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Abstract: Climate change and associated Arctic amplification cause a degradation of permafrost
which in turn has major implications for the environment. The potential turnover of frozen ground
from a carbon sink to a carbon source, eroding coastlines, landslides, amplified surface deformation
and endangerment of human infrastructure are some of the consequences connected with thawing
permafrost. Satellite remote sensing is hereby a powerful tool to identify and monitor these features
and processes on a spatially explicit, cheap, operational, long-term basis and up to circum-Arctic
scale. By filtering after a selection of relevant keywords, a total of 325 articles from 30 international
journals published during the last two decades were analyzed based on study location, spatio-
temporal resolution of applied remote sensing data, platform, sensor combination and studied
environmental focus for a comprehensive overview of past achievements, current efforts, together
with future challenges and opportunities. The temporal development of publication frequency,
utilized platforms/sensors and the addressed environmental topic is thereby highlighted. The total
number of publications more than doubled since 2015. Distinct geographical study hot spots were
revealed, while at the same time large portions of the continuous permafrost zone are still only
sparsely covered by satellite remote sensing investigations. Moreover, studies related to Arctic
greenhouse gas emissions in the context of permafrost degradation appear heavily underrepresented.
New tools (e.g., Google Earth Engine (GEE)), methodologies (e.g., deep learning or data fusion etc.)
and satellite data (e.g., the Methane Remote Sensing LiDAR Mission (Merlin) and the Sentinel-fleet)
will thereby enable future studies to further investigate the distribution of permafrost, its thermal
state and its implications on the environment such as thermokarst features and greenhouse gas
emission rates on increasingly larger spatial and temporal scales.

Keywords: satellite remote sensing; permafrost; degradation; thaw; thermokarst

1. Introduction
1.1. Permafrost in a Warming World

Permafrost covers approximately one quarter of exposed land on the Northern Hemi-
sphere and is therefore an essential component of the cryosphere [1]. Almost twice the
amount of carbon is stored in its frozen masses compared to the carbon content in the
atmosphere [2,3]. A thawing of permafrost causes the release of said carbon stocks to the
atmosphere as greenhouse gases, which could accelerate climate change even faster than
projected by current Earth system models [2]. Without mitigating action, abrupt methane
releases associated with permafrost thaw are hereby predicted to cause trillions of dollars in
global economic damage [4]. Thus, a widespread degradation of permafrost has substantial
consequences for the environment and human society. The development of geohazards [5],
a deepening of the active layer [6], amplified surface deformation rates [7-9] as well as
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coastal erosion [10-12] and emerging greenhouse gases [13-15] are thereby just some of the
implications of thawing permafrost driven by climate change.

Temperatures in the Arctic increased more than twice as fast as the global average,
which is commonly referred to as Arctic amplification [16]. Weather stations across the
Northern High Latitudes (NHL) revealed annual mean surface air temperatures to haven
risen by nearly 2 °C since 1900, with the largest part of warming taking place during the
autumn and winter months [17]. The extent of snow cover on the Northern Hemisphere
has decreased by 7-11% during the 1970-2010 period compared to pre-1970 values in
March and April [18]. Earlier and prolonged non-frozen seasons in recent years have
been identified as a major driver for Arctic greening [19]. Moreover, projections of future
vegetation cover based on various climate change scenarios and the Circumpolar Arctic
Vegetation Map (CAVM) suggest at least half of vegetated areas in the Arctic will shift to a
different class by the 2050s [20].

A crucial component of the Arctic and also subjected to climate change is the distri-
bution and thermal state of permafrost. Permafrost is defined as ground material, which
remains frozen for at least two consecutive years [21]. The importance of permafrost
becomes all the more prevalent, when considering that roughly 24% of exposed land on
the Northern Hemisphere and more than 65% of terrestrial area above 60° N is underlain
by permanently frozen ground (Figure 5) [22,23]. The uppermost ground layer of varying
thickness that seasonally freezes and thaws in areas underlain by permafrost is called
the active layer [24]. Understanding the thermal state of permafrost and the associated
dynamics in the active layer thickness are hereby crucial characteristics for the assessment
of permafrost degradation [25,26]. Within permafrost, also layers and bodies of unfrozen
ground can be present in the form of taliks and cryopegs [21]. Taliks are hereby divided
into open taliks which completely penetrate the permafrost layer and therefore connect-
ing supra- and sub-permafrost water, whereas closed taliks refer to a depression in the
permafrost table below rivers and lakes [21,27]. Cryopegs on the other hand are defined
as perennially cryotic (<0 °C) soils that remain unfrozen due to the presence of dissolved-
solids in the pore water [21]. Increasing temperatures of permafrost are reported for most
regions with frozen ground [28]. As stated in the Intergovernmental Panel on Climate
Change (IPCC) Special Report on the Ocean and Cryosphere in Changing Climate (2019),
temperatures of permafrost have reached a record high since the 1980s with recent warming
numbers of 0.29 °C £ 0.12 °C from 2007-2016 as a global average across high-mountain
and polar regions [3]. Consequently, future projections on the distribution of permafrost
are consistently predicting a drastic reduction of permafrost extent [29-31].

Definition of Permafrost:

Permafrost, also described as permanently frozen ground, is defined as ground
(sediment, soil, or rock) which remains continuously frozen for at least two consecutive
years [32]. Permafrost is commonly divided into different zones depending on the
percentage of frozen ground in a given area [1]:

Continuous: 100-90%; Discontinuous: 90-50%; Sporadic: 50-10%; Isolated: <10%

The degradation of permafrost has major implications for the environment. A variety
of related landscape features and processes are visualized by the infographic in Figure 1,
such as emerging greenhouse gas emissions [33-38], coastal erosion [39-42], amplified sur-
face deformation rates due to frost heave or thaw settlement [43-46],
landslides [47-49], increasing depths of the active layer [50-52], thermokarst lakes and
ponds [53-56], wild fires [57-59], changing rock glacier kinematics [47,60,61], patterned
ground [62,63], and thaw slump activities [64-66]. The reorganization of hydrological
flowpaths, soil carbon stocks and vegetation composition are also consequences of thaw-
ing permafrost [67]. Surface water areas underlain by permafrost are highly dynamic,
resulting in both the expansion of lakes and ponds due to thermoerosion as well as in
subsurface drainage and thus in shrinking or complete disappearance of lakes [68,69].
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A thinning of permafrost will therefore lead to increased inputs from groundwater to
streams and consequently alter the temperature and chemical properties of rivers and
lakes [70]. Warming and thawing of frozen ground impairs its physical stability, causing
dramatic changes for the overlaying ecosystem as well as the reduction of load capacities
for human infrastructure, such as buildings, pipelines or railroads [70-72]. Moreover, de-
formation of the ground surface such as active-layer detachments and increased frequency
of mass movements may develop as geohazards and therefore impose risks to exposed
infrastructure [5]. Approximately 30-34% of coastlines on the Earth are influenced by per-
mafrost [73]. The lengthening of the open water season, rising sea- and air-temperatures,
higher storm frequencies and warming permafrost are hereby drivers for greater erosion
rates [12]. Arctic coastal erosion in return causes carbon release to oceans, changes in the
Arctic ecosystem, alter wildlife and fish habitats and endanger human settlements and
infrastructure [12,74-76].

Infrastructure engineering in permafrost areas is particularly challenging due to the
increased risk of structural damage caused by warming of frozen soils [77]. It is hereby
expected that 70% of Arctic infrastructure will be located in areas considered at risk
from thawing permafrost and ground subsidence by the year 2050 [78]. Rising ground
temperatures of frozen soils reduce the load capacity and increase the deformation rates
and risks for foundation failure [79,80]. As stated by Schnabel et al. [77], this is especially
relevant for heated structures such as heated buildings or warm pipelines which have to be
separated from the ground via pilings and ventilated space in order to avoid an accelerated
thawing through heat exchange. However, simply putting unheated structures on or in
permafrost can already cause an increase in ground temperatures caused by the replacement
of native surface cover with warmer surface materials such as asphalt roads [77]. Therefore,
proactive cooling of the present frozen ground is commonly recommended in order to
reduce maintenance costs on infrastructures related to warming permafrost [71,77,79,81].

Another very important aspect of permafrost is the previously mentioned amount
of organic carbon which is stored in its frozen masses. According to current estimates,
permafrost stores around 1460-1600 billion tonnes of organic carbon, which is almost twice
the amount of carbon in the atmosphere [2,3]. A continued degradation of permafrost
could cause its release to the atmosphere as greenhouse gases, creating a positive feedback
and thus accelerate climate change even further [2,82]. Although the Arctic greening could
act as a carbon sink to a certain degree, there is little consensus on the vegetation uptake of
CO, in the NHL from different models [23,83,84]. As mentioned in an expert assessment by
Abbott et al. [84], an increase of organic carbon release of up to 75% from collapsing coast-
lines and Arctic rivers can be expected by the year 2100, with carbon emissions caused by
fire activities even multiplying by a factor of four. The authors further indicate permafrost
regions to become carbon sources by the end of the century, regardless of the warming sce-
nario. However, 65-85% of permafrost carbon release could potentially still be avoided by
reducing human emission rates [84]. Future permafrost carbon emissions are hereby often
modelled based on Representative Concentration Pathways (RCP) scenarios, as the fate
permafrost carbon is closely linked to these pathways [85]. RCPs, which were developed
as a basis for near- and long-term climate modelling experiments, represent thereby four
pathways for the trajectory of greenhouse gas concentrations with each pathway being
labeled after different potential radiative forcing values (2.6, 4.5, 6.0, 8.5 W/m?) in the year
2100 [86]. An estimated emission of 23-174 Pg carbon under the strong warming scenario
RCP8.5 and 6-33 Pg carbon under the moderate warming scenario RCP4.5 are expected
by 2100 [2,37,87,88]. As mentioned by Schaefer et al. [89], a substantial warming of frozen
soils and the associated long-term carbon releases would increase global temperatures by
0.29 + 0.21 °C in 2100 (under RCP8.5), which in turn poses the risk to exceed the desired
warming target of maximum 2 °C above pre-industrial temperatures by the year 2100. The
authors further warn about the absence of such permafrost carbon emission trajectories in
climate projections within the IPCCs Fifth Assessment Report (AR5) [89].
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Atmospheric Features and Processes:
1: Greenhouse gas emissions

Surface Water Features and Processes:

2: Surface water extent dynamics
3: Coastal erosion
4: Bog/fen development

Surface Land Features and Processes:
5: Rock glaciers

6: Landslides

7: Pingo development

8: Patterned ground

10: Thaw slumps
11: Wild fires

Thermal Features and Processes:
12: Land surface temperature dynamics
13: Ground temperature dynamics

Subsurface Features and Processes:

14: Active layer thickness dynamics
15: Permafrost

16: Unfrozen ground

17: Cryopeg

18: Talik

9: Frost heave and thaw settlement

Figure 1. The info-graphic illustrates a variety of common permafrost related features and processes. Processes are hereby

written in italics. Several symbols, which were used to generate the infographic, were adopted or modified according to

courtesy of the Integration and Application Network, University of Maryland Center for Environmental Science [90].

1.2. Efforts in Satellite Earth Observation for Monitoring Permafrost and Permafrost-
Affected Landscapes

Recognized by its importance, permafrost was added as one of the 50 Essential
Climate Variables (ECV) as defined by the Global Climate Observing System (GCOS) of the
World Meteorological Organization (WMO) [23,52]. Both “Depth of active layer (m)” and
“Permafrost temperature (K)” are hereby the required and associated parameters by GCOS
for the ECV permafrost [91]. In this context permafrost was also added to the European
Space Agency (ESA) Climate Change Initiative (CCI) program lineup, next to ongoing
projects for example, ESA Snow_cci or LST_cci [91,92]. A list containing some recent and
ongoing permafrost related programs and networks which are commonly mentioned in
literature is provided in Table 1.

Since permafrost is a subsurface feature, it cannot directly be measured from space.
However, the presence and degradation of permafrost is accompanied by various land
surface characteristics and processes (Figure 1), which can be detected and analyzed over
space and time via satellite imagery. These target characteristics are thereby means to
indirectly derive the state of permafrost [26]. Nevertheless, Earth observation analyses of
frozen ground and related land surface features remain challenging due to unfavorable
environmental conditions, such as persistent cloud coverage, low light intensities (including
polar night) and steep sun angles [93] as well as technical limitations such as decorrelation
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between Synthetic Aperture RADAR (SAR) scenes [26,94], as described in more detail in
the following paragraph. A handful of satellite remote sensing of permafrost associated
review articles were published during the last 20 years (Table 2).

Table 1. A variety of recent and ongoing permafrost related programs and networks.

Name Objective Runtime
Global Terrestrial Network for . .
Permafrost (GTN-P) [95,96] Organization and management of permafrost data. since 1998
Swiss Permafrost Monitoring Documentation of the state and changes of mountain since 2000
Network (PERMOS) [97,98] permafrost in the Swiss Alps.
PermaNET-Permafrost
Long-Term Monitoring Network Alpine-wide permafrost monitoring. 2007-2013
[99,100]
Permafrost Carbon Network Quantifying the role of permafrost on future climate since 2011
[101] change.
ArcticNet [102,103] IS\;giiflmg the impacts of climate change in the Canadian since 2003
Cooperative Global Air International effort in gathering regular discrete air flask since 1967
Sampling Network [104] samples.
Studying the vulnerability of permafrost environments
PAGE21 [105] and feedback mechanisms associated with rising 2011-2015
greenhouse gas emissions.
Circumpolar Active Layer Obser\{mg the response of near-surface permafrost and .
Monitoring (CALM) [106,107] the active layer to climate change over long since 1991
! (multi-decadal) time scales.
Thermal State of Permafrost Database for assessing the changes in temperatures and since 2007
(TSP) [28,108] distribution of permafrost.
ESA Atmosphere-Land . I .
Interactions Study (ALANIS) Interaction and contribution of boreal Eurasia o 20102012
[109,110] & & '
ESA Data User Element (DUE) Establishment of a satellite based systematic permafrost
o 2009-2012
Permafrost [111,112] monitoring program.
Development, validation and implementation of
ESA GlobPermafrost [113,114] permafrost related products by integrating Earth 2016-2019
observation data.
Development of permafrost maps as Essential Climate
ESA CCT Permafrost [91,92] Variables (ECV) products via satellite measurements. 2018-2021
Arctic-Boreal Vulnerability Major field campaign in A}aska and western Canada to .
Experiment (ABoVE) [115,116] help understand and predict ecosystem responses of since 2015
P ! climate change in Boreal regions and the Arctic.
Improve our understanding of the cryosphere and its
Climate and Cryosphere (CliC) interactions with the global climate system as well as to since 2001
[117,118] strengthen the utilization of cryospheric observations for
climate change detection.
Next-Generation Ecosystem Improving our predictive understanding of carbon-rich
Experiments (NGEE) Arctic proving our p & ) 2012-2022
Arctic system feedbacks and processes to the climate.
[119,120]
Study of Environmental Arctic Understanding the impact of degrading permafrost and since 2001

Change (SEARCH) [121,122]

shrinking land/sea ice on the Arctic and global systems.
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Table 1. Cont.

Name Objective Runtime

Development of methodologies to detect subsidence

PermaSAR [123] through remote sensing analysis in permafrost regions. 2015-2019
SatPerm-Satellite-based S - . .

Permafrost Modeling across a g)l:effig}?g;iﬁiﬁiﬁiﬂlty of satellite data sets as input 2015-2018
Range of Scales [124] p &

COmbining remote sensing and

field studies for assessment of . -

Landform Dynamics and Development of methodologies for monitoring permafrost 2013-2016

permafrost state on Yamal and related land surface features on the Yamal peninsula.

(COLD Yamal) [125]

Analysing the impacts of thawing subsea and coastal
permafrost and developing mitigation strategies for the 2017-2022
Axctic coastal population.

Horizon 2020 Nunataryuk
[126,127]

A joint observing system that primarily targets four
events: hydrological extreme events, ocean eddies, heat 2017-2021
waves and the thawing of permafrost.

Modular Observation Solutions
for Earth Systems (MOSES) [128]

Quantification of the distribution, amount and

PETA-CARB [129] vulnerability of deep carbon stocks in permafrost deposits. 2013-2018
Investigations in the formation, turnover and the release
CARBOPERM [130] of organic carbon stored in northern Siberian permafrost 2013-2016
landscapes.
Joint research project dedicated to examine carbon
dynamics in permafrost-affected northeastern Siberian
KoPf[131] landscapes via mathematical models and field 2017-2020
observations.
Changing Arctic Carbon cycle in Quantifying the effects of thawing terrestrial permafrost
the cOastal Ocean Near-shore and changing freshwater exports of organic matter to 2018-2021
(CACOON) [132] Arctic coastal waters.
Table 2. Some remote sensing of permafrost related review articles during the last 20 years.
Author Year Title
Zhang et al. [133] 2004 Application of Satellite Remote Sensing Techniques to Frozen Ground Studies
Kb et al. [134] 2005 Remo'te sensing of glacier- and permafrost-related hazards in high mountains: an
overview
Kéaab [135] 2008 Remote sensing of permafrost-related problems and hazards
National Research 2014 Opportunities to use remote sensing in understanding permafrost and related
Council [136] ecological characteristics: Report of a workshop
Arenson et al. [137] 2016 Detection and analysis of ground deformation in permafrost environments
{;Zg];enson and Grosse 2016 Remote Sensing of Landscape Change in Permafrost Regions
Land Cover Mapping in Northern High Latitude Permafrost Regions with Satellite
Bartsch etal. [22] 2016 Data: Achievements and Remaining Challenges
Trofaier et al. [23] 2017 ProgFess in space-borne studies of permafrost for climate science: Towards a
multi-ECV approach
Duncan et al. [93] 2020 Space-Based Observations for Understanding Changes in the Arctic-Boreal Zone

Optical imagery from for example, Landsat enables time series analyses of surface
changes since 1972 [133]. However, a major limitation of all Landsat-based analyses is
the sparse data availability for 1989-1998 for much of the Arctic region [22]. Thermal
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imagery derived from Moderate Resolution Imaging Spectroradiometer (MODIS) and
Advanced Very High Resolution Radiometer (AVHRR) can be implemented for estimating
thawing indices or modelling active layer thickness [133]. That said, both thermal and
optical data are heavily influenced by their cloud contamination, resulting in data gaps
and therefore limiting their usability [23,133]. Radio Detection and Ranging (RADAR)
data in the form of SAR on the other hand has the potential to overcome limitations
of optical and thermal imagery, due to its ability to gather information independent
of the weather condition (e.g., clouds) or sun illumination [134,135]. The application
of Differential Interferometric Synthetic Aperture Radar (D-InSAR) allows for surface
displacement analyses with high precision [46]. A major constraint of D-InSAR based
analyses is the decorrelation between scenes due to changing surface properties such as
snow, soil moisture or vegetation cover [26,94]. SAR and optical data are in general highly
complementary in the context of permafrost-related feature analyses, with optical data
approaches might work where SAR fails and the other way round [26]. Another potent
data source are passive RADAR sensors such as the Special Sensor Microwave/Imager
(SSM/I) that provides continuous, sub-daily and global coverage since 1987, which can
be used to detect for example, surface soil freeze/thaw conditions [133]. However, the
very high temporal resolution comes at the cost of a very coarse spatial resolution of
several tens of kilometers [138]. High spatial resolution satellite imagery, or rather the lack
thereof, is a commonly mentioned limitation factor for current spaceborne studies in the
context of permafrost analyses [22,76,134]. While high-resolution images from IKONOS,
QuickBird or WorldView have shown to be valuable data sources for analysing small scale
processes and features (e.g., Jones et al. [12], Ulrich et al. [139], Godin et al. [140]), they are
oftentimes still expensive and difficult to acquire [134,141]. Next to higher spatial resolution,
there is a demand for long-term and frequent observations to monitor highly dynamic
processes [22,23]. The combination of remotely sensed data from different sensors is
thereby especially promising in overcoming sensor and/or platform specific limitations for
analysing the large variety of permafrost related features and processes such as emerging
greenhouse gas emissions, coastal erosion, vegetation cover dynamics or the distribution
of permafrost on high spatio-temporal resolutions and large scales [76,142].

1.3. Objectives of This Review

While other review articles dedicated their investigations on satellite technologies and
methods in relation to how well they can answer permafrost-related research questions
(e.g., [23,76]), this study focuses on a detailed bibliographic analysis of recent trends in
the frequency of investigated environmental topics, the spatial distribution of the study
areas and the applied spatio-temporal resolution of satellite data for studying permafrost-
related features and processes over a range of scales. The aim of this review is to provide a
comprehensive overview of past achievements, current efforts as well as future challenges
and possibilities for satellite remote sensing of permafrost related analyses. To achieve this,
a total of 325 articles published in 30 international journals during the last two decades
were analyzed. In addition, a variety of relevant and open source data sets for permafrost
related analyses are presented. Trends in satellite remote sensing of permafrost features
were observed, research gaps identified and recommendations for future work and an
outlook on the potential of new data and methodologies are given.

2. Review Methodology

A visualisation of the review methodology can be found in Figure 2. The Web of
Science (WoS) (formerly known as ISI Web of Knowledge) platform was used to search for
permafrost and remote sensing related Science Citation Index (SCI) papers. A search string
was defined to filter the literature based on the following conditions. The term “Permafrost”
and at least one of the following terms “Earth Observation”, “Satellite” or “Remote Sensing”
have to appear in either the title, abstract or keywords. If a one of the following keywords
“Earth Observation”, “Satellite” or “Remote Sensing” occurs in the name of a journal, only
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the term “Permafrost” has to appear in either the title, abstract or keywords. Furthermore,
the document type was set to “Article” and the language was set to “English”. Articles
with a publication date between January 2000 and February 2020 were considered, thus
a time span of two decades is covered within this review. This initial filtering resulted in
over 700 articles which met the defined requirements.

Since the focus of this review lies on the potential of satellite Earth observation for mon-
itoring permafrost landscapes, the literature was further reduced to eleven international
journals with a thematic focus on remote sensing. In addition, 19 renowned non-remote
sensing specific international journals were also included in order to keep the analysis as
representative as possible. This led to a total number of 536 articles.

Start:
Search Web of Science
for SCI Papers

/Search criteria: \

e “Permafrost” in either the title, abstract or keywords v
e “Remote Sensing” or “Satellite” or “Earth Observation” in Apply search criteria in
either the title, abstract or keywords Web of Science

o Document type: Article
e Language: English

( Publication Date: Jan. 2000 — Feb. 2020 / v
Number of articles:
>800

KSeIection of journals: )

e Limit to 11 international journals with a focus on remote i = i

sensing —P[ Filter to selected journals ]

e Additionally: Include articles from 19 non-remote sensing

\ specific international journals /
A 4

Number of articles:

Manual filtering:

e Exclude airborne-only studies v
e Study focus must be either directly about permafrost or _,[ Manual filtering ]
about permafrost related features and processes

e Exclude extra-terrestrial studies (permafrost on Mars)

\o Article must utilize remote sensing data for the analysis / A 4
End:

Final number of articles:
325

Figure 2. Overview of the selection process for relevant articles within this review.

The last stage of the literature selection comprised of a manual screening process of
the articles based on the following criteria: (1) Studies that used only airborne remote
sensing were excluded, since this review major focus lies on satellite earth observation of
permafrost and related features/processes; (2) No extra-terrestrial studies (permafrost on
Mars) were included in this review; (3) The study must utilize remote sensing for their
analysis; (4) The study focus must be either about or directly connected to permafrost.
Therefore, studies that for example, mentioned the term “permafrost” once in the abstract
but do not actually investigate permafrost or any of its associated features and processes
were excluded from the review process. The remaining 325 articles from 30 international
journals were analyzed based on relevant parameters for this review, including:

®  The number of published articles per year
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e The number of studies per country

*  The nationality of the first authors institution

*  Frequently investigated study regions across the globe

¢ The frequency of investigated environmental categories

e  The frequency of investigated research foci

¢ Applied spatio-temporal resolutions of remote sensing data
*  Observed temporal coverage of time series analyses

e  Studied spatial scales

*  Frequencies of remote sensing platforms

e  Utilized sensor types and sensor combinations

The number of reviewed articles per journal are listed in Table 3. We are aware that by
applying the described filtering methodology, some relevant articles from other journals
may have been excluded. However, the inclusion of more journals would go beyond the
scope of this review. For the same reason, no non-English articles were considered in the
review process. Given diminishing returns, we consider this approach to be a reasonable
compromise for a representative overview of the current state and recent trends in satellite
earth observation for permafrost related analyses.

Within the context of this review, all research articles were categorized into the five
environmental categories “Atmospheric Features and Processes”, “Surface Water Features
and Processes”, “Surface Land Features and Processes”, “Thermal Features and Processes”
and “Subsurface Features and Processes”. The category “Atmospheric Features and Pro-
cesses” covers all environmental topics related to the atmosphere, such as greenhouse gas
emissions or evapotranspiration. “Surface Water Features and Processes” encompasses
topics related to the surface water, including lake extent dynamics, coastal erosion or
lake ice extents. The category “Surface Land Features and Processes” includes all land
surface related topics, such as vegetation cover dynamics, surface movements (e.g., frost
heave/thaw settlement) or snow cover. Dynamics in the land surface temperature or
ground temperature, as well as heat fluxes are covered by the category “Thermal Features
and Processes”. Lastly. the category “Subsurface Features and Processes” comprises of
features and processes which occur below the surface, including the distribution of per-
mafrost, dynamics in the thickness of the active layer or freeze/thaw dynamics of the soil.
Each environmental research focus per study was therefore identified as a sub-category of
these spheres. Some articles covered several research topics from multiple categories. For
each category, the findings of some representative and highly cited articles are presented.

Another relevant parameter during this review process is the spatio-temporal res-
olution of applied satellite data. The temporal resolution was hereby divided into the
four categories “Unitemporal”, “Bitemporal”, “Multitemporal” and “Time Series”. In the
context of this review, studies are considered to be multitemporal, if 3-9 time steps are
used for analyzing the temporal development, whereas a “Time Series” study is defined to
cover at least 10 time steps. The spatial resolution was categorized into the four classes
high (<10 m), medium high (10-100 m), medium low (100-1000 m) or low (>1000 m).
Furthermore, in this study the different scales are defined as local (<10,000 km?), regional
small (10,000-250,000 kmz), regional large (>250,000 kmz), national or circum-Arctic.

Even though this review focuses on studies that utilized satellite Earth observation,
“aerial” was also considered for the platform frequency analysis since many articles em-
ployed aerial imagery either as a historical reference, for validation or other complementary
use with satellite data and is therefore included for completeness. Lastly, permafrost-related
and openly available data sets which were commonly applied across the reviewed articles
are presented.
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Table 3. List of reviewed journals, the number of articles per journal covered in this review and their respective impact factor
for the year 2019 as well as the 5-year impact factor according the Web of Science [143] (rounded to the first decimal place).

Number of Impact Impact

Journal Name Reviewed Factor Factor
Articles 2019 5 Year

Remote Sensing 60 45 5
Remote Sensing of Environment 34 9.1 9.6
Permafrost and Periglacial Processes 29 2.7 2.7
Environmental Research Letters 28 6.1 6.7
The Cryosphere 21 47 49
Geomorphology 17 3.8 3.9
Journal of Geophysical Research: Biogeosciences 15 34 4.2
Biogeosciences 14 3.5 42
Global Change Biology 14 8.6 9.8
Journal of Geophysical Research: Earth Surface 10 3.6 4
Hydrological Processes 10 3.3 3.6
International Journal of Remote Sensing 8 3 2.7
Journal of Geophysical Research: Atmospheres 8 3.8 4.3
IEEE Journal of Selected Topics in Applied Earth Observations 7 38 39
and Remote Sensing ’ ’
Science of the Total Environment 7 6.6 6.4
Scientific Reports 6 4 4.6
IEEE Transactions on Geoscience and Remote Sensing 5 59 6
Water Resources Research 5 43 5
Nature Communications 4 12.1 13.6
Nature Geoscience 3 13.6 16.1
Journal of Applied Remote Sensing 3 14 1.3
GIScience & Remote Sensing 3 6 42
Global and Planetary Change 3 4.4 5.1
Remote Sensing Letters 2 2.3 24
International Journal of Applied Earth Observation and 5 47 54
Geoinformation ) :
Frontiers in Earth Science 2 27 NA
ISPRS Journal of Photogrammetry and Remote Sensing 2 7.3 8.6
IEEE Geoscience and Remote Sensing Letters 1 3.8 3.7
Earth System Science Data 1 9.2 9.6
Palaeogeography, Palaeoclimatology, Palaecoecology 1 2.8 3
Total 325

3. Results

The following section provides details and key findings about the number of satellite
Earth observation of permafrost related articles per year, followed by the spatial distri-
bution of the study area and the author countries. Subsequently, the proportions and
temporal development of environmental research foci are analyzed. Afterwards, the ap-
plied spatio-temporal resolutions over time and per environmental topic are elaborated.
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Lastly, the frequency of platform and sensor combinations which are applied in the context
of permafrost analysis are presented.

3.1. Temporal Development of Permafrost Related Studies

The degradation of permafrost and its effects on the environment gained increasing
attention over the past years [23,52]. This increase in attention can be observed in the
number of satellite based studies of permafrost and its associated land features, which
grew over the course of the last two decades (Figure 3). Especially during the last decade
a higher frequency of articles can be observed, with 2018 featuring the most (62) articles
published per year within the scope of this review. In 2018 permafrost was added to the
ESA CCI program lineup as an ECV, which could have been a potential driver for the
sudden increase in publication frequency [91,92]. For the year 2020 only 12 articles are
shown, however this review also only considered articles which were published until
February 2020. Therefore, based on the trend of the last 20 years, a growing number of
satellite Earth observation of permafrost related studies can be expected in future years.
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Figure 3. Number of permafrost related satellite Earth observation studies per year based on the reviewed articles.

3.2. Distribution of Study Countries and First Author Institution Nationalities

The frequency of studied countries and the nationality of the first authors institutions
are visualized in Figure 4. The most frequent nationality of the first authors institution
is hereby the United States with 91 articles, followed by China (57), Germany (48) and
Canada (47) (Figure 4a,b). On the other hand, the most studied countries are Russia with
75 articles, followed by Canada (71), the United States (68) and China (54) (Figure 4c,d).
The three countries United States, Canada and China feature major permafrost occurrences
(Figure 5), which explains their positions as both highly investigated countries and the most
common author countries. Russia, however, appears to be underrepresented within the
author distribution, since it is the most frequently researched country across all reviewed
articles and features the greatest spatial coverage of permafrost out of any country based on
the circum-Arctic permafrost map by Brown et al. [1]. As already mentioned in Section 2,
only English articles were considered for this review, therefore no Russian publications
were included. In contrast, Germany stands out by being one of the top authors, despite
of its lack of permafrost with local exceptions for example, mountain permafrost at the
Zugspitze [144].
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The relationships between the author and study countries reveal a trend for authors
to investigate the same country as the nationality of the first authors institution, given
that permafrost is present within the corresponding country. 80% of all studies carried out
in the USA were conducted by American institutions, followed by Canadian institutions
(7%). In case of Canadian studies, 58% are associated with Canadian institutions and 21%
with German institutions. China is almost exclusively studied by Chinese institutions
with 93%. Russia on the other hand features a more heterogeneous distribution of the
author nationality, with 36% of studies carried out by German institutions, 21% by the
United States, 10% by Russian and 6% by Austrian institutions. Germany as a major author
country studies mainly in Russia (48%), with additional common study countries such as
Canada (26%) and the United States (9%). A visualization of the author nationality and
study country relationship can be found in the supplementary materials under Figure S1.

*
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b)

United States: 91

[\ Germany: 48

25 Russia: 8

Norway: 8
Canada: 47 Japan: 8
France: 8

Switzerland: 9
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Articles Canada: 71
60 ~Mongolia: 5

Greenland: 6

United States: 68 / Chile: 7
Antarctica: 7

40
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/" China: 54

Figure 4. Map showing the frequency of first author institution nationalities (a) and the relative distribution (b). Next to the
first author institution, the frequency of study countries are displayed via a map (c) and the relative distribution as a pie chart

(d). Circumpolar studies are hereby excluded from the map (c). Some articles featured study areas in multiple countries.

3.3. Spatial Distribution of Reviewed Articles

Out of the 325 articles analyzed in this review, only 9% of studies were conducted on
a circum-Arctic scale [14,33,39,51,138,145-166]. Figure 5 displays the distribution and fre-
quency of study locations across the Northern Hemisphere from non-circumpolar studies.
Distinct key study regions within the four major study countries United States, Canada,
Russia and China can be observed. Permafrost related features and processes in the
United States are almost exclusively researched in Alaska. In particular across the North
Slope Borough and its Arctic Coastal Plain [12,27,36,37,43,55,167-193] (Figure 5 key re-
gion 1), Seward Peninsula [36,139,168,193-196] (Figure 5 key region 2) and the Yukon-
Kuskokwim Delta [183,184,197-199] (Figure 5 key region 3). The only studies within the
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United States but outside of Alaska are located in the Rocky Mountains in southwestern
Colorado [200,201] (Figure 5 key region 4), as well as one study by Zhang et al. [202] who
studied freeze-thaw dynamics across the contiguous United States.

Permafrost

. Continuous
. Discontinuous

Sporadic
Isolated
Number of
Studies
1
2-5
® 6-10
® >10

Key Study Regions

1. North Slope Borough

2. Seward Peninsula

3. Yukon—Kuskokwim Delta
4. Rocky Mountains

5. Mackenzie Delta

6. Umiujaq

7. Lena River Delta

8. Yamal and Gydan Peninsulas
9. Kolyma Lowland

10. Central Yakutia Lowland

11. Beiluhe region
12. Svalbard
13. European Alps

Figure 5. The study area distribution of the reviewed articles for the Northern Hemisphere together with the circum-Arctic

permafrost map by Brown et al. [1] (bluish coloured areas). One study may have several study areas. A shaded relief by

Natural Earth [203] was utilized as a background map. All data is visualized in a polar Lambert azimuthal equal area

projection. Circum-Arctic studies were excluded from this visualization. Thirteen key regions with study clusters are

marked and labeled.

In Canada, most research efforts are concentrated around the Mackenzie Delta and Tuk-
toyaktuk Coastlands within the Northwest Territories [66,177,183,184,204-219] (Figure 5
key region 5). Several more studies are also distributed across the Northwest
Territories [58,177,211,220-230]. Other geographical hotspots are Herschel Island in the
Yukon territory [11,231-237] (also Figure 5 key region 5) and the eastern shore of Hud-
son Bay around the Inuit village of Umiujaq in Northern Quebec [238-242] (Figure 5
key region 6). Especially the territory Nunavut features sparse study coverage both on
the Canadian mainland as well as the Arctic islands, despite being largely underlain by
continuous permafrost.

The Lena River Delta is one of the key study regions in Russia [42—44,94,139,142,183,
184,206,209,243-258] (Figure 5 key region 7), followed by the Yamal and Gydan Peninsulas
and the surrounding regions [40,179,184,193,229,259-271] (Figure 5 key region 8) as well as
the Kolyma Lowland [15,36,42,55,183,184,266,272-276] (Figure 5 key region 9). There are
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120°W
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also some additional clusters in the Central Yakutia Lowland [55,142,277-279] (Figure 5
key region 10). Despite being the most examined country within this review, large areas of
Russia underlain by continuous permafrost are still under-explored.

Permafrost related studies in China mostly concentrate inside the Qinghai-Tibet
Plateau (QTP), with a focus on the Beiluhe region [9,64,71,280-294] (Figure 5 key region
11). The 1.956 km long Qinghai-Tibet Railway (QTR) and the Qinghai-Tibet Highway
(QTH) are hereby major research interests inside the Qinghai-Tibet Engineering Corridor
(QTEC) [7,9,71,280,283,284,286-289,291,293,295,296].

Other common study regions in the Northern Hemisphere are Svalbard in
Norway [63,297-303] (Figure 5 key region 12) and the European Alps [47,60,304-309]
(Figure 5 key region 13). Also, a noteworthy amount of studies were conducted within
Scandinavia [34,94,271,310-314] and Greenland [35,43,60,315-317].

While the majority of permafrost is distributed over the Northern Hemisphere and so
are most of the research articles (94%), some authors also investigated permafrost related
features and processes on the Southern Hemisphere (Figure 6). One of the geographi-
cal research hotspots are hereby the Andes with a focus on rock glacier kinematics and
mountain permafrost distribution [60,61,318-323] (Figure 6 key region 1). Moreover, the
Antarctic features a noteworthy amount of permafrost related research. Studies are almost
entirely located across the South Shetland Islands with a focus on Byers Peninsula on
Livingston Island [43,324-328] (Figure 6 key region 2), whereas a single article examined
rock glaciers in the McMurdo Dry Valleys [329] (Figure 6 key region 3). Lastly, in a recent
study by Obu et al. [163] near-surface permafrost temperatures were modelled for the
entire Antarctic. The lowest temperature was hereby modelled to be —36 °C, which marks
the lowest permafrost temperature worldwide according to global modelling efforts [163].
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Figure 6. The study area distribution of the reviewed articles for the Southern Hemisphere. One study may have several

study areas. A shaded relief by Natural Earth [203] was utilized as a background map. All data is visualized in a polar

Lambert azimuthal equal area projection. Circum-Antarctic studies were excluded from this visualization. Three key regions
with study clusters are marked and labeled.
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3.4. Categorization of Environmental Research Foci

The distribution of categories and research foci are visualized in Figure 7. Almost
half (~43%) of all articles conducted their research within the “Surface Land Features and
Processes” category. The top environmental research foci are hereby “Vegetation Cover
(Dynamics)” (~12% in total and ~27% in category), followed by “Frost Heave/Thaw
Settlement” (~7% in total and ~16% in category), “Rock Glacier Mapping/Dynamics”
(~4% in total and ~10% in category), “Thaw Slump Mapping/Dynamics” (~4% in total
and ~10% in category) and “Wild Fires” (~4% in total and ~10% in category).

The second most common category is “Surface Water Features and Processes” with
~25%. Here, most studies concentrated their research effort on “Lake Extent/Dynamics”
(~12% in total and ~47% in category). The following topics, for example, “Coastal Erosion”
(~4% in total and ~14% in category), “Ocean Colour” (~1% in total and ~7% in category)
and “Wetland Dynamics” (~1% in total and ~6% in category) already feature significantly
lower numbers of occurrences.

Similar but slightly lower in frequency is the category “Subsurface Features and
Processes” with ~21%. Within this category, “Permafrost Distribution” (~7% in total
and ~32% in category), “Active Layer Thickness (Dynamics) (~4% in total and ~21% in
category) and “Freeze/Thaw Dynamics” (~4% in total and ~18% in category) are the most
frequent research foci.

The two least studied categories are “Thermal Features and Processes” with ~7% and
“Atmospheric Features and Processes” with ~4% of the share across all studies reviewed in
this paper. Within the category “Thermal Features and Processes”, the research focus “Land
Surface Temperature (Dynamics) (~3% in total and ~50% in category) is slightly more
researched than “Ground Temperature (Dynamics)” (~3% in total and ~43% in category).
Studies associated with the category “Atmospheric Features and Processes” mostly focused
their analyses on “Methane/Carbon Dioxide Emissions” (~3% in total and 75% in class).
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Figure 7. Distribution of the study focus frequency across the reviewed articles. Research foci are categorized into the

a7

five spheres “ Atmospheric Features and Processes”, “Surface Water Features and Processes”, “Surface Land Features and

Processes”, “Thermal Features and Processes” and “Subsurface Features and Processes”.

The temporal distribution of the top 15 environmental foci is displayed in Figure 8a.
Accompanied with the higher publication frequency, a general increase in the number of
studies per topic can be observed, especially during the last decade. Methane and carbon
dioxide emissions, as part of the the category “Atmospheric Features and Processes”, was
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first investigated in 2008 in the context of this review. Strongest research effort in this field
can be observed for the year 2015.

As part of the “Surface Water Features and Processes” category, the dynamics and
extent of lakes was regularly studied throughout the last 20 years, with peaks in 2013 and
2018. Within the framework of this review, first efforts in studying coastal erosion using
satellite remote sensing data and linked to permafrost degradation were conducted in 2008,
but the topic did not gain increasing attention before 2018.

Looking at topics related to “Surface Land Features and Processes”, vegetation cover
and dynamics were mainly studied during the last decade, with 2018 featuring the most
related publications. Articles that focused on frost heave and thaw settlement began in
2010 and feature an increase in the publication rate since 2014. Research efforts on rock
glacier dynamics are generally sparse, but temporally distributed rather evenly with peaks
in 2012 and 2019. Investigations on the influence of snow cover and associated properties
on permafrost is overall also sparsely distributed, even though first analyses already began
in 2006. Publication rates on thaw slumps were highest for the years 2014 and 2018. Lastly,
effects of wild fires on permafrost landscapes were first investigated in 2009, with a growing
study interest since 2016.

Within the environmental category “Thermal Features and Processes”, stronger efforts
in land surface temperature related studies can be observed for the year 2012, whereas
research of ground temperature dynamics already started in 2003, but reached its peak not
before 2018, followed by 2015 and 2019.
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Figure 8. (a) Frequency of the top 15 most common and permafrost related environmental foci across the reviewed articles

per year. Several articles covered multiple environmental foci. (b) The cumulative sum of articles per environmental category.

As for the “Subsurface Features and Processes”, freeze/thaw dynamics were mainly
investigated during the last decade (except for the year 2003), with the largest number of
publications reached in 2015 and 2019. The thickness and dynamics of the active layer
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gained an overall growing interest since 2013. Similar to other topics, investigations on
groundwater storage and dynamics peaked in 2018. Mapping the actual distribution of
permafrost is part of the earliest applications of permafrost related research using satellite
remote sensing. Although first studies go back as far as 2001, the topic did not regain major
attention until the last decade, with 2018 and 2019 featuring the most articles.

Figure 8b gives a more general overview of the environmental categories “Atmo-
spheric Features and Processes”, “Surface Water Features and Processes”, “Surface Land
Features and Processes”, “Thermal Features and Processes” and “Subsurface Features and
Processes” and their distribution over time. The cumulative sum per year clearly shows
a growing discrepancy between the five categories since the last decade. The category
“Surface Land Features and Processes” features hereby the strongest increase in number
of articles per year out of all categories. Both “Surface Water Features and Processes”
and “Subsurface Features and Processes” show a similar development over the years. In
contrast, the categories “Thermal Features and Processes” and “Atmospheric Features and
Processes” are revealed to display relatively slow growing rates.

During the review process, a spatial variability in the locations of study foci could
be observed. Therefore, the distribution of research frequencies for permafrost related
environmental topics vary across different countries. Mentioned distribution for the top
four study countries as well as for studies that applied their analysis on a circum-Arctic
scale is visualized in Figure 9.
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Figure 9. Study focus distribution for the top four most studied countries and circum-Arctic studies. Featured countries are
Russia (a), Canada (b), United States (c), China (d) and circumpolar studies (e).

In Russia, 43% of articles studied “Surface Land Features and Processes”, followed by
34% “Surface Water Features and Processes”, 15% “Subsurface Features and Processes”,
5% “Atmospheric Features and Processes” and 3% “Thermal Features and Processes”. The
most common research topics are lake extent (dynamics), vegetation cover (dynamics),
coastal erosion and frost heave/thaw settlement observations.

Canadian studies are again mainly associated with “Surface Land Features and Pro-
cesses” by 40%. “Surface Water Features and Processes” make up 33%, followed by 17%
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“Subsurface Features and Processes”, 6% “Thermal Features and Processes” and 4% “At-
mospheric Features and Processes”. Both lake extent (dynamics) and the analysis of thaw
slumps were hereby the most popular research topics. Other frequent environmental
subjects are vegetation cover (dynamics) and the distribution of permafrost.

As for the United States, while the category “Surface Land Features and Processes’
is again the most studied sphere with 39%, “Surface Water Features and Processes” and
“Subsurface Features and Processes” are also frequently investigated with 32% and 25%,
respectively. On the other hand, both “Thermal Features and Processes” and “Atmospheric
Features and Processes” make up only 2% each. Major efforts were put into lake extent
(dynamics), followed by vegetation cover (dynamics), wild fires and the distribution of
permafrost.

Articles with a study focus in China investigated once more for the most part “Surface
Land Features and Processes” (43%). The relative distribution of other categories were 27%
“Subsurface Features and Processes”, 14% “Surface Water Features and Processes” and 10%
“Thermal Features and Processes” as well as 5% “Atmospheric Features and Processes”.
With twice as many studies as the second most researched topic, frost heave/thaw set-
tlement (dynamics) is the major investigation subject in China, followed by active layer
thickness (dynamics), lake extent (dynamics) and vegetation cover (dynamics).

Lastly, there were a total of 28 articles which applied their analyses on a circum-Arctic
or circum-Antarctic scale. Unlike the top four most studied countries, both categories
“Subsurface Features and Processes” and “Surface Land Features and Processes” are equally
distributed with 29% each, followed by 26% “Surface Water Features and Processes”, 11%
“Thermal Features and Processes” and 6% “Atmospheric Features and Processes”. The most
common permafrost related topic analyzed on a circumpolar level was thereby freeze/thaw
dynamics. Next to that, vegetation cover (dynamics) as well as the influence of snow cover
and associated properties on permafrost were hereby common study subjects, as well.

7

3.4.1. Environmental Research Focus: Atmospheric Features and Processes

Although several studies dedicated their research to a topic within the category “At-
mospheric Features and Processes” (e.g., [13-15,33,33-37,213,226,268-270,330-333]), it still
proved to be the least common environmental category in the context of this review. This
relative shortage in permafrost-atmosphere-related studies highlights the need for satellite
remote sensing research dedicated to investigate the effect of permafrost degradation on
current and future greenhouse gas emissions. Song et al. [13] studied atmospheric methane
release due to spring thawing effects of natural wetlands. In their research, extremely
high CHy4 emissions via bubbling over the spring season were observed in addition to the
methane emissions from thaw lakes. The authors further stress the importance of including
this spring thawing effect into permafrost carbon-climate models, since the mentioned
thawing process potentially becomes stronger in the face of climate change [13]. Another
study by Watts et al. [14] investigated the effect of surface temperature and surface moisture
on Arctic wetland methane release. The authors recommend future studies to consider po-
tential impacts of fractional water scaling for regional modeling due to the highly dynamic
surface water in northern high latitudes. They further warn about potential overestimation
of modeled methane emission rates caused by insufficient resolution of satellite data which
cannot account for small scale heterogeneity of soil temperature and moisture. However,
new remote sensing data with higher temporal and/or spatial capabilities based on for
example, Soil Moisture Active Passive (SMAP) may reduce uncertainties for regional and
global modelling [14]. Curasi et al. [15] linked in their study the distribution of subsurface
water tracks to carbon dioxide emissions in a Siberian tundra landscape. Since water tracks
provide favourable conditions for increased shrub expansion, understanding the distribu-
tion of such water tracks may hereby improve our knowledge of the spatial variability in
present and future tundra carbon cycling [15].

Contrary to lower latitudes (<60° N), Arctic methane emissions showed no significant
increase in 2017 compared to the average value for 2000-2006 according to a study done by
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Jackson et al. [334]. Dlugokencky et al. [335] observed similar results and suggested the
Arctic has yet to reach the turning point of a sustained increase in CH4 emissions cased by
permafrost melt. However, the authors also state that there is a clear potential for increasing
methane emissions in the future due to permafrost degradation [335].

In a recent publication, Anthony et al. [36] investigated methane emissions from
thawing lakes in the Arctic. Emissions from expanding thermokarst lakes were hereby
directly proportional to the eroded soil carbon caused by thawing permafrost [36]. Another
study by Anthony et al. [37] revealed further insights into the acceleration of carbon
emissions through abrupt permafrost thaw beneath Arctic lakes [37]. Additional study
efforts were recently made by Elder et al. [336] who analysed CH4 hotspots over Alaska
and northwestern Canada via an airborne campaign covering ~30,000 km?. The authors
identified 2 Million methane hotspots which are concentrated in a radius of ~40 m around
lakes [336].

The transatlantic National Aeronautics and Space Administration (NASA) and ESA
collaborative community initiative Arctic Methane and Permafrost Challenge (AMPAC)
aims to address the challenge of analysing the Arctic methane release and permafrost thaw-
ing through interdisciplinary research [337,338]. Furthermore, new satellites including
the Sentinel-5P mission and the Methane Remote Sensing LiDAR Mission (Merlin) are
hereby promising data sources for future analyses of permafrost related Arctic emissions.
The ESA Sentinel-5P is a satellite mission for monitoring key atmospheric components, in-
cluding CO, CHy, CH,0, NO;, SO, and O3 via the TROPOspheric Monitoring Instrument
(TROPOMI) [339]. The mission extends data records from previous instruments such as
the Global Ozone Monitoring Experiment (GOME), Scanning Imaging Absorption Spec-
trometer for Atmospheric Chartography (SCIAMACHY) or the Ozone Monitoring Instru-
ment (OMI) [340]. Since its launch in February 2017, several studies employed Sentinel-5P
data to investigate atmospheric methane concentrations [341-344]. As mentioned in a
review by Duncan et al. [93], the TROPOspheric Monitoring Instrument (TROPOMI) in-
strument on board Sentinel-5P provides a better signal-to-noise ratio, a larger spectral range
and higher spatial resolution relative to similar current satellite systems which in term
allow for improved detection of trace gas concentrations. Nevertheless, the authors also
identify arctic conditions such as bright surfaces (e.g., snow), steep sun angles, low light
intensities and persistent cloud coverage to continue being major challenges for passive
satellite systems such as Sentinel-5P [93]. These limitations can, however, be overcome
to a certain degree by utilizing active satellite sensors such as the Light Detection and
Ranging (LiDAR) instrument on the upcoming Merlin mission. Merlin is a joint German
and French space mission by the German Aerospace Center (DLR) and the French National
Centre for Space Studies (CNES), dedicated to generate spaceborne measurements of atmo-
spheric methane concentration for regional to global scales [345]. Merlin will hereby be
the first mission to utilize Integrated Path Differential Absorption (IPDA) LiDAR for moni-
toring methane from space [346]. Contrary to passive satellite missions, the active LIDAR
sensor allows for retrieval of methane fluxes independent of season or sun illumination and
at all latitudes [347]. The active nature of the instrument even allows for the penetration
through thin cirrus clouds and therefore increases the observation capabilities [348]. A joint
use of active and passive sensors could thereby overcome current challenges and improve
our understanding of arctic emission rates [93].

3.4.2. Environmental Research Focus: Surface Water Features and Processes

Roughly one quarter of all articles was assigned to the category “Surface Water
Features and Processes” (e.g., [349-368]). Overall, the majority of related studies are lo-
cated in northern Alaska across the North Slope and its Arctic Coastal Plain, followed
by the Mackenzie Delta, Gydan and Yamal Peninsula and the Lena Delta. As already
visualized in Figure 7, the most common environmental focus within the category “Sur-
face Water Features” is “Lake Extent/Dynamics”, covering roughly half of all studies
connected to this category. A study by Morgenstern et al. [243] analyzed hereby the
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spatial distribution of thermokarst basins and lakes in the Yedoma uplands around the
Lena River Delta. The authors report large parts of the researched area to be affected by
thermokarst, with thermokarst basins covering four times the total area as thermokarst
lakes. Morgenstern et al. [243] further explained that 33.7% of the surface area on Kurung-
nakh Island is vulnerable to future thermokarst processes. Nevertheless, past thermokarst
activities led to a severe degradation of original Yedoma landscapes, thus future ero-
sion and lake extension due to thawing deposits may be limited [243]. Another study
by Lyons et al. [170] dedicated their research to the error quantification of lake mapping by
using Landsat data. Seven scenes were thereby analyzed based on the two sensors Multi
Spectral Scanner (MSS) and Thematic Mapper (TM). The authors report an increasing
error in lake area mapping with decreasing lake sizes. Lyons et al. [170] further described
spectral properties to be highly variable due to the depth, vegetation and suspended
sediments in lakes, making a threshold analysis difficult. Lastly, seasonal effects should
be reduced as much as possible for long-term trends and inter-annual changes [170]. A
recent study by Rey et al. [53] investigated the dynamics of lake area changes via a Landsat
time-series analysis coupled with airborne electromagnetic surveys. The authors hereby
observed relatively synchronous lake extent dynamics in continuous permafrost land-
scapes, whereas the lake area dynamics in discontinuous permafrost areas appeared more
asynchronous. Rey etal. [53] argue these differences may be explained by a stronger
subsurface-connectivity in discontinuous permafrost regions caused by differential thaw-
ing, while lake dynamics in continuous permafrost zones are primarily controlled by
hydroclimatic factors. The authors further hypothesis that an ongoing degradation of per-
mafrost in discontinuous permafrost regions could result in an ubiquitous connectivity and
therefore again lead to synchronous lake dynamics. Similar to Morgenstern et al. [243], a
decrease in lake extent dynamics is predicted, since the thawing of the subsurface functions
as a low-pass filter for the variability in hydroclimatic processes [53].

The second most common topic but already significantly less in frequency is “Coastal
Erosion”. In a study done by Lantuit and Pollard [233], coastal erosion rates on Herschel
Island which is located in the western Canadian Arctic were analyzed over a time-span
of 50 years using historical airphotos and IKONOS imagery. Although an overall decreas-
ing trend in coastal erosion (0.61 m/yr from 1950-1970 and 0.45 m/yr from 1970-2000)
can be depicted in this research, shorelines featuring high ice-contents and ground-ice
related surface features for example, thaw slumps have increased erosion rates [233].
Barnhart et al. [39] studied the effect of changing sea ice on Arctic coastlines on a panar-
ctic scale by using passive RADAR data with a 25 km spatial resolution. According to
Barnhart et al. [39], the duration of open-water conditions was revealed to have doubled
since 1979 and therefore increasing the vulnerability of Arctic coasts since sea ice acts as a
limiter for wave-based fluvial erosion. However, understanding the relationship between
coastal erosion and dynamics in the open water seasons is further complicated by for exam-
ple, the present geomorphological conditions, storm climate, orientation, ice content and
dynamics as well as the lithology [39]. A more recently published article by Isaev et al. [10]
covers the retreat of cliffs along a permafrost coast in the south-western Baydaratskaya
Bay in Russia by using handheld Differential Global Positioning System (DGPS) and high
resolution QuickBird-2 satellite data. In agreement with Barnhart et al. [39], wind-driven
waves during the open-water season are identified to be of higher relevance for coastal
erosion in permafrost landscapes compared to increases in air temperature alone [10].

Several articles also dedicated their research to other surface water related features
and processes, such as ocean colour (e.g., [219,258]), wetland dynamics (e.g., [250,312]) or
lake/sea ice extent/dynamics (e.g., [39,168,369]).

3.4.3. Environmental Research Focus: Surface Land Features and Processes

With 43%, the category “Surface Land Features and Processes” featured the most
articles out of all environmental categories (e.g., [45,370-405]). Analogous to “Surface Water
Features and Processes”, study hotspots are also located in northern Alaska, the Mackenzie
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Delta, Gydan and Yamal Peninsula as well as the Lena Delta. However, additional study
clusters are concentrated inside the QTP, mountainous regions including the European
Alps and the Andes, along with the South Shetland Islands in the Antarctic.

“Vegetation Cover (Dynamics)” is hereby the most common research focus.
Epstein et al. [148] applied a Normalized Difference Vegetation Index (NDVI) time se-
ries analysis (1982-2010) on AVHRR data coupled with extensive in-situ measurements
for estimating phytobiomass changes in the Arctic tundra on a circum-Arctic scale. The
study revealed an average increase in above-ground biomass of 19.8%, resulting in major
implications for a vast variety of tundra ecosystem aspects, such as the distribution of
permafrost, depth of the active layer, hydrology, wildlife and human land use. The authors
further stress the importance of future continuous and extensive field campaigns as a
means for validation [148]. Kharuk et al. [406] investigated the growth response of larch
trees in the central Siberian permafrost zone by using in-situ tree-ring samples, climate
data as well as optical remote sensing imagery from Aqua and gravimetric satellite data
from the Gravity Recovery And Climate Experiment (GRACE). The authors reported an
increased productivity in larch stands at the beginning of the 21st century. The growth
of tree rings correlated thereby for example, with water from snow- and permafrost melt,
early summer air temperatures and drought conditions [406]. Changes in the vegetation
cover along the QTP engineering corridor were observed in an article by Song et al. [281]
trough a time-series analysis based on Enhanced Vegetation Index (EVI) MODIS data
spanning from 2000-2016. The study revealed a decreasing trend for roughly one-fifth of
the vegetation caused by overgrazing and permafrost degradation. The degradation of
permafrost resulted in increased water infiltration which forced the shallow rooted alpine
meadows to retreat [281].

The second most common research topic within the category “Land Surface Features
and Processes” is “Frost Heave/Thaw Settlement”. Chen et al. [71] for example, applied
Persistent Scatterer Interferometry (PSI) on C- and L-band SAR imagery to investigate
surface deformation along the QTR. Results of this study revealed significant deformation
rates of 20 mm/yr along the embankment. The authors further stress the need for
proactive cooling methods by using for example, block stone or crushed stone in the face
of climate change, instead of relying only on permafrost-protecting techniques along the
embankment of the QTR. Another study by Short et al. [231] investigated the applicability
of X-, C- and L-band SAR data based on TerraSAR-X, RADARSAT-2 and Advanced Land
Observing Satellite (ALOS)-Phased Array L-Band Synthetic Aperture Radar (PALSAR) for
surface displacement observations on Herschel Island. The authors state that the high
temporal and spatial resolution of TerraSAR-X makes the data suitable for detecting thaw
slumps, however long-term movement observations are limited due to a high amount
of noise even after stacking. Short et al. [231] further classify C-band data to be more
reliable, whereas L-Band data provided overall best results. In the context of permafrost
stability, long-term changes are of most interest and therefore showcasing the potential of
C-band and L-band SAR data [231]. In a paper published by Strozzi et al. [43], Sentinel-1
interferometry analysis was conducted for low-land permafrost areas in both the Arctic
and Antarctic. Results suggested high coherence during the snow-free summer-months,
enabling one year interferograms and thus long-term analyses of deformation. However,
the authors also reported only small deformation magnitudes and thereby limitations for
the estimation of annual movement rates. Both, longer time-series as well as specific in-situ
data for validating the Interferometric Synthetic Aperture Radar (InNSAR) measurements
are needed in future studies [43].

Early efforts in remote sensing and mountain permafrost were conducted by Kaab [47]
who applied photogrammetry on airborne and space-born (Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER)) optical data and therefore generating a
Digital Elevation Model (DEM) for each stereo-pair of images. Kééb [47] subsequently
calculated the difference between DEMs from multiple time steps in order to identify and
quantify movements of for example, landslides and rock glaciers in the Swiss Alps. The
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accuracy of horizontal displacement was hereby estimated to be roughly the size of one
pixel [47]. A recent study by Strozzi et al. [60] dedicated their focus on monitoring rock
glacier kinematics by the means of SAR data in the Swiss Alps, Greenland and the Andes.
In their study, SAR interferometry analysis on Sentinel-1, TerraSAR-X, Constellation of
small Satellites for Mediterranean basin Observation (COSMO-Skymed) and the Japanese
Earth Resources Satellite 1 (JERS-1) was applied. Strozzi et al. [60] identified Sentinel-1
data to provide good performance next to very high resolution SAR images from the other
platforms. Future long-term observations of rock glacier movements via Sentinel-1 are
expected to be valuable indicators for assessing mountain permafrost conditions [60].

Both “Thaw Slump Mapping/Dynamics” and “Wild Fires” also feature a significant
amount of research in the context of permafrost. Huang et al. [294] for example published
one of the few permafrost-related articles which incorporated deep learning for their analy-
sis. A total of 220 thaw slumps within an area of 5200 km? in the Beiluhe region of the QTP
could hereby be mapped with CubeSat images [294]. Another study by Brown et al. [407]
investigated the effects of wild fires on the distribution of permafrost for a 100 km? study
area in the White Mountains National Recreation Area in Alaska. Higher burn severities
were identified to strongly affect the extent of permafrost degradation and therefore the
drainage conditions, which caused a drying of the soils [407].

3.4.4. Environmental Research Focus: Thermal Features and Processes

Being second to last in terms of article frequency, the category “Thermal Features
and Processes” features overall sparser study distribution (e.g., [408-412]), with a cluster
on the QTP, isolated studies in Alaska, Canada, Greenland, Norway and the Lena Delta
as well as a handful of circumpolar studies. A number of articles focused on the poten-
tial of Land Surface Temperature (LST) as a proxy for the thermal state of permafrost.
Hachem et al. [175] for example, compared MODIS LST data with ground and air tem-
perature measurements for Northern Quebec in Canada and the North Slope of Alaska.
The study demonstrated stronger correlation for air temperature (1-3 m above ground) vs.
ground temperature (3-5 cm below surface). The authors suggest the variety of different
materials on the ground as well as snow cover to be sources of uncertainty when correlating
LST with ground temperature data. Furthermore, Hachem et al. [175] mention the lack
of available data over the Arctic due to the abundance of cloud coverage and therefore
limiting the potential for freeze/thaw analyses. However, by incorporating imagery from
both Terra and Aqua LST in combination with temporal interpolation techniques, existing
gaps could be filled [175]. The applicability of LST was further investigated in a recent
study by Batbaatar et al. [323] who mapped permafrost distribution in an area around the
volcano Ojos del Salado in Chile. Batbaatar et al. [323] used hereby ASTER and MODIS
LST time-series data to map the so called “zero curtain”, which descries a slowed phase
transition from water to ice caused by latent heat release, in order to delineate permafrost
boundaries. The authors promote the potential for this approach over arid regions, how-
ever similar to Hachem et al. [175], snow cover, surface heterogeneity and cloud cover
were identified to be limiting factors [323].

A total of 14 studies dedicated their research focus on “Ground Temperature (Dynam-
ics)”. Gisnas et al. [313] applied CryoGRID 1.0 which is an equilibrium model based on
the Temperature at the Top of Permafrost (TTOP) model originally developed by Smith
and Riseborough [413]. The CryoGRID 1.0 model was hereby applied for estimating
permafrost distribution and Mean Annual Ground Temperature (MAGT) in Norway at
a 1 km? spatial resolution. The modelled MAGT showed good agreement with in-situ
ground measurements. According to this study, lowest MAGT observed were —3.5 °C
and therefore relatively warm for most areas in Norway. In the case of severe permafrost
degradation after the IPCC Special Report on Emission Scenarios (SRES) A2 scenario
for 2071-2100, only 0.2% of the mainland permafrost in Norway is expected to remain
stable [313]. Westermann et al. [414] developed the CryoGRID 1.0 model even further and
applied it on the North Atlantic permafrost region for MAGT estimation. However, the
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authors highlight the need for investigating uncertainties in land cover maps and other
associated parameters required for modelling [414]. Circumpolar modelling efforts based
on CryGRID were eventually conducted by Obu et al. [415] for the entire Northern Hemi-
sphere at a 1 km? spatial resolution. The study employed satellite-derived land surface
temperature data, ERA-Interim climate reanalysis data and land cover information from
the ESA CCI project. Comparing the modelled MAGT values to borehole measurements
revealed an accuracy of £2 °C [415]. As previously mentioned, in another recent study by
Obu et al. [163] the CryoGRID 1.0 model was also applied to estimate MAGT for the entire
Antarctic [163].

3.4.5. Environmental Research Focus: Subsurface Features and Processes

A considerable amount (21%) of reviewed articles investigated subsurface features
and processes (e.g., [416-440]). Study clusters for this category are again located in Alaska,
Mackenzie Delta, Lena Delta and the QTP, together with a few additional circum-Arctic
studies. The environmental topic “Permafrost Distribution” was thereby the most common
research focus of articles linked to this category. Including satellite derived information
can lead to improved accuracies for modelling the distribution of permafrost [441]. The
two previously mentioned studies by Westermann et al. [414] and Obu et al. [415] also
developed permafrost zonation maps with the help of satellite imagery, in addition to the
MAGT analyses for the North Atlantic permafrost region and the Northern Hemisphere,
respectively. According to Obu et al. [415], 22% of exposed land area on the Northern
Hemisphere are underlain by permafrost, which is roughly 2 x 10° km? less compared
to previous estimations. Both the circumpolar MAGT and permafrost distribution maps
are openly available as listed in Table 4. Another study by Zhang et al. [220] mapped
the distribution of permafrost on a 20 m resolution scale for an area covering ~8836 km?
in the Canadian Northwest Territories. The incorporation of satellite derived land cover
maps hereby enabled Zhang et al. [220] to map permafrost on a higher spatial resolution
compared to existing maps. However, the coarser resolution of available soil and ground
condition data were a major limitation for high-resolution mapping of frozen ground [220].

The second most frequent topic in this category and closely related to the underlying
permafrost is “Active Layer Thickness (Dynamics)”. Pastick et al. [442] combined airborne
electromagnetic surveys with satellite remote sensing imagery from Landsat and other
spatial data to model Active Layer Thickness (ALT) on a 30 m spatial resolution in the Yukon
River Flats, Alaska. The authors report a successful implementation of the framework
for quantifying ALT. Higher resolution topography and geological data as well as a
larger amount of field observations could thereby improve future modelling results [442].
In a publication by Schaefer et al. [169] the Remotely Sensed Active Layer Thickness
(ReSALT) algorithm was applied on L-band InSAR data from ALOS PALSAR to retrieve
ALT estimations around Barrow, Alaska. As stated by the authors, comparisons with
in-situ observations revealed good agreement for ~76% of the study area, whereas ALT
observed from ReSALT was underestimated in ~23% and overestimated in ~1% of the
investigated region. Schaefer et al. [169] attributed underestimations of ALT to InSAR
artifacts and unsaturated soils as well as the presence of gravel which reduces the porosity
of soils. The integration of detailed soil moisture data and information about gravel
size/distribution are recommended for improving ALT measurements in future studies
by using the ReSALT algorithm [169]. Widhalm et al. [260] on the other hand used X-band
SAR data from TerraSAR-X for ALT estimations on a 10 m spatial resolution for a region
with deep ALT in central Yamal, Russia. The authors reported hereby a positive correlation
between ALT and the corresponding backscatter signal. Uncertainty factors mentioned by
Widhalm et al. [260] are soil moisture, surface roughness and sub-pixel heterogeneity in
vegetation cover. It was further hypothesized that polarimetric SAR might be useful in
differentiating between different scattering mechanisms and therefore addressing these
issues [260].
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Another frequently occurring subsurface environmental focus is “Freeze/Thaw Dy-
namics”. Li et al. [443] for example, used daily SSM/I passive RADAR data to investigate
changes in the freeze/thaw cycle across the QTP. The study revealed an overall decrease of
10-50 frozen days over the time-span 1988-2007. Furthermore, the authors reported earlier
soil thawing dates by 14.3 £ 13.0 days and delayed soil freezing dates by 10.1 &= 11.2 days.
Increasing air temperatures especially during the winter months are hypothesized to be the
driving factor behind these changes, however, the impacts of ecological and hydrological
conditions on the freeze-thaw cycle need to be further investigated [443]. In a study by
Roy et al. [444], weekly L-band passive RADAR imagery was used to assess its applicabil-
ity for monitoring freeze-thaw dynamics over Canada. Strong agreements between the
satellite-based freeze-thaw detection for all reference data sets could be observed by the
authors. Nonetheless, vegetation growth as well as liquid water content in snow and ice
cover during the transition phase proved to be limiting factors for accurate freeze-thaw-
retrievals [444]. A more recently published article by Hu et al. [166] presented a global
and continuous record on near-surface soil freeze/thaw conditions based on Advanced
Microwave Scanning Radiometer-Earth Observing System (AMSR-E) and Advanced Mi-
crowave Scanning Radiometer 2 (AMSR2) passive RADAR data. As stated by the authors,
modelled freeze/thaw dynamics showed good agreement with in-situ observations. Data
fusion with other remote sensing products of higher spatial resolution could thereby poten-
tially increase the spatial resolution for freeze-thaw analyses in future investigations [166].

Other commonly studied topics are the dynamics in groundwater storage volume
(e.g., [209,433]), assessment of ice wedge volumes (e.g., [139,193,439]) and soil carbon or
nitrogen stocks (e.g., [445,446]).

3.5. Applied Spatio-Temporal Resolutions of Reviewed Articles

Almost half (47%) of all reviewed articles were applying a time series analysis in their
research. 28% of analyses are unitemporal, 4% are bitemporal and 21% are multitemporal.
A slight trend towards a prolongation of the time series length could be observed across the
articles published between 2000 and 2020, since more recent studies had access to longer
satellite records. Furthermore, the majority (53%) of time series studies cover a period of
less than 10 years, 39% of which are even less than 5 years. Of the time series, 47% are
longer than 10 years and roughly one fifth (21%) cover more than 20 years. Time series
range from less than a year to 44 years with a median length of 9 years. Figure 10 depicts
the overall distribution of temporal resolutions (Figure 10a) as well as the development
of the length of time series studies from older to more recent publications (Figure 10b).
Further visualization of the time-series length can be found in the supplementary data
under Figure S2.

Complementary to the temporal resolution, the investigated scales and applied spatial
resolutions of the reviewed articles are visualized in Figure 11. Most studies investigated
permafrost related features and processes on a local scale (62%), followed by small regional
(16%) and large regional (12%) scales. Only 8% of articles applied their analysis on a
circumpolar extent and just 1% of articles carried out their research on a national level.
Thus, the majority of studies focus on local and small scale investigations (Figure 11a).

Looking at the spatial resolutions applied within each scale reveals roughly half (52%)
of articles which conducted their analysis on an area smaller 10,000 km? utilized high
resolution remote sensing data. On the same scale, another 38% applied medium high
resolution imagery, 6% medium low and only 4% included satellite data with a pixel size
larger 1 km?2. Small regional studies also cover all resolution categories, however the
amount of articles that incorporated high resolution imagery is significantly lower with
11%, whereas medium high resolution imagery is the dominant class with 57%. Studies
with large regional or national scales did not utilize high resolution data at all. Also, the
proportion of low resolution data increases with larger scales, which results in circum-Artic
studies being predominantly (74%) conducted based on low resolution satellite imagery.
In contrast, two articles investigated their circumpolar analysis on a medium high and
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another four articles on a medium low spatial resolution. A single study applied high
resolution aerial and satellite imagery in order to map ponds and lakes on a circum-Arctic
scale [156]. Generally speaking, a strong relationship between the study area size and
spatial resolution could be observed, with studies applied on larger areas featuring lower

spatial resolutions and vice versa (Figure 11b).
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Figure 10. (a) Distribution of the temporal resolution across all reviewed articles. In the context of this review, “multi-
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(b) Timeline visualizing the time series length of articles that employed a time series analysis over the course of publication
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The spatio-temporal resolution, time series length and area coverage for the top 20
most frequent environmental topics is visualized in Figure 12. The study area size covers
for the most part relatively small regions (<100 km? or 100~10,000 km?). Especially the
topics frost heave/thaw settlement, rock glaciers, thaw slumps, coastal erosion and ice
wedge volumes are mainly studied on smaller spatial scales. On the other hand, more than
half of the publications with a focus on freeze/thaw dynamics, are conducted on a large

(>1 Mio. km?) or even circumpolar scale (Figure 12a).
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An analysis on the applied spatial resolution reveals a vast majority of studies uti-
lized high (<10 m) to medium-high (10-100 m) resolutions for their research. Especially
lake extent, rock glacier dynamics, thaw slumps, coastal erosion, ice wedges and soil
carbon/nitrogen stocks are largely analyzed with high resolution remote sensing data
which corresponds to the previously mentioned smaller study areas. Similarly, studies that
are executed on larger spatial scales generally also utilized lower spatial resolution data
(e.g., freeze/thaw dynamics and ground water storage volume dynamics) (Figure 12b).

As already stated, almost half of all reviewed articles applied a time series analysis
for their research which is also reflected in the top 20 individual topics. All of the top 20
environmental topics featured articles that utilized time series analyses, except for soil
carbon/nitrogen stock investigations. The environmental topics freeze/thaw dynamics,
ground water storage volume dynamics and frost heave/thaw settlement are hereby
almost exclusively studied via a time series. Environmental foci that feature predominantly
unitemporal studies are related to the distribution of permafrost, ice wedge/volume and
soil carbon/nitrogen stocks (Figure 12c).

The frequency of time steps by which time series analyses were conducted varies across
different topics. While some environmental foci feature a roughly even distribution of
different time series frequencies (e.g., lake extent dynamics and vegetation cover dynamics),
others are primarily conducted with higher frequencies on either a daily or weekly basis
(e.g., freeze /thaw dynamics, land surface and ground temperature dynamics). Only one
reviewed article applied a time series to investigate ice wedges [432] (Figure 12d).

Similar to the time series frequency, the length of time series per environmental topic
is shown to be quite diverse. Albeit some topics mainly employ time series which cover 10
or more years (e.g., lake extent dynamics, vegetation cover dynamics, active layer thickness,
coastal erosion and ice wedge volume), others mostly cover shorter time periods of less
than 10 years, with some topics even encompass only 5 or less years in the majority of their
time series analyses (e.g., frost heave/thaw settlement, rock glaciers or landslides). The
environmental focus ice wedge volume features hereby 100% of its time series to cover
more than 20 years, however, as already mentioned there was only a single study which
performed a time series analysis for this topic [432] within this review (Figure 12e).

3.6. Platform and Sensor Distribution Across Reviewed Articles

Figure 13 displays the platform and sensor type distribution across all reviewed arti-
cles. Overall, data of optical nature is predominantly used with 55% throughout permafrost
related investigations, followed by SAR (20%) and Thermal (9%) data. Noteworthy is also
passive RADAR imagery, which makes up 7% of all sensor types.

Even though airborne-only studies were excluded from this review process, the most
common platform is still of the type aerial (31% of all studies). The dominant sensor type
is hereby optical, whereas some studies also carried out airborne RADAR, LiDAR and
electromagnetic surveys.

The most frequent satellite platforms are from the Landsat mission (27% of all studies).
Again, mainly optical imagery was applied, with only a few studies taking advantage of
the thermal capabilities.

Next to the Landsat mission, the Terra and Aqua satellites are commonly used plat-
forms. For both satellites, thermal data is a major focus accompanied by the optical imagery
of the MODIS and ASTER sensors. In case of Aqua, some publications also worked with
passive RADAR data via the AMSR-E sensor.

Several high-resolution optical satellites feature widespread occurrences in permafrost
related studies. In particular images from the satellites Worldview-1/2/3, QuickBird-
2, IKONOS, GeoEye-1, the Satellite Pour 1’'Observation de la Terre (SPOT) family, the
RapidEye constellation and Gaofen-1/2 are commonly applied. The most frequent SAR-
only platforms are (in the following order) TerraSAR-X, RADARSAT-1/2 and Sentinel-1.

ALOS is another frequently applied platform. For the most part the satellite is utilized
thanks to its SAR data from the PALSAR sensor. In addition, optical imagery from both sen-
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sors Advanced Visible and Near Infrared Radiometer Type 2 (AVNIR-2) and Panchromatic
Remote-sensing Instrument for Stereo Mapping (PRISM) were employed in a few articles.

Data of various natures from the Environmental Satellite (Envisat) was used. SAR data
by the Advanced Synthetic Aperture Radar (ASAR) sensor was hereby the most dominant
data type, followed by optical data from the Medium Resolution Imaging Spectrometer
(MERIS), thermal data from the Advanced Along Track Scanning Radiometer (AATSR)
and altimetric data by the Radar Altimeter 2 (RA-2). Additionally, one study analyzed
atmospheric trace gases via the SCTAMACHY sensor.

Also worth mentioning is the Defense Meteorological Satellite Program (DMSP),
which was exclusively used for its passive RADAR capabilities from the SSM/I sensor.
Furthermore, a handful of studies exploited the gravimetric products of the GRACE mis-
sion. Moreover, historical optical imagery of the CORONA program was utilized for long
time series or as a historical reference point for change detection analyses.

Only a total of eight studies were working with optical imagery form the Sentinel-2
satellites, which could be explained by the relatively recent launch of Sentinel-2A in 2015
and Sentinel-2B in 2017 [447].
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Figure 13. Remote sensing platforms utilized within the reviewed articles (a). Several platforms carry multiple sensors.
The frequency of applied sensor types is therefore shown for each platform (a) as well as the overall distribution of sensor
types (b). “Aerial” was also considered for the platform frequency analysis since many articles employed aerial imagery
either as a historical reference, for validation or other complementary use with satellite data and is therefore included

for completeness.

The increase in the number of publications per year is also reflected in the frequency
of used satellite platforms over time (Figure 14a). Almost every year features one or
several studies that incorporated aerial imagery next to satellite data (except for the years
2006 and 2007), which demonstrates its continuous relevance in the context of permafrost
related research. Earliest analyses based on ALOS data could be observed for 2010 with
a consistent usage since then. First efforts in using Aqua imagery for permafrost related
investigations were applied in 2009, with higher publication counts in 2018 and 2019.
Similar to Aqua, initial studies using Terra data already began in 2002, with spikes in
2018 and 2019, as well. Historical imagery from the CORONA satellites was sporadically
applied since 2005. Similar to CORONA, DMSP was also used sporadically throughout
the years without any positive or negative trend in frequency. First analyses on images
taken by Envisat were published in 2010, whereby the highest publication count could
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be observed in 2012 with no clear trend in the number of applications. Earliest usage
of GeoEye-1 data occurred in 2013 with a peak in 2018. Other high resolution optical
data by IKONOS was already incorporated in 2003 and features a sporadic recurrence
throughout the following years. 2018 displays hereby an exceptional amount of articles
with a total of seven studies working on IKONOS images. The application of Landsat data
can be found in almost every year since 2001 (exceptions are 2002, 2004 and 2008) and
demonstrates an overall steady increase in frequency over the years. Imagery from the
National Oceanic and Atmospheric Administration (NOAA)-6 to -19 satellites was regularly
implemented since 2003. Initial investigations on QuickBird imagery has taken place in
2005 with regular implementation since 2010. Studies based on SPOT data began in 2009,
while most articles which utilized SPOT imagery were published in 2018. The majority
of publications working with TerraSAR-X images appeared between 2017-2018. Lastly,
efforts in studying WorldView data in the context of permafrost started in 2014, followed
by frequent recurrences since then which reflects its position as the most commonly used
high resolution optical satellite (Figure 13).
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Figure 14. (a) Temporal development of the top 15 utilized remote sensing platforms within the reviewed articles over the

past two decades. Several articles used data from multiple platforms. (b) Cumulative sum of applied sensor types over the

past two decades. (c) Percentage of articles per year that utilized Sentinel imagery during the last five years.
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Imagery from the Sentinel-fleet was first applied in 2018, with a growing percentage
of articles per year including data from those satellite since then (Figure 14c). Sentinel-2
features hereby a slight decrease for the year 2020; however, only articles from the first
two months of said year were analyzed. Therefore, the actual relative distribution for the
complete year of 2020 might deviate. None of the reviewed publications took advantage of
the Sentinel satellites prior to 2018, even though Sentinel-1A was already launched in 2014
and Sentinel-2A in 2015 [447,448].

The cumulative sum of applied sensor types is visualized in Figure 14b). Similar to
Figure 14a), a continuous growing trend of publication frequency for all sensor types can be
depicted during the last decade, with an exceptional increase since 2018. Strongest growth
can thereby be observed for optical imagery, followed by SAR data. Thermal, passive
RADAR and other sensor types feature relatively weak growing rates compared to optical
and SAR sensor types.

Figure 15 provides further details on the sensor combinations applied on a per study
basis. A differentiation between airborne and spaceborne sensors was hereby performed.
With a total of 107 studies, roughly one third of all articles used exclusively optical satellite
data. The first actual combination comes in at second place (49 articles; ~15%), which is
comprised of optical satellite and airborne optical data. Aerial imagery serves thereby
commonly either for increasing the temporal frequency of observations, as a means to
analyse small scale patterns and changes which requires very high spatial resolution, or as a
historical reference point. The third most common combination is again not a combination
but 37 SAR-only studies (~11%). Next up is the joint use of optical and thermal satellite
imagery, followed by 15 publication which applied only passive RADAR data. Other
combinations such as optical + airborne optical + SAR, optical + SAR, thermal-only and
airborne optical + SAR were commonly observed throughout the reviewed articles (13, 12,
11 and 10 articles, respectively). Noteworthy are also six articles that combined airborne
LiDAR, airborne optical and optical satellite imagery for their analyses. Furthermore, ~15%
of the reviewed permafrost related research articles applied different sensor combinations
as the ones already mentioned which highlights the potential and possibilities of working
with various remote sensing data products.
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Figure 15. Frequency of the top ten most frequent sensor combinations analyzed within the reviewed articles. A differentia-

tion between airborne and spaceborne sensor types was applied.

3.7. Relevant and Openly-Available Products for Permafrost-Related Analyses

A variety of openly available data sets which are relevant for Earth observation of
permafrost are listed in Table 4. Atmospheric data for example, is provided by the interna-
tional Cooperative Global Air Sampling Network through air flask samples for various
greenhouse gases, including carbon monoxide, carbon dioxide and methane [104,449].
Information about snow cover duration are available via the Global SnowPack on a daily
basis and a 500 m spatial resolution [450]. Further data for snow extent and snow water
equivalent are provided by the ESA GlobSnow Snow Extent (SE) and GlobSnow Snow
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Water Equivalent (SWE), with a daily frequency and 1 and 20 km spatial resolution,
respectively [451,452]. Pekel et al. [453] used three millionen Landsat satellite images
to globally map surface water on a 30 m spatial scale and a monthly temporal resolution
since 1984. A coarser spatial but higher temporal resolution of surface water areas are
publicly available through the Global WaterPack, which is based on daily MODIS data
with a 250 m resolution [454]. In addition, Muster et al. [156] employed high resolution
airborne and spaceborne imagery in a circum-Arctic mapping effort in order to delineate
ponds and lakes with a resolution of 5 m or better. The Arctic Coastal Dynamics Database
divided ~101.447 km of Arctic coastline into 1.315 segments and associated them with
coastal erosion rates [73]. A number of different satellite derived land cover databases are
available, including ESA CCI land cover, MODIS land cover, GlobeLand30, GLC2000 and
the CAVM Raster Version [162,455-459]. A recent article by Liang et al. [161] compared
four commonly used global land cover products. The authors hereby reported ESA CCI
land cover to have the highest accuracy in Arctic regions (63.6%), closely followed by Glob-
Land30 (62.2%). Global Land Cover by the National Mapping Organization (GLCNMO)
and MODIS land cover products featured accuracies of 48.8% and 29.5%, respectively,
and were therefore not recommended for studies related to the Arctic [161]. According
to a review on land cover mapping in NHL by Bartsch et al. [22], CAVM proved to be the
most frequently used map for circumpolar issues. While providing sufficient thematic
details for many Arctic investigations, the moderate resolution of 1 km, restrictions to
non-forested areas and the missing separation of shrub- and lichen-dominated land cover
categories are major limitations [22]. Next to land cover data sets, there also exist products
of trends in land cover changes such as provided by Nitze et al. [179]. The product features
trends of various multi-spectral indices based on Landsat time-series analysis for four
regional transects within the pan-Arctic permafrost domain [179]. Commonly applied
digital elevation data are from the Shuttle Radar Topography Mission (SRTM) product,
which covers land areas between latitudes of 56° south and 60° north at a 30 m spatial
resolution [460]. Identical in resolution but covering the whole globe is the ALOS Digital
Surface Model (DSM) through optical stereoscopic observations of the PRISM sensor on-
board ALOS [461]. Lastly, the ArcticDEM allows for high resolution topographic analyses
in Arctic regions above 60° north on a 2 m pixel scale based on optical stereo-imagery from
Worldview-1, 2 and 3 satellites [462]. The SoilGrids database on the other hand provides
global information about soil pH value, organic carbon content, soil texture and other
parameters on a 250 m spatial resolution [463]. Further details about soil carbon stocks can
be extracted from the Northern Circumpolar Soil CarbonDatabase version 2 (NCSCDv2) be-
tween 0-300 cm depth [464]. Moreover, the spatial distribution of 15,000 soil mapping units
on a 30-arc second resolution raster is provided by the Harmonized World Soil Database
(HWSD) [465,466]. Daily global soil moisture observations are available through the com-
bination of four passive and two SAR satellite sensors on a coarse resolution of 0.25° in
the ESA CCI Soil Moisture product [467]. As part of the NASA Making Earth System Data
Records for Use in Research Environments (MEaSURESs) program and based on passive
RADAR satellite remote sensing, daily records of freeze-thaw conditions on a global scale
and 25 km resolution are obtainable for the years 1979 to 2017 [468]. Annual in-situ refer-
ence data of active layer thickness and near-surface permafrost for over 125 sites, including
mountainous regions over 1300 m, is being published since 1990 by the Circumpolar Ac-
tive Layer Monitoring (CALM) network [107,469]. Further borehole measurements were
made openly available by the Thermal State of Permafrost (TSP) program [95]. Lastly, the
commonly cited permafrost map by Brown et al. [1] displays the distribution of different
permafrost zones, categorized as continuous, discontinuous, sporadic and isolated on a
1:10,000,000 scale. As previously mentioned in Section 3.4.5, recent efforts in circum-Arctic
and circum-Antarctic mapping of the permafrost distribution and MAGT on a 1 km spatial
resolution were made [163,415]. A selection of databases storing various of the previously
mentioned data sets are listed in Table 5. Furthermore, new tools such as the PIC v1.3
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R package allow for operational computation of possible trends of permafrost over the

QTP [470].

Table 4. Overview of a variety of permafrost related and openly available products. The column “Temporal Resolution”

shows the covered time span and in parenthesis the temporal frequency of available data, if more than one scene is available

within the time span.

Spatial Temporal
Name Resolution Resolution Reference
Greenhouse Gases
in-situ since 1967 NOAA Earth System
Cooperative Global Air Sampling Network . . Research
observations (varies) .
Laboratories [104]
Snow Cover and Snow Water Equivalent
Global Snow Pack 500 m smce.ZOOO Dietz et al. [450]
(daily)
ESA GlobSnow SWE 20 km SI?S;};; 0 Metsdamiki et al. [451]
ESA GlobSnow SE 1 km smce.1995 Larue et al. [452]
(daily)
Surface Water
Global WaterPack 250 m smce.2003 Klein et al. [454]
(daily)
Global Surface Water 30m ?ﬁgiéﬁ% Pekel et al. [453]
gii:k‘;fsre"“ Region Pond and Lake (PeRL) <5m 2002-2013 Muster et al. [156]
Coastal Dynamics
Arctic Coastal Dynamics Database varies 2012 Lantuit et al. [73]
Land Cover
ESA CCI land cover 300 m 1992-2015 Plummer et al. [455]
(annual)
MODIS land cover 500 m since 2001 Friedl et al. [456]
(annual)
GlobeLand30 30m 2000, 2010 Jun et al. [457]
Bartholome and
GLC2000 1 km 2000 Belward [458]
Circumpolar Arctic Vegetation Ma
© AVME’RaS o Versio Iff P 1 km 2003 Raynolds et al. [162]
Trends of land surface change from Landsat 30m 1999-2014 Nitze et al. [179]
Digital Elevation and Surface Models
ArcticDEM 2m 2016 Morin et al. [462]
SRTM 30m 2000 Farr et al. [460]
ALOS DSM 30 m 2006-2011 Takaku et al. [461]
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Table 4. Cont.

Spatial Temporal
Name Resolution Resolution Reference
Soil Properties
SoilGrids 250 m 2017 Hengl et al. [463]
Harmonized World Soil Database 30 arc-seconds 2012 FAQ et al. [465]
Northern Circumpolar Soil Carbon .
Database version 2 (NCSCDv2) 0.012 degrees 2013 Hugelius et al. [464]
ESA CCI Soil Moisture 0.25 degrees 1978_.2019 Dorigo et al. [467]
(daily)
Freeze/Thaw Dynamics
MEaSUREs Global Record of Daily 1979-2017 .
Landscape Freeze/Thaw Status 25 km (daily) Kim et al. [468]
Active Layer Thickness
Circumpolar Active Layer Monitoring in-situ since 1990
(CALM) program observations (annual) Brown etal. [469]
Borehole Measurements
in-situ .
Thermal State of Permafrost (TSP) program . 2007-2009 Biskaborn et al. [95]
observations
Permafrost Extent and Ground Temperature Maps
Circum-Arctic Map of Permafrost and Scale of
Ground-Ice Conditions, Version 2 1:10,000,000 2002 Brown etal. [1]
Permafrost Extent and Ground 1 km 2000-2016 Obu et al. [415]
Temperature Map
Pan-Antarctic map of near-surface 1 km 2000-2017 Obu et al. [163]

permafrost temperatures

Table 5. Overview of a variety of permafrost related databases for openly available data.

Name Description Reference

Databases

GTN-P database Active Layer Thaw Depth & Permafrost Temperatures Biskaborn et al. [95]

The Permafrost Portal for GlobPermafrost products, related results and

Information System data sets-Including ground and surface temperature, Haas et al. [471]

(PerSys) permafrost extent, Freeze/Thaw dynamics and others

PANGAEA Da.ata publisher and library for Earth and environmental Diepenbroek et al.
science [472]

National Snow & Ice

Data Center Management and distribution of cryospheric data

National Snow and
Ice Data Center
(NSIDC) [473]

4. Discussion

A strong relationship between the first authors institutional affiliation and their inves-
tigated study areas could be observed in this review, likely caused by research funding,
the location of field sites and the availability of local reference data. Distinct study clusters
are located in the North Slope of Alaska, Mackenzie Delta, Yamal and Gydan peninsu-
las, the Lena Delta and the Beiluhe region within the QTP (Figure 5). Although Russia
features the highest number of studies out of any country (Figure 4), large parts of the
permafrost affected landscapes outside the Lena Delta or Yamal and Gydan peninsulas
require remote-sensing specific attention. A similar situation can be observed in Canada,
where many research efforts are concentrated around the Mackenzie Delta, however large
portions of both the mainland and Arctic islands of the Nunavut territory are only sparsely
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covered (Figure 5), despite being underlain by large amounts of continuous permafrost.
Study locations on the Southern Hemisphere are fewer in number due to the confined dis-
tribution of permafrost in alpine regions for example, Andes and ice-free areas of the South
Shetland Islands in the Antarctic. That said, thanks to products such as the pan-Antarctic
map of near-surface permafrost temperatures by Obu et al. [163], more investigations on
permafrost occurrences within the Southern Hemisphere can be expected in the future.

In order to fully assess global and long-term implications for land cover and atmo-
sphere caused by degrading permafrost, analyses on large scales with high temporal and
spatial resolutions as well as long temporal coverage are required. However, only 9%
of the reviewed articles applied their analyses on a circum-Arctic scale thus far. In fact,
the majority of articles (62%) concentrated their research efforts on local investigations
(Figure 11a). In 60% of studies on coastal erosion the covered area is even less than 100 km?
(Figure 12a). Despite almost half (47%) of studies applying a time-series analysis in their
investigations, only 47% of said studies feature time-series lengths that exceed 10 years
and just one fifth (21%) cover more than 20 years (Figure 10). Freely available tools for
example, the recently launched cloud-based geospatial analysis platform Google Earth
Engine (GEE) make it easier than it has ever been before to work with mass data and large
time-series, even if the computational power of an individual is limited [474]. First efforts
of exploiting the computational capabilities of GEE are demonstrated by for example, Ny-
land et al. [475], who processed dense Landsat time-series since 1985 in order to quantify
land cover change for an ~60.750 km? area in the central Siberian Arctic. Another study
by Nill et al. [204] used the cloud computing capabilities of GEE to identify changes in
land surface temperature and spectral indices over the Mackenzie Delta, Canada. With
increasing spatio-temporal coverage of available satellite data records and computational
platforms (e.g., GEE) that allow for long-term analyses on larger scales, our knowledge of
permafrost-related land cover dynamics is likely to improve in the upcoming years.

Only very few studies explored the potential of deep learning in studying permafrost
related features thus far. Next to the previously mentioned study by Huang et al. [294],
first successful deep learning implementations were undertaken by for example,
Langford et al. [476] who applied a multi-sensor deep learning approach to map Arctic
vegetation for an area in western Alaska covering ~343 km?. A study by Zhang et al. [477]
combined airborne and satellite remote sensing data together with a deep learning al-
gorithm to map ice-wedge polygons. In another study by Zhang et al. [478], high reso-
lution airborne imagery in combination with a deep learning approach was applied to
correctly classify 95% of individual ice-wedge polygons for an area of 134 km? in northern
Alaska. Bartsch et al. [479] mapped Arctic settlements in a recent study via the joint use
of optical and SAR satellite imagery. The authors hereby compared the performance of
a machine learning approach via Gradient Boosting Machines (GBM) and deep learning
based segmentation. User accuracy revealed higher scores for the deep learning method,
however, in order to achieve overall best possible results, a combination of GBM and deep
learning is suggested [479]. Due to the large potential of deep learning algorithms an
increase in study efforts for deep learning of permafrost related features can be expected in
the future.

The categorization of applied study foci into five spheres revealed “Surface Land
Features and Processes” to be the most studied category overall (43%) as well as the fastest
growing category in terms of published articles per year. The categories “Surface Water
Features and Processes” and “Subsurface Features and Processes” feature a similar overall
distribution (25% and 21%) and temporal development over time. The two categories
“Atmospheric Features and Processes” and “Thermal Features and Processes” feature
lowest overall article numbers and weakest growing rates, with “Atmospheric Features
and Processes” only making up ~4% of all reviewed articles (Figure 7). As stated by for
example, Jackson et al. [334] and Dlugokencky et al. [335], as of right now the emission
rates in the Arctic are significantly lower compared to other latitudes. However, due to the
degradation of permafrost, increasing greenhouse gas emissions can be expected in the near
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future [334,335]. This highlights the need for future satellite remote sensing investigations
in this context. New collaborative community initiatives for example, AMPAC underline
the importance of addressing this challenging issue and lay foundations for future study
efforts [337,338]. Next to atmospheric analyses, the thermal capabilities of satellite sen-
sors are relatively sparsely utilized, which is especially notable for the Landsat mission
(Figure 13). Although thermal data is often included in the analysis of subsurface features
(e.g., distribution of permafrost) as an additional proxy, few studies focus specifically on
the potential of thermal imagery. Valuable insights through the exploitation of thermal
sensors were already given by for example, Hachem et al. [175] and Batbaatar et al. [323].
Therefore, long-term thermal analyses might still hold unexplored potentials for future
permafrost-related studies, especially by taking advantage of the temporal coverage and
relatively high spatial resolution of Landsat thermal products.

Another important parameter about permafrost is its distribution not only on land,
but also in marine areas. A global sea level rise of approximately 120 m since the Late
Pleistocene led to a flooding of coastal land areas underlain by permafrost [480]. The
inundation of these former land areas caused an increase in ground temperature and
therefore a potential release of stored methane hydrates to the sea [481,482]. None of the
reviewed articles dedicated their research to subsea-permafrost. While several studies
focused their research to sea surface properties (e.g., [151,217-219,255,258,410]), submarine
permafrost itself is largely invisible to satellite remote sensing which explains the lack of
studies in this field of research [483].

Although strong advancements in both methodology and satellite technology were
presented throughout this review, many limitations for current satellite remote sensing
system in the context of permafrost related research still remain, aside from not being
able to directly measure the sub-surface frozen ground. While satellite missions such as
Landsat allow for regular and long term time-series analysis of surface spectral properties
covering multiple decades, data before the year 2000 is relatively sparse, especially in the
Arctic region [22]. Environmental Arctic conditions including steep sun angles, low light
intensities (including polar night) and persistent cloud coverage are further challenges
for passive satellite systems [93]. As mentioned by Myers-Smith et al. [484], the unique
challenges of polar remote sensing are often under-emphasized. Active systems such as
SAR on the other hand are largely independent from the mentioned limitations of passive
systems, but at the same time do have their own constraints [134,135]. In the context
of surface deformation analyses, decorrelation between SAR scenes caused by altering
surface properties (changing snow cover, soil moisture, vegetation cover etc.) restrict the
applicability and accuracy of D-InSAR studies [26,94]. In particular short wavelength SAR
imagery (e.g., X-band), while usually offering a higher spatial resolution, feature stronger
noise levels for long-term movement observations compared to longer wavelength SAR
data (e.g., L-band) [231]. Furthermore, the limited accessibility to high spatial resolution
imagery for monitoring small scale features and processes is another commonly mentioned
obstacle [22,76,134].

Despite this reviews focus on satellite Earth observation, the most frequent platform
across all reviewed articles was revealed to be of the type aerial (Figure 13). In order to fully
capture the dynamics and processes of many permafrost related landscape features for
example, patterned ground, coastal erosion or thaw slumps, both data of very high spatial
and temporal resolution are required [76]. Therefore, airborne data is likely to continue
being a relevant input parameter in the near future [76,137,485]. This puts further emphasis
on the need for easy and open access to high-resolution satellite imagery on a single digit
meter or even sub-meter scale for a wider audience.

Imagery from optical sensors are applied most commonly out of all sensor types and
also feature fastest growing rates in terms of their application in permafrost related studies
during the last 20 years, followed by SAR data. An increasing amount of openly available
images from optical and SAR satellites, for example, Sentinel-1/2, are hereby likely the
reason for the continuous acceleration in their application frequency. Thus far, imagery
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taken by the Sentinel-satellites only make up a small portion of the remote sensing data
based on the articles reviewed in this paper. This can partly be attributed to the relatively
recent launch dates of the individual satellites compared to long living missions such as
Landsat or Terra/Aqua. However, this review also demonstrated the expanding utilization
of Sentinel data during the last few years. The spectral properties, spatial and temporal
resolution capabilities as well as the continuous global coverage make them a valuable
data source for future permafrost research. Moreover, the combination of data from sensors
of the same (e.g., optical imagery from Sentinel-2 and Landsat-8) or different nature (e.g.,
optical & SAR) hold great potential, as demonstrated by Runge and Grosse [142] who
examined the feasibility of combining Landsat-8 and Sentinel-2 imagery. The authors
reported strong correlation of spectral values between the two satellites, however local
adjustments are recommended over global parameters [142].

Many Arctic products are openly available to help investigate permafrost-related
issues and are suitable for reference and validation (Table 4). However, especially land
cover products still lack either in thematic detail, spatial resolution, spatial coverage and/or
accuracy [161]. Thus, an accurate circum-Arctic land cover map with high spatial resolution
and sufficient thematic detail has yet to be published [22]. Moreover, data collection of
relevant parameters are often concentrated around specific areas across the ~23 million
km permafrost domain on the Northern Hemisphere, due to the remoteness and limited
accessibility of large portions of permafrost-landscapes [52].

In this review, the focus was put on satellite remote sensing of permafrost related
features and processes. A total of 325 articles from 30 international journals were hereby an-
alyzed. We are aware that other relevant studies may have been published in journals with
a specific application focus, which were not covered in this paper. However, the inclusion
of additional journals would go beyond the scope of this review. For the same reason, we
refrained from including non-English articles. Furthermore, the applied filtering approach
may also have led to the exclusion of some relevant articles. That said, by applying the
mentioned filtering criteria, we believe to have investigated a representative sample of
available articles related to this field of study. By covering 11 international journals with a
focus and remote sensing as well as 19 non-remote sensing specific international journals
we consider this approach to be a good compromise for a representative overview.

5. Conclusions

This review provides an extensive overview of satellite Earth observation of per-
mafrost related analysis during the last 20 years. A total of 325 articles from 30 inter-
national journals were analyzed based on the study country and first author institution
nationality, the geographical study hot-spots, the distribution of environmental foci, the
spatio-temporal resolution and scale of applied satellite data as well as the frequency of
utilized remote sensing platforms and sensor combinations. In addition, relevant and
openly available geospatial products for permafrost-related analyses are presented. The
following main conclusions can be drawn from this review:

*  The frequency of satellite Earth observation of permafrost related publications in-
creased over the past two decades, with a particular growth during the last 10 years.
The total number of publications hereby more than doubled since 2015.

* A strong relationship between the studied country and the first authors institution
nationality could be observed. 93% of articles with a study focus in China were
conducted by Chinese institutions, 80% of studies carried out in the United States are
associated with American institutions and 58% of investigations in Canada are linked
to Canadian institutions.

e Most studies (75%) were conducted in Russia, China, the United States and Canada.

e While the majority of first authors are affiliated with American (28%), Chinese (18%),
German (15%) or Canadian (14%) institutions, first authors from Russian institutions
(2%) appear underrepresented, potentially due to the exclusion of non-English articles.
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Geographical focus regions across the reviewed articles are revealed to be the North
Slope Borough and its Arctic Coastal Plain in Alaska, the Mackenzie Delta in Canada,
the Lena Delta and Yamal and Gydan Peninsulas in Russia as well as the Beiluhe
region on the Qinghai-Tibet Plateau (QTP) in China.

Many remote areas especially in the continuous permafrost zone of Russia and the
Nunavut territory in Canada are still only sparsely covered by satellite remote sens-
ing studies.

The majority of studies (94%) is distributed across the Northern Hemisphere, whereas
only a few articles (6%) investigated the Southern Hemisphere due to the confined
distribution of permafrost in alpine regions for example, Andes and ice-free areas for
example, South Shetland Islands in the Antarctic.

Almost half (43%) of all reviewed articles studied land surface features/processes, fol-
lowed by surface water features/processes (25%) and subsurface features/processes
(21%). Studies related to thermal features/processes and atmospheric features and
processes appear heavily underrepresented with only 7% and 4% of all reviewed
publications, respectively.

The category land surface features/processes is also revealed to have the strongest
growing rates of 85 publications during the last five years within the framework of
this review, followed by surface water features/processes (48 publications during
the last five years), subsurface features/processes (47 publications during the last
five years), thermal features/processes (16 publications during the last five years) and
atmospheric features/processes (7 publications during the last five years).

A regional deviation of study foci could be observed, with Canada, Russia and the
United States featuring lake extent dynamics as the most common research objective,
whereas studies in China mostly focus on surface displacement measurements along
the Qinghai-Tibet Railway (QTR).

Although almost half of all articles employed a time series analysis (10 scenes or
more), 39% of which cover less than five years and only 21% cover more than 20 years.
The majority of studies (62%) are limited to local scales, with only 8% of articles
applying their analyses on a circumpolar scale.

A general trend towards coarser spatial resolutions with increasing study area sizes
can be observed and thus, 74% of circumpolar studies conducted their research on
spatial resolutions >1000 m.

The applied spatio-temporal resolution varies across different research topics. Topics
such as frost heave/thaw settlement, coastal erosion or thaw slumps are usually
conducted on local scales and with high spatial resolution, whereas observations of
for example, freeze/thaw dynamics feature large regional or circumpolar extents and
lower spatial resolutions.

More than half (55%) of studies applied optical imagery, followed by SAR (20%). The
most frequent platform is hereby aerial (31% of articles), followed by the Landsat
satellites (27% of articles). As of right now, imagery from the Sentinel-fleet makes
up only a small fraction (6%) of used satellite systems thus far. However, a growing
application rate could be observed during the last three years, with Sentinel-1 being
applied in 14% and Sentinel-2 in 12% of studies in 2019. Although aerial-exclusive
studies have been excluded from this review, it still proved to be the most common
platform. A complementary usage of airborne remote-sensing either as a historical
reference, for validation or for the analysis of small scale features in conjunction with
high-resolution satellite data are thereby explanations.

Openly available Arctic products enable detailed analysis and validation of many
permafrost related parameters. However, many products still lack either in thematic
detail, spatial and temporal coverage and/or resolution are often concentrated around
specific key regions.

New methodologies in terms of data combination/fusion and deep learning algo-

rithms might improve classification accuracies and are expected to be the focus of several
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upcoming permafrost-related investigations. There is a need for wider and free accessibility
of very high resolution (single digit meter to sub-meter scale) satellite remote sensing data
in order to fully capture the dynamics and processes of many small scale permafrost related
landscape features for example, patterned ground, coastal erosion or thaw slumps. Next to
that, long-term and large to circum-Arctic scale analyses of permafrost-related features are
required to fully understand the current situation and future implications of degrading
permafrost. Studies related to Arctic greenhouse gas emissions are underrepresented and
will likely be a heavy focus in the upcoming years. Especially the Sentinel-5P mission and
the Methane Remote Sensing LiDAR Mission (Merlin) are hereby promising data sources
for future analyses. Furthermore, Landsat will continue to be a valuable satellite data
source for long time series analyses and thanks to cloud computing capabilities through
for example, Google Earth Engine (GEE), circum-Arctic analysis on a 30 m scale is easier
than it has ever been before. Especially the potential of the thermal band(s) of Landsat
sensors are under-utilized. Lastly, imagery from the Sentinel-fleet will likely be applied
frequently in future studies, due to their spatial and temporal resolutions, global coverage,
freely available data policy and the increasing potential for time-series investigations.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
Relationship of the first author institution nationality and study country. Figure S2: Discrete catego-
rization of the time-series length across all reviewed studies that worked with time series data.
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