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Abstract. Ground temperature (GT) is an essential variable for monitoring the thermal state of permafrost,
developing models, and conducting fundamental research. However, the usability of GT data in Canada is often
hampered by inconsistent file formats, a lack of metadata standardization between organizations, and varied
temporal resolutions. This fragmentation has prevented the development of a comprehensive benchmark dataset,
leaving researchers reliant on small, ad-hoc data subsets for model evaluation.

To address this gap, we present a new, standardized collection of GT and ground surface temperature (GST)
data from across Canada, designed to serve as a benchmark for synthesis and model evaluation. The collection
integrates data from 29 published datasets and 13 unpublished contributions, encompassing 427 GT and 491
GST sites across British Columbia, Labrador, Northwest Territories, Nunavut, Québec, and Yukon. The dataset
includes records from 1960 through 2025 and observations range in depth from 0 to 300 m. The longest individual
time series comprises 34 consecutive years of daily data with no more than 10 % missing data per year. On
average for all sites and depths, this value is 6 years.

All included time series feature at least one year of measurements at daily resolution. We performed quality
control and standardization using tempcf – a newly-developed python software tool – to document and remove
anomalies, outliers, and drilling disturbances. Then we aggregated sub-daily data to daily means. The dataset is
standardized into NetCDF files adhering to CF, ACDD, and IOOS metadata standards as well as a compatible
permafrost-specific metadata profile. Data are provided as both individual NetCDF files and text files. They are
fully accessible at https://doi.org/10.5281/zenodo.18022924 (version 0.9.1) (Meier-Legault et al., 2025) and via
an ERDDAP server (https://data.permafrostnet.ca/erddap, last access: 21 July 2026), following FAIR principles.

Several limitations remain, including time zone uncertainty in some datasets, and the lack of a standardized
methodology for harmonizing site description metadata. Nevertheless, this collection improves the accessibility
and usability of Canadian ground temperature data for national-scale permafrost research.

1 Introduction

Ground temperature is an essential variable for the study and
monitoring of permafrost (Sessa and Dolman, 2008). Tem-
peratures are often measured at multiple discrete depths in
boreholes equipped with a temperature sensor chain. How-
ever, surface measurements, typically obtained from a single
logger–sensor configuration located in the uppermost ground
layers, are also commonly collected. While individual time
series are useful for investigating local-scale phenomena, of-
ten in conjunction with other data sources (e.g., Hasler et al.,
2012; Wirz et al., 2016), large collections of data are used
to evaluate models (Fiddes et al., 2015; Melton et al., 2019;
Cao et al., 2020), monitor the thermal state of permafrost
(Biskaborn et al., 2015; Smith et al., 2022), and investi-
gate regional-scale patterns (Boeckli et al., 2012). However,
the availability and usability of ground temperature data are
hampered by several challenges (Brown et al., 2024).

Permafrost data, as with many other types of cryospheric
data, are often not standardized and remain in a wide variety
of formats (Bavay et al., 2020). Recent work has contributed
to the creation of large, standardized data compilations from
historic or unpublished collections (Mohammadi and Hay-
ley, 2025; Herring et al., 2024; Devoie et al., 2022), and to

the standardization of ground temperature data at the organi-
zational level (e.g. Lipovsky et al., 2022; Karunaratne et al.,
2015; Biskaborn et al., 2015). Despite this progress, much
ground temperature data remains inaccessible or scattered
across multiple publications in a variety of formats. Commu-
nity standards and data access pipelines are still in their early
stages. Consequently, a great deal of effort is still required to
produce a comprehensive dataset suitable for national-scale
analysis.

Software tools to help harmonize these long-tail data have
been developed (Brown, 2022), but they are not yet auto-
mated to gather data from different sources, requiring manual
downloads that slow compilation. In addition, inconsisten-
cies in measurement frequency between published datasets
limit their usability. While monthly and annual means aggre-
gated from high-frequency measurements have been used to
evaluate model performance (Melton and Arora, 2016) and
temperature change (Biskaborn et al., 2019), daily measure-
ments are required to compute certain temperature-derived
metrics (Harp et al., 2016) and to enable more precise model
evaluation (Schmid et al., 2012). Furthermore, daily mea-
surements offer greater flexibility, as they can always be ag-
gregated to coarser temporal resolutions, and ensure trans-
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parency and reproducibility when aggregate values are re-
ported.

Whereas reference datasets are commonly used to bench-
mark software including land surface models (Pastorello
et al., 2020), hydrological models (Arsenault et al., 2016),
and computer vision (e.g., Deng et al., 2009; Lin et al., 2014),
permafrost models are often evaluated using ad-hoc methods
based on small and differing sets of data. While frameworks
for consistently comparing permafrost model performance
are being developed (Macdonell, 2025), suitable benchmark
datasets against which model results can be compared hardly
exist.

Wanting to support research that advances understanding
of permafrost conditions, we gather, standardize, and quality-
check ground temperature (GT) and ground surface temper-
ature (GST) data from across Canada. This collection is in-
tended to serve as a dataset for synthesis and model evalua-
tion, while individual datasets should be cited directly when
used independently or for local studies which benefit from
the additional context or finer temporal resolution which may
be available in the source data.

Finally, we provide complementary considerations toward
establishing a disciplinary norm of data sharing and interop-
erability in permafrost science that arise from our work.

2 Methodology

2.1 Data sources

We searched for GT and GST data from scientific, northern-
and permafrost-specific data repositories and databases
including Nordicana D, the Yukon Geological Survey’s
Permafrost Database, the Northwest Territories Geologi-
cal Survey’s (NTGS) Geoscience Publications and Reports
database, Arctic Data Center, Borealis, Mendeley Data, and
Natural Resources Canada’s (NRCan) Open S&T Reposi-
tory. In addition to published datasets, we also sent personal
requests and received contributions of unpublished ground
temperature data from individuals.

Criteria for inclusion

The dataset contains GT and GST datasets with at least one
year of measurements at daily resolution. Shorter durations
and data with coarser temporal resolution were excluded.

We classify monitoring sites as GST when the deepest
sensor is installed 20 cm deep or shallower; deeper instal-
lations are classified as GT. Sites were retained if they fell
within the permafrost zones defined by Heginbottom et al.
(1995). However, permafrost is not always reached and, con-
sequently, not all GT sites record permafrost temperatures.

The minimum metadata requirements for inclusion were
site coordinates, and contact information for the principal
investigator (PI). We used the Google Maps Elevation API
to provide elevation data for sites with missing elevations.

For unpublished datasets, PIs were also provided with the
metadata template developed by the Northwest Territories
Permafrost Database Technical Working Group (2019) and
asked to complete sections describing the site location, con-
ditions, and sensor installation. All metadata sheets were sub-
sequently merged and edited for consistency and brevity.

2.2 Software tools

We use the tempcf tool, a program with a graphical user in-
terface for inspecting and cleaning ground temperature data
(Brown et al., 2025). It allows the read-in of a variety of dif-
ferent file formats supported by TSP, a python library for
working with permafrost ground temperature data (Brown,
2022). Data cleaning operations performed in tempcf are au-
tomatically documented in a log file, making the resulting
data easily traceable to the original observations, which is
foundational for reproducibility. For final data output, this
tool is also used to create both text and NetCDF files. The
former files were exported using TSP into a standardized
ground temperature data format (the definition of which is in-
cluded as File S2 in the Supplement), and the latter are based
on the NSERC PermafrostNet ground temperature NetCDF
template.

2.3 Data processing

Data processing consisted of three main components: (1)
compiling metadata sheets for unpublished datasets and ex-
tracting baseline metadata for all datasets according to CF
conventions, (2) quality checking GT and GST data, and (3)
generating the final data outputs. These steps and their rela-
tionships are summarized in Fig. 1.

2.3.1 Source data validation

In-situ temperature sensors are liable to sensor drift, dis-
placement from their reference position, thermal disturbance
from drilling, and short-circuiting. Each sensor time series
was manually inspected using the tempcf tool to identify or
remove anomalous values (Fig. 2). For a given time period,
values diverging from the normal readings of other sensors
within the same borehole were removed. Furthermore, fol-
lowing drilling or sensor installation, ground temperatures
can be temporarily elevated as the boreholes equilibrate to
subsurface conditions. The heat imparted by drilling and the
refreezing of water in boreholes can lengthen the equilibra-
tion time, especially in ground near 0 °C. Measurements in-
fluenced by these effects were manually inspected and ex-
cluded up to the point where the temperatures stabilized.
Any modifications made to the original files are automati-
cally documented in log files included with the dataset. Con-
versely, because sensor drift or sensor displacement from
frost jacking or subsidence can resemble true signals and
trends, values from suspected cases were not removed. In-
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Figure 1. Workflow summarizing the GT, GST, and metadata standardization procedure. Temperature data are handled according to whether
they contain sub-daily measurements or pre-aggregated daily values, before being merged into the final data products. NTGS metadata forms
for unpublished datasets and published site metadata are used to provide the final baseline metadata requirements, which are organized
into temporal, spatial, provenance & attribution, site-characterization, and discovery components using standardized attribute names. The
NetCDF outputs incorporate the baseline metadata, while the text-file outputs follow the tsp format for ground-temperature time series.

stead, these potential anomalies were documented in the
possible_anomaly_comments field in the NetCDF
files and in the metadata table.

2.3.2 Data harmonization

Following quality control, sub-daily measurements recorded
in local time were converted to Coordinated Universal Time
(UTC−00:00). In some cases, time zones were unknown
and could not be converted to UTC time prior to aggre-
gating to daily averages. In other cases, daily means were
already aggregated from sub-daily measurements recorded
in local time or had unknown timezones. The time zone
for which the daily values are calculated is specified in
the subdaily_data_utc_offset field in the NetCDF
files and in the metadata table. When unknown, the pos-
sible UTC offset error is specified under the variable
possible_utc_error. All measurements were then ag-
gregated to daily means regardless of missing measurements
and all final data are reported in UTC time (see discussions
below on errors associated with UTC offsets).

Some sites exhibited varying measurement frequencies
over their recording periods. These can be identified from
the NetCDF expected_observations variable, which
can vary in time. Initial measurements at certain sites were
taken manually at irregular intervals, and while these data
are included, users should exercise caution when interpret-
ing them, as they do not represent daily means derived from
sub-daily records.

In most cases, measurements were recorded every two
hours or more frequently. In the Environment and Climate

Change Canada (ECCC) dataset, temperatures were recorded
twice daily at 08:00 and 15:00 (local times). However, due to
the frequent absence of afternoon measurements, and follow-
ing Qian et al. (2011), only the morning observations were
retained in order to keep as many records as possible without
introducing a time-dependent bias in the daily averages.

Source metadata, site descriptions, and photographs, were
used to determine whether each site was disturbed and
whether it was drilled directly into bedrock. These attributes
are included in the site description metadata. While it is not
feasible to harmonize all metadata attributes, these two can
more easily be summarized across datasets by treating them
as a binary variable. Note however, that neither the threshold
for disturbance nor the categories of disturbance are well-
standardized (see discussions below on error and interoper-
ability). In some cases, disturbances far from sites were in-
cluded in source metadata to provide context.

2.3.3 Automated quality control

In addition to the manual validation, we performed auto-
mated quality control tests to detect common problems with
ground temperature datasets. First, we applied strict limits
on allowable temperature values. Ground temperatures out-
side the range −50 to 30 °C and ground surface temperature
outside the range −65 to 40 °C were removed. Cutoff values
were based on an established permafrost data quality work-
flow (Lange et al., 2021).
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Figure 2. Sample tempcf cleaning and documentation workflow for two GST and one GT time series. The x-axis shows date and the y-axis
temperature [°C]. (a) Inaccurate readings (blue dots) caused by short-circuiting of the sensor were selected in the tempcf GUI, deleted,
and automatically documented in the corresponding output log file (right panel). (b) The increasing amplitude and noise following the date
marked by the dashed line indicate displacement of the GST sensor to a shallower depth. The issue was noted and no values were deleted, as
shown in the empty log file. (c) The temperature to the left of the dotted line equilibrates to the natural ground temperature. Values up until
the dotted line were deleted and documented in the output log file.
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2.3.4 Estimating observation frequency

The accuracy of daily averages is determined in part by
data completeness. However, the intended observation fre-
quency was not always available for each dataset. In some
cases, observation frequencies changed multiple times over
the dataset. We estimate the number of expected and missing
data points in each day using a multi-step approach. First, the
time deltas between successive observations were calculated,
and a rolling median filter was applied to eliminate noise
caused by missing data. Next, to estimate data complete-
ness for each day, we used a binary segmentation algorithm
to partition the time series into discrete, piecewise constant
regimes. Each regime represents a period with a fixed sam-
pling rate: the median value was used as the expected sam-
pling frequency, f . Finally, unrealistic sampling frequencies
(i.e., those not evenly dividing a 24 h period) were removed
and replaced with the values of the previous interval. The
expected and missing number of observations per day were
calculated as:

Nexpected =
24× 3600

f
(1)

Nmissing =min(Nexpected−Ntotal,0) (2)

For each discrete sampling period. These are stored
under the fields expected_observations and
missing_observations in the NetCDF files.

2.3.5 Interoperability frameworks

The standardization of permafrost data and metadata, like
much cryospheric data, is often done using ad-hoc con-
ventions if it is done at all (Bavay et al., 2020; Brown
et al., 2024). Recently some organizations have developed
standardized metadata templates and data formats (e.g.,
Karunaratne et al., 2015; Biskaborn et al., 2015). Although
software has been developed to harmonize data formats (e.g.,
Brown, 2022), there are few resources to translate between
the different metadata (categories of site disturbance, for
example). Nor do these metadata and formats align with
broader scientific standards or initiatives. This makes meta-
data elements difficult to integrate between datasets.

To increase the ability of permafrost data to interoper-
ate with other datasets and disciplines, we have adopted for
netCDF files the Attribute Convention for Data Discovery
(ACDD) and Integrated Ocean Observing System (IOOS)
metadata naming conventions, which build upon the Climate
and Forecast (CF) conventions (Hassell et al., 2017). These
standards define consistent attribute names for project infor-
mation, provenance, references, and other high-level site de-
scriptors.

Furthermore, within NSERC PermafrostNet we have de-
scribed a NetCDF metadata profile that recommends a way
to include relevant site characterization information such that
it is documented and can be more easily linked to other stan-

dards (Brown, 2026). A number of permafrost-relevant vari-
ables have recently been added to the CF standard names
database (Brown et al., 2024). This has made it easier for
geotechnical borehole variables (e.g., excess ice content,
frozen bulk density) to also be standardized in a harmonized
way.

As a demonstrator example, we have also included land-
form descriptions for sites where this information is pro-
vided in the site_description field or has otherwise been
clearly communicated. For example, a site description such
as “North edge of lithalsa a few meters south of powerline
cutline” would be marked as “lithalsa”. This data field uses
the same list of terms as the Canadian Permafrost Electrical
Resistivity (CPERS) database (Herring et al., 2024). Those
vocabulary terms have been provided with a stable identi-
fier using the w3id system (e.g. https://w3id.org/permafrost/
v/cperslandforms/lithalsa, last access: 21 July 2026). Terms
have also been formalized using the simple knowledge orga-
nization system (SKOS). Such a representation is a step to-
wards developing more complex systems that facilitate trans-
lation between metadata systems (e.g., Verhey et al., 2023) or
linking to other resources such as glossaries (e.g., Lewkow-
icz et al., 2025) to provide additional context. It also fol-
lows the FAIR (findable, accessible, interoperable, reuseable)
principles (Cox et al., 2021).

While there is a well-developed ecosystem for netCDF
file description, there is no equivalent for text files. We use
the ground temperature file format defined in the tsp library
(Brown, 2022). A copy of the format definition is included as
File S2.

2.4 Automating data access with ERDDAP

The standardization of this dataset using the CF and NetCDF
ecosystem allows us to also make it available on an ERDDAP
endpoint (https://data.permafrostnet.ca/erddap). Although a
permafrost-specific data distribution software does not yet
exist and there are several choices of existing platforms for
this purpose, ERDDAP offers several features that make it
valuable for distribution of permafrost data (Brown et al.,
2024). It is already well-established and supports com-
mon standards (WMS, ISO-19115, DAP) for data transport
and metadata description. This makes the data more FAIR
(Wilkinson et al., 2016) – for example, by making it discov-
erable on data aggregators such as Google dataset search –
and also serves to integrate it within the broader earth science
data ecosystem. Because it is general-purpose, it is possible
to accommodate both discrete observations like ground tem-
perature alongside model output and gridded products. The
interface provides both interactive and programmatic ways
to access, query, and download the data. Finally, ERDDAP
servers from different organizations can be federated in such
a way as to make data collections searchable across organi-
zational boundaries.
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3 Results and discussion

3.1 Data contributions

The dataset combines 13 unpublished datasets and 29 pub-
lished, including six with updates to the original releases (Ta-
ble 1).

Unpublished datasets were supplied by university and gov-
ernment researchers. One dataset was provided directly by
ECCC and is distributed under their license agreement (see
File S1). Published datasets were sourced from online gener-
alist and northern-focused repositories and databases.

The datasets by Duchesne et al. (2025) and Phillips et al.
(2025) that we retrieved from Mendeley Data are distributed
under a Creative Commons Attribution 4.0 International (CC
BY 4.0) licence (https://creativecommons.org/licenses/by/4.
0/, last access: 21 July 2026) without additional endorsement
from the authors for this publication. The original datasets
were modified for use in this study and all modifications are
documented in the log files included with the final compiled
dataset. Full creator names, dataset titles, and DOIs are pro-
vided in the references.

Data reproduced from the Report on 2010–2015 Per-
mafrost Thermal Investigations in the Yellowknife Area,
Northwest Territories and the Report on 2012–2017 Shallow
Ground Thermal Investigations on the Tibbitt to Contwoyto
Winter Road Portages, Northwest Territories, both published
by the Geological Survey of Canada (NRCan), are included
in this compilation. This reproduction is a copy of official
NRCan works and has not been produced in affiliation with,
or with the endorsement of, NRCan.

3.2 Dataset statistics

The dataset includes 427 GT and 491 GST sites located
across British Columbia, Northwest Territories, Nunavut,
Québec, and Yukon, with 60 % of the GT sites recording per-
mafrost (Fig. 3). Approximately 90 % of the recording depths
are shallower than 10 m and have measurements that occur
after 2008 (Fig. 4).

Temperatures in the dataset range from −49.8 to 33.6 °C.
The distribution of temperatures is negatively skewed for
both ground surface (µ=−2.16 °C, median=−0.84 °C)
and deeper ground temperatures (µ=−2.10 °C, me-
dian=−0.75 °C). Both distributions are strongly leptokurtic
and this is more pronounced for observations below 20 cm
than for observations at the surface (Fig. 5a). Few boreholes
extend past 20 m and there are clear preferential measure-
ment depths (e.g., at 10, 12, 15, and 18 m) corresponding to
greater observed ranges (Fig. 5b).

3.3 Data availability and file structure

The complete dataset is freely available for download
at https://doi.org/10.5281/zenodo.18022924 (Meier-Legault

et al., 2025) and via an ERDDAP server (https://data.
permafrostnet.ca/erddap).

Data are provided in several formats to ensure the broadest
possible user base (Table 2). Individual sites are exported as
NetCDF datasets using the “Time Series of Profiles” discrete
feature geometry available in the CF conventions (Eaton
et al., 2020). These site-level datasets are self-describing and
include relevant information on provenance and, where avail-
able, links to the original publication.

4 Sources of error and limitations

Permafrost dynamics are strongly affected by surface condi-
tions (Brown, 1963; Goodrich, 1982). Best-practice for the
establishment of monitoring sites involves descriptions of
relevant surface variables and parameters describing vegeta-
tion, propensity for snow accumulation, moisture, and solar
aspect. Despite progress in the standardization of this kind of
metadata and auxiliary data within databases maintained by
organizations (e.g. Karunaratne et al., 2015; Biskaborn et al.,
2015; Cremonese et al., 2011), these values are still rarely
reported and conventions are not fully harmonized between
organizations. The standardization of metadata templates and
vocabularies is beyond the scope of this work. Instead, those
interested in using subsets of these temperature data for site-
specific applications are encouraged to refer to the original
data and related publications and cite them accordingly.

In-situ temperature sensors are subject to a range of issues
that can affect the reliability and quality of the data. Some
of these issues, such as temperature spikes or the surfacing
of sensors by animals, are more apparent while others, such
as sensor drift, are more subtle and can mimic real-world
trends making them difficult to diagnose. Data owners are of-
ten in the best position to identify and interpret the causes of
such aberrations. The documentation of QA/QC procedures
is variable – from internal checks that are not reported in pub-
lications (e.g., Gruber et al., 2018) to detailed descriptions of
issues and corrections (e.g., Fortier et al., 2025). The type
of temperature sensor and its calibration status introduce ad-
ditional uncertainty into the reported measurements, as sen-
sor accuracy, precision, and resolution vary among instru-
ments. Similarly, the positional accuracy of borehole coordi-
nates depends on the method of acquisition. Where available,
the original data sources should be consulted for documenta-
tion on study design, potential sensor failure, and surface and
subsurface properties.

4.1 Instrumental error

Although the specific instrument used to measure ground
temperature is sometimes provided in the source datasets,
this is not always the case. However, the accuracy, reso-
lution, and drift for common ground temperature sensors
are tabulated in Brown and Gruber (2025), and these can
be used alongside typical instrument precisions reported in
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Table 1. GST and GT datasets compiled from published and unpublished sources. Unpublished datasets are labeled by the name of the
principal investigator and are italicized. Some datasets are only partially available in the cited sources, with relevant updates noted.

Source/Citation no. GST no. GT Temporal extent Vertical extent [m] Notes

A. Bevington 0 1 2016–2023 0.0–4.0 –
A. Chiasson 0 6 2021–2025 0.0–3.5 –
Allard et al. (2024) 27 21 1988–2023 0.0–20.0 –
Brown et al. (2022) 63 1 2016–2025 0.1–10.0 Updated through 2025.
CEN (2020a) 1 1 1998–2019 0.02–0.6 –
CEN (2020b) 0 4 1986–2019 0.0–2.8 –
CEN (2024a) 1 3 1987–2023 0.02–20.0 –
CEN (2024b) 0 4 1988–2022 0.0-1.0 –
CEN (2024c) 0 2 2012–2023 0.02–0.75 –
Connon and Quinton (2020) 0 14 2001–2024 0.0–9.5 Updated through 2024.
D. Fortier 0 2 1978–2014 0.0–29.0 –
Duchesne et al. (2016) 10 47 2010–2015 0.05–11.5 –
Duchesne et al. (2025) 0 26 2006–2018 0.183–24.9 –
ECCC 0 7 1960–2000 0.01–3.0 –
Ensom et al. (2020) 0 9 2013–2018 0.2–20.0 –
F. Gauthier 0 15 2014–2024 0.01–1.33 –
Fortier and Chen (2020) 0 2 2008–2019 0.1–15.5 –
Fortier and Chen (2022a) 0 3 1997–2008 0.0–9.7 –
Fortier and Chen (2022b) 0 2 2008–2019 0.0–9.7 –
Fortier and Davesne (2021) 0 1 2017–2019 0.0–3.1 –
Fortier and Lemieux (2023) 0 2 2014–2021 0.1–3.55 –
Fortier et al. (2021a) 0 1 2008–2020 0.3–8.0 –
Fortier et al. (2021b) 0 1 2008–2019 0.1–15.3 –
Fortier et al. (2023) 2 0 2014–2021 0.02–0.06 –
Fortier et al. (2025) 0 5 2001–2024 0.0–17.0 –
Gruber et al. (2018) 174 38 2015–2023 0.1–12.0 Updated through 2022.
J. Crompton 6 15 2022–2025 0.0–2.45 –
J. Young 0 3 2020–2023 0.0–2.5 –
Kugluktuk Permafrost Research Team
(2023)

0 3 2018–2025 0.0–5.0 Updated through 2025.

Lipovsky et al. (2022); Government of
Yukon (2025)

0 94 1997–2024 0.0–303.0 –

M. Landry 0 2 2023–2025 0.3–2.8 –
O. Carpino 0 10 2018–2024 0.1–3.5 –
Phillips et al. (2025) 0 9 2008–2014 0.5–15.0 –
Romanovsky et al.
(2019a, b, c, 2020, 2021, 2022a, b, 2023, 2024)

0 3 2003–2025 0.0–3.0 Updated from 2003–2016
and 2025.

Rudy et al. (2020a) 0 12 2017–2018 0.7–6.7 –
Rudy et al. (2020b) 0 31 2017–2023 0.2–20.0 Updated through 2023.
S. Coulombe 0 1 2019–2025 0.0–14.0 –
S. Gruber (a) 57 0 2023–2025 0.1-0.1 –
S. Gruber (b) 51 0 2018–2025 0.1–0.1 –
Sladen et al. (2018) 11 13 2012–2017 0.05–1.2 –
Stewart-Jones et al. (2023) 88 12 2017–2021 0.1–3.0 –
W. Quinton 0 1 2018–2024 0.5–6.5 Updated through 2025.

491 427 918

this dataset to estimate instrumental error when it is miss-
ing. Reported accuracies from manufacturers range from 5
to 400 mK and precision ranges from < 1 to 40 mK. We rec-
ommend conservative estimates of 400 and 40 mK for the
instrumental accuracy and precision, respectively, for sites
where these values are not provided. Instrumental noise, but
not bias, will be reduced by daily averaging. Sensor drift re-

ported by manufacturers is between 0.002 and 0.1 °C yr−1,
but studies suggest it is often a nonlinear phenomenon
caused by degradation of equipment under field conditions
(Brown and Gruber, 2025). Drift is most readily detected at
the ground surface via change to temperatures in successive
zero-curtains (periods during thaw or freeze when tempera-
ture is steady near 0 °C). Drift at depths beneath the influence
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Figure 3. Overview of the 427 GT and 491 GST sites. The size of each point on the map reflects the number of sites within 100 km grid
cells, displayed at the average location of the sites within that cell to improve visual clarity and location accuracy. Many sites in the Yukon
and Northwest Territories are situated near major transportation corridors (light gray lines). Permafrost zones are based on Heginbottom et al.
(1995). In the upper right corner, the number of GT and GST sites by territory and province, as well as the proportion of GT sites that record
permafrost are displayed. Labrador contains only one GT site, which does not record permafrost. Permafrost presence is determined from at
least two years of daily measurements during which no temperatures exceed 0 °C.

Table 2. Summary of files included in dataset and their file types.

File Location Contents File type Description

./individual_nc Temperature data NetCDF Ground temperature dataset as NetCDF files. One file per site.

./individual_csv.zip Temperature data csv (zipped) Ground temperature dataset as text files. One file per site.

./all_observations.zip Temperature data csv (zipped) Ground temperature dataset as a single text file for all sites.

./site_metadata.csv Metadata csv Information for each site, including location and data provenance.

./site_metadata.gpkg Metadata geopackage Information for each site, including location and data provenance.

./metadata_columns.csv Metadata csv Description of metadata columns in metadata.csv.

./unpublished_metadata.csv Metadata csv Additional site information for the unpublished datasets.

./cleaning_logs.zip Log files csv (zipped) Record of all observations removed from datasets.

of seasonal temperature fluctuations can be suspected when a
trend is present that is not visible in neighboring sensors. For
this contributions, we checked for obvious signs of sensor
drift during the manual inspection phase; confirmed drifting
data was removed and suspected drift was flagged.

4.2 Calculation of daily means

The calculation of daily means from data of differing
sampling frequencies introduces frequency- and amplitude-
dependent error. We can consider the possible bias by ap-

proximating the daily temperature fluctuation as:

T (t)= Tavg+Acos
(

2πt
P

)
(3)

where Tavg is the true daily mean, A is the amplitude, and P
is the period (1 d).

For data with only one observation per day, the sampling
frequency is less than the Nyquist frequency for the diurnal
signal and the observation can differ significantly from the
true daily mean; biases as large as the amplitude A are pos-
sible.
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Figure 4. Data availability by depth and measurement date. Depths
are grouped into 0.1 m bins, and measurement dates are at daily
resolution. The shaded regions represent the total site count for a
given depth and date (left axis), while the solid lines represent their
cumulative distributions (right axis). Note the deepest sensor depth
is 303 m but the depth (top axis) is cut off at 50 m. Only 9 sites have
sensors deeper than 50 m.

For single observations per day, if we assume the sampling
time-of-day is randomly distributed, we can use the defini-
tion of the standard error of the mean (SE)

SE=
σ
√
N

(4)

along with the standard deviation for a sine wave (Smith,
1999).

σ =
A
√

2
(5)

to quantify more precisely the standard error of the mean as:

SE=

√
A2

2N
(6)

which, for n= 1 yields A
√

2
.

Sampling rates between twice-daily and 2-hourly, while
greater than the Nyquist frequency for the diurnal signal, are
subject to bias that will depend on how much the daily tem-
peratures deviate from a simple harmonic behaviour. These
errors are difficult to quantify but will change in time and
with different ground conditions. Zero-curtain behaviour in
ice-rich ground will, for example, tend to worsen estimates
of the daily mean.

For daily means calculated from sensors sampling at
greater frequencies, we can estimate bias in a worst-case sce-
nario where missing data is concentrated at the warmest or

coldest part of the day:

1Tmax =

∣∣∣∣∣∣∣∣
 1
αP

P
2 (1+α)∫

P
2 (1−α)

T (t)dt

− Tavg

∣∣∣∣∣∣∣∣ (7)

1Tmax =

∣∣∣∣−Asin(πα)
πα

∣∣∣∣ (8)

which, for completeness ratios α of 70 % , 80 % and 90 % of
available daily data evaluates to maximum (worst-case sce-
nario) biases of roughly 36 %, 23 %, and 11 % of the ampli-
tude at any given depth, based on Eq. (8). Completeness ra-
tios can be estimated using the expected and total number of
observations provided in the data (netcdf and aggregated csv
file only: see Table 2). A description of typical amplitudes
are provided below.

In all cases, averaging error is expected to scale with
amplitude. In near-surface sensors, the amplitude changes
significantly with both depth and season. Empirically, we
find that the distribution of amplitude values is posi-
tively skewed and when partitioned according to whether
the daily minimum temperature is above or below zero,
the median amplitude is 3.28 °C in warm, unfrozen con-
ditions (IQR= 5.20 °C) and 0.17 °C in cold conditions
(IQR= 0.50 °C). Importantly, for depths below 1.8 m, the er-
ror on daily means is negligible (Appendix A).

Errors associated with the estimation of daily mean will af-
fect applications comparing daily values between locations.
However, this error is less significant when comparing trends
between sites. Daily mean temperature bias caused by in-
complete sampling or instrument bias will persist when cal-
culating mean annual values.

The assumption of a simple harmonic diurnal cycle is most
appropriate for conditions where latent heat effects are negli-
gible. In near-zero temperature conditions where the effects
of phase change dampen or distort the diurnal signal, the true
bias may be greater than the worst-case estimates provided
here. Riseborough and Burgess (1996), working with empir-
ical ground temperature data to estimate MAGT in a context
where latent heat effects are present, report a qualitatively
similar pattern of estimation error: uncertainty increases with
both temperature amplitude and sampling interval. This cor-
roborates the behaviour predicted by our analytical approach.

4.3 UTC offsets

At 134 sites, the UTC offset of source datasets was not
known with certainty. In these cases, we treated the data as
though they were in UTC time. Within Canada, UTC offset
ranges from −03:30 to −08:00. This introduces up to an 8 h
offset in the means.

At an additional 64 sites, data were obtained as daily av-
erages from observations in local time. Without original sub-
daily measurements it was not possible to perform a time
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Figure 5. (a) The distribution of observed temperatures for sensors above (blue) and below (orange) the 0.2 m GT-GST classification
threshold. Here, observations are grouped strictly according to depth instead of GT-GST site classification because some GT sites may have
near-surface sensors in the borehole. (b) A heatmap of observation density highlights the abundance of observations at or just below 0 °C at
all depths. Observations below 50 m are not shown to preserve figure clarity; these represent less than 0.5 % of all observations.

zone correction. For internal consistency and ease of use, we
present all data as UTC daily means. However, for the 200
sites mentioned above, there is an additional source of error
corresponding to the shift in sampling period. This is indi-
cated as “possible_utc_error” in the data.

While the exact magnitude of these errors will depend on
daily variability in the timing and magnitude of temperature
peaks we can use a simplified model to get a first order ap-
proximation. Although the simple harmonic model described
in Eq. (3) will not be affected by the UTC shift, we can add a
linear temperature trend of magnitude b °C d−1. In this case,
a shifted daily averaging window will introduce a bias of
b
241t where 1t is the magnitude of the offset in hours. Bias
will be greater when temperatures change more quickly: at
shallower depths and unfrozen conditions. For this dataset,
we calculate median GST changes using a 2 d lag to be
0.23 °C d−1 (IQR= 0.52 °C d−1) in cryotic conditions and
0.41 °C d−1 (IQR= 0.72 °C d−1) in non-cryotic conditions.
For GT these values are 0.01 °C d−1 (IQR= 0.05 °C d−1) and
0.05 °C d−1 (IQR= 0.14 °C d−1) for cryotic and non-cryotic
conditions, respectively. For a worst-case scenario of an 8 h
offset in unfrozen ground near the surface, this corresponds
to a bias of roughly 0.07 °C (median) up to 0.52 °C (90th per-
centile).

This bias, while typically small, will have the greatest im-
pact when comparing data from affected sites to other records
such as daily model outputs or meteorological observations.
Site-level trends will be unaffected. Coarser aggregation to
monthly or yearly averages will render the relative magni-

tude of the error insignificant, as will estimation of quantities
like active layer thickness or depth of zero annual amplitude.

4.4 Estimation of expected sampling frequencies

Where available in the source publications, sampling fre-
quencies were provided for pre-aggregated sites, whereas
sampling frequencies for the subdaily sites were estimated
using a binary segmentation algorithm. This was found to
be reliable when data completeness was high or when mea-
surement frequency did not change. However, at sites where
data completeness is extremely sporadic, there is a greater
uncertainty on estimates of data completeness. Also, during
the transition period between sampling regimes, there will
inherently be a day which is considered under sampled in
the faster sampling regime but may be fully sampled in the
slower sampling regime.

4.5 Sensor location

The accuracy of the site coordinates is not available for all
sites. Where instrumental accuracies of coordinates are not
provided, we estimate them to be on the order of 10 m for
sites with data dating back to 2010 (recently established lo-
cations: modern GPS devices using multiple constellations),
20 m for sites with data dating back to 2000 (after which se-
lective availability on GPS was turned off), and 50 m for sites
with data dating back to before 2000 (based on GPS with se-
lective availability or careful positioning on local maps).
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Where elevation data were not available from primary
sources, values were obtained using the Google Maps Ele-
vation API. However, Google does not publicly disclose the
underlying digital elevation model(s) used by this service,
and the data sources may vary by geographic region and
change over time as Google updates its mapping products.
Consequently, the vertical accuracy of these elevation values
cannot be independently verified or consistently reproduced
in future studies. This represents a limitation of the present
dataset, and users should be aware that any replication of this
workflow at a later date may yield slightly different elevation
values for the same locations. Error in sensor position will
also increase the error of our “gap-filled” elevation estimates
using the Google Maps API. Elevation uncertainty is rarely
provided and should be conservatively estimated to be on the
order of tens of metres.

4.6 Sensor depth

For individual GST loggers buried in the ground, the data-
logger orientation, definition of the ground surface, and dif-
ferences in protocols between research groups means depth
values should be treated with uncertainties of ±5 cm. For
ground temperature cables in boreholes, depths should also
be assumed accurate to within ±5 cm. The spacing between
sensors on thermistor strings in GT sites can be measured in
advance and can be considered accurate to within 1 cm.

The depth at which sensors are positioned can change over
time due to ground subsidence or frost-jacking of the bore-
hole in which thermistors are installed. The effect of this can
include the appearance of spurious temperature trends and
changes to the amplitude of the daily and annual fluctuations
over time. Although the most obvious of these errors will
have been removed during the manual inspection process,
there is still the possibility that more subtle errors persist.
While these errors can be confidently detected by measuring
changes to stick-up height – the distance between the ground
surface and the top of the borehole – these measurements are
rarely provided.

If changes in sensor position remain undetected, measure-
ments will not be comparable across sites (e.g., temperatures
from a subsidence-affected site compared with a bedrock
site). Additionally, observations may not be directly compa-
rable to model results during evaluation, unless the model ex-
plicitly represents processes such as ice loss and subsidence.

4.7 Bedrock and disturbance classification

Classification of sites as being disturbed or within bedrock
was done based on site descriptions, photos, or existing clas-
sifications in the source datasets. Values of 1 (disturbed)
should be treated with higher degree of confidence than
0 (undisturbed) because evidence of disturbance may have
been missed, or not included in the source dataset. Values of
−1 (unknown) were reserved for sites lacking any sort of sup-

porting evidence but will likely tend to be undisturbed rather
than disturbed because of the overall tendency of datasets
to report disturbance explicitly. Therefore, applications cat-
egorizing sites into disturbance categories may find some
success in treating unknown sites as undisturbed. Impor-
tantly, the categorization and significance of the disturbance
is not universally standardized; natural background variation
caused by proximity to a water body is treated the same as
sites instrumented within a road. The group of disturbed sites
should be expected to have more significant conceptual vari-
ability.

4.8 Spatial sampling bias

Although the dataset represents a variety of different climatic
settings and terrain types, the spatial sampling of ground tem-
perature monitoring is inherently biased. The drilling equip-
ment used to establish permafrost monitoring sites is more
suitable for fine-grained soils than diamicts, coarse blocky
material, or bedrock. For this reason, we expect an over-
representation of fine-grained soil among GT sites. Similarly,
open areas are easier to drill and instrument than swamps,
bogs, or dense bushes, so there will be a bias towards cer-
tain surface conditions. Nor should ground surface loggers be
considered randomly sampled; in a given study region they
may be intentionally placed to investigate the maximum vari-
ability within the landscape (e.g., Gruber et al., 2018), or to
study a particular phenomena or terrain type. The sampling
locations within the dataset are more numerous in the Yukon
and Northwest Territories and in areas of relatively low re-
lief. Conclusions about the general behaviour of permafrost
must take into consideration this spatial bias.

For applications in which individual sensors were used
to represent a larger area or grid cell, we would expect
a slight cold bias in discontinuous or sporadic permafrost
zones where sensors are often placed preferentially in colder
ground that is more likely to be underlain by permafrost.

4.9 Depth bias

Individual sites have been separated by maximum measure-
ment depth into ground surface temperature (< 0.2 m) and
ground temperature (> 0.2 m) for ease of use. Ground tem-
perature records may also include shallow measurements
within the upper 0.2 m.

Sensor intervals for the ground temperature sites are vari-
able and generally increase with depth. This can impact the
reliability of derived information, including thaw depth es-
timates and talik detection. Maximum measurement depths
are restricted by drilling equipment, subsurface conditions,
or are determined by research specific purposes. As a result,
sites with similar depths and sensor spacing often cluster ac-
cording to drilling campaigns, and some boreholes may rep-
resent similar subsurface materials, as instrumentation fre-
quently fails when encountering coarser materials.
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5 Collaborative steps for permafrost data

5.1 Future standardization efforts

One limitation of the dataset presented here is the lack of de-
tailed site metadata. This is due, in part, to the absence of
such information in the source material, but also to the chal-
lenge of interoperability between data sources when such in-
formation exists. Records of “disturbance” for example are
common in metadata descriptions but use different terminol-
ogy, which often lacks a simple one-to-one correspondence
(Karunaratne et al., 2015; Lipovsky et al., 2022).

Several metadata templates and sampling protocols for
permafrost data have been developed by research programs
and institutions (Karunaratne et al., 2015; Boike et al., 2022).
These typically describe one or more of the following: what
data should be collected, how it should be collected, how it
should be stored (file type, structure, or schema), or how it
should be shared (web protocols). Although a single, unified
metadata or dataset template is unrealistic because of the dif-
fering needs of programs and organizations, it should be a
priority to increase interoperability of data between existing
organizations. There are a few first steps that can be taken to
support this.

First, organizations with developed data or metadata tem-
plates should describe them fully to encourage adoption by
others. Iterations should be versioned to allow for modifica-
tion while ensuring that older data remains well-documented.
Clear descriptions of file formats also make it possible to
integrate them into unifying software libraries (e.g., Brown,
2022). To this end, we have included a detailed description
of the file format standard for permafrost ground temperature
data used by this dataset. It is included as File S2. The format
is designed for ground temperature data and can be extended
to include borehole data (interval measurements) and other
non-temperature sensor data.

Second, the development of shared vocabularies within
and across institutions will allow better site-level descrip-
tion across data sources. Authoritative community resources
such as the permafrost glossary developed by Lewkowicz
et al. (2025) can be used as a rich source for permafrost-
specific terms such as landforms. These also have the ben-
efit of including an agreed-upon definition. From a techni-
cal standpoint, a good start can be made by adopting and
adapting tools and practices from other scientific disciplines
to turn these vocabularies into digital resources (e.g., In-
tergovernmental Oceanographic Commission of UNESCO,
2019; Leadbetter et al., 2014). This will allow equivalencies
or crosswalks to be made between different metadata terms
to aggregate them in a repeatable, traceable way.

Finally, it is essential that the development of data and
metadata protocols be done through collaboration between
both permafrost modelers and field practitioners; increas-
ingly, large monitoring installations will be made, and
funded, in the context of Northern infrastructure projects

where contributing to a global monitoring network is, at
most, a secondary priority. Creating these interfaces will be a
multi-year process requiring persistent investment and time
commitment. It will also be an opportunity for better inte-
grating field practices between differing groups and organi-
zations, and for introducing new field practices that will be
robust in a future when permafrost is increasingly dominated
by thaw phenomena (Brown and Gruber, 2025).

5.2 Considerations toward a disciplinary norm

The Canadian Tri-Agency Research Data Management Pol-
icy (CIHR-NSERC-SSHRC, 2021) requires that digital re-
search data supporting published conclusions be deposited in
a trusted repository, while acknowledging that what counts as
relevant data remains subject to disciplinary norms. In per-
mafrost science, norms for sharing remain inconsistent de-
spite clear calls for open data and interoperability (Laurie,
2017; Karunaratne et al., 2025). While capacity constraints
limit the ability to manage and publish data, fears of being
scooped, losing publication opportunities, or misuse of data
also continue to limit sharing behaviour, a pattern observed
broadly across science and known to reduce research impact
and efficiency (e.g., Christensen et al., 2019; Tedersoo et al.,
2021; Colavizza et al., 2024).

Progress toward stronger data stewardship is underway
in Canada through inter-agency cooperation (Karunaratne et
al., 2025), investments in tools and standards (Brown, 2022;
Brown et al., 2025), and community building through events
(e.g., Brown et al., 2020; Laurie, 2017) and efforts such as
this contribution. Establishing a durable disciplinary norm
will require socio-technical support that lowers the burden on
data providers and encourages across government, academia,
and professional societies. This must also coincide with sup-
port and continued funding for field specialists and techni-
cians without whom the instrumentation, maintenance, and
data acquisition would not be possible.

As an Arctic nation, Canada has both a responsibility and
an opportunity to lead in the stewardship of permafrost data
(see also Gruber et al., 2023). Building scientific sovereignty
– maintaining the capacity to generate, manage, and interpret
northern data – can go hand in hand with enabling collabo-
ration and contributing high-quality, interoperable data for
global benefit.

6 Code and data availability

A stable, archived version of the data is available
at https://doi.org/10.5281/zenodo.18022924 (Meier-
Legault et al., 2025). Data can also be accessed from
https://data.permafrostnet.ca/erddap/tabledap/canadian_
ground_temperature (last access: 21 July 2026) using either
a browsable web interface or an API.

The python packages teaspoon and tspmetrics used to pro-
cess the ground temperature data are available on PyPi.
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7 Conclusions

The permafrost ground temperature collection was created
to increase the accessibility and usability of ground tempera-
ture observations for national-scale aggregate permafrost re-
search in Canada. The collection was enabled by contribu-
tions from universities and from federal and territorial gov-
ernments, encompassing 427 GT and 491 GST sites across
British Columbia, Labrador, Northwest Territories, Nunavut,
Québec, and Yukon. Without increased accessibility and us-
ability, the societal benefits from the large public investment
in permafrost ground-temperature monitoring cannot mate-
rialize completely. Future efforts toward standardized data
and metadata practices, along with increased publication of
ground temperature records, will support more coordinated
assessments of permafrost change.

Appendix A: Estimation of maximum daily variation

To estimate the cut-off depth below which daily variation
can be ignored in the calculation of daily means, we con-
sider the behaviour of temperature oscillations in quartz. We
choose this for its high thermal diffusiviy as a reasonable
end-member material which will most closely approximate
quartzite bedrock. According to the heat flow equation (Mon-
teith and Unsworth, 2013), temperature amplitude attenuates
with depth according to:

A(z)= A0e
−zD−1

(A1)

D =

√
2κ
ω

(A2)

κ =
k

c
(A3)

where z is depth, k is thermal conductivity, c is volumet-
ric heat capacity, ω is angular frequency (86 400 s−1 for
the daily temperature oscillation), and A0 is the ampli-
tude at the boundary. For quartzite, we use an estimate of
4.18× 10−6 m2 s−1 for the thermal diffusivity κ (Monteith
and Unsworth, 2013). We empirically estimate A0 by cal-
culating the greatest rolling 24 h range for the observation
period at each site with sub-daily data and using the 99.5th
percentile as a maximum A0 value. A total of 558 sites were
used, and resulted in an A0 value of 20 °C.

To find a cutoff depth at which the amplitude is attenuated
to less than 0.1 °C, we solve

z=K ln
(
A

A0

)
(A4)

to get a cut-off depth of 1.8 m.
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