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Abstract

Greenland’s glaciers have been retreating, thinning and accelerating since the mid-1990s,
with the mass loss from the Greenland Ice Sheet (GrlS) now being the largest contributor to
global sea level rise. Monitoring changes in glacier dynamics using in-situ or remote sensing
methods has been and remains therefore crucial to improve our understanding of glaciologi-
cal processes and the response of glaciers to changes in climate. Over the past two
decades, significant advances in technology have provided improvements in the way we
observe glacier behavior and have helped to reduce uncertainties in future projections. This
review focuses on advances in in-situ monitoring of glaciological processes, but also dis-
cusses novel methods in satellite remote sensing. We further highlight gaps in observing,
measuring and monitoring glaciers in Greenland, which should be addressed in order to
improve our understanding of glacier dynamics and to reduce in uncertainties in future sea
level rise projections. In addition, we review coordination and inclusivity of science con-
ducted in Greenland and provide suggestion that could foster increased collaboration and
co-production.

1 Introduction

Starting in the early 19" century, publications describe glaciological processes that were
observed at mountain glaciers in the Alps, the Karakoram, and in the Alaskan mountain
ranges [1-6]. The monitoring of Greenlandic glaciers by foreign scientists started in the late
1880s, with expeditions making observations about single glaciers [7-11]. The Thule people,
who settled in Greenland around 945 AD, made observations about glacier and ice dynamics
centuries before foreign explorers reached Greenland [12]. European explorers relied on their
knowledge to navigate Greenland; however, as their observations are passed down orally, they
are not well known in the western world [13]. With the establishment of the International
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Glacier Commission in 1895, which developed into the World Glacier Monitoring Service
(WGMS), the observations and measurements of glacier dynamics made by individual expedi-
tions were collected and eventually standardized [14, 15]. These early observations of glacier
behavior are still used as references; however, as only a few glaciers were surveyed, characteriz-
ing overall dynamics of the GrIS in the early 19™ century from in-situ observations alone
remains challenging. Using methods such as identifying morphological and glaciological fea-
tures from aerial (stereo-) photographs, previous studies were able to reconstruct GrIS-wide
mass loss since the Little Ice Age (LIA; 1250-1900 AD) maximum [16, 17]. For those glaciers,
where in-situ observations are available, glacier dynamics since the LIA maximum extent have
been determined, showing the retreat of these glaciers over the 19™ century [18-21].

Over the first half of the 20" century, reconstructions of GrIS surface mass balance (SMB),
which is the difference between accumulation and ablation without iceberg calving and thin-
ning, show that following their initial retreat from the LIA maximum, glaciers remained rela-
tively stable [22, 23]. Over the later half of the 20" century, observations on the GrIS
increased, mass balance estimates were recorded, and new in-situ and remote sensing methods
became available to monitor glaciers continuously (Fig 1) [24-27]. Starting in the 1990s,
marine-terminating glaciers around the GrIS began to accelerate, thin and retreat, which has
been attributed to a change in climate and is also apparent in the SMB estimates (Fig 1) [28].

The Gravity Recovery and Climate Experiment (GRACE) was one of the first remote sens-
ing missions to provide data that allowed to quantify the mass balance (accumulation and abla-
tion) of the Greenland Ice Sheet, which significantly improved our understanding of glacier
dynamics in Greenland [29-31]. This mission was followed by further satellite-based missions
such as IceSat, IceSat-2 and CryoSat-2, which collect surface elevation data over the Greenland
Ice Sheet [32, 33]. The collected data has helped to improve our understanding of surface mass
balance [34, 35], but also allowed to derive novel insights into e.g. aerodynamic roughness
over the GrlS [36]. This highlights the importance of considering the appropriate spatio-tem-
poral resolution for investigating glacier dynamics. As shown in Fig 1B, previous studies have
used different approaches to quantify the mass balance of the GrIS, and while the overall nega-
tive trend is apparent, the uncertainties remain relatively high.

In comparison to satellite remote sensing data, in-situ measurements provide a higher spa-
tio-temporal resolution, thereby allowing to investigate processes such as iceberg calving and
crevasse formation, which occur on shorter timescales [37-40] This data can further be useful
to determine local stress and strain fields, surface mass balance and assess the response of an
individual glacier to short term changes in atmospheric or oceanic forcings, or mélange [41,
42]. While some methods have not significantly changed since the beginning of glacier moni-
toring (e.g. surface ablation is still measured with stakes), others have seen improvements with
the emergence of new technologies (Fig 2). Air-based photogrammetry has seen significant
advances with the emergence of Unmanned Aerial Vehicles (UAV), which enable surveying
comparatively large and inaccessible parts of the glacier (e.g. the glacier terminus). The data
can be used to create three-dimensional models and i.e. assess calving dynamics, elevation
changes, or crevassing [38, 43]. Ground-based photogrammetry has also seen improvements
with solar panels charging digital cameras, so that they are able to take photos continuously
over long periods of time without the need for maintenance [44, 45]. Over the past decades,
the Global Positioning System (GPS) has been modernized with new satellites, which enabled
more accurate in-situ measurements of glacier velocity and surface elevation change [46-48]
and when installed on icebergs can even help to determine their melt rates [49, 50]. Satellite-
based data transmission systems have significantly simplified data collection and accessibility
from in-situ monitoring stations [51]. The transmitted data is usually averaged, uploaded to a
remote server at given intervals and can be accessed in near-real-time [51]. However, this is
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Fig 1. A) Mass Balance estimates for the period 1950-2020 with boxes indicating the time period for which these were calculated along the x-axis and
uncertainties of estimates along the y-axis. Colors indicate publications of respective SMB estimates. B) Inset shows zoom of period 1990-2020 as a line plot
to clarify overlaps between mass balance estimates. C) Methods used to derive mass balance estimates in A). Studies used to create this figure can be found
in the supplementary material.

https://doi.org/10.1371/journal.pcim.0000379.g001

currently only economically feasible for relatively small amounts of data, such as meteorologi-
cal observations. Post-processing of in-situ data has also seen improvements with the increase
of computational power and availability of software products [52, 53].

However, challenges still remain as the installation of monitoring equipment is often linked
to significant logistical and economical costs. In addition, the complex interactions of climate
forcings, glacier geometry, bedrock topography and other glacier specific factors means that
observed dynamics can not be transferred to other glaciers or upscaled to all glaciers of the
GrIS without introducing significant uncertainties [54]. This review is structured by glaciologi-
cal process and discusses in each section how monitoring of this process using in-situ and, if
applicable remote sensing data, has advanced over the past two decades. We also highlight
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Fig 2. Sketch outlining current in situ and remote sensing methods to observe glaciological processes at tidewater glaciers.
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where monitoring of glacier behavior should be improved in order to better our understanding
of glacier dynamics and gain insights into the drivers of glacier retreat in Greenland.

2 Monitoring ice flux
Seasonal/sub-seasonal thickness and velocity changes

Glacier thickness and velocity changes have been monitored increasingly, and with a coordi-
nated effort, in valley and mountain glaciers around the world since the start of the 20" cen-
tury [55-58]. The first observations were made using surface features or markers to estimate
flow [55-57], which were soon replaced by the emergence of photogrammetry [58]. Over the
later 20™ century, these methods became more advanced with the use of GPS, and in the past
decades, velocity measurements of Greenlandic outlet glaciers on large spatial scales have
mainly been obtained from remotely-sensed data using Synthetic Aperture Radar (SAR) or
optical data (e.g. ice velocities in NASA’s Making Earth System Data Records for Use in
Research Environments (MEaSURESs) program [59, 60]). These glacier velocity products are
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derived using cross-correlation feature-/speckle-tracking or interferrometry algorithms with
their temporal resolution being dependent on the revisit times of satellites [61, 62]. The revisit
times for most openly accessible satellite imagery is seven days for optical imagery (e.g. Land-
sat), and 11 days for SAR imagery (e.g. TanDEM-X/TerraSAR-X). The recent introduction of
twin satellites and satellite constellations has reduced the revisit cycle to five days or less, which
has allowed sub-seasonal glacier dynamics to be monitored using satellite imagery [63]. The
PlanetScope constellation, for example, consists of approximately 200 Dove CubeSat satellites
and provides optical imagery with a spatial resolution of 4 meters and a revisit time of up to
one day [64]. CubeSats are comparatively cheap to produce and launch so that more satellites
can be placed into orbit and revisit times can be reduced [65].

This high resolution data has been successfully utilized to monitor icebergs in Greenlandic
fjords and determine mass loss at a glacier terminus [66, 67]. Image acquisition is currently
spatially limited in the interior of Greenland due to the lack of ground control points and tem-
porally due to the darkness in the Arctic winter [63]. The spatial resolution of satellite imagery
can be as high as centimeters [68], and while this can provide important information for the
monitoring of individual glacier dynamics, this high-resolution data is often only available as
tasked acquisition and usually not openly accessible.

Volume change over time (hereafter referred to as ice flux) is mostly estimated from ice
velocities (e.g. [69]) by calculating ice flow through a virtual gate upstream of the terminus and
inferring ice thickness from digital elevation models (Difference between surface elevation and
bedrock elevation). While this offers good approximations of volume change, the necessary
parameters are often not based on in-situ measurements but are derived from remote sensing
data and thus contain uncertainties. These uncertainties are particularly high where bedrock
elevation has not been measured but is rather estimated using methods like krigging (Gaussian
regression) or inversion, which leads to over- or underestimates of ice thickness [70-72]. Cur-
rent ice flux estimates often also do not take changes in terminus position into account, which
leads to further uncertainties [69, 73]. Deriving ice flux estimates from in-situ observations is
theoretically possible, but due to the logistical challenges of installing instrumentation, obtain-
ing observations with these methods is not economically sensible in remote locations or over
large spatial scales [74, 75]. In general, the use of satellite data, while still temporally limited by
the revisit time, has significantly simplified the large scale monitoring of ice velocities and ice
flux in Greenland [54, 76-80]. Advances in technology are anticipated to improve the spatio-
temporal resolution of satellite imagery, thereby further reducing uncertainties in ice flux
estimates.

On seasonal, sub-seasonal and sub-daily time scales, GPS data is often used to determine
glacier velocities and surface elevation change [79, 81]. Although this method enables the cal-
culation of ice velocities for each glacier, it necessitates installing a GPS sensor network on the
glacier. This approach carries substantial risks of sensor loss due to factors like crevassing, ice-
berg calving, surface melting, or storms [47, 79]. Sensors can collect data over annual time-
scales, depending on their location on the glaciers, but near the termini of marine terminating
glaciers, data collection is usually limited to the summer months [79, 82-84]. GPS measure-
ments on the glacier are also important to validate surface elevation change and ice velocities
derived from satellite observations, and reduce uncertainties of these data products [47].
Ground-based photogrammetry is another method to determine ice velocities and, similar to
GPS sensors, necessitates the installation of equipment in the field [44, 79]. Once the camera is
installed, it can acquire data continuously for long periods of time, facilitating the monitoring
of evolving ice dynamics (Fig 3). Depending on the frequency of image acquisition, this form
of photogrammetry can provide insights into the short-term response of tidewater glaciers to
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Fig 3. Time lapse camera setup at Narsap Sermia, SW Greenland, to monitor iceberg calving, ice velocities and
terminus dynamics (image credit: Dominik Fahrner).

https://doi.org/10.1371/journal.pcim.0000379.g003

changes in runoff and ice mélange, as well as monitor iceberg calving and ice-dammed lakes
long-term [37, 39, 41, 85, 86]. In recent years, the popularity of UAV-based photogrammetry
has increased, not only because it facilitates the measurement of ice velocities but also because
it allows for the creation of three-dimensional models of features such as glacier termini and
digital elevation models, utilizing structure from motion (SfM) software. [43, 87-89]. How-
ever, UAV photogrammetry only provides glacier velocities for a given time period as it
requires repeat surveys to derive imagery, therefore it is currently not feasible to use it as con-
tinuous monitoring tool.

Ice thickness changes over time are difficult to obtain from in-situ observations as it would
require to determine the bedrock topography either by borehole drilling, seismic surveys or
using ice penetrating radar [90]. While measurements of ice thickness have been taken using
either method, successful data collection is strongly dependent on the accessibility of the gla-
cier, glacier surface, and suitability for drilling [91, 92]. Thus, the application of these methods
has been limited to a few selected glaciers around the GrIS. However, surface elevation change
can be monitored using ground and UAV-based photogrammetry [79, 84].

In-situ monitoring of ice velocities and thickness changes comes with logistical, economical
and technological challenges, but it is crucial to improve our understanding of fundamental
glaciological processes and the response of glaciers to changes in their environment. Advances
in instrumentation and software applications over the next decade are anticipated to provide
considerable new insights into glacier dynamics [53, 88, 93, 94].
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The importance of spatio-temporal resolution

Glaciological processes are influenced by forces that act on millimeter (e.g. ice damage, stress)
to kilometer scales (e.g. crevasse formation, calving) and over days (e.g. iceberg calving) to
decades (e.g. glacier advance and retreat influenced by climate) [95-99]. The variability of
these forces can result in neighboring glaciers showing vastly different behavior, which makes
it difficult to project future dynamics and determine influential drivers of change [54, 100,
101]. It is therefore important to consider the appropriate spatio-temporal resolution of data
when investigating glacier dynamics.

Long-term, low spatial resolution data is sufficient to investigate overarching responses of
the GrIS to changes in climate [54, 78], but might not be suitable to investigate individual calv-
ing events. Ice sheet-wide studies are however important to determine trends in glacier behav-
ior, which can help to reduce the computational power needed to project future GrIS
variability in response to climate [54, 73, 78, 102]. When investigating individual glacier
dynamics, especially more local parameters such as strain rates and stresses, the use of medium
resolution data can lead to inaccurate estimates [62, 103]. Studies that investigate individual
glacier dynamics are however crucial to further our understanding of processes such as basal
sliding, calving or subglacial drainage. To address this gap in spatio-temporal resolution,
‘mega-site’ efforts have taken place at Helheim Glacier to study geometry, atmospheric, ocean,
and glacier variability through a combination of observations and numerical models [104,
105]. Novel observational techniques such as autonomous terrestrial laser scanners (Fig 4;
TLS) to study calving dynamics, and geoPebble systems [106], an interconnected seismic and
GPS sensor nodes, to examine ice fracture and subglacial processes have been deployed at Hel-
heim Glacier. The deployment of these instruments are in part to start addressing the call for a
sustained ice sheet wide ice-ocean observing system in Greenland for long-term monitoring
[107].

3 Monitoring terminus processes

The ice-ocean interface is a region where many processes occur involving interactions between
the ice, ocean, atmosphere, and the subglacial substrate. However, many of these processes are
difficult to observe because several happen at depth, below the fjord surface, but also because
the region is challenging to survey with in-situ observations.

Changing boundary conditions

The GrlIS has experienced unprecedented retreat of the ice-ocean boundary over the satellite
era [78, 108, 109] with some glaciers experiencing near simultaneous retreat of up to several
kilometers each. In the case of outlet glaciers that reside in overdeepened fjords, the terminus
remains ocean-terminating throughout this retreat, but in some instances, glacier termini have
retreated out of the ocean altogether. This causes a fundamental change in the processes acting
on glacier termini. For example, the grounding lines of outlet glaciers in the Canadian Arctic
are much shallower (>400 m) than in Greenland and as a result the dominant control on
retreat is atmospheric processes (e.g. temperature) [110] compared to Greenland, where
retreat appears to be triggered by both atmospheric and oceanic warming [72, 111, 112].
Because the GrIS contains nearly 300 outlet glaciers, monitoring changes in the terminus
boundary condition is most easily done using satellite observations, however the sheer volume
of data to examine has grown exponentially in recent years. Traditionally, glacier terminus
positions were hand-delineated, but this led to lack of consistent results and overlapping data
sets [109]. As a result, many authors have made use of machine learning to automatically
delineate glacier termini from optical and SAR satellites (e.g. [113-123]). In the polar winter,
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Fig 4. An autonomous terrestrial laser scanner system at Helheim Glacier, SE Greenland used to study calving
dynamics (image credit: Cold Regions Research and Engineering Lab).

https://doi.org/10.1371/journal.pcim.0000379.g004

terminus observations are not possible from optical satellite images because the region is not
illuminated. The launch of Sentinel-1/2 in 2014 provides SAR data over the poles, which
enables a full picture of glacier terminus seasonality for the first time [114].

Calving

Terminus change occurs as a result of an imbalance between ice flux into the terminus and ter-
minus ablation, which includes both calving and melt losses, both of which have been the sub-
ject of intense, recent study. Calving of icebergs refers to the process of mechanical separation
of ice at the termini of outlet glaciers and has been monitored through a variety of methods
[97], including remote sensing techniques that make use of satellite-derived terminus positions
and ground-based measurements. High-resolution satellite imagery allows researchers to
determine the flux of ice due to icebergs by measuring the sizes and volumes of individual ice-
bergs [67, 124] or the change in the terminus over time [125]. Further, satellite observations of
variables that serve as data input to possible calving laws (ice velocity, surface and bed topogra-
phy, terminus position) can be used to model calving size and rates [126]. While satellite data
can provide long-term estimates of iceberg flux, they are often biased from the spatial resolu-
tion of imagery and are less likely to produce information at the exact time of a calving event
due to temporal frequency of image acquisition. This can be overcome through the use of in-
situ time-lapse photography or TLS deployed near glacier fronts (e.g. Figs 3 and 4). With time-
lapse photography, these cameras capture images at regular intervals, enabling scientists to
study the frequency and magnitude of icebergs breaking off across a range of sizes [127, 128]
and changes to the ice surface, for example, Helheim Glacier, in order to delineate the mecha-
nism for calving for that glacier [79, 129].

Acoustic and seismic monitoring of glacier terminal environments can also produce rec-
ords of calving events [130-132]. In each case a monitoring instrument (or suite of instru-
ments) are placed such that they can identify the location of events along the terminus with the
seismic/acoustic signals providing insight into the timing and intensity of calving [127, 133].
In many cases the signals identified in these data sets come from the interaction between the
iceberg and the sea surface [127] although many studies are challenged to differentiate between
different seismic signals generated by calving events. This makes it more critical to group
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observations by acoustic/seismic instruments with some visual data covering the same time
period. Further, visual observations provide critical information about the specific mecha-
nisms involved in the calving process that are recorded by seismic/acoustic sensors. Large calv-
ing events, which are associated with glacial earthquakes, can be detected by regional seismic
networks, therefore allowing monitoring over large spatial scales [134, 135].

Submarine melting

Submarine melting of glacier termini has emerged as an important mechanism that influences
glacier terminus ablation rates and may be responsible for long-term retreats of outlet glaciers
in Greenland [72]. Submarine melt was theorized by Jenkins (2011) and depends on oceano-
graphic conditions at the terminus (salinity, temperature, velocity), subglacial discharge
emerging at the terminus (in turn, this is a function of ice sheet surface melt and subglacial dis-
charge routing), and the shape of the terminus [136]. Testing of this initial theory can be
accomplished with in-situ observations (described below) and also in the laboratory, where
melting from turbulent plumes can be closely measured and monitored [137].

Monitoring submarine melt has been challenging owing to changing terminus conditions
and the near complete lack of long-term moorings in close proximity to glacier termini. Many
campaign-style moorings have been deployed in a number of fjords in Greenland. When cou-
pled with ship-based Acoustic Doppler Current Profilers (ADCP) and conductivity-tempera-
ture-depth (CTD) profilers, these measurements can help to identify the presence of buoyant
melt plumes near the glacier terminus and assess the potential of these plumes to cause subma-
rine melt [138-140]. Recent observations suggest that plume-related melt may not be the only
important mechanism for submarine terminus melt. Sutherland et al. (2019) used repeat mul-
tibeam observations of the submarine terminus face to estimate the time-varying melt and
calving patterns [141]. Similar methods were previously used to quantify the amount and pat-
tern of submarine melt using a single-pass of multibeam data [142, 143]. Other novel tech-
niques include the use of remotely operated or autonomous underwater vehicles (ROVs and
AUVs), equipped with instruments that can navigate close to submarine termini collecting
high-resolution data on ice-ocean interactions and the spatial distribution of melting. Recent
studies further used UAVs or sensors deployed from the calving front to measure subglacial
discharge plume properties and other terminus processes, thereby providing insights into the
dynamics at the ice-ocean interface and valuable data for the further investigation of subma-
rine melting [144, 145]. Often, the expense of operating and deploying these instruments
makes their data less available. Finally, acoustic sensors can be used to monitor submarine
melt [146] by placing passive hydrophones in front of glaciers. The sounds of bubbles under
pressure popping as they are melted are captured by the sensors. While acoustic sounding pro-
vides valuable time-series data related to melt, further work is needed to compute absolute
melt estimates from this method. In part, this is because determining and isolating the melt
signature in acoustic recordings compared to other sources is challenging.

Mélange and sedimentation

While much of the research focus has been on quantifying calving and submarine melt pro-
cesses, there are other processes acting at glacier termini that may be important to quantify,
but remain poorly constrained. Ice mélange is common in glacier fjords in winter and during
calving events and a few glaciers have persistent mélange cover all year because of fjord geome-
try and the frequency of calving events. The strength of mélange may be an important source
of backstress on the terminus if the mélange configuration at the terminus is tightly packed
[147]. Satellite-derived ice velocities are not typically processed over iceberg mélange, and so
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on-ice GPS [39] or ground-based radar interferometers [148] have been used to capture veloci-
ties either on the solid ice of the terminus, or the mélange itself, which give estimates of
mélange backstress on the order of 10s of kPa. While this is an order of magnitude less than
the driving stress, mélange does impart some flow resistance of termini, particularly where it is
persistent [42]. Particularly useful, portable ground-based radar interferometers provide high-
frequency (one per several minutes) scans across a frame to determine speeds and strain rates
of ice mélange. These data have been useful to resolve ice mélange motion and have led to
models of mélange as granular materials that have been helpful in understanding how mélange
can mechanically resist calving [148, 149]. While most of these novel observations have
occurred in fjords with persistent mélange, less is known about the importance of seasonal
meélange. Fried et al. (2018) used satellite and ground-based terminus change observations and
mélange presence to determine if seasonal mélange is an important control on seasonal termi-
nus position change [150]. The authors conclude that terminus position is less dependent on
meélange conditions for serac-failing calving glaciers, but instead correlated with processes
related to terminus geometry such as calving style and ice flux.

Sedimentation has been shown to be influential on terminus stability by e.g. creating
wedges that obstruct warm Atlantic water to reach the calving front or changing submarine
fjord geometry [151, 152]. In-situ measurements of active terminus sedimentation are chal-
lenging by the nature of the grounding line environment, thus relatively few observations have
been made near active calving fronts in Greenland. One approach involves the use of sediment
traps deployed in the water column or the seafloor [153, 154] near the glacier front to collect
accumulated sediment over a specific period. These traps can be designed to capture sediment
from various depths and equipped with instruments to measure water column properties as
well. In order to improve our current understanding of the role of sedimentation in the behav-
ior of tidewater glaciers in Greenland, increased monitoring is necessary. These increased
efforts should focus on areas that have seen high sedimentation rates in the past (e.g. Disko
Bay) [155].

In-situ monitoring of boundary conditions of tidewater glaciers in Greenland remains chal-
lenging, despite advances in technology and increases in spatio-temporal resolution of mea-
surements. The inaccessibility of active calving fronts makes it difficult to install, retain and
maintain instrumentation, so that satellite remote sensing observations are often easier to
obtain. Recent studies have shown, that autonomous measurements could be the key to access
these challenging environments, which could lead to significant advances in our understand-
ing of tidewater glacier termini [156, 157].

4 Monitoring surface mass balance

The surface mass balance (SMB) of the GrIS, defined as the difference between surface accu-
mulation and ablation, has been monitored on large scales since the mid-1950s [158]. Then,
measurements near the glacier edge were taken by probing the surface layer, whereas further
inland, stakes were planted and monitored for multiple seasons to determine changes in
surface elevation [159]. These methods are still in use today to determine SMB on local
scales [160], whereas on ice sheet-wide scales, SMB components can be estimated from
regional climate model (RCMs) outputs [161]. Recent studies have found that over the past
three decades, the ablation zone has increased, especially in northern Greenland, and a
reduction in surface mass balance has driven over half of the mass loss of the GrIS,
highlighting the importance of accurately determining ablation and accumulation [162,
163].
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Ablation

Monitoring of surface ablation, which comprises runoff, evaporation, sublimation, and ero-
sion, has been conducted in the past by stake measurements which had significant spatial and
temporal limitations [164, 165]. Nowadays, evaporation and sublimation can be measured by
automated weather stations, which are placed across the GrIS (see section on atmospheric
forcing) [166]. Drifting snow erosion can also be measured in-situ, however it only accounts
for a relatively small amount of ablation compared to runoff [167]. In-situ observations of run-
off can be obtained by measuring water flow in supraglacial rivers or monitoring proglacial
lake water levels, yet acquiring measurement remains challenging and data are scarce [168-
170]. Where it is not possible to conduct these measurements, due to inaccessibility or lack of
lakes, runoff is either taken from RCM outputs or assumed to occur when temperatures are
above 0°C. The RCMs, such as the Modele Atmosphérique Régional (MAR) and the Regional
Atmospheric Climate Model (RACMO), are used to determine surface melting (i.e. runoff) on
GrlIS-wide scales. These models are informed by observational data, which shows the necessity
to conduct in-situ measurements. While the spatial resolution of these models is usually in the
order of 5 to 10 km, recent studies have shown that they can be down-scaled to 100 meters,
which is sufficient to determine surface runoff for most glaciers in Greenland [170, 171]. Cur-
rent numerical models struggle, though, to accurately represent the retention of melt water in
the firn layer, due to a lack of observational data, so that a lag in runoff onset is not accounted
for and all generated melt water is assumed to be runoff [172]. In general, observation
informed RCMs currently provide the most accurate data to quantify surface ablation across
the GrIS. However, increases of in-situ measurements of surface ablation parameters, espe-
cially runoff, melt water percolation and retention, could help to further reduce model
uncertainties.

Accumulation

Surface accumulation can be measured in the interior of the GrlIS (accumulation zone) using
ice cores [173, 174], GPS [175] or stakes [176] (Fig 5). Installing equipment in the accumula-
tion zone can come with financial and logistical challenges, yet taking in-situ measurements is
comparatively straightforward as instruments can be maintained for long periods of time,
measurements can be taken annually, and long-term accumulation records can be revealed
within a field season from ice cores [158, 177].

In the ablation zone, measuring accumulation is more complicated as the terrain is often
inaccessible, and measurements have to be repeated annually [158]. While in-situ measure-
ments provide valuable information about local changes in accumulation and are crucial to
validate numerical model estimates, they are spatially and temporally limited [178]. Thus,
ground-based and airborne radar are used to cover larger spatial areas, which can also overlap
with in-situ measurements for validation and density information [177, 179]. Numerical mod-
els (RCMs) and reanalysis products are currently the only source of long-term, GrIS-wide esti-
mates of accumulation rates, but their outputs show significant variance depending on the
model [161, 177]. This highlights that in-situ measurements remain necessary to validate
model outputs, and suggests that a coordinated effort of large scale accumulation measure-
ments could aid in reducing uncertainties.

The mass balance of the GrIS, which is the difference between surface mass balance, ice dis-
charge and basal mass balance, can be determined using space/airborne altimetry (using e.g.
CryoSat, IceSat), satellite gravimetry (GRACE) or the input-output method [180-182]. Mass
change on regional and ice-sheet wide scales can be quantified directly from gravimetry data,
whereas with altimetry data it is necessary to make assumptions about ice/firn/snow density

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000379  April 25, 2024 11/35


https://arcticdata.io/catalog/view/doi:10.18739%2FA28G8FJ7F
https://www.projects.science.uu.nl/iceclimate/models/racmo-model.php
https://doi.org/10.1371/journal.pclm.0000379

PLOS CLIMATE Advances in monitoring glaciological processes in KalallitNunaat (Greenland)

Fig 5. Example of an ablation stake installed at Qassinnguit Sermiat in Kobbefjord, SW Greenland (image credit: Jakob
Abermann).

https://doi.org/10.1371/journal.pcim.0000379.g005

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000379  April 25, 2024 12/35


https://doi.org/10.1371/journal.pclm.0000379.g005
https://doi.org/10.1371/journal.pclm.0000379

PLOS CLIMATE

Advances in monitoring glaciological processes in KalallitNunaat (Greenland)

for the volume to mass conversion [181, 183]. The input-output method on the other hand
requires the estimation of SMB from RCMs, the measurement of ice discharge by determining
ice flow and ice thickness at the grounding line [181, 183]. Basal mass balance has only recently
been included in mass balance estimates as it remains difficult to accurately quantify [183,
184]. A comparison of outputs of the above methods has shown that they are generally in good
accordance with each other, however discrepancies remain based on the respective strengths
and weaknesses of each method [162].

Recent advances in quantifying SMB for the GrIS have mainly been made in the modeling,
and satellite and airborne remote sensing realms, which have seen increases in spatial and tem-
poral resolution. In-situ observations of SMB remain crucial to validate modeling and remote
sensing data products, and while improvements have been made to methods and instrumenta-
tion, conducting these measurements is challenging. Future advances could see increased
automation of in-situ measurements (as has been seen in weather stations), or the develop-
ment of novel instruments that can be deployed autonomously.

5 Monitoring basal processes

Basal motion drives ice speeds in Greenland, yet it presents a major source of uncertainty
when modeling ice flow [185]. The structural makeup of the bed [186], the temperature of
basal ice [187], and distribution of basal water pressure [188, 189] all govern the mechanics of
slip, but are notoriously difficult to assess in-situ. Over the past decades, two lines of inquiry
have motivated extensive research into Greenland’s basal processes: i) the percentage of the
bed undergoing slip, and ii) the relationship between ice speed and basal traction (commonly
referred to as the slip law). In recent years, emerging evidence also suggests that transient for-
cings occurring on timescales of days to weeks may push sliding dynamics beyond “steady
state” conditions typically assumed in ice flow models [190-194]. Given the scale of this prob-
lem, diverse methodologies have been used to probe these questions over the past two decades,
such as custom borehole instrumentation [195, 196], geophysics [197-200], laboratory experi-
ments [201], and large-scale inversions for basal drag using satellite imagery [202-204].

Bed topography and composition

For much of Greenland, the landscape beneath the ice is a first-order control on ice dynamics
[196]. Glacier beds exist on a spectrum spanning rigid bedrock (hard beds) and unconsoli-
dated sediment (soft beds), with many being an intermediate mixture of both. The composi-
tion and geometry of the bed determines the form of slip law [203, 205, 206], dictates the
architecture and evolution of the basal hydrologic system [188], controls the stability of the
grounding zone [152], and regulates sediment production and erosion [207]-among myriad
other critical processes. Thus, accurately characterizing these attributes is vital for understand-
ing ice sheet behavior and refining predictive models of ice flow.

Mapping Greenland’s subglacial topography has been a monumental undertaking, encom-
passing decades of research across spatial scales spanning orders of magnitude [208-210]. Bed
elevation can be estimated as the difference between known ice thickness and the correspond-
ing ice surface elevation. Since the early 1970s, radar echo sounding (RES) has been the pri-
mary means of measuring ice thickness, inferring thickness based on two-way travel times of
transmitted radio waves reflected off the ice-bed interface. Over the past two decades, signifi-
cant advances in radar technology and processing workflows for both surface and airborne
surveys have revealed unprecedented detail into the morphology of Greenland’s bed, though
much uncertainty remains [210, 211]. With the launch of NASA’s Operation IceBridge (2009-
2019), airborne radar coverage of Greenland increased by more than threefold, adding more
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than 580,000 km of new flight tracks [212]. Additionally, the development of ground-based
swath-imaging radar systems [213, 214] and detailed analysis of wide-band airborne acquisi-
tions [215, 216] have resolved fine-scale bed morphologies absent in bed-map products but
which contribute meaningfully to basal friction [187].

For meaningful application in numerical ice-sheet models, discrete observations of bed ele-
vation must be integrated into a unified bed-map. The culmination of this work to date is Bed-
Machine, a digital elevation model of Greenland’s subglacial topography interpolated from
available ice thickness/surface elevation data and informed by considerations of mass conser-
vation [70]. In its current form, it provides a map of bed topography/bathymetry at a 150-m
horizontal grid resolution, with seamless transitions at the ice-ocean interface. Accuracy across
the bed is inconsistent due to variable spatial coverage of radar acquisitions, but as future work
continues to fill in regions with sparse data, model resolution and accuracy will continue to
improve. Overlaying geostatistical models of bed roughness derived from deglaciated terrain
over the BedMachine’s coarser topography has also proven successful for adding further real-
ism to sliding models [187].

Established methods to constrain subglacial topography can be applied across Greenland
through airborne surveys, but discriminating bed composition at the ice-sheet scale presents
far greater challenges. The most prominent methods, namely borehole experiments or active
seismic surveys, require on-ice instrument deployment and consequently yield datasets with
comparatively limited spatial coverage. Boreholes offer direct access to the ice-bed interface
but are limited to a point. Numerous campaigns have drilled to Greenland’s bed since the
1960s [217], but the frequency and spatial coverage of this work has increased in recent years
as hot-water drilling technology improved [218]. These studies have revealed both hard
[195] and soft [219] bed conditions beneath Greenland’s ice streams. Obtaining physical
samples of the substrate can be invaluable, as they provide direct insight into past climatic
conditions [220], subglacial geology [186], and physical properties of the bed that impact ice
dynamics, such as sediment grain size distribution [205] or permeability [221]. To date, only
two campaigns have successfully recovered significant volumes of subglacial material,
including the recently rediscovered basal till of the Camp Century core [217]. However,
ongoing work by the GreenDrill project aims to recover subglacial bedrock cores along mul-
tiple transects, making it the most extensive sampling campaign attempted in Greenland to
date [222].

Active seismic methods are commonly used to characterize bed conditions over spatial
scales on the order of 1-10 km [223]. Bed properties, such as porosity and material composi-
tion, directly influence the strength of acoustic waves reflected off the ice-bed interface and
thus can be inferred by analyzing the amplitudes of seismic returns. Established techniques use
1) normal incident reflections to derive acoustic impedance of the bed or 2) analyze the seismic
amplitude variation with offset (AVO) (alternatively referred to as amplitude variation with
angle), which identifies bed type based on the relationship between the reflection coefficient
and the angle of incidence [224]. Both techniques have successfully delineated regions of dilat-
ant till, stiff/dewatered till, and bedrock on Greenland’s ice streams [225, 226]. Additionally,
an emerging technology known as distributed acoustic sensing has demonstrated its viability
in characterizing the physical properties of the bed (Fig 6) [227, 228]. To significantly expand
spatial coverage across the ice sheet, a future path forward may involve coupling active seismic
data with airborne radar, as was recently demonstrated on Rutford Ice Stream, West Antarc-
tica [229]. By calibrating radar reflectivity data with sediment properties derived from overlap-
ping active seismic experiments, bed properties can be constrained beyond the footprint of the
seismic survey.
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Fig 6. a) Distributed Acoustic Sensing (DAS) and Distributed Temperature Sensing (DTS) cables being installed down a borehole in Sermeq Kujalleq
(Store Glacier), Greenland. Both are contained in the red cable on the spool, and discrete temperature and pressure sensors (black cable) are deployed
alongside it (image credit: Adam Booth/RESPONDER team). b) Power supply and spooled DTS cable for remote deployment (image credit: Robert Law/
RESPONDER team) [244].

https://doi.org/10.1371/journal.pcim.0000379.9006

Basal sliding

Ice velocities observed at a glacier’s surface arise from strain in the ice column, displacement
along the ice-bed interface and potentially deformation in a subglacial sediment layer if pres-
ent. Understanding how forward motion is partitioned between these processes is crucial for
determining key properties such as ice viscosity, rheology, basal drag, or the correct form of
the slip law—elements that collectively represent the largest sources of uncertainty in modeling
ice dynamics. Surface velocities are increasingly well-constrained through satellite imagery;
however, direct measurements of basal motion remain sparse. Furthermore, efforts to invert
for basal drag are encumbered by large uncertainties related to temperature and rheology of
ice [230]. It is evident that slip plays a significant role for rapid, marine-terminating outlet gla-
ciers, as the observed surface speeds in these regions are unlikely to be attributed to viscous
creep alone. However, the situation is more opaque for slower land-terminating glaciers along
Greenland’s margins, where observed surface velocities could arise solely from deformation in
warm, low viscosity ice, basal sliding, or a combination of both. Over the past two decades,
borehole arrays equipped with inclinometers, temperature probes, and basal sensors have con-
strained basal motion for numerous glaciers in Greenland [92, 196, 219, 231, 232]. These stud-
ies revealed significant and spatially variable basal slip, accounting for 40% to 96% of observed
surface velocities and highlighted the importance of enhanced deformation in pre-Holocene
basal ice. Perhaps most surprisingly, basal motion was shown to constitute over 90% of the
observed surface speeds for grounded glaciers along Greenland’s western margin, even under
winter conditions with minimal meltwater flux to the glacier bed [196].

The relationship between drag at the glacier bed and ice speed is an area of active research
concerning Greenland’s glaciers. Numerical models often employ a Weertman-style slip law,

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000379  April 25, 2024 15/35


https://doi.org/10.1371/journal.pclm.0000379.g006
https://doi.org/10.1371/journal.pclm.0000379

PLOS CLIMATE

Advances in monitoring glaciological processes in KalallitNunaat (Greenland)

where basal traction scales proportionally with the speed of ice, raised to an exponent, 1/m
(typically, m is around 3 for hard beds and exceeds 10 for soft beds). However, applying this
relationship uniformly across Greenland’s varied bed conditions raises doubts about its physi-
cal basis [202]. Subglacial cavities that form in the lee of bed obstacles with irregular bed geom-
etry or soft-sediment deformation can lead to a rate independence between basal drag and ice
velocity, giving rise to the “regularized Coulomb” slip relationship [205, 206, 233]. In this case,
drag is tied to the effective stress at the bed but remains independent of slip speed once a cer-
tain threshold velocity is reached. At the ice-sheet scale, the slip law has been estimated across
Greenland by inverting for basal drag with a hierarchical approach that integrated multiple
methods to reduce uncertainties in model parameters and then related to multi-year average
surface velocities [203]. These findings suggest that hard-bed physics dominate over much of
Greenland’s grounded ice, well-characterized by a Weertman-style slip law with m = 3. Never-
theless, significant portions of the bed, particularly in fast-flowing areas in the northeast, more
closely resemble Coulomb behavior. Subsequent work in the northwest sector, however,
showed that the regularized Coulomb slip law best fit their observations [204]. Given these dis-
crepancies and the importance of the problem, further work on this topic is warranted.

Lastly, a persistent source of uncertainty in parameterizing glacier sliding is the role that
entrained basal debris ice plays in modulating friction at the ice-bed interface. This could
include both a basal layer of frozen sediment (“frozen fringe”), isolated abrading clasts, or
sparse, silt-sized debris. Experimental and modeling efforts suggest that these could set bed
strength [234], influence slip stability [235-237], increase basal drag [238, 239], control erosion
rates [240, 241], explain seismic tremors proportional to ice velocity [200], alter the form of
the slip law [242], and significantly change ice viscosity [243]. However, little is currently
known about the relevance of these processes at the ice-sheet scale in Greenland. Constraining
the volumetric concentration of basal debris and its spatial distribution, and then incorporat-
ing these physics into ice sheet models would be valuable.

Subglacial hydrology

Previous studies have shown that subglacial hydrology is a key driver of seasonal ice flow veloc-
ities in Greenland, which highlights the importance of monitoring and measuring parameters
pertaining to the base of glaciers [245-247]. Direct observations of the subglacial hydrologic
system however remain difficult to obtain. Past efforts to directly observe subglacial freshwater
flux necessitated the drilling of boreholes and lowering sensors attached to cables into the sys-
tem. However, the movement of the glacier and the presence of thick cold ice further compli-
cates repeat observations, as cables might fail due the strain exerted by the ice and boreholes
can close rapidly (< 1 day) [248]. While these methods have allowed to improve our under-
standing of subglacial hydrology, they are usually conducted on relatively small spatio-tempo-
ral scale. Recent advances in technology have allowed to measure parameters at depth, with
data being transferred in real-time [93]. The Cryoegg, which is a new device that is currently
being field tested, would allow to measure electric conductivity, temperature and pressure at
depth, with the data being transmitted using radio transmission up to a thickness of 500 m
[93]. Technological advances like this are anticipated to reveal new insights into the subglacial
hydrology as well as ice dynamics at depth. Using airborne and satellite observations, recent
studies identified subglacial lakes within the ablation and accumulation zone, thereby improv-
ing our understanding of subglacial hydrology [249, 250]. While remote sensing data is the
most sensible method to investigate subglacial hydrology on an ice sheet-wide scale, in-situ
observations remain crucial to corroborate these data products.
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6 Monitoring climate forcings

Glacier variability in Greenland is significantly influenced by oceanic and atmospheric for-
cings thus sustained monitoring of these parameters is crucial to gain insights into the
response of glaciers to changes in climate. In recent years, advances in technology have
enabled automation of weather stations around the GrIS with data being transmitted via satel-
lite and available in near-real time. In-situ measurements of oceanographic parameters have
also increased over the last decades but data is more difficult to obtain as will be discussed in
the following paragraph.

Oceanic forcings

Previous studies have found that marine-terminating glaciers in Greenland are highly sensitive
to the influx of warm ocean waters [107, 251, 252], and that submarine melting at the terminus
is considerably larger than previously thought [253, 254]. To improve our understanding of
submarine processes at glacier termini, increased efforts have been made to measure and mon-
itor oceanographic parameters in Greenlandic fjords [255]. NASA’s Oceans Melting Green-
land (OMG) mission, which started in 2015, has been one of the most comprehensive long-
term collection of ocean parameters in recent years [256]. The project conducted annually
repeated measurements at approximately 250 glaciers over the past five years using CTD
probes [257]. The project has provided crucial data to improve our understanding of the influ-
ence of ocean forcing on the marine-terminating glaciers of the Greenland Ice Sheet [72, 258].
On smaller spatio-temporal scales, oceanographic data in fjords is often collected for specific
sites using ship-deployed measurements, longer-term anchored moorings (e.g. Sermilik fjord,
SE Greenland or in Nuup Kangerlua (Godthabsfjord), SW Greenland) [259, 260]. These mea-
surements can provide valuable information to investigate the influence of ocean forcings on
marine-terminating glacier variability [111], and can be useful to improve our understanding
of the influence of warm Atlantic waters on in-fjord conditions [261]. A recent study however
showed, that processes at the ice-ocean interface are highly dynamic and suggested that
increased efforts should be made to collect high temporal resolution data [144].

Other localised efforts have been made by attaching sensors, which record ocean tempera-
ture, pressure, conductivity, and other parameters, to e.g. seals [262], narwhals [263], and hali-
but (pers.conv. David Holland & Aqqalu Rosing-Asvid). These methods have been
successfully applied in Sermilik fjord, SE Greenland, and Illulisat Icefjord, CW Greenland, and
produced up to annual timeseries of ocean parameters. These methods can produce up to
annual timeseries, but they have not yet been applied on larger scales. Many current studies
rely on reanalysis data products such as the Arctic Subpolar Gyre sTate Estimate (ASTE), Esti-
mating the Circulation and Climate of the Ocean (ECCO) or EN4, which have seen a signifi-
cant increase in spatial resolution over the past decade [72, 139, 264-266]. These data products
are often informed by observational data, however the difference in resolution and general
lack of data complicates these efforts [264]. While these reanalysis datasets have comparatively
good coverage on the continental shelf areas of Greenland, they are not able to sufficiently
resolve conditions at the fjord level, which makes investigating ice-ocean interactions challeng-
ing [107].

The increase in efforts to observe and monitor oceanographic parameters has provided cru-
cial data to improve our understanding of the response of glaciers to changes in ocean forcing.
Yet, sustained measurements of oceanographic data near glacier termini and within fjords
remain scarce and are often focused on areas with highly dynamic tidewater glaciers [107,
267]. In order to gain further insights into the processes at the ice-ocean boundary and to
reduce uncertainties in sea level rise projections, long-term monitoring of ocean parameters is
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needed. Observations should ideally be acquired within all fjords that contain tidewater gla-
ciers around the GrIS, and the establishment of a Greenland-wide monitoring network has
been proposed in the past [107]. However, due to the immense effort that would be required
to install, maintain and finance such a project, it has not been implemented yet.

We suggest that increased efforts should be made to measure oceanic parameters at tidewa-
ter glaciers, that have been identified to contribute the most to mass loss from the GrIS by pre-
vious studies and that are currently not established megasites [54, 78, 268]. Where possible,
permanent moorings could be installed to acquire long-term observations, which could pro-
vide insights into the influence of submarine melting on tidewater glacier retreat as well as
ocean heat transfer and storage [260, 261, 269, 270]. At sites where this is not possible, repeated
ship- or airborne CTD measurements on annual or shorter timescales would be beneficial to
improve our understanding of ice-ocean interaction processes [271, 272].

Atmospheric forcings

Glacier dynamics are undoubtedly influenced by the atmosphere through air temperatures,
surface albedo and precipitation. Over the past decades, the warming climate has contributed
significantly to the retreat, thinning and acceleration of glaciers and Arctic Amplification is
expected to increase this impact [273, 274]. While the number of weather stations in Green-
land has increased over the past decades, there are still relatively few sustained long-term
atmospheric monitoring stations around the GrIS. The Geological survey of Denmark and
Greenland (GEUS) maintains 25 automated weather stations through the Program for Moni-
toring of the Greenland Ice Sheet (PROMICE) since 2007. These stations are strategically
placed around the GrIS to provide information on surface air temperatures, wind speed, pre-
cipitation, solar radiation and other parameters, which are transmitted via satellite and can be
accessed in near-real time. A similar program is conducted by the University of Utrecht’s Insti-
tute for Marine and Atmospheric Research (IMAU), which started monitoring climate param-
eters in 1996. The stations are located along the K-transect, central western Greenland and on
the eastern ice margin, with four of their eight automated weather stations still being opera-
tional. Amongst temperature, wind speed, radiation and precipitation, the IMAU weather sta-
tions also measure snow temperature, melt and surface height with data being transmitted in
near real-time. Another long-term monitoring program is maintained through the Danish
Meteorological Institute (DMI), which maintains 91 weather stations around Greenland since
1958 [275]. These weather stations record similar parameters as the PROMICE program, how-
ever the DMI also provides historical blended weather data products which start as early as
1748 and is useful to investigate long-term trends in glacier dynamics [276]. The data collected
by these large-scale monitoring programs provide valuable information to advance our under-
standing of the relationship between atmospheric forcings and glaciers of the GrIS, and is also
important to validate reanalysis data products. Other seasonal to multi-annual weather stations
are often installed by individual research groups and are maintained by researchers rather
than institutions (e.g. [277] in NW Greenland; University of Liverpool at Narsap Sermia; Uni-
versity of Edinburgh at Kangiata Nunaata Sermia; pers.conv). There is currently no overview
of atmospheric monitoring stations that have been installed by individual research groups,
though the data could help to create a more complete picture of climate and weather condi-
tions around Greenland.

Atmospheric monitoring stations are mostly positioned across the interior of the GrIS, and
near large, dynamic tidewater glaciers. While monitoring climate conditions at all tidewater is
neither economically feasible nor necessary, as neighboring tidewater glaciers often experience
similar conditions, there is still room for improving current monitoring efforts [152]. The
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currently operating weather station networks could be expanded to include tidewater glaciers
that have seen a recent increase in mass loss, which would allow to investigate the relationship
between climate forcings and glacier retreat in more detail [54, 78, 268]. Instrumentation for a
network expansion might be readily available, however the installation and maintenance of
additional weather stations comes at a significant economical cost, i.e. funding for institutions
that operate these networks should be increased. Another, less costly step would be the estab-
lishment of a database that combines atmospheric observations from institutions as well as
individual research groups to make data easily available.

7 Research in Greenland: Best practices

Scientists from all around the world conduct research in Greenland to study different aspects
of the GrIS and climate change. This research was, and still often is, conducted without formal
coordination between international institutions or inclusion of Greenlandic institutions and
researchers. We therefore consider it necessary to address some of the issues with conducting
field-based research in Greenland in this review.

Coordination and inclusivity of science

The latest Greenland Research Strategy report states that future research in Greenland should
be conducted in cooperation with Greenlandic research organizations such as the Greenland
Institute of Natural Resources, Asiaq Greenland Survey or the Arctic Hub [278]. In the current
academic landscape, research projects are often funded by national bodies which only provide
funding to researchers that are based within the country of the national body [279]. This pre-
vents the inclusion of Greenlandic-based researchers in projects at the proposal stage and their
participation in international collaborative research [280]. The continued efforts from the
international research community to include Greenland-based researchers in future or ongo-
ing projects, without including them at the proposal stage, has led to an overwhelming amount
of requests for collaboration without distinct funding [280]. It should be noted, that Green-
landic based researchers often conduct more applied research, which has a more direct impact
on society, whereas international research is focused on answering fundamental questions
[280]. While this difference in approaches might appear as an impediment to future collabora-
tion, it could also be seen as a chance toward the development of co-productive research [280].
More recent funding programs, such as the National Science Foundations’ Navigating the
New Arctic (NNA), have recognized this issue and allowed funding to be awarded to foreign
organizations [281]. While funding agencies are providing more and more such opportunities,
they still remain relatively sparse in the global academic landscape.

Field-based studies conducted by international scientists are largely not coordinated with
Greenland-based institutions or local communities, and relevant research findings are thus
often not available to those that are most impacted [282]. The government of Greenland is cur-
rently exploring legal options to ensure that all future research projects are registered in a cen-
tral portal, similar to the Danish-operated Isaaffik, by the end of 2024 [278]. While the
government is working on achieving this goal, we suggest that the science community should
strongly consider registering ongoing and future research projects on Isaaffik. Contributing to
these Greenlandic research overview efforts will allow researchers to find potential overlap
with other projects, thereby fostering collaboration, and also improve the dissemination of
results to and communication with local communities. The government further aims to make
the results of research conducted in Greenland accessible and usable for the general public,
policymakers and businesses [278].
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In recent years, science communication and outreach has become more popular amongst
international scientists and increased efforts have been made towards disseminating research
findings in Greenlandic communities, however there is still potential for improvement [283].
In principle, funding bodies need to increase the number of project solicitations that allow the
funding and inclusion of foreign/Greenlandic researchers, which will lead to collaboration and
co-production of research [284]. A recent study found that the Greenlandic youth are particu-
larly unaware of the anthropogenic causes of climate change, thus scientists that conduct
research in Greenland are encouraged to reach out to local schools to engage students in polar
science, embed climate change in the curriculum and raise awareness about their ongoing
research [283]. A successful example of inclusion of coastal communities and schools in sci-
ence can be found at Petersburg High School, Alaska, where students have been surveying
LeConte Glacier since 1983. These surveys do not only provide valuable information for scien-
tific research, but are also used to inform the general public about the state of the glacier [285].
Outreach could further be improved by increasing the number of international and collabora-
tive summer schools or educational workshops such as the Joint Science Education Project
(JSEP). Since its initiation in 2007, the JSEP brings together students and teachers from Den-
mark, Greenland and the USA with the aim to engage students in (polar) science and establish
relationships that could lead to future collaborations. We suggest that such outreach efforts
should be increased, as projects like JSEP have shown to be a great way to disseminate science
in communities and across cultural borders, and establish relationships between research orga-
nizations [286]. We further strongly encourage international scientists to dedicate time for
outreach in Greenland in their project proposal, establish relationships with Greenlandic insti-
tutions and communities where possible, and support the government of Greenland in their
efforts of making research findings available for Greenlandic people.

Additionally, we recommend research teams working in Greenland to conduct pre-field
discussions of expectations and roles within the group and to follow the lessons learned sum-
mary from [287]. This can lead to an increased level of respect and member belonging which
in return creates safer work environments and better science outcomes [287, 288].

8 Conclusion

This review shows that in-situ monitoring of most glaciological processes has seen significant
advances in the past decades, and that the cryosphere community has made considerable prog-
ress in gaining new insights into Greenland climate and glacier dynamics. New technologies in
particular have allowed to develop improved instrumentation, which includes novel data
acquisition and transmission methods. This, combined with an increase in spatial extent of
measurements and in temporal resolution, has provided the basis to provide significant new
insight into glacier dynamics over the past decades.

However, we also identified processes that would greatly benefit from an increase in in-situ
monitoring in order to answer fundamental questions of ice dynamics, and to provide addi-
tional data for validation of numerical model output. As has been shown by previous studies,
the monitoring of ocean conditions at the termini of marine-terminating glaciers remains
challenging and only few observations exist. Long-term and large scale observations are how-
ever necessary to better understand the influence of submarine melting on glacier retreat and
reduce uncertainties in sea level rise projections [107]. Relatively few in-situ observations also
exist for processes that occur at the bed of glaciers, as access is inherently difficult. Future
advances in in-situ instrumentation are anticipated to provide new insights into basal pro-
cesses, while increases in airborne surveys and in-situ measurements might help to better con-
strain bedrock topography. Satellite data as well as numerical models and reanalysis products
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have seen improvements in spatio-temporal resolution, however in-situ observations remain
crucial for validation of models and reanalysis data. Hence, current programs that provide in-
situ measurements of glacier and climate dynamics should be expanded, and data access
should be simplified. As GrIS-wide in-situ monitoring of the above discussed processes is not
economically viable, increased monitoring efforts should particularly be considered at those
tidewater glaciers that have been shown to significantly contribute to mass loss from the GrIS,
or that have seen significant changes in their dynamics in the past.

The authors of this review further wanted to address some of the practices that could be
improved when conducting research in Greenland. We identified five key points that interna-
tional researchers should take into consideration when conducting field-based research:

1. Register Greenland-based research on Isaaffik to support the efforts of the government of
Greenland, and share your results via the platform with the general public.

2. Lobby with funding agencies for inclusivity of local and indigenous minorities, and direct
financial flow to those.

3. Include Greenlandic researchers in projects at the proposal stage when possible to enable
them to receive funding for their involvement.

4. Include outreach in the proposal and increase outreach efforts when conducting field-based
research, especially amongst the youth.

5. Increase cross-collaborative projects for students, teachers and researchers by providing
summer schools or similar opportunities.

In general, the review has shown that collaboration across countries and institutions, and
the sharing of data and results, is crucial for future progression in the cryosphere field.
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