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Temperature measurements in boreholes are the most common method allowing the quantitative and direct observation of permafrost evolution in the context of climate change. Existing boreholes and monitoring networks often emerged in a scientific context targeting different objectives and with different setups. A standardized, well-planned and robust instrumentation of boreholes for long-term operation is crucial to deliver comparable, high-quality data for scientific analyses and assessments. However, only a limited number of guidelines are available, particularly for mountain regions. In this paper, we discuss challenges and devise best practice recommendations for permafrost temperature measurements at single sites as well as in a network, based on two decades of experience gained in the framework of the Swiss Permafrost Monitoring Network PERMOS. These recommendations apply to permafrost observations in mountain regions, although many aspects also apply to polar lowlands. The main recommendations are (1) to thoroughly consider criteria for site selection based on the objective of the measurements as well as on preliminary studies and available data, (2) to define the sampling strategy during planification, (3) to engage experienced drilling teams who can cope with inhomogeneous and potentially unstable subsurface material, (4) to select standardized and robust instrumentation with high accuracy temperature sensors and excellent long-term stability when calibrated at 0°C, ideally with double sensors at key depths for validation and substitution of questionable data, (5) to apply standardized maintenance procedures allowing maximum comparability and minimum data processing, (6) to implement regular data control procedures, and (7) to ensure remote data access allowing for rapid trouble shooting and timely reporting. Data gaps can be avoided by timely planning of replacement boreholes. Recommendations for standardized procedures regarding data quality documentation, processing and final publication will follow later.
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1. INTRODUCTION

Permafrost is a thermal phenomenon found in cold polar and high-mountain regions and is defined on a thermal and temporal basis as ground with a maximum temperature of 0°C throughout the year, in most cases for long time periods and often reaching considerable depths. Permafrost was selected as one of the essential climate variables (ECVs) of the Global Climate Observing System (GCOS, Karl et al., 1995; cf. Bojinski et al., 2014). Sound assessments of permafrost changes and the separation of short-term variations from long-term trends or local variations from regional patterns require reliable and comparable data measured at representative sites over decades. Such time series make practical use of the ECVs: to detect change patterns and assess impacts, to improve process understanding, to validate and calibrate corresponding models, and to put shorter time series or those locations devoid of data into perspective. Long-term climate-related monitoring of permafrost relies on ground temperatures measured in boreholes, since they are the only direct, quantitative and comparable thermal observations. When permafrost temperatures approach 0°C in ice-bearing permafrost, however, temperature changes are significantly reduced by latent heat uptake during ground ice melt. Additional measurements that are sensitive to changes in ground ice and unfrozen water content are required to observe changes within the permafrost until the frozen material has thawed completely.

Careful standardization and strategic planning of permafrost borehole installations as well as of subsequent site maintenance and data management arecrucial to reduce field interventions and data processing efforts, and to achieve consistent and comparable long-term records. General key principles for long-term observation of climate variables are given by the ten GCOS monitoring principles (GCOS, 2004). GCOS also defined a five-tiered monitoring strategy from global to local scale, the Global Hierarchical Observations Strategy (GHOST, see Harris et al., 2001 for adaptation to permafrost observations): long-term monitoring is mainly related to sampling the range of environmental variation in permafrost thermal state as stated in tier 3 and aims to describe representative permafrost conditions based on field observations as in tier 4. The Global Terrestrial Network for Permafrost (GTN-P) is the primary international program for permafrost monitoring. GTN-P operates a database with international permafrost temperature data, which are measured in a large variety of settings (Biskaborn et al., 2015) and provides basic guidelines for the instrumentation of permafrost boreholes, which are mainly targeted to polar lowlands (Burgess et al., 2000; Smith et al., 2009; Streletskiy et al., 2017). Standards for the installation of a borehole transect for climate-related permafrost monitoring from Svalbard to the Sierra Nevada were published in the framework of the EU-funded PACE project (Permafrost and Climate in Europe PACE, Harris et al., 2001, 2009). The Swiss Permafrost Monitoring Network PERMOS started in the year 2000 as the first national permafrost observation network based on available research infrastructure (Haeberli et al., 1993; Delaloye and Vonder Mühll, 1998). It includes three of the PACE boreholes. The standardization and operationalization of the PERMOS network has continued since (Vonder Mühll et al., 2008, PERMOS, 2019) and extensive experience was gained in the past two decades. Progress toward establishing standards or consensus methods for permafrost borehole instrumentation is however still limited to general guidelines, to project frameworks and minimum requirements, yet without specifically addressing mountain environments.

Permafrost distribution and temperatures in mountain regions are characterized by complex topography and rapidly changing micro-climates, leading to extreme horizontal and vertical spatial variability (e.g., Gruber and Haeberli, 2009). Permafrost is found in bedrock, debris slopes, viscous and ice-rich creep features (rock glaciers), moraines, and glacier forefields. Ground ice content ranges from massive ice (tens of meters thick) in loose debris to bedrock with permanent ice in rock pores and fractures. In mid-latitude mountains, such as the European Alps, widespread permafrost regions have temperatures close to 0°C, with considerable amounts of unfrozen water present in the soil matrix. In shady bedrock slopes at elevations above around 3500 m asl., however, permafrost can be as cold as in the high Arctic (Noetzli et al., 2019). Further, gravity-driven downslope deformation processes are widespread. The drilling and instrumentation of boreholes and their long-term operation under harsh climate conditions, at remote locations, and in steep or deforming mountain slopes are technically and logistically challenging.

Three initial shallow boreholes were drilled to 7 m depth to measure permafrost temperature in the 1970s in the rock glaciers Murtèl-Corvatsch and Gruben in the Swiss Alps (Barsch, 1977; Barsch et al., 1979). The first deep borehole for continuous permafrost observation in mountain regions was drilled through Murtèl-Corvatsch rock glacier in 1987 (Figure 1; Haeberli et al., 1988; Vonder Mühll and Haeberli, 1990). This borehole was replaced by a new one nearby in 2015 to secure the world’s longest and most detailed thermal record available for this type of environment (PERMOS, 2019). Today, over thirty boreholes reaching depths between 20 and 100 m and located at 15 sites between 2300 and 3500 m asl. are operated by six academic partner institutions as a part of PERMOS. In addition, approximately 30 other boreholes have been instrumented during this period in the Swiss Alps for process research, hazard monitoring or in the framework of construction projects (e.g., Scapozza et al., 2011; Buchli et al., 2013; Luethi and Phillips, 2016). National permafrost observation programs have also been started, for example, in Norway (Juliussen and Christiansen, 2010), France (Schoeneich et al., 2010), Austria (Kellerer-Pirklbauer et al., 2017), and Canada (Brown et al., 2020). Similarly, these programs are mainly based on available borehole infrastructure from research and industrial projects.
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FIGURE 1. Borehole site on rock glacier Murtèl-Corvatsch, Switzerland. The 1987-borehole is marked with the right arrow. The 2015 replacement borehole is on the far left (left arrow) and the meteorological station on the far right. A permanent GNSS device with a solar panel is mounted on a large boulder to the right of the 2015-borehole. Two other boreholes drilled in 2000 are not visible on the picture. Photo: J. Noetzli, October 2019.


In this paper, we compile best practice recommendations for the long-term measurement of permafrost temperatures (Figure 2) based on 20 years of experience accumulated in the context of PERMOS and beyond. These recommendations condense the experience gained by a large number of institutions and scientists, and have been identified as being crucial for the delivery of continuous, high-quality data. We concentrate on complex terrain in cold mountain regions, where methods and interpretations as well as the challenges for long-term operation of the sites can differ from those in polar lowlands. Nevertheless, many of the points described are also applicable in polar lowlands. While we focus on long-term borehole monitoring here, information from the drilling and installation of other boreholes is also presented and discussed.
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FIGURE 2. Sketch of a basic setup for a borehole in ice-rich permafrost. A schematic temperature profile in the active layer and permafrost body is indicated on the left. The blue line of the profile denotes the annual minimum temperature, the gray line the annual mean temperature, and the red line the annual maximum temperature. MAAT, mean annual air temperature; MAGST, mean annual ground surface temperature; MAGT, mean annual ground temperature; MAPT, mean annual permafrost temperature; ZAA, zero annual amplitude.




2. MAIN CHALLENGES AND PROCEDURE

Four major challenges were identified for the long-term operation of borehole infrastructure and the acquisition of permafrost temperature data in mountain regions:

1. The high mountain permafrost environment: hazards (such as storms, lightning, snow avalanches, and rock fall), meteorological effects (such as high winds and melt water) and even animals (such as marmots or stoats) can damage instruments and lead to instrument failure, reducing data quality and causing data gaps. Creep-induced slope deformation can deform boreholes, block or shear off sensor strings, and prevent recalibration or replacement. Drilling is complicated by difficult logistics and inhomogeneous ground material.

2. Measurements of small and invisible changes: permafrost is a subsurface phenomenon and observed changes in ground temperatures are a few decimal degrees over a decade. Sensor drift and measurement instabilities can be difficult to distinguish from «real» signals or from trends, as they can be in the same order of magnitude. Additionally, latent heat effects lead to minimal temperature changes when the permafrost is just below the melting point.

3. Science-driven network: permafrost monitoring networks often build on infrastructure and resources from research institutions, and the instrumentation was set up with different objectives. Data quality protocols and metadata may be incomplete or lacking. The standardization of equipment, maintenance and data processing procedures is costly and time-consuming. In addition, the site distribution is often biased toward easily accessible sites and sites selected for specific research questions.

4. Long-term funding: Long-term climate-related monitoring not only requires perseverance but also continuous financial support and embedding into national climate monitoring structures. Permafrost monitoring complements scientific studies by providing key basic data sets, which cannot be obtained in a typical research project. However, funding for this essential data backbone (Zemp, 2011) is difficult to obtain in most countries and international programs. Research funding is typically reserved for novel technologies and specific research questions, gaps or variables.

Data validation is hampered by points 1 and 2 above. Several temperature sensors can be malfunctioning after several years of operation, e.g., due to damage caused by slope deformation or refreezing of melt water inside the borehole. In active rock glaciers, the temperature sensors below and within the shear horizon often failed successively: e.g., in Corvatsch-Murtèl the sensors below 30 m depth failed after 20 years, whereas failure occurred at Muragl (sensors below ca. 20 m depth) or Ritigraben (sensors below ca. 15 m depth) after 5–10 years. In such cases, only the drilling of a new borehole nearby allows direct data validation.

These challenges should be considered in all steps of the realization of a borehole for permafrost temperature measurements in mountain regions, for its long-term operation as well as for data analyses (Figure 3). The planning of a new borehole includes the definition of the objectives of the infrastructure (e.g., process studies, long-term environmental monitoring, performance monitoring), the choice of the site and the exact drilling location (Section 3). The sampling design includes the drilling angle and borehole depth, instrument types and detailed location of sensors, data recording intervals as well as potential complementary measurements (Section 4). Subsequently, the borehole is drilled (Section 5), instrumented (Section 6), and requires regular maintenance (Section 7). A borehole may need to be replaced toward the end of its service life (Section 8).
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FIGURE 3. Procedure to obtain permafrost temperatures measured in a borehole: from planning and installation of the measurement infrastructure (far left), operation and measurement, data collection, quality control, archiving, to processing and publication (far right). In this paper, we address the first three tasks, which are typically the responsibility of a research institution/principal investigator. Data source and photos: PERMOS.


Data acquisition in the field is followed by data processing (including quality control, manual or automatic correction, and re-calibration) and secure archiving. Finally, the data may be published, often together with derived products such as aggregated data or key parameters describing the permafrost characteristics (e.g., active layer thickness, ALT) or changes (e.g., warming rates). Although best practices for post-data acquisition tasks are equally important for comparable and sound scientific analyses, they are rarely available in the literature.



3. SITE SELECTION


3.1 Primary Selection Criteria and Assessment

The primary criteria to locate a potential borehole depends on the project’s objective and on instrumentation possibilities, as well as on the network strategy in case the borehole is planned to be part of a network (see Section 3.2). Criteria may be weighted differently, resulting in the selection of different sites, depending on whether the project goal is climate monitoring, process understanding or hazard management. A focus on long-term monitoring may exclude permafrost sites of scientific interest, in which degrading permafrost is undergoing rapid thermal changes and significant slope deformation: temperature and deformation measurements would be irretrievably lost rapidly after their installation here (Springman et al., 2012; Buchli et al., 2013, 2018; Delaloye et al., 2013). However, most of the procedures described also apply for these boreholes.

The following three criteria are essential for long-term observations:

1. Relevance of a site, which is mainly defined by the type of site and its socio-economic relevance, as well as by gaps identified in an existing network. The central question is: Why is it important to monitor the thermal condition of permafrost at a type of site? The most abundant or otherwise relevant types of site with permafrost in high mountain areas should be considered when designing the sampling of locations to be monitored, for example, differing topographic settings (related to aspect, elevation, snow cover, etc.) and landforms. Azonal permafrost at low elevations is not typically observed in long-term climate-related monitoring.

2. Representativeness of a location, which refers to how well it reflects a topographic setting (e.g., aspect), landform (e.g., rock wall) or permafrost characteristic (e.g., ice-rich ground). Local conditions or artificial structures and their changes can influence the thermal regime (e.g., heat from buildings, local changes in snow distribution at the foot of a steep slope or from infrastructure). The central question is: is the selected location representative for the site, or are its thermal characteristics driven by specific local conditions?

3. Feasibility and longevity, which relate to potential hazards threatening equipment and accessibility as well as to terrain deformation, particularly in a rock glacier. The central questions are: For how long will a site yield representative data and over what period of time can borehole operation be guaranteed? What are the risks and what is the necessary commitment in terms of resources, including for maintenance? The commitment of the stakeholders is fundamental for long-term financial support. The possibility of complete permafrost thaw occurring during monitoring and its implications should also be considered.

An assessment of the permafrost conditions at a potential borehole site is essential to verify that the site is suitable and to define the drilling position and procedure as well as instrumentation details. This includes a reasonable estimation of the active layer thickness, depth of the permafrost base, range of permafrost temperatures, ground ice content and potential warming and deformation rates. The variability of surface and subsurface characteristics in the inhomogeneous mountain terrain must be considered: the selected drilling location should represent the general character of the site regarding slope angle, surface cover, snow distribution, bedrock fracturing, or hydrological conditions (point 2 above). For rock glacier sites, the maximum acceptable range of annual horizontal deformation needs to be assessed (point 3 above). The permafrost assessment should be based on available data from the site of interest or nearby locations (e.g., permafrost distribution maps, geomorphological and geological maps, meteorological data, ground temperatures, geophysical surveys, ground characteristics, geology, or geodetic surveys and digital image analysis of slope deformation). Additional surveys may have to be performed. Modeling studies are also helpful in predicting three-dimensional or future temperature fields. We compile an overview of available methods in Supplementary Material 1, while details are described in the scientific literature.



3.2 Network Strategy

Permafrost observation sites are often distributed unevenly from a geographical perspective and biased toward more accessible locations or pre-existing research sites (Hock et al., 2019). A regional or national permafrost monitoring network aims to observe the most relevant types of sites with respect to permafrost evolution in its country. The selection of a borehole site to be included in a permafrost monitoring network should therefore consider how well different regions, topographic settings and permafrost types are represented and where gaps exist. In addition to a general warming trend, the change patterns observed over more than a decade are consistent for different permafrost regions (Romanovsky et al., 2010; Biskaborn et al., 2019; Hock et al., 2019; Noetzli et al., 2019; PERMOS, 2019; Etzelmueller et al., 2020). They depend on three main characteristics:

(1) temperature range: the lower the permafrost temperatures, the higher the warming rates,

(2) ground ice content: temperatures of ice-rich permafrost just below 0°C hardly increase because the available energy is used to melt ground ice (latent heat effect), and

(3) duration of the snow cover: changes in the snow regime can accelerate or interrupt warming trends and decisively influence the subsurface thermal regime.

The topographic and climatic situation (temperature range and snow distribution) and the ground material (ground ice content) are thus most relevant to distinguish different types of sites for permafrost observation. PERMOS (2019) considers differences between these characteristics to be more important than regional differences and follows a landform-based approach. Countries with larger climate gradients may additionally focus on regional aspects. A European transect focusing on bedrock sites and undisturbed climate signals was established within the PACE project. Small-scale regional or local networks may focus on particular aspects, for example, how different surface characteristics influence the subsurface thermal regime in otherwise comparable conditions (Schneider et al., 2012).

Establishing a balanced and standardized network takes decades due to the high cost of infrastructure and maintenance and the challenges regarding access. High-elevation bedrock sites in cold permafrost in the European Alps are, for example, severely under-represented, although warming rates in these areas are highest and comparable to those observed in the Arctic regions (Noetzli et al., 2019). Permafrost temperatures in extremely steep and mainly snow-free rock faces evolve differently than in ice-rich debris slopes with highly variable snow conditions. Only four sites with deep boreholes above 3400 m asl. exist today in the Alps – Aiguille du Midi, France; Jungfrau East ridge, Matterhorn and Stockhorn, Switzerland – and only the first two are in steep, mostly snow-free bedrock. Other permafrost observations exist at high elevations outside the European Alps or are being developed in the framework of research or industry. Examples are the Qinghai-Tibetan Plateau (Zhao et al., 2010), the Hindu Kush Himalaya (Gruber et al., 2017; Wani et al., 2020), the Indian Himalaya (Allen et al., 2016), North America (Gruber et al., 2015; Hasler et al., 2015) or the South American Andes (Monnier and Kinnard, 2013). Nevertheless, these sites are still rare, even more difficult to access, not in comparably mountainous topography, have shallow boreholes or are not (yet) equipped for long-term monitoring. Boreholes in non-permafrost substrates are also valuable as they provide useful comparisons to assess the particularities of temperature development in frozen ground, and help to determine the lower fringe of the permafrost (Kenner et al., 2019a). The temperature evolution of permafrost and non-permafrost sites is likely comparable in solid bedrock with low ice content and, hence, no significant thermal effects of latent heat or air convection (Gruber et al., 2004a; Noetzli and Gruber, 2009).



3.3 Complementary Measurements

The main limitations of permafrost temperature measurements in boreholes are that (1) they only provide information at one single location in inhomogeneous terrain, and (2) they do not reveal changes in ground ice content during permafrost thaw. Complementary measurements are crucial for a comprehensive understanding of permafrost changes (PERMOS, 2019) as well as for the validation and interpretation of permafrost temperature data, helping to determine their plausibility and consistency (see Sections 7.2 and 7.3). Well established complementary measurements include:

• Ground surface temperature (GST) measurements using distributed miniature temperature dataloggers (MTD, Hoelzle et al., 1999, 2003; Delaloye, 2004; Weber et al., 2019) allow to assess thermal effects of local surface variability. GST are near-surface temperatures obtained at a 1–2 decimeters depth to avoid atmospheric disturbances and direct solar radiation.

• Repeated geophysical surveys with fixed sensors such as electrical resistivity tomography (ERT) allow the detection of changes in unfrozen water content, which also reflect changes in ground ice content and hence, permafrost degradation (Hilbich et al., 2008; Mollaret et al., 2019). This complement is particularly important for permafrost temperatures in ice-rich terrain just below the melting point, where hardly any temperature changes can be observed but permafrost degradation is taking place and these techniques allow to distinguish ice and water at 0°C.

• Creep velocities of rock glaciers are increasing with rising permafrost temperatures and related ice softening and increase in water contents (Arenson et al., 2002; Cicoira et al., 2019a, b; Kenner et al., 2019b). Velocity measurements are important in view of slope stability and increased sediment transport. They are monitored using terrestrial geodetic surveys (PERMOS, 2019) or in situ GNSS (Wirz et al., 2013), as well as by remote sensing methods such as photogrammetry, laser scanning (Kääb, 2002; Arenson et al., 2016; Kenner et al., 2018), terrestrial radar interferometry (Buchli et al., 2018) or InSAR (Strozzi et al., 2020).

• Deformation rates in boreholes can be measured parallel to temperatures. This is the only direct method to record deformation profiles at depth and to determine shear horizons. The use of deformation measurement devices influences the choice of borehole casing and/or sensor arrays (Sections 4 and 5). Measurements with standard inclinometers can only be carried out until the casing reaches a certain degree of deformation and the instrument can no longer be inserted (Arenson et al., 2002). Permanently installed inclinometers allowing for automatic data supply (e.g., type ShapeAccelArray Field, SAA) require the casing to be filled with sand to stabilize the instruments. Plastic spacers were mounted on the instrument prior to installation at Furggwanghorn rock glacier in Switzerland to achieve frictional connection between the instrument and the casing (Buchli et al., 2013). The SAAF device installed in the 2015 Murtèl-Corvatsch borehole is fixed in a plastic tube to pre-compress the inclinometer and insulated by an Armaflex foam tube to prevent heat transfer between the temperature sensor strings as well as the borehole liner.

• A well-equipped meteorological station at the borehole site (Mittaz et al., 2000) is important for interpreting monitoring results because the subsurface thermal conditions are largely driven by the surface energy balance. The complex topography introduces high uncertainties when extrapolating data from other weather stations. Meteorological data from the borehole site are indispensable input data for physics-based modeling of permafrost evolution (e.g., Gisnas et al., 2013; e.g., Marmy et al., 2016; Pruessner et al., 2018).



4. TEMPERATURE SAMPLING STRATEGY

The design of the temperature sampling in a permafrost borehole has to address (a) the depth of the borehole, (b) the angle of drilling, (c) the number and spacing of installed sensors, and (d) the accuracy, recording and measurement rate and resolution. The technical implementation of the sampling strategy, which includes the type of sensors used and the data acquisition system including logger and data transmission, is discussed in Section 6.

The depth of a permafrost borehole depends on the purpose of the measurements and the estimated permafrost conditions as well as on the terrain, the accessibility of the site, the available drilling equipment, and economics. Diurnal temperature fluctuations occur in the uppermost 1–3 meters, whereas the ground temperatures at depths below the zero annual amplitude (ZAA) react to multi-annual trends in connection with changing climatic conditions. The ground in-between is subject to seasonal temperature variations. Measurements at these depths further reflect effects of extreme weather periods. The minimal depth for temperature data to be included into the GTN-P database is the depth of the ZAA (Biskaborn et al., 2019), which is around 15–20 m for Alpine sites. The minimal borehole depth in the PERMOS network is 20 m, which allows determining the temperature gradient with depth. Reaching the depth of the ZAA can be difficult if access to a site is not possible with the required drilling equipment (e.g., in near-vertical mountain flanks) and should therefore not be a limiting factor determining the usefulness of a borehole for long-term observations. Deeper boreholes with several tens of meters depth – for example the 100 m deep PACE boreholes – allow inversion-modeling to describe the surface temperature evolution for several decades prior to drilling (Lachenbruch and Marsall, 1986; Isaksen et al., 2000). This is however not straightforward in complex mountain topography (Noetzli et al., 2007).

Most permafrost boreholes are drilled (nearly) vertically, which is recommended in loose debris to minimize the risk of borehole collapse. A slight inclination of ca. 2° to the vertical is useful for better contact between the temperature sensors and the casing. Examples of horizontal or oblique (normal to the surface and parallel to the main heat flux) boreholes exist in steep bedrock terrain (e.g., Jungfrau or Schilthorn, Switzerland; Aiguille du Midi, France; and Kitzsteinhorn, Austria). Some of them even completely pierce a ridge allowing active layer and thermal regimes to be studied for two contrasting sides (e.g., Zugspitze, Germany; Gemsstock, and Switzerland). Oblique or horizontal boreholes allow the three-dimensional temperature fields of steep crests and peaks to be studied (Gruber et al., 2004b; Noetzli et al., 2008).

The individual depths at which temperatures are recorded depend on the geotechnical and thermal characteristics of the location. The available number of sensors per string is typically limited to a few ten either by the number of (multiplexed) input channels and size of the connecting cable for analog sensors or by the address range of individual digital sensors. The WMO defines the depths of 0.1, 0.2, 0.5, and 1 m as standard depths for soil measurements (WMO, 2008). Measurements at 10 and 20 meters depth were established for reporting in national and international assessments (Hock et al., 2019; Noetzli et al., 2019; PERMOS, 2019). Examples of sensor spacings in permafrost boreholes in the European Alps, including the PACE standard (Harris et al., 2001), are provided in Table 1. Sensor spacing should increase with depth due to the decreasing temporal variability in the ground temperatures. Typically, a spacing of 0.2–1.0 m is applied in the uppermost 5–10 meters. Below around 10 m depth, the spacing increases to 2–5 m down to ca. 30 meters. At larger depth, temperature is usually measured every 10 meters. A dense sensor spacing in the uppermost 0.5 to 1 m is not considered useful if the distance is small compared to the size of the sensors, and because of the influence of the concrete chamber near the surface (cf. Section 5.4). An additional shallow borehole should be installed nearby for precise active layer temperature measurement (Harris et al., 2001; Isaksen et al., 2001). A simpler, less costly option to measure near-surface temperatures and to assess the influence of the surface installations is the placement of MTD just outside the borehole (e.g., Pogliotti et al., 2015 see also Section 3.3). A sensor spacing of 0.1–0.2 m is practicable in consolidated material or bedrock where no shaft is present. In coarse-blocky terrain, the surface (i.e., 0 m depth) has to be clearly defined and documented, since its position is not unambiguous and introduces uncertainty in the depth of the sensors. Subsidence of ice-rich ground can further require a regular reassessment of the sensors’ depths. A mm-level positioning of the sensors at larger depths, where temperature gradients are small (<0.1°C m–1) does not impact measurement accuracy (Biskaborn et al., 2019).


TABLE 1. Temperature sensor spacing defined within the PACE Project in 2001 as well as for recently instrumented boreholes in the Alps.

[image: Table 1]The placement of the sensors should – if known or reliably estimated – additionally account for site-specific zones of interest: the ALT, shear horizons, taliks or lateral water/air fluxes (Vonder Mühll, 1992; Arenson et al., 2002; Luethi and Phillips, 2016). Close spacing of temperature sensors of 0.1 m or less is recommended at the permafrost table in ice-rich ground, because freeze-thaw processes are non-linear and the commonly applied linear interpolation from neighboring sensors only allows an estimation of ALT (Brown et al., 2000; Luethi and Phillips, 2016). Future ALT increase can attain meters over time and must be considered. For example, the ALT at Schilthorn (Switzerland) increased from 4 to 10 m in 20 years, and at Lapires from 3.5 to 6 m (PERMOS, 2019). While the temperature sensors in the Schilthorn borehole are only 0.5 m apart in the topmost 4 m, they are 2 m apart below 5 m depth, which leads to a significant uncertainty with increasing ALT.

Temperature sensor duplication is highly recommended to ensure uninterrupted time series, particularly at the key depths 5, 10, and 20 m. Sensor duplication allows for validation of questionable data and provides a backup in case of sensor failure and lack of access for servicing. Inaccessible/blocked temperature sensor strings were repeatedly experienced due to ice plugging or borehole shearing. The only option for sensor replacement in such a case is a costly replacement of the borehole (Section 8). Duplication can be achieved by placing two or more sensor strings with overlapping depths into the borehole, or two sensors close to each other on the same string (cf. Table 1). Temperatures measured in nearby boreholes can also be helpful, but may not allow direct comparison due to small-scale terrain heterogeneity.

Hourly resolution of temperature recording is recommended to capture the high variability in the uppermost meters and potential non-conductive heat transfer processes. The latter can occur at all depths and may result from ground water or air flows, and are likely increasing with permafrost degradation and the formation of taliks. In addition, hourly recording allows an assessment of the stability of the measurements at larger depths with small temperature fluctuations. Recording intervals are typically programmed for the entire sensor string and its definition is thus based on the minimum interval of interest. The storage capacity of modern data acquisition systems is no longer a limiting factor. However, energy supply can be a challenge and needs to be considered when defining sub-hourly measurement intervals.



5. BOREHOLE DRILLING


5.1 Diameter

Typical diameters for boreholes of several tens of meters depth in loose debris are in the range of 100–140 mm (typical sizes of standard Q used: HQ and PQ) to allow for installation of casing and backfill. Diameters can be smaller, in the range of 45–70 mm, in solid bedrock, for shallow boreholes and with relatively stable walls (e.g., Magnin et al., 2015). The exact diameter depends on the equipment available, sampling technique and quality, drill bit and the selected casing (cf. Section 5.3), which in turn depends on the number and type of instruments to be inserted.



5.2 Drilling Procedure and Technical Aspects

A site inspection with potential drilling companies is mandatory for them to determine feasibility, access/shelter for workers and equipment, potential hazards and hence produce a cost estimate. It also helps the research team to decide who to award a contract to. Funding bodies require estimates due to the high costs involved and estimates have been known to vary hugely. Past experience of drilling in alpine environments is essential in the choice of a drilling company.

The installation of a high-alpine drilling site is logistically demanding and costly (see Vonder Mühll, 1996) and usually requires a building permit. Transport of equipment to remote sites in the European Alps is usually done by cable car, truck/bulldozer or helicopter. Access by road is rarely possible. A drill rig can be installed on specifically prepared drilling platforms or on a walking excavator if access is possible (Figure 4). For the latter, no rocks may have to be moved and the impact on the surface is typically lower, which is important for undisturbed conditions. Protection measures such as mobile rockfall barriers or safety lines may need to be installed to ensure the safety of workers, machinery and instruments on site. It is also important to protect pre-existing instruments and the drilling company has to be advised accordingly. The logistics of a platform installation in near-vertical terrain may require additional safety installations for securing site and workers, the help of mountain guides, and a rope pulley system to transport equipment (Magnin et al., 2015). Typically, around 8–10 tons of machinery are needed for a borehole of about 30 m depth, whereas lighter equipment may be used for shallower boreholes. Additional space at the drilling site is necessary for a compressor and bulky equipment such as generators, containers, drill tubes, fuel tanks, casings, sampling devices, or boxes for sampling. All equipment as well as excess material needs to be removed and transported back from the site.
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FIGURE 4. Drilling platforms: in steep bedrock at Gemsstock in 2006 (A, photo: A. Bauder) and at Aiguille du Midi in 2008 (B, photo: J. Noetzli). A walking excavator with drill head was used on Murtèl-Corvatsch rock glacier in 2015 (C, photo: J. Noetzli).


Boreholes are either drilled destructively or by extracting cores (Figure 5). Destructive or percussion drilling is significantly cheaper, faster and requires simpler logistics. However, it only allows qualitative information on stratigraphy, ice content (low/high ice content and depth), fractures (depth) or water occurrences: thorough documentation of the type of material ejected (e.g., ice chips), encountered fissures, water occurrence and hardness of the material is essential, both by an experienced driller and in parallel by a qualified team member. Any flow of (ground)water into the borehole during or after drilling should also be logged, as well as drilling data, such as torque and penetration rate. The latter may later be used to support the description of the stratigraphy. Due to the unfrozen and uncompacted nature of the active layer in rock glaciers, for example at the Muragl rock glacier, Switzerland, steel casing may be required for the top meters to stabilize the borehole during drilling (see Arenson et al., 2002). An ODEX system allows a casing to be advanced during drilling in such loose debris. In this case, caution must be used when extracting this casing so that any installed instrumentation is not damaged.
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FIGURE 5. Drill bits (A) and cores (B) taken in the Murtèl-Corvatsch rock glacier between 5 and 30 m depth. The samples consist of nearly pure ice and were stored in a freezer on the drill site before transport to the cold laboratory. Photos: J. Noetzli.


Core drilling typically requires heavy equipment and is around 3–4 times more expensive and time-consuming. It allows quantitative determination of stratigraphy, particle size and ice characteristics (geotechnical tests, dating, ground and ice composition). Duplex or triplex techniques should be used to minimize heat input into the ice core (Vonder Mühll, 1996; Arenson et al., 2002). Triple tube core drilling was used on the Muragl and Murtèl-Corvatsch rock glacier drilling campaigns in 1999 and 2000 with adiabatic cooling, as well as between ca. 5 and 30 m depth for the ice-rich parts of the 2015 Murtèl-Corvatsch borehole. In the latter, the rest was drilled destructively to save time and money. Sonic drilling has also allowed good frozen sample recovery rates in frozen ground and rock glaciers (L. Arenson, pers. communication). An ODEX system can be driven behind drill bits and sampling tubes in unstable terrain. Any cores extracted from the borehole should be insulated and stored in a freezer immediately, and transferred at frequent intervals to a freezer truck for transport to the cold laboratory.

The choice of the drilling crowns depends on whether percussion or coring is applied – and for the latter if they have to cope with hard rock (e.g., gneiss or granite), granular porous media or soft ice. The inhomogeneous material in loose debris has to be assessed in advance and requires an experienced driller and fast adaptation of the drilling technique and crown. While a diamond drill bit can pulverize rock, this may not work on ice, which must be scraped. Pauses in the drilling procedure should be minimized because the drill head can become irretrievably stuck due to freezing inside the borehole. In such a case the borehole and drilling equipment would be lost. Gravels were also found to rotate with the drill bit, causing additional damage to the sample (Arenson, 2002).

Heat disturbance from drilling has to be kept to a minimum, especially in ice-rich permafrost with temperatures close to the melting point. It is essential to drill very slowly using a compressor-driven air flushing system, or brine, but not a water flushing system. The latter causes significant thermal disturbances or melt of the ground ice – as experienced with the very first drillings in rock glaciers (Barsch et al., 1979) – and remaining water can freeze in the borehole or even destroy its walls, possibly initiating the formation of taliks. In addition, water is often not available at high elevation sites. Water cooling may be used when drilling into solid bedrock close to a cable car station with water supply (Magnin et al., 2015), if flushed out completely at the end of the procedure.

Borehole camera logging either in parallel with the drilling or immediately thereafter allows the ground ice content, type of material, porosity and ground stratigraphy to be assessed, if it is not necessary to stabilize the borehole walls with a casing (Arenson et al., 2002; Scapozza et al., 2011). A caliber log may be useful to reveal information about the borehole diameter. Televiewer logging (optical and acoustic) can be completed to provide detailed scans of the borehole walls, including orientation of layers and thin irregularities. However, such surveys can lead to the collapse of the borehole and loss of the sensor in the worst case, as the borehole has to be cleaned before the survey and, depending on the size of the instrument, the borehole walls may be touched. Methods such as electrical resistivity, electromagnetic induction or sonic (P-wave velocity) surveys, that may require a water-filled borehole before the stabilizing casing is inserted (e.g., Vonder Mühll et al., 2003) are not recommended because of the high risk of losing the borehole. In-hole surveys are only recommended if logging can be completed from within a PVC casing that is tightly grouted into the ground. Nuclear magnetic resonance (NMR) measurements can provide information on total and liquid water content with depth. Active nuclear well logging methods (gamma ray log, gamma-gamma or neutron-neutron logs) were previously applied in periglacial talus slopes (Vonder Mühll and Haeberli, 1990; Scapozza et al., 2015) but they are now forbidden in Switzerland.



5.3 Installation of Borehole Casing

A borehole casing is required to protect sensors from slope deformation and moisture, and for access to the instruments for later servicing. A casing is particularly needed for boreholes in loose debris and has to be installed immediately after extraction of the drill. Failure to do so can cause the borehole walls to sag, collapse or be blocked by falling stones within minutes/hours, preventing insertion of the casing and instruments.

Polyethylene casing or similar material should be used. Metal casing is considered unsuitable due to its high thermal conductivity. The casing must be watertight, and sealed at the base and at all connections. In practice, a completely watertight sealing is challenging as most casings consist of different pieces put together on site. It is best to use the longest possible segments (e.g., 5 m) with threaded sockets, which can be screwed together. Sockets must be thoroughly cleaned, warmed up if necessary, and sealed with special adhesive and/or self-welding tapes. The diameter of the casing is determined on the basis of borehole diameter and of the instruments to be inserted (Section 4). Recent examples are diameters of 67 mm for two temperature sensor strings (e.g., Schilthorn, 2018) or 110 mm accommodating three temperature sensor strings and a smaller casing with an in-place inclinometer (e.g., Murtèl-Corvatsch, 2015). The polyethylene tubes installed at Aiguille du Midi with one thermistor chain each have an inner diameter of only 29 mm (Magnin et al., 2015).

The space between the casing and the substrate should allow room to inject some filling material (sand or grout) to improve the thermal contact between the sensors and the ground and to reduce non-conductive heat transport along the borehole. Tremie tubes are needed in loose material to prevent the material spreading into larger voids. Sand is simple to insert using a funnel between the borehole and the casing, but can be flushed away by subsurface lateral water fluxes, and if simply added from the surface, may not reach the bottom of the borehole. Grout is pumped into several tremie tubes that end at different depths, which can be taped to the outside of the casing before insertion into the borehole to ensure homogeneous distribution. Geotextiles or other fabrics, which can be taped to the casing, should be used in zones with large cavities to restrict the volume of grout pumped into the ground. Grout should be filled from the bottom up, and buoyancy of the casing must be properly addressed. Special permafrost-grout should be used, which sets at negative temperatures and produces less hydration heat. Traditional grout emits hydration heat over several weeks and can cause a substantial thermal disturbance for a few months. Traditional grout can lose integrity by freezing and crumbling before setting, preventing efficient thermal contact between the casing and the surrounding ground. For boreholes in deforming and ice-rich ground, the voids around the casing will be filled by the deformation of the landform, especially in the ice-rich part. However, large gaps between the casing and the boreholes in highly permeable matrix may favor non-conductive heat transport along the borehole, which may in turn lead to a disturbed temperature regime. Foam tubes may be used in boreholes without casing, but installation is more difficult, especially below ca. 10 m depth.

The influence of air convection within the borehole is considered negligible for a casing of smaller diameter (<115 mm) and for small temperature gradients with depth (<0.1°C m–1). This was demonstrated for boreholes in glacier ice (Zotikov, 1986; Haeberli and Funk, 1991), which is a comparable setting. Temperature sensors installed in- and outside of the casing in the first boreholes at Murtèl-Corvatsch showed very similar values (Vonder Mühll and Haeberli, 1990). The 2015-borehole at the same site was filled with sand inside the casing after a few months of operation without a significant effect on the temperatures. Insulation foam can be attached between the temperature sensors in the uppermost meters, where temperature gradients are largest, to prevent convection and to ensure better contact between the sensors and the casing by pressing the sensor string to the borehole wall.



5.4 Borehole Protection at the Ground Surface

Boreholes and instruments need to be protected at the surface. Preferably a short concrete chamber (manhole) with a cast iron lid as applied in civil engineering applications is installed (Figure 6). The concrete chamber should be walled into the surface material and be large enough to place a suspension for the sensor strings and, if required, to store instruments (e.g., data loggers and batteries, see below). The protection chamber must be drained downslope to prevent water from infiltrating into the borehole or from flooding instrumentation. Indeed, water infill and ice plugging can make (parts of) boreholes unusable (Figure 6D). The length of the borehole casing above the surface needs to be accounted for in the design of the sensor chains. The length of the exposed casing can increase with time in ice-rich ground due to subsidence, and cause the sensor wires to be trapped between the borehole and the lid, damaging the wires. This was observed at the Murtèl-Corvatsch borehole after around 30 years of operation (Figure 6B). The concrete segment had to be raised and supported to relieve the cables.
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FIGURE 6. Battery and logging system in a concrete chamber on Wisse Schijen, Switzerland (A, photo: M. Phillips). Damaged cables due to pressure from the lid as a result of subsidence on Murtèl-Corvatsch, Switzerland (B, photo: A. Hasler). Trench and protective casing (white casing in background of the picture) for the cables between the borehole and the instrumentation on Schilthorn, Switzerland (C, photo: A. Hasler). Concrete chamber filled with water above the top of the borehole casing after snow melt on Schilthorn, Switzerland (D, photo: A. Hasler).




6. TEMPERATURE MEASUREMENT SYSTEM

The instrumentation for long-term monitoring used must be robust, well-designed and tested to achieve a service life of at least 2–3 decades under harsh conditions where lightning, avalanches and rock falls, as well as large temperature fluctuations (e.g., between −25 and +25°C) are common. The temperature measurement system is required to record data autonomously and continuously with a focus on long-term stability, precision, reliability and maintainability. It includes:

1. the temperature sensors or transducers, which are compiled as one or more cabling configurations, so-called temperature sensor strings (Section 6.1), and

2. a data acquisition and logging system including suitable interface circuitry, digitizer subsystem, lightning protection, and data transmission (Section 6.2).

Calibration of the temperature measurement system is important to guarantee the quality of the data and should be carried out with a setup that models the conditions in the field and minimizes potential error sources (Section 6.3). The target accuracy of the complete measurement system near 0°C should be on the order of ±0.02°C for absolute values. The detection of temperature changes will be more accurate, because calibration issues do not have an impact. The long-term stability of the sensors and the precision of the measurement system should be significantly higher than the expected temperature changes, which are currently in the order of a few decimal degrees Celsius over a decade (Biskaborn et al., 2019; Etzelmueller et al., 2020).


6.1 Temperature Sensors and Strings

Key characteristics for the selection of the sensors are the temperature range, temperature coefficient, the accuracy and long-term stability as well as interchangeability. Temperature sensors suitable for permafrost observation have to cover the anticipated temperature range near the surface and must have their highest absolute accuracy at 0°C. Most industrial temperature sensors are designed for a much higher dynamic range and sensor ratings are typically given for higher temperatures than those required for applications in the cryosphere.

Thermistors are the most frequently used sensors for permafrost temperature measurements. Commonly, negative temperature coefficient thermistors (NTC) with high resistances of 10 to 100 kΩ at 0°C and a temperature coefficient of ca. 5% per°C are used in analog temperature sensor strings, e.g., TE connectivity 44031 (PERMOS, 2019). Positive temperature coefficient thermistors (PTC), such as PT100/1000 sensors, with considerably lower resistivities are often used in MTDs. The errors of the temperature measurements using thermistors depend on (1) the materials and model of the thermistor, (2) the circuitry used to measure the thermistor resistance, (3) the thermal coupling of the sensor to the measured object, (4) the conversion of the measured resistance to temperature, and (5) the aging of the sensor and related cabling, connections and electronics over time (cf. also Biskaborn et al., 2019). Calibration allows variations due to (1) and (2) to be corrected for. A number of linearization methods (4) exist for NTC measurements, for example the widely used Steinhart-Hart equation (Steinhart and Hart, 1968). Lawton and Patterson (2002) found low drift rates of <0.01 mK a–1 at 20°C for NTCs (5).

Thermistor strings are available commercially or can be custom built. Ideally, thermistors should be on individual wires instead of in a common ground wiring. This minimizes the interference of sensors in case of circuit damage and avoids losing all sensors due to a single wire failure, which is particularly important in terrain with considerable deformation. One or two reference resistors on the temperature sensor strings are recommended to measure alongside the thermistors as controls. Hermetic sealing of the strings is essential to prevent moisture ingress into wires, contacts and sensors. Moisture in the sensor cable can lead to disturbance in the measurement (cf. Chapter 7.2), resulting from parallel current or cable corrosion. Standard ways of configuring thermistor strings include the use of polyurethane cabling, heat shrink tubing, industrial potting compound and an integrated strain relief, as cable stretching can cause negative thermistor drift.

In addition to conventional analog thermistor strings, digital temperature strings are receiving increased attention for permafrost measurements in mountain regions. Digitization of the analog signal directly at the measurement point inside the borehole reduces inaccuracies that arise from analog signal transmission to a digitizer located at the surface in a logging box, reducing disturbances from different environmental temperature variations and signal transmission over long and asymmetric cable distances. In addition, such a system is less susceptible to moisture and lightning. Strings of digital sensors, however, are typically on one single cable, meaning that the entire chain fails in case of shearing. Distributed temperature sensing (DTS) using fiber optic cables have also been applied (Luethi and Phillips, 2016; Harrington and Hayashi, 2019), which would allow to measure temperatures over the whole length of the borehole. However, the high energy consumption and calibration requirements reported do not yet allow an implementation for continuous monitoring.



6.2 Data Acquisition and Logging System

Data are registered automatically using a data logger for continuous time series. The data logger runs a program that includes the measurement routine, data format definition, calibration information, conversion parameters, and allows for data storage. It is connected to the temperature sensor string directly or via a multiplexer allowing a larger number of sensors (depending on the logger type) and preferably allows remote access via mobile network, satellite or radio communication. A wide range of data loggers exists and must be selected based on the entire measurement system, e.g., CR1000 Campbell Scientific loggers are used in many newer boreholes in the European Alps. The calculation of mean values based on a sampling routine with multiple measurements per sensor channel and recorded value is theoretically helpful to reduce noise, but increases power consumption. For sensors close to the surface, noise is typically small compared to the high rates of temperature change. For sensors with low rates of temperature change a running mean calculation during post-processing has a similar effect.

Power is typically supplied by solar-panels and/or batteries. Solar panels can be mounted on a pole in avalanche-free locations, whereas they can be attached to the concrete chamber in avalanche terrain, where they only receive solar radiation in snow-free conditions, but are less exposed and vulnerable to damage.

Remote access to the data logger is highly recommended since it significantly reduces the risk and length of data gaps. It allows for rapid identification of potential technical problems as well as prompt intervention and repair (Section 7). Data gaps of several months or even a year can occur when data is manually collected once a year. Gap-filling routines are hardly applicable for such large gaps for temperatures measured above the ZAA. Automatic data transfer also allows for timely reporting of current permafrost conditions, which is increasingly demanded by stakeholders, the media and the public. Data transfer may be achieved via mobile data services. At locations where cell phone network coverage is problematic – which is often the case in mountain areas – satellite data may be an alternative. The data storage capacity of the on-site data logger should allow data storage for at least 1 or 2 years to allow for infrequent site visits.

Lightning protection is important at exposed high mountain sites and has to cover the entire borehole setup. The vulnerability of the measurement system to lightning damage can be significantly reduced. The length of cables at the ground surface should be kept minimal, and the system be grounded at one point only. A combination of temperature sensor strings and meteorological sensors with a multiplexer on the same data logger (as used for the PACE sites) as well as a setup with the data logger outside the concrete chamber is more susceptible to lightning damage. It is therefore not recommended and only applicable when reliable communication is available to regularly check the functioning of the system. In addition, shielding of the cables, insulation of susceptible components and surge protection for connections leaving the logging box are recommended. In general, lightning damage hardly affects well protected thermistor strings and occurs less frequently in the logger box than problems related to water and moisture intrusion.

The logging system must be protected from moisture and have watertight cables. If the logger box is installed directly in the concrete chamber (Figure 6A), it should be gas tight and equipped with replaceable desiccant units. Here it is also best protected against storms, rock fall, avalanches, animals or vandalism. In avalanche safe terrain, it may also be mounted on a mast together with solar panels, allowing for solar energy all year round, better mobile reception or easy access in winter (cf. Figure 1). Such un-shaded boxes in the free atmosphere should be well ventilated to prevent condensation inside the box. Short cables between the borehole and the logger box not only reduce lightning exposure, but also surface temperature variations influencing the measurement via heat conduction along the cables (Figure 6C).



6.3 Calibration Procedure

In general, the detection of temperature changes is more accurate than absolute temperature measurements because calibration errors have less impact. For the first, stability of the sensors is the determining factor. For the latter, precise calibration of the temperature sensors is required prior to installation using the same configuration of the measurement system (sensors, logger, multiplexer etc.) as will be installed in the field to achieve repeatable accuracy. The main interest for permafrost temperature measurements is best possible accuracy around the freezing point of water.

A single-point (or offset) calibration in a stirred ice-water bath at 0°C constitutes the most suitable calibration method. A precise reference thermometer should be used to check that the ice bath is properly mixed and at 0°C ± 0.01°C during the entire procedure (Wise, 1988). The entire sensor chain has to be well covered within the ice-water bath and must not touch any walls of the container. We recommend a double bath configuration (Figure 7). The calibration should be performed in cold atmospheric conditions (<10°C) without influence of solar radiation. An elaborate multiple-point calibration in an alcohol bath (Merlone et al., 2020) is not considered necessary for the available high precision thermistors with the focus on 0°C and on temperature changes. A quick, but highly practical field method to test sensor precision is to bury the temperature sensor chain in wet snow at 0°C. However, this method does not enable the same high accuracy to be evaluated as in the stirred ice-water bath due to potential problems with thermal coupling of the sensor or radiation influence. It is mainly useful to detect larger problems of the measurement system.
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FIGURE 7. A 0°C crushed ice-water bath for calibration of temperature sensors. The use of a double bath minimizes external temperature influences. The ice-water mixture must be stirred constantly during calibration and the temperature controlled by a high-precision reference thermometer. Photo: M. Phillips.




6.4 Installation of the Measurement System

The installation of the measurement system in the field is a critical step and needs to be well prepared. If several strings or instruments are to be installed simultaneously, they have to be tied together to ensure relative alignment on a smooth surface such as a large parking lot (Figure 8A). Long instrument strings of several tens of meters length, connecting multiple instruments, have a significant weight so that a helicopter might be required for lifting and lowering them into the borehole (e.g., PACE drilling in Janssonhaugen, Svalbard or on Murtèl-Corvatsch, Switzerland in 2015, Figure 8B). It is crucial that the ground surface level (i.e., 0 m) and the top of the casing are clearly defined and documented and the temperature sensor string is placed accordingly. A suspension device for the instruments is required to secure the constant position of the string (Figure 8C). To prevent it from being pulled into the borehole and the wires from stretching, the weight and diameter of the string(s) must be considered during their design. Improvisation to reduce the length of the pre-fabricated sensor strings was required in some cases because boreholes were shorter than planned. In such a case, the lower end of the sensor chain must be folded upward. If this is not possible, the lower part has to be cut and sealed. Otherwise the more densely instrumented upper part of the sensor string cannot be placed inside the borehole and must rolled up and placed inside the concrete chamber (the new sensor depths must be noted!).


[image: image]

FIGURE 8. Installation of the sensor instruments into the borehole at Murtèl-Corvatsch in September 2015. Relative assembling of the three temperature sensor strings and the SAAF device (A, photo: A. Bast), installation in the borehole with a helicopter (B, photo: D. Wasser), and suspension device (C, photo: A. Bast).




7. MAINTENANCE


7.1 Field Visits

Regular maintenance of the instruments is essential for successfully collecting continuous high-quality data, to repair or replace broken parts and to prolong the service life of the equipment. Maintenance includes at least one field visit per year with visual control of all parts of the measurement system, i.e., logger box, modem and antenna, cables at the surface and their connections and protection. Regular field visits are particularly important if there is no remote access. Taking photographs of each part of the measurement system and the conditions at the site at each visit for the documentation of the current state (and hence any changes) has proven key for future reference. A standardized field visit protocol helps with the full documentation of all the visits including the work completed and changes or updates made to the instruments or logger program (Supplementary Material 2). Without such information, later data control or homogenization is extremely difficult, requires time-consuming detective work or sometimes is even impossible. A station history was often not recorded systematically in science-driven monitoring networks leading to parts of long time series with inconsistencies that can no longer be resolved.



7.2 Regular Data Control

Regular, thorough and standardized data controls allow for fast intervention in case of interruption or problems, for example, noise or measurement instabilities due to external influences such as moisture, from inconsistencies due to changes or replacements in the measurement system (e.g., new logger, program, and rewiring) or from sensor drift. Regular visual data controls, e.g., once a month, can be achieved by online browsing tools with standardized overview and detail plots for each station if data is available online. Service variables such as battery voltage must be controlled, facilitating the detection of potential error sources.

Best practice for data control within PERMOS currently includes both visual checking and plausibility checks. Value range checks (i.e., testing whether values lie within acceptable limits) and checks on time consistency (i.e., testing on plausible rates of change and unrealistic data departures) are the most straight-forward basic quality control procedures to automatize (Zahumenský, 2004). Temperatures should also be evaluated in the context of the depth profile, i.e., is the gradient reasonable, do the temperatures change with depth and time with a realistic lag, and do thermal disturbances such as taliks behave as expected? Zero curtain calibration is important to validate temperature data in the active layer. However, it must be kept in mind that in low-porosity ground the zero curtain may equilibrate below 0°C. Reference resistors and duplicate measurements (see Section 4) are important to distinguish faulty measurements from real signals, which is sometimes very challenging because variability, rates or patterns can be similar.

For example, water and moisture fluxes can result in sudden warming/cooling spikes in the temperature data (e.g., Phillips et al., 2016; Figure 9) or high temperature variability at depth were only conductive signals are expected. It is difficult to differentiate whether such signals result from advective processes in the permafrost (correct measurement), from water intrusion into the borehole (correct measurement, but a problem linked to the installation) or moisture intrusion into the cables or sensors (erroneous measurement). Humidity was also found to exacerbate positive thermistor drift (Lawton and Patterson, 2002). Sensor drift must be distinguished from real temperature changes to prevent false interpretation of warming/cooling signals. Examples are given by Luethi and Phillips (2016) and in Figure 9. Long-term sensor drift, i.e., over several years, is mainly sensor specific, as shown by constant reference resistors, and can result from sealing effects of the temperature sensor string triggered by compression or moisture. A single drifting sensor can be detected through its anomalous trend compared to neighboring sensors or zero curtain calibration for sensors in the active layer (cf. above). Since the drifting rates are small and can be in the same range as expected warming rates, drift may only become apparent after a year or more, especially at shallow depths with large temperature variations. It is therefore crucial to assess the data quality in context of the previous data regularly, for example, annually before submission to (inter)national data centers.
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FIGURE 9. Two examples of permafrost temperature time series with questionable data, which was detected during data control and flagged as doubtful or erroneous. (A) Sensor drift at a depth of 4 m, which can be detected based on the zero curtain and comparison with neighboring sensors. (B) The sensors at 4.55, 5.56, and 7.55 m depth increasingly show positive temperature peaks, which is a typical effect attributed to liquid water. It is difficult to distinguish whether they are caused by advection inside the borehole or moisture effects in the electronics. Data source: PERMOS.


Quality control often includes site knowledge from the principal investigator and cross-correlation with measurements from neighboring sensors and stations to test for consistency. A quality assurance/quality control (QA/QC) protocol should be developed at the beginning of the monitoring program, all observations on data quality should be carefully and systematically documented and suspicious or faulty data should be flagged and masked accordingly. However, corresponding guidelines or standards for permafrost temperature observations in boreholes are hardly available and need to be developed in the future based on existing experience with national and international data collections.



7.3 Recalibration

Sensor recalibration is important to be able to identify measurement drift or other potential inaccuracies and is often mandatory in operational measurement networks (WMO, 2008). Recalibration is advisable after 5–10 years of operation for permafrost temperature measurements or subsequent to important changes in the measurement system, such as new junction boxes or logger replacement. It should follow the procedures described in Section 6.3. It is however important to stress that for permafrost boreholes in mountain regions re-calibration is often not feasible in practice due to blocked sensor strings. In addition, the risk of not being able to re-install the sensor string at exactly the same location in the borehole is high. In view of the long-term stability of high-quality temperature sensors, we therefore only recommend recalibration in case of persistent inconsistencies or measurement problems. If recalibration is impossible, plausibility checks and quality control as described above (Section 7.2) are the only options for data validation. In case of persistent problems and blocked instruments a new borehole may have to be drilled nearby to secure the continuation of the time series.



8. RE-DRILLING OF BOREHOLES

Four boreholes had to be replaced between 2015 and 2019 within the PERMOS network because of reduced data quality and lack of access to the sensors (PERMOS, 2019). Replacing a number of key boreholes by re-drilling may become increasingly necessary, since many of the borehole stations were installed 20–30 years ago and are thus likely reach the end of their service life. The goal of a re-drilling project is to secure the continuation of a long-term time series, and therefore permafrost conditions should be as similar to the original ones as possible. The new borehole should:

1. be located close to the old borehole with similar surface and subsurface characteristics (but without endangering the operation of the existing borehole),

2. be designed to measure at the same depths, ideally with the same total depth, and

3. allow for a temporal overlap with the original time series (GCOS, 2004) and a homogenization of the data.

First experiences with borehole replacement from the Swiss Alps show a high agreement of original and new borehole temperatures, both in their temporal evolution and in terms of the depth profile of annual mean temperatures (PERMOS, 2019). The longest time series from Murtèl-Corvatsch was successfully validated in this manner after 30 years of operation without recalibration due to lack of access to the sensors.



9. CONCLUSION AND OUTLOOK

We have described the best practices for the installation of boreholes for long-term observation of permafrost temperatures in mountain regions. These include the selection of the site and detailed drilling location, borehole drilling and casing, selection and calibration of the measurement system, installation of the field instruments, and, finally, regular maintenance and data control. The recommendations presented emerged mainly from experiences gained from activities in the European Alps and in the framework of the Swiss PERMOS network and relate to single sites as well as a network. However, we are convinced that many aspects presented are important for any permafrost borehole installation, be it in mountain regions or in polar lowlands. Standardized procedures are currently limited but necessary for a fully operational, global permafrost monitoring including international coordination and comparable data for all permafrost regions worldwide. Standardization and best practice recommendations will lead to less field interventions and longer service life as well as higher data quality. And they are indispensable for more robust scientific outcomes and greater opportunities to contribute to managing natural hazards affected by climate change.

We concluded based on experience gained that the major challenges for the drilling of a permafrost borehole in mountain regions are the stabilization of the borehole in loose material, inhomogeneous underground material including ice and rock and the cooling of the drilling bits with air to avoid that the permafrost’s temperature regime is affected. To ensure a service life of several decades, very high attention must be given to avoid water and moisture intrusion into the borehole and related measurement systems, and considerable slope deformation must be accounted for. In many cases, the temperature sensors were blocked after a few years and no longer accessible. These challenges are particularly important when drilling in talus slopes and rock glaciers. The major difficulties in steep solid bedrock relate to logistics (access, installation and safety of the drilling site). Hazards such as lightning, rock fall and avalanches are important threats, and may cause interruption of the time series or threaten the drilling campaign.

A thorough installation procedure with focus on long-term stability of the selected sensors and robustness of the measurement system as well as on waterproofing and lightning protection of all parts must be followed. This mainly includes (1) temperature sensor strings with a high accuracy, calibrated at 0°C and with an excellent long-term stability (±0.02°C at 0°C for the entire system), (2) duplication of sensors at important depths for data validation and as backup for erroneous sensors in case recalibration is not possible due to blocked instruments, (3) remote data access for both fast detection of potential problems and timely reporting, and (4) standardization, thorough documentation, and archiving of the maintenance procedures to minimize efforts of subsequent data processing and curing. Early planning of renovations or replacement with a new drilling is important to avoid data gaps and to ensure a suitable temporal overlap between measurement time series. Since permafrost research in mountain regions is a relatively young and dynamic field of research (Haeberli et al., 2010), best practices and standards for operational monitoring should be evaluated continuously, and adapted as new technologies and findings emerge.

The production of high-quality borehole temperature time series does not end with the raw data being collected on a logger. It crucially includes secure storage, quality control, data cleaning and gap-filling and, last but not least, the derivation of secondary products such as aggregations, active layer thickness, or warming rates. In part, available guidelines for meteorological data can be applied for the processing of permafrost temperature data. However, permafrost temperature data have to be treated with different statistical and gap-filling procedures, e.g., due to the time lag and dampening with depth or during phase change. Today, best practices and standards for the data processing are hardly available for time series of permafrost temperatures and should therefore be developed with high priority in the future. Modeling approaches may also be helpful for data validation, where sensor recalibration is not possible. By following the recommendations presented in this paper we believe the first critical step toward high quality monitoring of mountain permafrost can be achieved.
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Description, site and
year of installation

Sensor depth below the ground surface (m)

Remarks

Murteél-Corvatsch,
Switzerland 1987

PACE 2001 (Harris
etal., 2001)

String 1:
0.55/1.65/2.55/3.55/4.55/5.56/6.55/7.55/8.56/9.55/10.56/11.56/

12.56/13.56/14.56/15.57/16.57/17.57/18.57/19.57/20.56/21.56/22.57/

23.56/24.56/25.56/26.56/27.56/28.56/29.56/30.56/31.56/32.56
String 2:

29.97/32.96/35.96/38.96/41.97/44.97/45.98/46.97/47 .97/48.99/
49.99/50.99/51.98/62.95/53.94/54.94/55.94/56.94/57 .95

0.2/0.4/0.8/1.2/1.6/2/2.5/3/3.5/4/5/7/9/10/11/13/15/20/25/30/40/50/

60/70/80/85/90/95/97.5/100

Sensors below 30 m no longer deliver useful data. No
duplication of sensors.

The PACE standard is applied in boreholes in the Alps
and Scandinavia. No redundancy of sensors.

Muragl, Switzerland
1999

0.2/0.6/1.2/1.8/2.4/3.0/4.0/5.0/6.0/8.0/10/12/15/20/25/30/40/55/70

Four boreholes with identical sensor depths. In some
cases, when the boreholes were not as deep, the 70 m
thermistor was omitted. No redundancy of sensors. The
boreholes sheared off: measurements below 20 m are
no longer useful.

Gemsstock,
Switzerland 2006
(Phillips et al., 2016)

0./0.05/0.3/0.55/0.8/1.3/1.8/2.8/3.8/5.8/7.8/9.8/11.8/15.8/19.8/
23.8/27.8/29.8/31.8/33.8/35.8/36.8/37.8/38.3/38.8/39.05/39.3

Horizontal borehole piercing a bedrock crest. The
sensor spacing decreases for larger depths (i.e., in the
center of the ridge).

Aiguille du Midi, France
2008 (Magnin et al.,
2015)

0.3/0.5/0.7/0.9/1.1/1.4/1.7/2/2.5/3/4/5/7/9/10

Three horizontal boreholes with identical strings in
near-vertical bedrock. In the borehole on the south side,
measurement depths were adapted because the
borehole does not reach 10 m depth. No duplication of
Sensors.

Corvatsch-Murtél,
Switzerland 2015
(PERMOS, 2019)

String 1: 0.25/0.5/0.75/1/1.5/2/2.5/3/3.5/4/4.5/5/10
String 2: 3/5/6/8/10/12/14/16/18/20
String 3: 20/25/28/30/32/34/36/38/40/42/45/50/55/58/60

Decrease of sensor intervals at the depth of the active
layer (around 4 m) and in the expected shearing zone
(around 32 m). Duplication is achieved by doubling
sensor depths on different chains.

Tsaté, Switzerland
2017 (PERMOS, 2019)

Schilthorn, Switzerland
2018 (PERMOS, 2019)

1/3/5/6/6.5/7/7.5/8/8.5/9.5/10/12.5/15/20/20.1

String 1: 0.5/1,1.5/2/3/4/5/6/7/8/10/15/20
String 2: 5/9/10/11/12/13/14/15/16/17/20/22.5

Duplication is achieved by close placement of sensors
on a single chain.

Decreased sensor spacing in zones of interest to
capture the ALT increase and potential water infiltration.

Cime Bianche, ltaly
2004 (Pogliotti et al.,
2015)

0.02/0.3/0.6/1/1.6/2/2.6/3/3.6/4/6/8/10/12/14/15/16/17/18/20/
25/30/35/40/41

No duplication of sensors.

Muot da Barba Peider,
Switzerland, 2019

String 1: 0.5/1/1.5/2/2.5/3/3.5/4/5/6/8/10/13.5/17.5
String 2: 0.5/1/1.5/2/2.5/3/3.5/4/5/6/8/10/13.5/17.5

String 1 is a custom-built thermistor string with NTCs,
String 2 is a digital temperature string Campbell CS225.
The setting allows for a long-term comparison of the
two different systems.

Depths with duplicate sensors are marked in bold. ALT, active layer thickness; NTC, negative temperature coefficient.
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