially in snow dominated regions. Although it seems straightforward to measure solid precipitation by installing a simple gauge, measurement uncertainty remains the limiting factor even for the sophisticated precipitation collector. Precipitation gauges often rely on an antifreeze solutions, mostly ethylene glycol and methanol (glycometh), to melt snow stored in the collector and provide solid precipitation measurements. However, using antifreeze solution like glycometh often leads to various health and environmental issues. This study evaluates the effectiveness of propylene glycol and ethanol as an environmentally friendly alternatives of glycometh. Furthermore, our study examines the effectiveness of antifreeze mixtures and oil types suitable for the frigid cold temperatures. Based on our analysis, a mixture of 50% propylene glycol (PG) and 50% ethanol (E) solution demonstrated promising efficacy and remained in liquid state even at colder temperature of −40°C, thereby allowing significant dilution. Hydraulic oil is often used atop the antifreeze mixture to prevent evaporation loss from the precipitation. Moreover, some environmental concerns and toxicity risks are associated with the use of such oil. Therefore, we performed further test using Anderol’s food-grade synthetic oil as a safer alternative. The outcome of this test was promising and use of synthetic oil proved to be a viable, environmentally safe alternative for reliable precipitation measurements in cold climates.
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1 INTRODUCTION
In winter, snow in northern hemisphere can cover up to 40% of the land area (Langlois et al., 2009; Parajuli et al., 2020). During this period, most of the precipitation occurs in solid form. As it seems, solid precipitation measurement is pretty straightforward with installation of collector and the observer to record (Rasmussen et al., 2012). However, accurate solid precipitation measurement remains a significant challenge and is still difficult to achieve (Rasmussen et al., 2012; Thériault et al., 2021). This is because the speed and direction of wind flow, shape of the gauge, surface material of the apparatus, and selection of wind shield affects the accuracy of solid precipitation measurement (Kochendorfer et al., 2017; Pierre et al., 2019).
Typically, the solid precipitation is measured by precipitation gauge installation above the surface. Such measurement are done either by volumetric (non-weighing type) or weighing type gauges (Rasmussen et al., 2012). The volumetric gauge is a traditional precipitation gauge where snow is stored in the collector and then melted and poured into a graduated cylinder by the observer. In weighing type of sensors, a chemical antifreeze solution is added so as to melt the snow of which weight difference is measured (Rasmussen et al., 2012) thereby providing solid precipitation samples. There are two types of weighing type gauges i.e., manual and automated weighing gauge. In manual precipitation gauge, observer manually measure the weight of the precipitation. While operating manual precipitation gauge, one has to consider the precipitation undercatch. This is because the use of such gauge has loss probability of up to 50% or more during the windy condition (Kochendorfer et al., 2017; Smith, 2009). Although simple to operate, it is often unsuitable for a remote and unattended site (Wiesinger et al., 1993). Due to such problems, research institutions and climate monitoring organization have transitioned from manual to automated weighing type devices (Pierre et al., 2019).
For accurate solid precipitation measurement, there are different types of antifreeze solution that converts the snow into liquid form. In past, salt solution i.e., [image: image], which is an environmental friendly compound (Zhang et al., 2022), was used as an antifreeze (Fan et al., 2024). Moreover, [image: image] is often corrosive and does not mix well with denser solution (Mayo, 1972). For an appropriate antifreeze, the self-mixing properties is prerequisite. Otherwise, the ice tends to form on top of the solution which is prone to the evaporative loss (McGurk, 1992). A mixture of ethylene glycol and methanol solution (glycometh), which is also self-mixing solution and is readily soluble with water, is a commonly used antifreeze (Mayo, 1972; McGurk, 1992). However, methanol is a toxic substance (Jammalamadaka and Raissi, 2010) and ethylene glycol is believed to cause soil and groundwater pollution (Løkke, 1984). Nevertheless, methanol evaporates quickly with the exposure of air making it less lethal than ethylene glycol (McGurk, 1992). Therefore, careful consideration should be applied when disposing glycometh.
POWERCOOL DC 924-PXL is also an antifreeze solution made from propylene glycol (PG). This antifreeze solution is commonly used in the OTT Pluvio2 precipitation gauge (OTT Hydromet GmbH, 2014). The PG is regarded as an environmentally friendly antifreeze solution (Saxena et al., 2010). PG is considered a safe chemical and mostly used as solvent for pharmaceutical agent. However, its exposure to high dose for extended period may cause hyperosmolarity (high concentration ofsalt or glucose in the blood) and metabolic acidosis (Lim et al., 2014). In a recent study by Sasanami et al. (2020), the authors pointed that ethynele glycol intoxication can be treated using ethanol. It is believed that the ethanol minimizes the formation of toxic metabolites due to its alcohol dehydrogenase properties often effective for acidosis caused by ethylene glycol. Similar to ethylene glycol, the PG also induces metabolic acidosis (Lim et al., 2014). Hence, combination of ethanol, which also has low freezing point, with PG as an antifreeze solution might be effective and environmentally friendly approach. In Canada, Pierre et al. (2019) reported using the equal parts of ethanol and 1,2-propanediol (PG) solution as an antifreeze. One point to be noted is that the authors used 5%–7% kerosene to prevent evaporation loss in the OTT Pluvio2 precipitation gauge. The use of kerosene however is matter of concern as it is regarded as the pollutant to air, water and land. Hence, additional care is required when disposing them. Nonetheless, engine oil, which is also a environment pollutant like kerosene, is generally used atop the antifreeze solution to prevent evaporative loss (Wiesinger et al., 1993).
It is therefore important to find a feasible solution to completely replace these chemicals with the alternative substance that mixes well, prevent precipitation evaporation and create less havoc to environment. Thus, this study aims to test the effectiveness of PG and ethanol mixture as an antifreeze and make use of Johnson’s baby oil (Johnson and Johnson, 2009) or anderol’s food-grade synthetic oil (Anderol, 2024) as a protective film and prevent evaporative loss. Here, we have experimented the various mixture of propylene glycol and ethanol solutions in the laboratory environment with temperature ranging from −40 to 0°C and test its antifreeze property. Furthermore, we have analysed the air temperature data and GEONOR recorded precipitation across 199 measurement sites in Norway. These tests are conducted to replace the usage of existing antifreeze and identify cost we have to bear to protect the environment.
2 METHODOLOGY
2.1 Study area
Norway (Figure 1) is known for its temperate maritime climate which features both mild winters and cool summers, with warmer temperatures than its latitude due to the influence of the North Atlantic Ocean. The country’s location in the far north of Europe and proximity to the Gulfstream help to keep moderate temperatures. The warmest temperatures (up to 7.7°C) are found along the south-western coast, while the coldest temperatures (down to −3.1°C) are found on the Finnmark Plateau (Tveito, 2021; Ketzler et al., 2021). The highest and lowest temperatures recorded on the mainland are +35.6°C and −51.4°C respectively (World Bank, 2024). Rainfall is prevalent throughout the year, with the west coast receiving the most (Johnsson, 1937; Whan et al., 2020). The prevailing westerly winds bring moist air masses from the ocean, resulting in abundant precipitation throughout Norway Sodemann (2006), with the highest levels of precipitation occurring in the coastal regions of western Norway (Johnsson, 1937). This area is one of the wettest in Europe, with some locations receiving over 3,500 mm of precipitation annually (Zhou et al., 2022). The gulf stream and North Atlantic currents have a significant impact on Norway’s climate, bringing warm ocean water to the coast and creating a mild and wet environment.
[image: Figure 1]FIGURE 1 | Elevation map of Norway with Geonor location.
2.2 Laboratory experiment
For our tests, we have used absolute ethanol (99.5%), mono propylene glycol (100%), and different oil options were examined (Table 1). Here we first mixed the PG and ethanol in different mixing ratio. We conducted 729 tests with different solution mixtures, temperatures, and water dilutions. We have evaluated 9 different ratios of PG and ethanol mixture ranging form 10:90 to 90:10 (See Figure 2). Here, the mixing solution temperature was maintained between −40°C and 0°C with an interval of 5°C inside a freezer (Tefcold, gastrotech. no). To ensure consistent temperature regulation inside the freezer, the built-in temperature regulator was adjusted to the desired setting. To verify the accuracy of the temperature adjustment, a thermometer and an iButton temperature logger (Maxim Integrated, ibuttonlink.com) were placed inside the freezer for continuous monitoring. This dual monitoring approach ensured that the freezer maintained a stable and precise temperature throughout the experiment.
TABLE 1 | Properties of various oil options and their environmental considerations.
[image: Table 1][image: Figure 2]FIGURE 2 | Sample preparation for an experiment and samples are in freezer.
As a first step, we conducted our experiment without adding any water as a diluting agent, and we proceed with the addition of 25 mL of water each time until it reaches a 200 mL threshold thereby forming 9 intervals again. Our experiment was performed in a 300 mL sampling bottle and the mixture solution of PG and ethanol with 729 different samples were kept inside the freezer. For the identification of ice crystals, slush and liquid, we adopted the visual inspection method. Moreover, to validate the visual observation, we inserted an object and noted its speed to reach the bottom as it easily notified the presence of ice, slush or liquid. The object will sink immediately if it is in the liquid state while there will be some delays with the presence of slush, but the presence of ice completely obstructs the object to get inside the mixture of PG and ethanol.
2.3 Meteorological data analysis
We analyzed data from 199 Geonor precipitation gauges in Norway and air temperature records from nearby locations. At these sites, both precipitation and temperature data were recorded at 10-min intervals. Nevertheless, for our analysis we have aggregated our dataset into the daily total precipitation and the daily average air temperature. Precipitation (2017–2022) and temperature (2017–2022) data from those 199 stations were downloaded from Norwegian Meteorological Institute (MET-Norway) data distribution portal (seklima.met.no). The temperature data from these locations was leveraged to derive the minimum temperature of a particular site from the available historical record. As noted in the McGurk, (1992), the precipitation rarely occurs below −35°C. To validate this claim we analysed the precipitation and temperature record from 2017 to 2022 from the available sites.
In Norway, engine oil (hydraulic oil) is typically employed to mitigate evaporative loss in GEONOR precipitation gauges. In a distinct experiment, we assessed the variance in total precipitation with and without the protective cover of oil. A potential alternative antifreeze solution, determined through laboratory experimentation, was utilized as a mixture. For result comparison from two sets, where the sensor with the measurement using conventional antifreeze with hydraulic engine oil is referred to as Reference Geonor (Ref-Geonor), and the sensor with the new alternative antifreeze with new oil is placed in a nearby Geonor station called Test-Geonor (Figure 3).
[image: Figure 3]FIGURE 3 | Test and reference Geonor at Norwegian Meteorological Institute, Blindern testfelt site.
To assess the extent of evaporation loss from the solution, antifreeze solution without oil was tested in August 2022. Additionally, the performance of various oils during winter was evaluated from December 2023 to March 2024.
2.4 Confusion matrix for performance evaluation
A confusion matrix (Heydarian et al., 2022) was employed to evaluate the performance of the Test-Geonor in comparison to the Reference Geonor. This matrix provides a systematic way to compare predicted and actual observations, offering a detailed breakdown of classification outcomes. In this study, the predicted values were obtained from the Test-Geonor, while the actual values were based on observations from the Reference Geonor.
The confusion matrix comprises four key components as described by Fahmy Amin (2023): true positives (TP), which represent correctly identified precipitation events; true negatives (TN), which denote correctly identified non-precipitation events; false positives (FP), which indicate non-precipitation events misclassified as precipitation; and false negatives (FN), which represent precipitation events that were not identified. These components form the foundation for calculating various performance metrics, including accuracy, precision, specificity, and the F1-Score. These metrics provide a comprehensive assessment of the classification system’s ability to correctly identify and differentiate between rain and no-rain conditions.
3 RESULT AND DISCUSSION
The laboratory experiment, depicted in Figure 4, provided insightful results on various antifreeze mixtures. Notably, a blend consisting of 50% propylene glycol (PG) and 50% ethanol demonstrated superior performance. This mixture exhibited remarkable stability, remaining in a liquid state even at an extreme temperature of −40°C, accommodating dilution up to 100%. In practical terms, a solution comprising 1 L of PG and 1 L of ethanol could effectively retain an additional 2 L of snow or rain down to −40°C.
[image: Figure 4]FIGURE 4 | Antifreeze solution with different dilution in different temperature.
Current practices involve the use of a 40% Glycometh and 60% methanol mixture, bearing similarities to our recent findings. However, for optimal effectiveness, a slightly higher proportion of propylene glycol relative to ethylene glycol is recommended. A parallel study conducted by McGurk (1992) explored similar experiment, although with a focus on only five sampling ratios.
Beyond identifying the most suitable antifreeze mixing ratio, our research underscores the necessity of an oil layer to prevent evaporation, particularly of ethanol. Figure 5 illustrates a decrease in accumulated precipitation (blue line) within the bucket, with a higher rate of decrease (black line) during daylight hours when temperatures (red line) are at their maximum. This emphasizes the need for an oil layer atop the antifreeze solution. The oil layer not only mitigates evaporation but also mechanically minimizes the hygroscopic effect of the propylene glycol/water mixture. It has the added benefit of reducing initial water content, enhancing bucket capacity, and preventing hygroscopic accumulation.
[image: Figure 5]FIGURE 5 | Accumulated precipitation (blue) with temperature (red) and per hour difference in bucket content (black) at Geonor test site.
Various oil options are presented in Table 1. The presented tested oils have different advantages and disadvantages based on their properties and environmental impact. Hydraulic oil has a very low freezing point (−59°C) and a high boiling point, making it suitable for extreme conditions, but it is potentially hazardous and requires careful handling. Sunflower oil is environmentally friendly and affordable but has a higher freezing point (−19°C), which limits its use in colder climates. Johnson & Johnson baby oil is safe and widely available but has a freezing point of −15°C and a relatively low boiling point. Anderol food-grade hydraulic oil is non-hazardous, has a low freezing point (−55°C), and a moderate boiling point, making it suitable for cold conditions.
There isn’t any official documentation about using different oils to prevent evaporation in the precipitation gauges with the OTT Pluvio or Geonor. However, there have been instances where sunflower oil and Johnson’s Baby Oil were used in Himalayan catchments, but these details are not well-documented.
Compared to the conventional oil used by the Norwegian Meteorological Institute, sunflower oil and Johnson’s Baby Oil seem to be less harmful to both the environment and the people handling them. However, their pour point temperature (Table 1) poses a significant concern. This prompts consideration for either limiting the use of antifreeze mixtures with Johnson & Johnson oil to stations with minimum temperatures consistently higher than −15°C or utilizing it exclusively during warmer months (June-September) or especially in regions where temperatures can not drop below −15°C (as depicted in Figure 6).
[image: Figure 6]FIGURE 6 | Five years (2018–2023) daily min monthly average temperate at meteorological station with Geonor.
If the main aim is to prevent evaporation loss in regions where temperatures hardly drop below −15°C, these oils could be better options. However, in colder regions like Norway, these oils cannot be used during winter.
When considering oils, it is also crucial to think about their density and viscosity. They should be less dense than water and have low viscosity so that snowflakes can easily penetrate the oil film layer. Otherwise, they might form a layer on top, creating a frozen barrier. While this research did not conduct detailed experiments to measure changes in density and viscosity affecting self-mixing, visual inspections were carried out at the test site after snowfall. No layer formation was observed, suggesting that snowflakes could penetrate the oil layer and promote self-mixing.
During our exploration of different oil options, Anderol Food Grade Lubricants Hydraulics (Anderol, 2024) emerged as a promising synthetic oil. ISO certified and environmentally benign, it meets the required density and pour point specifications. Field testing at the Blindern site (as illustrated in Figures 7, 8) compared results between the reference Geonor (Ref-Geonor) with Test-Geonor with glycometh and methanol and our alternative antifreeze solution with food-grade oil, revealing a good fit between the two measurements.
[image: Figure 7]FIGURE 7 | Time series for the precipitation observation from the Reference Geonor sensor with Test Geonor sensor.
[image: Figure 8]FIGURE 8 | Accumulated precipitation measured from Geonor reference station and Geonor test station at Blindern.
The time series plot depicted in Figure 7 reveals that both sensors (Ref-Geonor and Test-Geonor) recorded precipitation events similarly over time, with the only exception being the omission of two events at the beginning by the Test-Geonor. Despite this initial discrepancy, the overall trend in the precipitation plots is notably similar. The total accumulated precipitation amount from the Reference Geonor sensor is measured at 169.7 mm, whereas the Test Geonor sensor reports a slightly lower accumulated value of 165.4 mm. The mean absolute error between the two sensors is minimal, with a value of 0.009 mm. These findings underscore the overall consistency and close agreement between the two sensors in capturing precipitation events, emphasizing the reliability of the Test-Geonor sensor despite the initial missed events.
Confusion metrics presents (Figure 9) in-depth understanding of observation from the Test-Geonor performance compared to the Reference Geonor under varying conditions. The classification model’s evaluation metrics derived from the confusion matrix (Figure 9) demonstrate robust performance by Test-Geonor during observation periods. With an accuracy of 95.7%, the Test-Geonor sensor adeptly discerns rain and no-rain instances, indicating an overall high correctness in observation. A precision of 79.4% emphasizes the Test-Geonor observation in correctly identifying rain, mitigating the occurrence of false positives. The sensitivity (recall) of 78.5% underscores the Geonor with new antifreeze along with food grade oil effectiveness in capturing a significant portion of actual precipitation instances, crucial for applications where missing precipitation events is undesirable. Remarkably, the specificity of 97.7% shows the Test-Geonor proficiency in accurately identifying instances without precipitation, minimizing false positives. The harmonic mean of precision and recall, the F1-Score, attaining 79.0%, illustrates a balanced performance in both aspects.
[image: Figure 9]FIGURE 9 | Confusion matrix for evaluating measurement accuracy between two sensors.
While the proposed solutions demonstrate strong performance, their environmental trade-offs, such as energy consumption during production and challenges associated with disposal practices, require further exploration. Addressing these aspects is crucial to ensuring the long-term sustainability of the solutions and minimizing their ecological footprint. Additionally, evaluating the performance of these solutions across varying climatic and environmental conditions could provide deeper insights into their robustness and adaptability.
Further research is required to assess the proposed antifreeze solutions in diverse settings, such as warmer or tropical regions, where unique challenges like increased evaporation or reduced chemical stability might arise. Incorporating recent advancements in antifreeze innovations for precipitation gauges could also help identify more environmentally friendly and efficient measurement practices.
4 CONCLUSION
In conclusion, our comprehensive exploration into antifreeze solutions reveals critical insights that extend beyond the laboratory confines to address practical challenges in real-world applications. The 50% propylene glycol (PG) and 50% ethanol blend was found to be the most effective antifreeze mixture. This composition, conformed through careful testing, remains liquid even at extremely low temperature of −40°C. Our findings offer a compelling alternative to the common 40% Glycometh and 60% methanol mixture, suggesting a balanced adjustment in the ratio of propylene glycol to ethylene glycol for better performance.
Moreover, our research accentuates the pivotal role of an oil layer as a pragmatic solution to counteract evaporation, particularly in the presence of ethanol. The observed reduction in accumulated precipitation and evaporation rates, as illustrated in Figure 5, underscores the practical utility of this supplementary layer. Beyond its mitigating effects on evaporation, the oil layer mechanically minimizes the hygroscopic impact of the propylene glycol/water mixture, offering a holistic approach to enhance the effectiveness of antifreeze solutions.
The examination of oil options introduces a nuanced consideration of environmental and operational factors. While conventional hydraulic oil raises concerns about its potential hazards, alternatives such as Johnson & Johnson baby oil and Anderol Food Grade Lubricants Hydraulics emerge as environmentally conscientious choices. The deliberation extends to trade-offs involving density and pour point temperature, as exemplified in Table 1; Figure 6.
The identification of Anderol Food Grade Lubricants Hydraulics as a promising synthetic oil, with ISO certifications and excellent environmental and physical properties, is a key achievement. Field testing at the Blindern site, shown in Figures 6, 7, confirms its effectiveness in real-world conditions, supporting its practical use.
These research outcomes contribute to improving antifreeze formulations by exploring different oil options and their effectiveness. Additionally, these outcomes offer valuable insights into the use of oil layers and the selection of oils that are environmentally sustainable. This helps ensure that the antifreeze solutions are both efficient and responsible in their environmental impact.
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Oil options

Density (kg/L @ 15°C)

Boiling point (°C)

Freezing point ('C)

Environmental issue

Hydraulic oil 0.86 >315 -59 Potentially hazardous

Sunflower oil 092 229-230 -19 Not considered hazardous
Johnson & Johnson baby oil 085 194 -15 Not considered hazardous
Anderol Food Grade Lubricants (hydraulic) | 083 242 55 Not considered hazardous
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