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Abstract: The Copernicus Sentinel-3 Surface Topography Mission (STM) Land Altimetry provides
valuable surface elevation information over inland waters, sea ice, and land ice, thanks to its synthetic
aperture radar (SAR) altimeter and its orbit that covers high-latitude polar regions. To ensure that
these measurements are reliable and to maximise the return on investment, adequate validation
of the geophysical retrieval methods, processing algorithms, and corrections must be performed
using independent observations. The EU-ESA project St3TART (started July 2021) aims to generalise
the concept of Fiducial Reference Measurements (FRMs) for the Copernicus Sentinel-3 STM. This
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work has gathered existing data, made new observations during field campaigns, and ensured
that these observations meet the criteria of FRM standards so that they can be used to validate
Sentinel-3 STM Land Altimetry products operationally. A roadmap for the operational provision of
the FRM, including the definition, consolidation, and identification of the most relevant and cost-
effective methods and protocols to be maintained, supported, or implemented, has been developed.
The roadmap includes guidelines for SI traceability, definitions of FRM measurement procedures,
processing methods, and uncertainty budget estimations.

Keywords: S3 land STM; uncertainties; FRM; sea ice thickness; inland water surface height; land ice
height; SAR altimeter

1. Introduction

The Copernicus Sentinel-3 Surface Topography Mission (STM), based on a constella-
tion of two satellites, provides valuable surface topography and elevation information over
a wide range of Earth surface types [1,2]. As well as measuring the sea surface topography
and wave conditions, the mission provides valuable surface elevation information over
inland waters, sea ice, and land ice, thanks to its synthetic aperture radar (SAR) altimeter
(the SAR Radar Altimeter instrument; SRAL) which retrieves high-resolution along-track
elevation measurements, and to its orbit that covers high-latitude polar regions [3,4]. In
addition, new thematic products have been defined for Sentinel-3 altimetry measurements,
enabling processing chains to be adapted to the surfaces observed.

The Copernicus Sentinel-3 STM must be adequately validated to ensure that the geo-
physical retrieval methods can be used with confidence [5]. The mission requirements
traceability document (MRTD) [6] defines what an adequate validation involves. Valida-
tion requires a two-step approach. First, the uncertainties associated with the altimeter
measurements, their corrections, e.g., for atmospheric and geophysical phenomena, and
the processing algorithms must be considered. Second, these uncertainties should be vali-
dated through comparison with independent observations, which themselves have strong
traceability to the international system of units, the SI.

The decisions in designing a set of independent observations to be compared with the
satellite product depend on surface type. These comparisons can be performed through
the use of a field campaign based on a single satellite overpass or using permanent or
semi-permanent stations, taking continuous measurements for longer periods of time.
They can use other remote methods (e.g., from an aircraft, unmanned aerial vehicles
(UAVs), or other satellites) or in situ methods in contact with the surface. Aside from the
uncertainties associated with the independent measurements themselves, there are also
uncertainties associated with translating the independent measurements (local measurand)
into the Sentinel-3 STM product (satellite measurand), i.e., how to perform the spatial
transformation between the ground (or in air or on/below water) measurements and the
satellite observations.

The validation of satellite altimetry products has traditionally relied on a wide range of
approaches that have been independently developed by different communities. This means
that for traditional approaches there are a wide range of different procedures for making
and comparing measurements and different levels of uncertainty evaluation and traceability.
The concept of Fiducial Reference Measurements (FRMs) [7] presents an opportunity to
standardise and enhance the validation process. The FRM framework provides a set of
guidelines that instil the necessary confidence in the validation of satellite products.

FRMs are a suite of “independent, fully characterised, and traceable (to a community-
agreed reference, ideally the SI) measurements, tailored specifically to address the calibra-
tion/validation needs of a satellite borne sensor and that follow the guidelines outlined
by the GEO/CEOS Quality Assurance framework for Earth Observation (QA4EO)” [8].
QA4EO was endorsed by the Committee on Earth Observation Satellites (CEOS) in 2010, as
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part of the Group on Earth Observation (GEO) efforts to build an interoperable ‘system of
systems’ for Earth observation data.

The St3TART project (Sentinel-3 Topography Mission Assessment through Reference
Techniques), co-funded by the ESA and the EU [1,2] Copernicus Program, aimed to prepare
a roadmap in view of the operational provision of FRMs to support the validation activities
and foster the exploitation of the Sentinel-3 SAR altimeter land data products over inland
waters, sea ice, and land ice areas [9]. This paper presents a synthesis of the protocols
defined within St3TART for the Cal/Val of the Sentinel-3 Topographic Mission over those
surfaces and details the need for FRM data within these activities and a roadmap for
future work.

In this paper, Section 2 discusses what the requirements are for measurements to
be considered as FRMs and describes the opportunities and challenges for FRMs over
different surfaces. Section 3 describes the methodology for the St3TART project, which
includes reviewing existing approaches and performing some field campaigns, as well
as establishing a webportal for data dissemination. Section 4 collates some results from
this analysis and defines a strategy for developing FRMs over each surface type. Section 5
presents recommendations for a roadmap of how FRMs can be established.

2. Requirements for FRMs for S3 Topography Products

This work explores the opportunities to provide FRM datasets for the calibration and
validation of surface topography thematic data products for inland waters, land ice, and sea
ice. First, in this section, we consider what is required for an in situ or airborne dataset to
be considered FRM and present the concept of FRM approaches for different surfaces. We
also present how such datasets can be made available to a broad user community through
a central data hub.

2.1. FRMs as QA4EO References

Goryl et al. [7] indicate a set of ‘mandatory defining characteristics’ for a measurement
set to be considered to be an ‘FRM’. These requirements are designed to ensure the stability
of the non-satellite observations, to support robust uncertainty assessment (including error
correlation structures), and to ensure that the uncertainty associated with transforming the
measurand to match the satellite observation is considered. These defining characteristics
are established to ensure that ‘FRMs’ comply with the core QA4EO principle that “data
and derived products are easily accessible in an open manner and have an associated
indicator of quality traceable to reference standards (preferably SI) so users can assess
suitability for their applications, i.e., ‘fitness for purpose’”. Since 2010, several projects have
established guidelines for how to apply metrological principles to FRMs and to the satellite
data themselves [10], and these guidelines are available on the QA4EO website [8].

While QA4EO recognises that SI traceability may not be feasible for all measurements,
the accompanying guidelines are based on metrological concepts and strongly imply a
metrological approach. Metrology, the science of measurement, is the discipline responsible
for ensuring that SI units are stable over centuries, internationally consistent, and coherent.
These benefits are realised through traceability, and the central tenets are comparison and
uncertainty analysis. This means that for FRMs, their traceability to references shall be doc-
umented and understood, and uncertainties are to be propagated through that traceability
chain: from laboratory calibrations of instruments, through the uncertainties associated
with field measurements, to the uncertainties inherent in converting the instrument mea-
surand to the satellite measurand and those associated with any averaging or otherwise
combining data from different times and spatial positions. Furthermore, FRMs themselves
should be validated through comparisons between them, or between different instruments
at an FRM site.

Note that the term ‘FRM’ can be used both for the measurements (data points) them-
selves, and for the infrastructure established (i.e., the instruments and processing chain). It
can also be used both for measurements that support the ‘fundamental data record’ from
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the satellite (level 1 or early level 2 data) and measurements that support ‘thematic data
products.’ In this paper, we consider Sentinel-3 STM thematic data products, as described
in Section 2.3.2.

2.2. Applying a Metrological Approach to Uncertainty Analysis

A metrological uncertainty analysis involves five steps. The first, and arguably most
important and difficult, is identifying the measurand(s) of interest, as well as identifying
the measurement model: an analytical function that describes how the measurand is cal-
culated from more fundamental ‘input quantities.’ The second step defines the route to
traceability. It can help to document this with equations, and in diagrams. The third step is
to document what is known about each (non-negligible) source of uncertainty. This will
include the magnitude of the standard uncertainty, its probability distribution function, and
information about how the uncertainty in that input quantity is converted to uncertainty in
the main measurand, through sensitivity coefficients. As well as this, it is important to con-
sider how the unknown error due to that source of uncertainty may be correlated between
different measurements at different times or in different locations (i.e., in what ways the
unknown errors are ‘systematic’ or ‘random’ in different dimensions). The fourth step is
to calculate the measurands and their associated uncertainties. Uncertainty propagation
should be performed according to the principles of the Guide to the Expression of Uncertainty
in Measurement [11] and can use either the law of propagation of uncertainties, which
approximates the uncertainty propagation using locally linear Taylor series expansion,
or Monte Carlo methods, which approximate the uncertainty propagation via statistical
means and by sampling the uncertainty distributions. Monte Carlo methods can cope with
more sophisticated measurement functions; however, they are computationally expensive
and may not be possible for very large datasets. Finally, in the fifth step, the uncertainty
information should be stored for long-term data preservation purposes, so that future
scientists can understand the detail of what has occurred and disseminate it, usually in
summary form, for today’s users.

2.3. FRMs in Comparison with Satellite Data
2.3.1. Purpose and Types of Comparisons

The purpose of the FRM is to support the calibration and validation of the satellite
altimeter observational datasets by providing non-satellite (in situ and ground-based
aircraft and shipborne remote sensing techniques) references for comparisons. From a
conceptual perspective, the results of such comparisons could be interpreted in three
different ways:

(a) To validate that observation values are within an expected tolerance;
(b) To evaluate the uncertainty associated with the satellite observation;
(c) To validate independently determined uncertainties.

Traditionally, comparisons have been used for approach (a), i.e., to monitor whether
satellite and reference measurements agree within the stated satellite ‘absolute accuracy’
requirements, a term that is intended to specify an acceptable bias to agreed references.
Approach (b) relies on the (usually unjustified) assumption that non-satellite measurements
have negligible uncertainty compared to satellite observations and that any transfer or
representation uncertainty in converting from the non-satellite measurand to the satellite
measurand is also negligible.

A fully metrological approach would follow approach (c), described above. All
uncertainties associated with the comparison would be independently determined and then
validated through the comparison. These uncertainties would include those associated with
the satellite altimeter observations, those associated with the measurements made by the
FRM instruments, and those associated with transforming the non-satellite measurements
to match the measurand of the satellite—i.e., transferring measurements in time and space.
In such an analysis, the error correlation structures (i.e., systematic/random behaviour in
time and space) should also be considered.
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2.3.2. Satellite Thematic Data Product (TDP)

A metrological approach starts with defining the measurand and, because it is the
purpose of an FRM to provide validation of the satellite data product, a metrological
approach to an FRM must start by understanding the satellite’s measurand. Satellite
datasets are processed through several stages to obtain a series of different measurands,
usually moving from a raw measured signal up to a geophysical product of interest. There
can be benefits of providing an FRM comparison for the different satellite measurands at
different stages of this processing.

The most basic product provided by the European Space Agency (ESA) (as with other
space agencies) is the level 1 dataset [12], known by the ESA as the ‘fundamental data
record’ (FDR) if it follows QA4EO principles itself [13]. This is processed from the truly raw
data of level 0. For SRAL, the level 1B products contain geolocated, multi-looked, and fully
calibrated high-resolution power echoes that come from the unfocused SAR processing,
with an along-track resolution of 320 m or 450 m, depending on the processing used. FRM
approaches for level 1 are based on transponder measurements [14]. In level 2 processing,
from the radar echoes, the range measurement is computed using a retracking algorithm
which aims to estimate the time when the echo is received (epoch) inside a window and
add this to the window delay (an instrumental parameter corresponding to the time when
the acquisition window starts) [15]. As each surface leads to a different type of SAR echo,
a different retracking algorithm is needed for each surface. This range is then subtracted
from the orbital height and corrections are applied to account for atmospheric delays and
geophysical phenomena such as tides. The uncertainty in range estimation is, consequently,
directly linked to the quality of epoch estimation and to the retracking algorithm used.
Geophysical and environmental corrections and their associated uncertainties may be
evaluated in different ways. The outcome of this is the surface height, which is itself further
processed to obtain the desired ‘thematic data products’ (TDPs): higher level satellite data
that follow QA4EO principles.

For inland waters and land ice, the standard retracker currently used is the OCOG
retracker [16], which is an empirical retracker that computes the epoch from the centre
of gravity of the power integral of the radar echo. This approach has significant limits,
especially where there are multi-peak echoes, and physical-based retracking models are
under development. These physical-based models consider the specular nature [17] of
the returned signal over small inland water bodies, and/or the penetration in the media
(over land ice). Whatever retracker is used, it is also important to note that the satellite
track varies from orbit to orbit. Over a large lake, this is dealt with by defining a virtual
station as a larger area over which the lake surface is considered an equipotential surface
and therefore different tracks can be combined. Over rivers, a choice can be made between
creating a similar virtual station and correcting individual tracks to a particular position
using a model of the height variation in the river between the tracks and the virtual station,
or by providing the specific track position as part of the satellite dataset.

Ice sheets have complex terrains with significant surface undulations and slopes,
varying from gentle slopes and variable roughness in the inland to higher slopes and
rougher terrain along the coast, sometimes including a flatter floating part known as ice
shelves. Such complex surfaces can result in complex returned echo waveforms with
multiple peaks. Most commonly, the first reflection is used to identify the ‘point of closest
approach’ (POCA) to the satellite. The geolocation of POCA will depend on the surface
topography and can deviate by several kilometres from the satellite nadir ground track.
Since the satellite orbits vary by several hundred metres between different overpasses,
the repeated POCA tracks deviate even more due to the additional impact of variable
topography. The TDP therefore consists of both the slant-corrected POCA range and its
geolocation. For both land ice and sea ice, additional complexity comes from the fact
that the Ku-band radar penetrates and scatters within the top snow layer, both slowing
the return signal and providing a different reference to what is measured using other
techniques, such as laser altimetry.
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For sea ice, the primary objective is to derive the sea ice thickness. Here, as shown in
Figure 1, the principle is that radar signals can discriminate between ice floes and leads
(fractures in sea ice, where calm ocean water occurs) based on the shape of the returned
radar echo [5,18–20]. From this discrimination of observations, the differences between the
retracked surface height anomalies originating from floes and leads (interpolated into the
floe observations) are computed [20–23]. This difference is denoted as the radar freeboard
(height of sea ice above local water level). The radar freeboard is further processed to
account for the radar penetration in the snow layer above the ice, which slows the signal, to
give the sea ice freeboard [24]. The sea ice thickness is then determined by considering the
buoyancy of the ice (from the densities of ice and sea water) and accounting for the weight
of snow (depth and density) that is not measured by the radar.
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2.3.3. Overview of FRM Requirements for the Different Surfaces

Inland water observations include those over large lakes, where the altimeter data
are similar (but not identical) to ocean waters and smaller lakes and rivers, which require
separate dedicated processing [25,26]. The open loop tracking of SRAL has enabled far
smaller water bodies to be measured, bringing a new era of inland waters to satellite altime-
try [27]; however, signal contamination from the surrounding land is still often challenging,
as discussed in the previous section. For inland waters, permanent stations have been es-
tablished to monitor the long-term temporal variability of the water surface. Nevertheless,
these permanent stations, often supported by existing structures such as bridges and piers,
are rarely at the exact location of the satellite nominal overpass, considering in addition
that the actual overpass fluctuates from orbit to orbit. Comparisons are instead made to a
‘virtual station’, which is an area on a lake where the height is averaged, or a position on a
river where all measurements, from satellite or other approaches, can be corrected to those
in [28]. Such a translation is based on a river profile, or a lake profile, obtained during field
campaign measurements using boats, UAVs, or aircraft.

Sea ice thickness observations are based on altimeter measurements of ice floes and
leads, as shown in Figure 1, with corrections to account for snow and the buoyancy of the
ice. Independent measurements can be made to be compared with the satellite for each step
of the processing chain: the airborne radar can be compared with the radar freeboard [29],
other airborne [30] and in situ [31,32] methods can be used to validate sea ice freeboard and
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sea ice thickness, and submarine measurements [33], which provide sea ice draft (the part
of the sea ice below the water surface) measurements, can also be converted into sea ice
thickness measurements. Currently, the only permanent stations for sea ice observations
are ocean moorings continuously measuring the sea ice draft with upward-looking sonar
at a fixed point in space [34–37]. Due to the continuous movement of sea ice, the time
averaged sea ice draft will thus provide a spatial average of the ice pack. Semi-permanent
stations can be installed in buoys embedded in, and moving with, the sea ice [34,38,39];
such observations will provide continuous measurements following the same ice floe and
will not provide spatial variations in the ice pack unless multiple buoys are deployed in an
array. Aircraft campaigns are also important for sea ice product validation [40].

For land ice, satellite altimetry is used for two complementary purposes: either to
generate or georeference a digital surface model (DSM) for the ice surface (e.g., [41,42])
or to monitor changes in surface elevation over time (e.g., [43,44]). For DSM applications,
a widespread coverage of data is needed over a period short enough that the snow/ice
surface will not have changed significantly. For surface elevation changes, it is important
to monitor the same locations repeatedly over long time periods. Radar altimetry data
over land ice can be hard to interpret when there are complex surface variations within the
signal footprint. Over such surfaces, the returned waveforms can have a complex set of
peaks and be affected by penetration in the medium. Independent reference measurements
can be collected in airborne or snow vehicle campaigns or from semi-permanent stations
on the ice. Such stations can be sensitive to drifting snow and other temporary changes,
and need to be precisely georeferenced, accounting for topography.

2.3.4. Types of FRM

The FRM consists of observations from instruments that are independent of the satellite
observations and their processing, that can be compared with the satellite. In general, the
FRM observations cannot themselves be directly compared with the satellite measurand
but must be transformed to be comparable.

FRMs can consist of permanent, semi-permanent, or campaign-based observations.
Long-term data series from permanent stations may be supplemented by campaign-based
observation to determine the surface profile between the location of the fixed station
and the point of satellite overpass. For land ice, the in situ observations made are not
entirely permanent as the devices are mounted on ice that slowly moves. This movement
is far more pronounced with the constantly changing sea ice surface. These long-term
observations are conducted as the equipment floats with the ice or observes ice moving
past. For both ice campaigns, using aircrafts, UAVs, or moving platforms on the surface is
extremely important.

Most FRM techniques are based on forms of remote sensing: using radar, lidar, or
ultrasound measurements to determine distances to the surface. These relative measure-
ments also require knowledge of the position of the platform, whether that is mounted
to a bridge over a river, fixed above the ice, or on an aircraft or other moving structure.
The platform position is generally measured using a Global Navigation Satellite System
(GNSS) receiver. Sometimes, contact methods can be used where the GNSS is in contact
with the surface, for example, mounted on a raft pulled behind a boat or sled. There is
considerable synergy on the FRM techniques used on the different surfaces, and thus there
are advantages of considering the different FRMs as part of an overall system of systems.

2.3.5. Establishing the Measurand from the FRM Observations for Comparison

In general, with an FRM, the FRM observations need to be transformed (translated) to
match the satellite product measurand. The satellite measurand for these thematic products
is not necessarily the 20 Hz height measurements. As discussed in previous sections, it may
be the average height in a virtual station defined on a lake, the average sea ice thickness,
or a set of geolocated POCA measurements over land ice. Figure 2 schematically shows
how the FRM observations are transformed to match the satellite product measurand.
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The diagram shows how the nadir satellite track (black dotted line) passes over all of
the types of sites considered in this paper. Note that the satellite track can move several
hundred metres from one satellite overpass to the next. The satellite product measurand,
as shown from bottom to top, includes an area average over a lake virtual station (yellow
circle), an SAR footprint over an extended river and sea ice (pink rectangle), where the
latter is converted to a freeboard, and POCA measurements (blue dots) over land ice. The
FRM measurements, shown as campaigns in green or as fixed stations by grey diamonds,
must be transformed in space and time to match the satellite observations, and may also
be averaged. In moving surfaces, particularly sea ice, surface drift must also be taken
into account.
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Figure 2. Schematic drawing of a satellite track going over the different surfaces of interest, from
ice sheet (top) to sea ice (middle) and rivers/lakes (bottom). A full description is given in the text.
The altimeter track is represented by the dotted black line (with each dot representing a 20 Hz
measurement, where the footprint of such measurements is indicated by the magenta rectangles). Over
land ice (top part of diagram), the point of closest approach is calculated from the underlying topography
(shown as the bright blue dots in that part of the diagram). For each surface, an FRM is likely to combine
a fixed station (the grey diamonds) and possibly occasional field campaigns (green dashed lines) to
understand variability around the observations, or within a ‘virtual station’ (yellow ovals/circles).

Over lakes, the FRM comparison is performed against a satellite product measurand
that is the average water height within the virtual station. Campaign measurements (from
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a UAV or a raft behind a boat) can be used to determine an FRM value for the average
height within the virtual station at the time of the campaign. Data from a fixed station can
be used to provide a time series of this value, where the fixed station is either within the
virtual station or close by.

Over a river, the FRM needs to be translated to the location of the satellite overpass or
a defined virtual station. This spatial transfer must compensate for the river slope, which
has been previously determined through a UAV or boat campaign measurement along the
relevant stretch of river. Such campaigns must be performed for different river conditions at
different times of year. For highly dynamic rivers, a temporal transfer may also be needed
to account for variations in the river profile over time and the time it takes for the water to
move from the FRM station to the satellite overpass point.

Over sea ice, the different product measurands (radar freeboard, ice freeboard, sea ice
thickness) require different FRM instruments and thus different approaches for transferring
the FRM to the satellite measurand. Airborne campaigns (from aircraft or drones) can be
used to provide a large-scale profile of the sea ice and leads at a particular time. When
a Ku-band radar is mounted on the aircraft, it measures the radar freeboard in the same
way as Sentinel 3. With a Ka-band radar or lidar on the aircraft, the total freeboard is
measured, or in the case of Ka-band, a freeboard close to the total freeboard depending
on the snow conditions, as it might experience penetration into the top of the snow layer.
Ice buoys, embedded within the sea ice for a season, and ice breaker ship measurements
can be compared to the sea ice thickness satellite product. Finally, an upward-looking
sonar measurement of sea ice draft can be processed to sea ice thickness with a similar
analysis to how freeboard is processed (terms are as defined in Figure 1). In translating and
transforming these FRM measurements to the satellite product measurand, corrections are
needed to account for the movement of the sea ice. In many cases, this movement is dealt
with through large-scale area and temporal averaging. Where point-to-point comparisons
are used, the sea ice motion must be corrected for.

Over land ice, the satellite observations are geolocated at the POCA (blue dots in
Figure 2). Within a region of interest (yellow circle), a local DSM is produced during a field
campaign, which can be used to transfer the measurements at the fixed station to those
at the POCA for any specific satellite observation. Comparisons are typically averaged
within the region of interest. Field campaigns for generating the DSM can typically only be
performed in the Antarctic summer or Arctic spring, and assumptions must be made that
the relative topography only changes randomly between field campaigns.

3. Methodology
3.1. St3TART Project Approach

The first phase of the St3TART project had the aim of preparing a roadmap for op-
erational provision of FRMs for the inland water, sea ice, and land ice products from
Sentinel-3. This involved reviewing existing independent (non-satellite) measurements
and measurement campaigns through a literature review, installing instruments, and/or
performing prototype measurement campaigns, which included considering the processing
of data from an FRM and what transformations are required to convert the FRM mea-
surement into the measurand of the Sentinel-3 satellite, and performing the initial stages
of an uncertainty budget, including identifying key sources of uncertainty and showing
the metrological traceability of the observations. The results of the literature reviews and
prototype measurements were used in each case to categorise different FRM options.

Because each surface had different scientific and practical challenges, the different
teams emphasised these different aspects in different ways. The inland water team focused
on establishing a small number of prototype ‘supersites’ on European rivers (see Section 4.1)
with instruments and field campaigns to correct for river topography in comparison with
the satellite observations. The sea ice team focused on field campaigns to demonstrate
the ability of drone-borne lidar instruments in the harsh Arctic environment. The land ice
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team collated data from existing instrumentation and previous field campaigns to make a
prototype quantitative uncertainty assessment.

All of these efforts should be seen as the first step towards operational FRM provision
and considerable additional work is needed. This work was identified in the different
roadmaps (see Section 5).

3.2. Disseminating FRM to Users

It is important to ensure that FRM measurements, and their associated documentation,
providing traceability and uncertainty analysis, are available to the Cal/Val community
in a free and accessible manner. To enable this to happen, a website has been established,
with a user-friendly interface, permitting sharing FRM measurements with the community:
the FRM Data Hub, which is accessible to the public at the following URL: https://frm-
datahub.noveltis.fr/ (accessed on 3rd October 2023). All users can see available data, but to
download data, registration is needed.

To facilitate the integration of new datasets in the database, a format specification
document has been produced, describing the filename convention and the metadata of the
datasets. The chosen format is NetCDF, as NetCDF files are ubiquitous in Earth sciences
and therefore fully supported by a wide array of software solutions (QGIS, Panoply, ncview,
nco, cdo, etc.) and libraries in most common languages (Fortran, C/C++, Python, Java, etc.).
In addition, the format specification document lists the global attributes and the variable
attributes that are needed or optional for the FRM Data Hub. Through the website, a user
can browse data, filter data by surface type, time period, geographic area, type of sensor,
or provider, and then select measurements and visualise the associated metadata, before
downloading any dataset of interest.

The format specification document also specifies the way to distribute uncertainty vari-
ables: there shall be at least one uncertainty variable per variable, with an uncertainty value
per observation point. Ideally, the different sources of uncertainties shall be distinguished.
To take this into account, 3 uncertainty variables can be defined:

• variable_standard_name_uncertainty_systematic: to cover uncertainties associated with
effects that lead to errors that are common from observation to observation.

• variable_standard_name_uncertainty_random: to cover uncertainties associated with
effects that lead to errors that are independent from observation to observation.

• variable_standard_name_uncertainty_structural: to cover uncertainties associated with
errors that vary in ways between ‘systematic’ and ‘random’.

The variable attributes of the uncertainty variables shall give a link towards a docu-
ment describing how uncertainties have been calculated.

It is also important to ensure the “operational aspect” of data provision. The Sentinel-
3 Land STM Mission Performance Cluster (MPC) has requirements on the timeliness of
measurements, e.g., validation data shall be available within 2 days after the measurement
for hydrology Short Time Critical (STC) products. This means that some processes must
be defined to operationalise the production and distribution of FRMs. The FRM Data
Hub shall then offer interfaces such as FTP or API, to enable providers to push their FRM
data automatically to users as soon as they are produced. Of course, FRMs with longer
timeliness are also welcomed, especially for research activities and climate studies.

4. Results for Prototype Cal/Val Altimetry Protocols for Inland Waters, Sea Ice, and
Land Ice

In this section, we summarise the reviews of existing non-satellite observations that
are made over the different surface types and the results of the prototype activities.

4.1. Inland Waters
4.1.1. Strategy for Operational FRM Provision over Inland Waters

An approach towards FRM provision over inland waters has been explored and proto-
typed. The MRTD [6] describes the need for references over large rivers, their tributaries, and

https://frm-datahub.noveltis.fr/
https://frm-datahub.noveltis.fr/
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lakes. The approach involves (a) the development of new so-called ‘Cal/Val supersites’ that
are established as FRM sites, which may be new, or building on existing sites, and (b) taking
advantage of existing networks of in situ sensors, considered to be ‘opportunity sites.’

For rivers, the proposed supersites allow the analysis of watercourses of different
widths, with simple (canal) and complex topography, and slow or dynamic temporal
variations, with different measurement geometries (from perpendicular to parallel to
Sentinel-3 track) and different cross-track distances (analysis of the off-nadir capabilities).
These supersites are categorised according to how complex the transformation of the FRM
measured values into the Sentinel-3 measurand is. The sites established in the first phase of
the project are considered as examples and should be completed by other supersites that
follow FRM approaches.

In addition to the supersites that are chosen for their situation and variety, we encour-
age the use of ‘opportunity sites’. These take advantage of existing in situ networks, and
can be supplemented with additional efforts (e.g., uncertainty assessment, additional mea-
surements) to meet the FRM requirements when possible. The resulting FRM provisioning
strategy scheme is presented in Figure 3.
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4.1.2. Supersites for Inland Waters

Altimeter measurements of rivers are complex and dynamic, especially with rivers
with considerable slopes. The surface roughness can evolve drastically on a river or a
lake depending on wind conditions and the surrounding terrain, modifying the radar
return strongly and creating errors of several centimetres or decimetres. In addition, as
the position of the satellite track moves from cycle to cycle within ±1 km of the reference
ground track, the POCA will also move from cycle to cycle according to the position of the
track and the variation in the slope/landform of the river. This means that for supersites
on rivers with significant slopes, it is necessary to have regular measurements of the slope
and to know how it varies over time and as a function of river water height.

The following sites have been identified and instrumented in the course of this work
as Cal/Val supersites:

• Garonne river near Marmande in Southern France;
• Canal du Midi near Trèbes in the South of France;
• Rhine river in France near Strasbourg and in several places in Germany;
• Po river in Italy;
• Tiber river in Italy;
• Maroni river in French Guiana.

For lakes and reservoirs, several existing in situ sensor networks allow access to their
near real-time measurements and are well maintained and of good quality, notably in
Switzerland, Norway, the USA, Canada, and Denmark (among others). The permanent in-
strumentation is generally installed near the lake shore, and supplementary measurements
are required to quantify and account for the variation in the geoid across the lake surface.
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These sites could be considered as FRM supersites, when supplemented with periodic
campaigns with moving sensors, such as drone-embedded lidar or a towed GNSS carpet
(CalNaGeo or Cyclopée systems [45]), to improve knowledge of the local geoid, and when
the metrological uncertainty assessment is complete. Surface roughness can also have a
strong impact on the altimeter signal [46] and for these sites to develop into ‘FRM-quality’
sites, we encourage the development of instrumentation to monitor surface roughness
conditions (cameras) and the installation of wind gauges.

In this work, and as an example of how an existing site can become a ‘Cal/Val
supersite’, the Issykkul Lake in eastern Kyrgyzstan [47] was established as a supersite,
building on data and analyses over many years [48].

4.1.3. Opportunity Sites for Inland Waters

To complement supersites and to provide a cost-efficient increase in the number
of FRM sites over inland waters, we recommend taking advantage of existing in situ
networks. The following qualities are needed for an opportunity site to be useful for
Sentinel-3 Cal/Val:

• Located below a Sentinel-3 track less than 150 m from the satellite reference ground
track. Some sites can be selected at a higher distance if they have small or well-
characterised slope (e.g., for relatively small lakes that can be assumed to be flat).

• Data must be easy to access and FAIR [49].
• Data must be available within a 28-day latency period for near real-time applications.

(For long-term validation applications, this requirement can be reduced.)
• Well georeferenced.

If all of the conditions listed above are met, the site can be used and selected as an
opportunity Cal/Val site for operational FRM provision, although for it to use the label
‘FRM’, metrological uncertainty assessments are needed.

4.1.4. Complexity Classification for Inland Water Supersites

As mentioned above, each Cal/Val site is different from others due to the hydrological
characteristics, the surrounding terrain, the crossing geometry with Sentinel-3 ground
tracks, or the ease of installing instrumentation in the field. These differences provide
different levels of complexity in comparing the measured value with the satellite. For these
reasons, it can help to identify categories of Cal/Val sites depending on the following:

• Hydrological properties of the inland water body;
• Crossing geometries with Sentinel-3 ground tracks;
• Location of the in situ sensors.

Such a classification can also support the development of operational processing,
with more complex algorithms used for more complex sites. Following this convention,
four classes have been defined: Complexity Level 0 (CL0), Complexity Level 1 (CL1),
Complexity Level 2 (CL2), and Complexity Level 3 (CL3), from the ‘simplest’ case to the
‘most complex’. It is important to note that for sites where the river and the satellite track are
collinear, the complexity level can change from CL0 to CL1, or CL2 or CL3, depending on
the hydrological properties of the inland water body and the increasing distance between
the actual satellite measurement and the reference in situ station. This classification is used
to classify the supersite FRMs. In identifying opportunity sites, given the other limits and
for the sake of simplicity, we only consider CL0 sites.

Table 1 summarises the parameters used in site classification, including the character-
istics of each class and the associated FRM measurement model. As presented in the last
row, St3TART has established at least one representative supersite belonging to each class.
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Table 1. Summary of the site classification.

CL0 CL1 CL2 CL3

Characteristics

- Located under satellite
ground track

- No slope correction
from instrument to
satellite track

- No propagation time
correction

- Not necessarily
located under satellite
ground track

- No propagation time
correction (river not
changing rapidly)

- Slope correction
between river height
at instrument and
satellite track but not
dependent on the
water height

- Not necessarily
located under satellite
ground track

- Propagation time
correction (river
changing over travel
time from instrument
to satellite track)

- Slope correction but
not dependent on the
water height

- Not necessarily
located under satellite
ground track

- Propagation time
correction

- Slope correction
evolving with the
water height

FRM measurement model
parameters

Water surface height at the in
situ sensor

Water surface height plus
slope correction for river
height differences

Water surface height
corrected for water
propagation time plus slope
correction

Water surface height
corrected for propagation
time plus time-dependent
slope correction

FRM measurement model h(t) h(t) + ∆hslope h(t + ∆t) + ∆hslope h(t + ∆t) + ∆hslope(t)

Cal/Val sites
Trèbes, Po River (Isola
Pescaroli for S3B), Tiber River
(Santa Lucia)

Grand Canal d’Alsace (French
part of the Rhine River) German Rhine Garonne River, Po River,

Tiber River

These classes make no statement about the quality of the site, or its value for calibration
and validation. For a site to be identified as an ‘FRM’, it must be of high quality and
provide reliable comparison results for the satellite sensor. The uncertainty associated
with a comparison over a CL3 site could, in principle, be smaller than that over a CL1 site,
but the equation to calculate it will be longer. The classification is used to describe the
complexity of the site. So that Sentinel-3 is validated over a wide range of conditions, it is
important to establish supersites of all classes.

4.2. Sea Ice
4.2.1. Existing In Situ Measurements for Sea Ice

Establishing FRM quality measurements of sea ice is challenging. Due to the limited
accessibility and logistics, there are few reference observations in the polar areas, and even
fewer that provide the full suite of observations required to fully validate the satellite
observations. The Cal/Val experiments currently conducted over sea ice for satellite al-
timetry validation include permanent solutions (upward-looking-sonar (ULS) moored to
the bottom of the ocean [35–37,50]), semi-permanent solutions (ice mass balance buoys
[38,39,51,52] or acoustic buoys [53] anchored to a single floe, which drift along with the
ice pack), or campaign observations (airborne, shipborne, or ground-based [40,54–56]).
Permanent and semi-permanent observations often have high temporal sampling, whereas
the spatial sampling is limited to point measurements. For airborne or shipborne cam-
paigns, it is often the opposite case, where spatial sampling is high, but the campaigns are
infrequent. Due to limited accessibility and a persistent ice cover in the central Arctic, it
is impossible to cover the full Arctic sea ice pack during a yearly cycle. Hence, there will
be an overrepresentation of sea ice conditions in more accessible areas (Skourup et al., in
prep [40]), resulting in satellite observations only being validated for some conditions (e.g.,
most airborne flights occur in the Western Arctic along the Canadian and Greenlandic coast,
as opposed to the Siberian side). There is a dramatic lack of measurements in Antarctica
year-round and of the Arctic summer sea ice.

Observations collected during campaigns depend on the set-up and suite of instru-
ments available: some airborne campaigns collect estimates of radar freeboard, total free-
board (ice + snow freeboard), and snow depth, while others collect observations of total
freeboard and total thickness (snow + ice thickness), or other combinations [40,54,57,58].

Although the FRM quantity is a measurement of ice freeboard or sea ice thickness,
FRM measurements should also include auxiliary snow depth measurements, and other
parameters, more difficult to measure, are also necessary, such as the density of the ice, and
to a lesser extent, the density of the snow.



Remote Sens. 2023, 15, 4826 14 of 29

4.2.2. Field Campaigns and Conclusions for Sea Ice

The St3TART project organised two field campaigns:

• The ESA St3TART 2022 spring campaign in Baffin Bay using new and tested sensors
and methods with a fixed winged aircraft, drone, and an autonomous drifting buoy.

• The Drone Experiment for Sea Ice Retrieval (DESIR) 2022 summer campaign in the
central Arctic (Amundsen and Nansen Basin) onboard the ship “Le Commandant
Charcot” to test drone deployments from a moving platform, coincident with real-time
sea ice thickness measurements obtained using an electromagnetic sensor (the SIMS)
mounted on the stern of the ship.

These campaigns provided the opportunity to test and demonstrate new sensors
and techniques, including lidar-equipped drones and miniature snow radar additions
to autonomous drifting ice thickness (Ice-T) buoys, and demonstrated the challenges
associated with conducting field campaigns in the Arctic environment. Where the new
sensors and techniques provide the testbed for future FRM for Sentinel-3 Cal/Val on local
scales, the airborne observations act as a baseline, as these measurements have already
been used for satellite altimetry Cal/Val for the past couple of decades, and link the local
scales to regional scales. The airborne team overflew two Sentinel-3A satellite tracks and
one Sentinel-3B satellite track, where the Sentinel-3B track was the same track under which
the Ice-T buoy was deployed.

The campaigns have demonstrated the capability to use a lidar- and camera-equipped
drone system in Arctic conditions with temperatures as low as −13 ◦C on both land and
ship [59]. The total freeboard at the interface between sea ice and water was computed
for the data collected by the lidar altimeter, together with surface classification using the
camera to take pictures of the observed surface. The campaigns further demonstrated the
use of miniature radars to estimate snow depth with an accuracy of the order of a couple
of cm from an autonomous drifting Ice-T buoy. Finally, the campaigns used a variety of
sensors and platforms for the validation of Sentinel-3 over sea ice, i.e., where the airborne
measurements provide regional information of sea ice and total freeboard and surface
classification, the Ice-T buoy has the capability to provide ice thickness and snow depth,
as well as information on the sea ice drift. The drone provides a link between airborne
campaigns by providing seasonal variations on local scales. The Sea Ice Measurement
System (SIMS) mounted on the ship turned out to be a great source of evaluation data for
the drone measurements, and to have great potential as a future FRM.

4.2.3. Strategy for Operational FRM Provision over Sea Ice

A suite of FRM measurements for sea-ice-covered regions shall represent seasonal as
well as regional coverage, and preferably cover different sea ice types (i.e., first-year and
multi-year ice) and different locations in both hemispheres. The selected sites shall further
be acquired as far as possible in locations which optimise the number of over-flights by the
considered satellite orbit, e.g., for Sentinel-3, below 81.4◦N/S, but as close as possible to
this high latitude, and preferable at Sentinel-3A/Sentinel-3B crossings. However, options
are limited by constraints such as the fact that the long polar nights limit the accessibility
for some measurements, such as airborne and helicopter, only allowing such measurements
to be obtained from around February to October (exact dates depend on latitude).

In the Arctic, the northern-most coverage of Sentinel-3 leaves a huge uncovered polar
gap, which again limits the coverage of multi-year ice to about 10–20% of the total sea-
ice-covered regions by Sentinel-3. Thus, it is important to take FRM measurements in the
Beaufort Sea, where both ice types are present. Other potential regions are Baffin Bay, the
Russian Arctic, or the Fram Strait. Baffin Bay and the Russian Arctic primarily consist of
first-year ice, and the Fram Strait is a very dynamic region with high drift speeds, where
tying different FRMs and Sentinel-3 measurements together can be very challenging.

Over sea ice, we need to combine different sensors and platforms to provide regional
and seasonal coverage. According to the MRTD, each FRM requires uncertainty smaller
than 10 cm for sea ice freeboards taken from independent measurements, and 50 cm for
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sea ice thickness to be useful for Sentinel-3 calibration and validation [6]. As discussed
in Section 2.1, FRMs should themselves be intercompared. Operational sensors can be
validated through field measurements involving alternative instruments, e.g., using a snow
radar when comparing Ku radar measurements with Ka or laser.

Real-time solutions of operational validation data over sea ice are limited to SIMS
and drifting buoys, whose data are uplinked by Iridium. Drifting buoys typically provide
information about sea ice thickness, temperature profiles, and potential snow depths.
Certain post-processing steps might increase the latency time. Other sensors have longer
latency times depending on the measurements, e.g., upward-looking moorings that are
below the ice need to be physically recovered to obtain access to the data, and this is
typically performed once a year by visiting the site with a ship. The post-processing of,
e.g., airborne campaign data depends on the number of campaign flights, the number
of sensors, the availability and level of processing algorithms, the resources, and the
experience of the staff. As a minimum requirement, the FRM shall ideally be provided
within a month, and in the worst case scenario, within a year.

4.3. Land Ice
4.3.1. Existing In Situ Measurements for Land Ice

There are two fundamental approaches to provide FRMs over land ice. First, there
are survey campaigns that provide profiles of absolute height along tracks that cross the
satellite observations. Such absolute survey campaigns can be performed by moving
instruments on the ground (e.g., GNSS on a snow vehicle) or from aircraft (crewed or
drone, equipped with lidar, radar, or photogrammetry). The second approach is to install a
fixed ground station on the ice that takes pseudo-continuous measurements at a frequency
greater than the time between satellite overpasses.

In this work, we surveyed existing approaches to identify priorities for FRM sites [60].
To account for small-scale spatial and temporal surface height fluctuations and minimise
the impact of small-scale surface roughness variations (e.g., sastrugi) and make the FRM
surface elevation time series more robust, the fixed station should consist of several surface-
measuring instruments spaced a few metres apart, whose data are checked for outliers
and averaged into a time series. A geodetic GNSS receiver should be placed near the
surface-measuring instruments to act as an absolute positioning reference.

The in situ station should be installed near where POCA tracks from Sentinel-3 are
known to cluster due to surface topography and where the surface topography is stable
over time. A reference DSM is needed over the area that covers the possible POCA positions
for multiple overpasses along the reference orbit(s). This DSM is generated from a local
measurement campaign (by air or on the surface) and should be re-surveyed at a frequency
of 1–5 years to document and compensate for any relative topographic changes that are not
random. A larger-area DSM allows more POCAs to be compared with the fixed station,
helping to reduce noise due to the spatial transfer itself and the radar signal interaction
with the variable surface and sub-surface. As a minimum, the DSM should capture all
across-track deviations in POCA trajectories from the fixed station, which can vary from
a >2 km radius from the fixed station for reasonably flat areas to 10–15 km for areas with
complex topography.

As well as such long-term in situ stations, we considered both airborne and in situ
observational campaigns as potential FRMs. Existing airborne radar and lidar systems for
land ice applications are similar to those used for sea ice. Long-range airborne surveys that
operate from an airbase, without requiring any field personnel on the ice, have been more
frequent than smaller scale in situ surveys with UAVs.

Airborne surveys over land ice can have multiple purposes:

• Reference topography (photogrammetry or lidar with complete coverage; can be
an FRM)

• Ice thickness and deep stratigraphy (profiling with low-frequency radar; not relevant
for FRM)
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• Snow accumulation and shallow stratigraphy (profiling with high-frequency radar;
auxiliary data to an FRM)

• Ice thickness change and glacier mass balance (repeated surveys of surface elevation;
can be part of an FRM)

• Cal-Val of satellite sensor performance over snow and ice (simulations with compara-
ble instruments)

The two main existing series of airborne campaigns relevant for altimetry Cal/Val
in polar regions are NASA’s Operation IceBridge (2009–2019) [40,61] and ESA’s CryoVEx
program (active since 2003 in various forms), including coordinated in situ fieldwork on
(mainly) Arctic ice caps, the Greenland Ice Sheet and Arctic sea ice (e.g., [62,63]). Both
airborne programs have had dual lidar/radar systems onboard, which have facilitated
detailed studies of signal penetration, snow depth, and surface mass balance in addition to
altimetry validations.

In situ surveys of surface elevation are conducted with kinematic GNSS, with the
antenna mounted on a snow vehicle/sledge, or by UAVs using photogrammetry or lidar.
Surface GNSS surveys can be targeted on DSM generation via grid-line profiling or on
repeats of satellite altimetry ground tracks, e.g., where POCA tracks tend to cluster along
topographic ridges such as ice divides [64]. There has been extensive development of sur-
veying techniques to obtain DSM via Structure from Motion (SfM) analysis of UAV optical
images in recent years. Motivated by applications in hydrology, there are many studies of
snow depth estimation in mountainous areas, based on the subtraction of DSM with and
without snow [65–68]. Applications over land ice in polar regions have typically focused
on calving glacier fronts where surface access is otherwise difficult due to crevasses [69].

The use of a UAV lidar system in polar regions is still limited. However, combined
with SfM applications, the lidar could allow centimetre-level uncertainties [70], although
uncertainties of ~10 cm were obtained by Crocker et al. [71] in Greenland, Svalbard, and
over the Southern Ocean (near McMurdo station). Currently, only a small number of UAV
lidar observations of ice topography in polar regions have been made.

Established infrastructure sites and observational/logistical transects are attractive
for FRM development as they are regularly visited and generally have secured mainte-
nance through respective national polar programs. If sufficient competence and capacity
exist, additional Cal/Val activities can be carried out at a relatively low cost compared
to establishments in new areas. On the Greenland ice sheet, the PROMICE/GC-NET
network of Automatic Weather Stations (AWSs) is unique [72], whereas on the Antarctic
Ice Sheet, the IGE GlacioClim network [73,74] between the coastal and inland research
stations in Adèlie/Wilkes land stands out for having multiple AWSs in different ice sheet
environments. For glaciers and ice caps, it is natural to focus FRM development on the high-
latitude polar ice caps where the Sentinel-3 track spacing is dense and where the additional
validation aspects of seasonal surface melting and higher surface slopes can be readily
assessed. The Austfonna Ice Cap on Svalbard and the Devon Ice Cap in Arctic Canada
stand out for their vast sizes and annual field activities through monitoring programs
for surface mass balance. These two sites also have a Cal/Val legacy from past CryoVEx
campaigns with coordinated airborne (ASIRAS radar, and ALS lidar) and ground-based
(kinematic GNSS and radar) surveys, see, e.g., [64,75,76].

4.3.2. Strategy for Operational FRM Provision over Land Ice

To assess land ice elevation changes, we need to assume that the bedrock surface
underneath the ice is stable or that its uplift (or subsidence) can be corrected from nearby
GNSS observations on ice-free areas or by glacial loading models (e.g., [77]). We also need
a stable reference point for the upper surface which can be the true surface of the snow
(or ice), or a sub-surface horizon represented by a physical transition in material structure
or density. Surface firn and fresh snow layers move with the ice flow, either uniformly by
basal sliding (tens to hundreds of metres per year) or more slowly (a few metres per year)
from internal deformation in cases where the bed is frozen to the ground. Over time, snow
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can compact, new snow can accumulate, and snow and firn may erode due to wind and be
deposited in new places. In milder climates, snow melts down and sometimes exposes firn
or ice at the surface in summer.

All of this means that the surface is changing dynamically, and so there is no simple
reference surface for ground-based validation measurements. Surface elevation changes are
also difficult to assess due to a lack of stable reference elevations or ground control points
to monitor the change against. Regions with strong snow drift also have a particularly
complex structure with depositional features at various scales from smaller sastrugi to
massive dunes. These formations evolve and migrate with time and align in various ways
with the dominant wind direction. The drifting snow provides a very dynamic surface,
with spatial scales of decametres that vary in hours, and sometimes minutes. Any in situ
measurement needs to average over sufficient spatial and temporal scales to minimise
the effect of the drifting snow structures. It also needs to be updated regularly enough to
account for the other slower-process changes such as firn compaction and ice motion.

The only way to deal with short-term surface variability is by an FRM from a fixed
station installed near Sentinel-3 POCA locations. A geodetic GNSS receiver is needed to
act as an absolute positioning reference. The GNSS would be fixed at the ice surface, but
then move downslope with the ice. The antenna’s ellipsoidal height is directly measured
by the GNSS, whereas its height above the real surface continuously changes with snow
accumulation and erosion. GNSS positions would be retrieved using the precise-point-
positioning (PPP) technique since GNSS base stations are typically too far away. The
relative height of the antenna above the surface would be retrieved using laser scanning or
ultrasonic rangers commonly used in existing monitoring programs. More recent work has
also investigated the direct retrieval of snow height from GNSS reflections [78].

To account for small-scale spatial and temporal surface height fluctuations and surface
roughness variations (e.g., sastrugi), as well as making the FRM surface elevation time
series more robust, the fixed station should ideally consist of several surface-measuring
instruments spaced a few metres apart, whose data are cross-compared and averaged into
a time series. This will provide an averaged local reference elevation over approximately a
5 × 5 m2 area. Annual field visits will, in most cases, be needed to maintain the instruments,
as well as to survey and re-evaluate the reference DSM needed for the spatial transfer
between the fixed station and the altimetry observation along POCA trajectories.

Observational FRM campaigns beyond the fixed stations should be aimed at the direct
validation of multiple Sentinel-3 tracks over a given period (e.g., one Sentinel-3 orbit cycle)
when the surface can be assumed to be stable. If the location of POCA tracks can be
precisely predicted, or the survey carried out shortly after a satellite overpass, then the
navigational flexibility of a snow vehicle makes it possible to follow an undulating POCA
track exactly on the ground for direct absolute validation. This can be an efficient way to
achieve many comparison points for individual tracks without any need for interpolation.

4.3.3. Towards Metrological Uncertainty for Land Ice Products

An initial uncertainty assessment was performed, identifying and quantifying the
key sources of uncertainty in the measurements. This assessment considered the error
correlation structures (i.e., systematic and random effects) between different observation
stations in the same region and temporarily between measurements at different times.
Uncertainties in FRM data from fixed stations will relate to the GNSS, the sonic or laser
rangers, and the spatial transfer performed with the DSM. The Cal/Val approach will also
need to assess uncertainty in the POCA location and in the interpretation of the waveform,
e.g., using electromagnetic models [79]. The PPP method for GNSS measurements avoids
the need for a base station and the first-order ionospheric delay is removed through the
combination of dual-frequency GNSS measurements. The GNSS satellite orbit and clock
error corrections are derived from a network of global reference stations and can be directly
delivered by geostationary satellites, but it is preferable to use more precise post-processed
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products that become available with a delay of a few weeks. Typically, a vertical uncertainty
within 10 cm can be achieved depending on the quality of corrections.

The uncertainty of the sonic ranger measurements is related to the spatial variability
of surface elevation. For a surface RMS height of typically 7–10 cm, with N = 10 point
observations (with ultrasonic gauges or accumulation stakes), the uncertainty would be
2.5 cm (25–35% of the RMSE). For higher surface roughness, more sensors would be
needed to achieve similar uncertainty. To reduce the uncertainty associated with the
spatial variability in elevation, laser scanning of the FRM site would be a great added
value [80]. Including the uncertainty (~10 cm) associated with the acquisition of the DSM,
the combined standard uncertainty of a fixed station FRM is expected to be in the range of
20–30 cm.

5. Discussion and Roadmap

In this section we draw conclusions from a review of approaches and the preliminary
prototype activities in order to identify where follow up work is needed and how the
operational provision of FRM data can be realised.

5.1. Inland Waters

Based on the MPC requirements to meet the MRD (Sentinel-3 Mission Requirements
Document) objectives, the recommendations from the CCVS (Copernicus Cal/Val Solution)
project, additional discussion with the EEA (European Environment Agency), and following
the outcomes of the TD-1 FRM Protocols and Procedure for Sentinel-3 STM Inland Water
Products [48], we have defined the following strategy:

• Establish Cal/Val supersites, where advanced in situ instrumentation is installed on a
set of carefully selected sites to ensure the operationality of the FRM production, to
serve as a reference in terms of FRM quality, and to allow the analysis, exploration, and
better understanding of Sentinel-3 measurements in different configurations of inland
waters. A set of eight Cal/Val supersites (Canal du Midi, Garonne River, Po River,
Tiber River, Maroni River, Issykkul Lake, Rhine River on both French and German
sides, and the Neckar River) have already been identified, equipped, and analysed,
and the conclusion for each site [48] has demonstrated the validity of the approach.
These sites will continue to be operated and we encourage the establishment of further
supersites following the same principles.

• Make use of opportunity sites from existing in situ networks from different countries to
increase the number and variety of comparisons that can be made against Sentinel-3 to
establish statistical estimates of performance over inland waters. A non-exhaustive
list of public networks that can be used as opportunity sites for the evaluation of the
Sentinel-3 performances over inland waters has been identified in [48]. We encourage
work to determine the uncertainty associated with these sites so that they can move
towards FRM status.

• Process the data and establish uncertainties of supersites considering the complexity
of the sites, as defined by complexity-level classifications. Establishing consistent ap-
proaches to processing ensures efficiency of operation. The FRM comparison strategy
should include sites from all complexity classes.

• Ensure rigorous uncertainty analysis, supported by a metrological approach to derive
the uncertainty tree diagram, allowing the computation of uncertainty for each class
of the complexity-level classification.

• Extend the approaches established over the lake Cal/Val supersite at Issykkul Lake to
other well-maintained lake and reservoir sites.

5.2. Sea Ice

The work described in Section 4.2 has identified state-of-the-art measurements that
could be considered to be of FRM quality and has allowed us to establish a consistent FRM
framework for such measurements, with an analysis of their maturity level. Considering
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the dramatic lack of FRM quality measurements for sea ice thickness and snow depth,
we recommend two types of action in support of future Sentinel-3 operational provision:
(1) the reinforcement of demonstrated methodologies and continuation of long time series
and (2) the development of new low-cost approaches.

Concerning (1), we recommend reinforcing the deployment and exploitation of existing
upward-looking sonar moorings below the ice through collaborations with oceanographic
institutes. It is highly important to secure the maintenance of the existing ice profiling
moorings, in particular the Beaufort Gyre Exploration Project [81]. It is also important
to extend the network by adding upward-looking sonars to new ocean moorings at key
locations, i.e., below 81.4◦N, and preferably below Sentinel-3A/Sentinel-3B crossing-points.
We further recommend the scientific use of sea ice thickness measurements from icebreakers
using SIMS (possibly adding a snow radar) to increase the spatial and temporal coverage.
Finally, we recommend continuing recurrent airborne measurements in spring with lidar (or
an electromagnetic induction device, such as the Geonics EM31) in combination with a snow
radar in the western Arctic to tie regional studies to those of a larger scale. The airborne
campaigns shall prioritise under-flights of dedicated Sentinel-3 tracks and over-flights of
ice profiling moorings to fully exploit the radar freeboard to draft conversion.

Concerning (2), we recommend deploying several Ice-T IMB buoys which include a
snow radar. The deployment site should preferably be in the Beaufort Gyre with deploy-
ment in summer, which would allow the buoy to provide measurements through the full
season. We further recommend the use of drones equipped with both snow radar and lidar,
which have been proven for Arctic conditions as described in Section 4.2.2. Drones will
become an essential means of measurement, particularly in hard-to-reach areas, offering
an intermediate level of coverage between in situ and airborne systems, and they can
be deployed from small Arctic communities, polar stations, or icebreakers, enabling a
significant increase in spatial and temporal coverage at a limited cost. To ensure operational
capabilities from drone measurements, they would need to be deployed systematically on
each expedition, so that their performance can be assessed against other measurements.

In general, particular attention should be paid to measuring the snow depth, which
is still very poorly known, and the variable associated with the largest uncertainty in the
radar freeboard to sea ice thickness conversion, where it is used both to calculate the snow
loading and to calculate the radar propagation delay through the snow layer. Operational
measurements of snow depth should be part of a future observing system. We therefore
need to ensure the availability of airborne snow radars and support the development of
small radars that can be carried by drones, SIMS, and buoys. Without these data, we will
not be able to validate the sea ice thickness measurements made by Sentinel-3 and other
altimeters, or the snow depth measurements to be made by the future CRISTAL (Copernicus
Polar Ice and Snow Topography Altimeter) [82] and CIMR (Copernicus Imaging Microwave
Radiometer) [83] missions.

The transition to operational FRM provision requires upstream planning of the post-
processing and distribution chains. Indeed, this step is often underestimated and results
in considerable delays in the production of FRMs. These delays, which can exceed one
year, have an impact on the validation of satellite data. Finally, we underline the fact that
validation data of the ice pack are currently extremely rare, and even almost non-existent
in Antarctica and during polar summers. Thus, it is necessary to support, gather, process,
and distribute acquired data or on-going time series, whether or not they meet all of the
criteria to be qualified as FRMs.

5.3. Land Ice

In Section 4.3.2, we outlined a strategy for a fixed station FRM over land ice. This
type of combined station with GNSS and sonic rangers [78] is rare in the polar regions
and would require annual visits for maintenance. These visits would also be necessary
to survey and revaluate the reference DSM that is needed to connect the station with the
possible positions of POCA for multiple passes along the reference orbit. To facilitate
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regular maintenance, these stations should be located near permanent scientific bases or
along the logistical supply routes to these bases; see Tables A2 and A3 (more details in [84]).

The key observations that are required for land ice FRM are as follows:

• Surface elevation of repeated ground tracks or grids that cover multiple Sentinel-
3 ground tracks;

• Surface elevation time series for seasonal evolution and long-term trends on Sentinel-
3 footprint scale;

• Snow/firn properties (stratigraphy, density, temperature), for relation with volume
scattering effects on surface elevation estimates from Ku-band.

The validation data should be collected from sites that are representative of the larger-
scale monitoring of glacier and ice sheet mass balance with Sentinel-3 altimetry, in particular
ice sheet interiors (low-slope, cold conditions), ice sheet margins (medium slopes, seasonal
climate), and polar ice caps or icefields (higher slopes, strong seasonality, widespread melting).

Obtaining continuous FRMs on land ice with fixed stations should be complemented
with airborne or in situ survey campaigns along tracks that overlap the satellite observa-
tions, as discussed in Section 4.3. Such campaigns can be carried out in a cost-efficient
way in combination with FRM station servicing or established in situ monitoring, giving
opportunity for further ground transects with kinematic GNSS/GPR or larger-scale UAV
surveys. Due to the remoteness and resource-intensive logistics, potential airborne FRM
campaigns in Antarctica should be coordinated with other air-based projects as an add-on
or side activity, for example, through the SCAR initiative RINGS [85].

In summary, we have the following recommendations for in situ campaigns:

a. Annual or biannual campaigns of 1–2 weeks in the Arctic (Greenland and/or Arctic
ice caps) and Antarctica (coastal region) in conjunction with FRM station servicing or
established in situ monitoring programmes.

b. Snow vehicle surveys with kinematic GNSS along targeted Sentinel-3 tracks within
periods of one month time separation.

c. Auxiliary data should be collected on snow properties (stratigraphy/layers, grain
size, density, and temperature) from GPR, probing, snow pits, or shallow cores.

d. Surveys should consider Sentinel-3 processing outputs from different relocation and
retracking methods.

e. Surveys should ideally cover a range of surface conditions (smooth, rough, sastrugi,
etc.) and slopes.

And, similarly, the recommendations for airborne campaigns are as follows:

a. Airborne campaigns every 2–3 years in the Arctic and every 3–5 years in Antarctica,
balancing benefits and costs.

b. Flights from one or more airports in Greenland, Svalbard, or Arctic Canada (station
airstrips in Antarctica).

c. Primarily grid-based surveys with lidar and preferably a radar altimeter (e.g., ASIRAS)
and optical camera.

d. Survey duration of a few days per 2–5 target areas, of 2–3 weeks in total, including
weather days.

e. Coverage of POCA variations for a few selected tracks within a period of one month
time separation in each target area.

f. Surveys should cover a range of surface conditions (smooth, rough, sastrugi, etc.)
and slopes.

g. One summer campaign over melt-affected areas in the Arctic for contrasting with
main reference campaigns in late winter/spring.

h. Coordination with sea ice campaigns and in situ land ice surveys, if possible.

6. Conclusions

The St3TART project aimed to define a roadmap for the operational provision of FRMs
for the validation of Sentinel-3 STM Land Thematic Products, based on the definition and
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consolidation of methods and protocols and identifying the most relevant and cost-effective
methods to be maintained, supported, or implemented. This work, performed by different
thematic experts for the three surfaces, inland waters, sea ice, and land ice, enabled the
identification of the FRM constraints that are unique to each surface. The seasonality, the
dynamics of physical variables, and the geographical and climatological constraints are
very different; therefore we developed three different FRM strategies and roadmaps as
presented here and further detailed in available project reports [48,60,84,86–88].

Efficient data distribution is a common need for all three surfaces: all FRM data can be
distributed through a unique and centralised system, gathering the different stakeholders
around a single platform. Another commonality between surfaces is the methodology used
to evaluate uncertainties: we have outlined the “5-step metrological approach”, which
was followed to define and quantify the different sources of uncertainties and their impact
on the final measurement. There are also some similarities in the sensors used for the
three surfaces: GNSS solutions remain the standard for absolute positioning, and drones
equipped with lidar have been identified as a promising technique for further development
and implementation as a source of FRMs.

Another common conclusion is the importance of auxiliary observational networks,
and not only relying on “FRM supersites”. For land ice and sea ice, there are very few relevant
measurements available, and so it is essential to consider all of them. For inland waters, it has
been demonstrated that opportunity sites are very complementary to FRM supersites.

Finally, it is essential to coordinate FRM efforts with other agencies, such as the EEA,
and other projects to mutualise and optimise the campaign and operation costs.
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Appendix A Comparison between Sentinel-3 Data and FRM for Inland Waters

Taking into account the complexity level of each site and associated equations, FRMs
were calculated for each Sentinel-3 track over the micro-stations. These FRMs were com-
pared to the Sentinel-3 height measurement. The results obtained over supersites are
summarised in Figures A1 and A2, respectively, in terms of RMSE and absolute bias.

https://frm-datahub.noveltis.fr/
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Figure A1. RMSE obtained on each site when comparing Sentinel-3 L2 WSE to FRM for each site. Each colour corresponds to a complexity level: light grey for 
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Based on these results and on the overall study of all supersites, the table below
describes each supersite and the associated recommendation for the roadmap.

Table A1. Description of each supersite and its associated recommendation.

River Site Station Name Satellite Complexity Level Recommendation

Canal du Midi Trèbes (France) trèbes_1 S3A 0 To be maintained

Maroni Chez Tooy (French
Guiana) chez_tooy_1 S3A 0 To be maintained

Rhine River Ottmarsheim
(France)

ottmarsheim_1,
chalampé_1 S3A 0 To be maintained

Rhine River Strasbourg
(France) strasbourg_1 S3B 0

Micro-station must
be moved on the
other arm of the
Rhine River

Rhine River Gerstheim (France) gerstheim_1 S3A 0 To be maintained

Neckar River Oestrich-Winkel
(Germany) oestrich-winkel_1 S3A 0 To be maintained

Neckar River Mannheim
(Germany) mannheim_2 S3A 0 To be maintained

Po River Isola Pescaroli
(Italy) isola-pescaroli_1 S3B 0 To be maintained

Neckar River Esslingen am
Neckar (Germany)

esslingen-am-
neckar_1 S3A 1 To be maintained

Maroni River Kio Konde (French
Guiana) kio-konde_1 S3A 1

To be changed to
Complexity Level
2

Po River Casale Monferrato
(Italy)

casale-
monferrato_1 S3A 2

Micro-station must
be moved
upstream

Po River Casale Monferrato
(Italy)

casale-
monferrato_1 S3B 2

Micro-station must
be moved
upstream

Po River Isola Pescaroli
(Italy) isola-pescaroli_1 S3A 2

To be changed to
Complexity Level
3

Po River Boretto (Italy) boretto_1 S3A 2 To be maintained

Po River Pontelagoscuro
(Italy) pontelagoscuro_1 S3A 2 To be maintained

Garonne River Marmande
(France)

marmande_1,
marmande_2, le-
mas-d-agenais_1

S3A 3 To be maintained

Garonne River Marmande
(France)

marmande_1,
marmande_2, le-
mas-d-agenais_1

S3A 3 To be maintained

Garonne River Marmande
(France)

marmande_1,
marmande_2, le-
mas-d-agenais_1

S3A 3 To be maintained

Garonne River Marmande
(France)

marmande_1,
marmande_2, le-
mas-d-agenais_1

S3A 3 To be maintained

Issykkul Lake Issykkul
(Kyrgyzstan) Cyclopée S3A 3 To be maintained

Appendix B

The tables below list the permanent inland scientific bases and the routes of the
logistical traverses supplying these bases, identified during the project as being possible
positions to install the FRM stations on.
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Table A2. Selected infrastructure sites operated by ESA member states and suitable for S3 land ice
FRM development.

Region Site Location Institute/Station Years of
Data Instruments * Surface

Type Slope S3 Dist. Service Area
Surveys

Antarctica
Cap Prud-
homme

66.7◦S
139.8◦E
0–500 m
asl.

IGE,
IPEV/GlacioClim 2005-> Three sites with

AWS, SR, GNSS

Ice sheet
margin,
snow

Low A few km Annual,
summer Annual

Svalbard Austfonna
Ice Cap

79.7◦N
22.2◦E
200 m asl.

NPI, U. Oslo 2004-> AWS, SR, GNSS
Ice cap
margin,
snow/ice

Low
800 m,
S3A/B
crossover

Annua,
spring Annual

Greenland Greenland
Ice Sheet

Network
around ice
sheet

PROMICE/GC-
NET,
GEUS

2007-> AWS, SR, GNSS
Ice sheet
margin,
snow/ice

Low
Variable
for each
station

Annual,
summer

Canadian
Arctic

Devon Ice
Cap

75.3◦N
82.2◦W
1800 m asl.

U. Alberta, Nat.
Env. Canada 1960-> AWS, SR

Ice cap
summit,
snow

Medium At S3A
nadir

Annual,
spring Annual

Antarctica Dome C 75.1◦S
123.3◦E
3200 m asl.

IGE,
IPEV/GlacioClim 2005-> One site with

AWS, SR

Ice sheet
plateau,
snow

Flat At S3A
nadir

Annual,
summer Occas.

Antarctica Ekström
Ice Shelf

70.6◦S
8.3◦W
20 m asl.

Neumayer
Station 1992-> AWS, SR, GNSS Ice shelf,

snow Flat 5 km from
S3A nadir Cont. Occas.

Greenland
Flade
Isblink
Ice Cap

81.5◦N
16.6◦W
700 m asl.

Station Nord,
Aarhus U. 2006 No

Ice cap
margin,
snow/ice

Low
S3 polar
limit on ice
cap

* AWS = Automatic Weather Station, SR = sonic ranger.

Table A3. Selected observational and/or logistical ground transects by ESA member states with
potential for future S3 FRM use.

Region Site Location Length Institute Years of
Data Instruments Surface

Type Slope # of
S3 Profiles Freq.

Antarctica SAMBA
transect

76.1◦S
123.3◦E
0–157 km

157 km IGE,
IPEV/GlacioClim 2004->

AWS, Kin.
GNSS, radar,
stakes

Ice sheet 0–2 deg. >5 across Annual,
summer

Antarctica

Cap
Prudhomme—
Dome
C

66.7◦S
139.5◦E
0.4–3 km

950 km IGE,
IPEV/GlacioClim AWS, radar Snow,

sastrugi 0–1 deg. >20 across,
>5 along

Annual,
summer

Svalbard Austfonna Ice
Cap

79.7◦N
22.2◦E
0–800 m

>20 km NPI, U. Oslo 2004-> Kin. GNSS,
radar, stakes

Ice cap,
snow 0–3 deg. 5–10 across Annual,

spring

Canadian
Arctic Devon Ice Cap

75.3◦N
82.2◦W
0–1800 m

>20 km U. Alberta, Nat.
Env. Canada 1961-> Kin. GNSS,

radar, stakes
Ice cap,
snow 0–5 deg. 5–10 across Annual,

spring

Antarctica
Neumayer–
Kohnen
Station

75◦S
4◦E
0–2.9 km

750 km AWI Snow,
sastrugi 0–2 deg. >20 across,

>5 along Ocass.

Greenland EGIG-line
70◦N
45◦W
0.5–3 km

<600 km
EGIG *, ESA
CryoVEx, and
partners

1957-> Ice drill Ice sheet,
snow 0–3 deg. >20 across Ocass.

Greenland K-Transect
67◦N
48◦W
0.5–2 km

140 km IMAU Univ.
Utrecht 1990-> AWS, stakes Ice and

firn 0–3 deg. >10 across Annual,
summer

Antarctica
Coast—Prince
Elisabeth
Station

72.0◦S
23.2◦E
0–1400 m

200 km
Int. Polar
Foundation,
Belgium

stakes Snow,
sastrugi 0–2 deg. >15 across,

2 along
Annual,
summer

Antarctica
Coast—
Troll
Station

72.0◦S
2.5◦E
0–1300 m

250 km NPI Snow,
sastrugi 0–2 deg. >20 across,

2 along
Annual,
summer

* EGIG = Expéditions Glaciologiques Internationales au Groenland in English: International Glaciological Expedi-
tions to Greenland.
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