<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CC BY-NC

Citation (APA)

Jones, C. E., Rosengvist, A., Rommen, B., Fitrzyk, M., Rignot, E., Scheuchl, B., Zheng, Y., Hooper, A., Lopez Dekker,
P., & More Authors (2026). Observation and Coordination Needs for Current, Near-Future, and Next Generation Earth-
Observing SAR Systems. Earth and Space Science, 13(5), Article e2025EA004868.
https://doi.org/10.1029/2025EA004868

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1029/2025EA004868

Earth and Space Science

REVIEW ARTICLE
10.1029/2025EA 004868

Key Points:

e Potential benefits to science and
society from coordination of Earth-
observing synthetic aperture radar
missions are evaluated

e Actions are identified to support game-
changing advancements in 10 Earth
science disciplines with current and
next-generation missions

e Coordinated actions and a next-
generation constellation mission can
benefit all disciplines despite disparate
or conflicting needs

Correspondence to:

C. E. Jones and A. Rosenqvist,
cathleen.e.jones @jpl.nasa.gov;
ake.rosenqvist@soloEO.com

Citation:

Jones, C. E., Rosenqvist, A., Rommen, B.,
Fitrzyk, M., Rignot, E., Scheuchl, B., et al.
(2026). Observation and coordination
needs for current, near-future, and next
generation Earth-observing SAR systems.
Earth and Space Science, 13,
€2025EA004868. https://doi.org/10.1029/
2025EA004868

Received 29 OCT 2025
Accepted 4 APR 2026

Author Contributions:

Conceptualization: Cathleen E. Jones,
Ake Rosenqvist, Bjorn Rommen,
Magdalena Fitrzyk, Eric Rignot,
Bernd Scheuchl, Yujie Zheng,
Andrew Hooper, Mark Simons,
Tomokazu Kobayashi, Paul Siqueira,
Maurizio Santoro, Takeo Tadono,
Laura Hess, Heather McNairn,

Laura Frulla, Malin Johansson,

© 2026 His Majesty the King in Right of
Canada. Remote Sensing Applications
Consultants Ltd. Gamma Remote Sensing
Research and Consulting AG. Nansen
Environmental and Remote Sensing
Center. b.geos GmbH. Jet Propulsion
Laboratory, California Institute of
Technology and The Author(s).
Government sponsorship acknowledged.
Reproduced with the permission of the
Minister of Agriculture and Agri-Food.
This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

B
Observation and Coordination Needs for Current, Near-
Future, and Next Generation Earth-Observing SAR Systems

Cathleen E. Jones'? (2, Ake Rosengqvist>* ), Bjorn Rommen®, Magdalena Fitrzyk®, Eric Rignot™” ©),
Bernd Scheuchl” ©, Yujie Zheng8 , Andrew Hooper9 , Mark Simons™® ©,

Tomokazu Kobayashi11 , Paul Siqueiralz, Maurizio Santoro'® 0, Takeo Tadono*, Laura Hess!* ©,
Heather McNairn'®, Laura Frulla'®, Malin Johansson® ©, Wolfgang Dierkingz, Line Rouyet”,
Annett Bartsch!® ©, Paco Lopez Dekker® ©, and Johnny A. Johannessen®’

et Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA, 2UiT the Arctic University of Norway,
Tromsg, Norway, 3solo Earth Observation, soloEO, Tokyo, Japan, “Japan Aerospace Exploration Agency, JAXA, Tsukuba,
Japan, *European Space Agency (ESA), ESTEC, Noordwijk, The Netherlands, "Remote Sensing Applications Consultants
Ltd, c/o European Space Agency, ESRIN, Frascati, Italy, 7Univcrsity of California Irvine, Irvine, CA, USA, gUnivcrsity of
Texas Dallas, Dallas, TX, USA, COMET, University of Leeds, Leeds, UK, 9California Institute of Technology, Pasadena,
CA, USA, l]Geospatial Information Authority of Japan, Tsukuba, Japan, mUniversity of Massachusetts, Amherst, MA,
USA, 3Gamma Remote Sensing, Gluimligen, Switzerland, 14University of California Santa Barbara, Santa Barbara, CA,
USA, 15Agriculture and Agri-Food Canada, Ottawa, ON, Canada, °Comisién Nacional de Actividades Espaciales,
CONAE, Buenos Aires, Argentina, ""NORCE Research AS, Tromsg, Norway, lgb.geos GmbH, Korneuburg, Austria,
Technical University Delft, Delft, The Netherlands, 2Nansen Environmental and Remote Sensing Center, Bergen, Norway

Abstract This paper summarizes an evaluation by experts of how coordination of Earth-observing
Synthetic Aperture Radar (SAR) missions among the world's space agencies could advance toward game-
changing scientific discoveries and fully realizing SAR's practical capability to address many issues facing
society. We consider key science disciplines for which spaceborne SAR sensors are routinely used, with an
emphasis on SAR imaging instruments. We outline the current state of the science and identify critical
information gaps for 10 disciplines: Ice Sheets and Glaciers, Solid Earth Science, Hazards, Forests and Biomass,
Wetlands, Agriculture and Crop Monitoring, Soil Moisture, Sea Ice, Permafrost, and Oceans. We provide
recommendations on how these gaps can be addressed by coordination of missions currently operating or in
development, then look forward to the next decade during which as-yet-unplanned coordinated SAR
constellations could be game-changing. We identify synergies and conflicts between the optimal SAR
configurations required for individual disciplines to achieve transformational science advancement. Finally, we
provide summary recommendations for beneficial coordination that consider SAR-enabled Earth science
studies both as a whole and within the context of multiple individual disciplines that have benefited from a
common observational strategy. Overall, there are clear benefits that can be derived from coordinated utilization
of spaceborne SAR assets based on their individual capabilities and availability, and through coordinated and
shared data and observation strategies.

Plain Language Summary Various space agencies around the world operate Earth-observing
synthetic aperture radar (SAR) missions to address scientific and operational priorities of their countries or
collaborations. We asked the question: How much more could be accomplished in scientific discovery or
beneficial usage if these agencies coordinated their activities with direction from the science and end-user
communities? This paper summarizes the response from the community, garnered through workshops, surveys,
and brainstorming of experts in 10 areas of research for which SAR has provided essential information, namely
Ice Sheets and Glaciers, Solid Earth Science, Hazards, Forests and Biomass, Wetlands, Agriculture and Crop
Monitoring, Soil Moisture, Sea Ice, Permafrost, and Oceans. After summarizing the essential value of SAR for
each of these, we recommend actions that could lead to game changing advancements both near-term and with
visionary next-generation coordinated missions that would form a super-constellation of Earth-observing
instruments to better serve humanity than individual missions alone.

1. Introduction

Since the launch of the first spaceborne Synthetic Aperture Radar (SAR) mission, Seasat, more than four decades
ago (Born et al., 1979; Elachi, 1980), there have been tremendous advances in the development and use of SAR
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systems for Earth observation. The oft-touted capability of microwaves to penetrate clouds and haze is more than
a cliché—it enables the systematic and uninterrupted collection of time series data over large areas to improve our
understanding of natural and human-induced processes at different spatial and temporal scales. Notwithstanding
these great advances, there remain significant data gaps and mission constraints, with the result that many key
questions remain to be resolved. Some of these can be addressed by improved coordination of current and future
SAR missions and other support activities undertaken by the world's space agencies.

Coordination among the space agencies has been successful in the past. An example of very successful coor-
dination on a global scale is the International Charter on Space and Major Disasters (International Charter)
(https://disasterscharter.org/web/guest/home; Bessis et al., 2004), which was started in 2000 to provide satellite
data to member and partner organizations following major disasters worldwide. Since then, the International
Charter has been activated over 950 times, supporting disaster response and relief in >140 countries with data
from 270 Earth-observing (EO) satellites. Similar successful coordination between space agencies was carried out
within the Polar Space Task Group (PSTG; see also Section 2.1), under the auspices of the World Meteorological
Organization (WMO), which enabled the creation of comprehensive and coordinated polar region data sets,
particularly from SAR, to support scientific research on climate change impacts. WMO recently reestablished a
successor to PSTG with a broader mandate under WMO's Global Cryosphere Watch (GCW) via the WMO
Commission for Observation, Infrastructure and Information Systems (INFCOM).

International coordination is ongoing through the Committee on Earth Observation Satellites (CEOS) through
efforts such as the Land Surface Imaging Virtual Constellation (LSI-VC) polarimetric SAR (PolSAR) activity to
advance polarimetric and multi-frequency SAR research and application development, through which time series
of polarimetric SAR data from nine national space organizations' missions with different frequencies (P, L, S, C,
X) are being collected over reference sites across the globe. In addition, the SARCalNet initiative was established
within the CEOS Working Group on Calibration and Validation (WGCV) with the objective to publish and
maintain a continuously updated database containing reliable and standardized information on SAR calibration
sites and targets worldwide (https://www.sarcalnet.org). In the area of data standardization, CEOS Analysis
Ready Data (CEOS-ARD) is a multi-agency effort to develop SAR and optical data product specifications
intended to help broaden the EO user community and improve data interoperability through time and across
different sensors (https://www.ceos.org/ard). For SAR in particular, representatives from 18 space agencies,
private sector data providers, and academia developed the CEOS-ARD specifications for normalized radar
backscatter, ocean radar backscatter, polarimetric radar, interferometric radar, and geocoded single-look complex
data products (CEOS, 2025).

Capacity building is another area where international collaboration is of value, although now more frequently
supported by individual agencies. Examples of such individually or bilaterally supported training activities
include the Massive Open Online Course “Echoes in Space” offered by the European Space Agency (ESA),
focusing on the basics of radar remote sensing; the Advanced Training Courses on Radar Polarimetry organized
by ESA every two-three years; the U.S. National Aeronautics and Space Administration's (NASA's) Applied
Remote Sensing Training Program (ARSET); and the Open PolInSAR Training Course held jointly between ESA
and the Deutsches Zentrum fiir Luft und Raumfahrt (DLR). The CEOS Working Group on Capacity Building and
Data Democracy (WGCapD) brought together CEOS agencies and non-CEOS partners to provide intensive
capacity building, education, and training, with one objective, among others, being to increase the capacity of
institutions in less developed countries to effectively use EO data. In more than 15 years of activity, WgCapD has
offered dozens of in-person trainings around the globe, SAR summer schools, SAR data workshops, and online
trainings and webinars, often in collaboration with other CEOS Working Groups. NASA has a long history of
capacity building around the globe for use of remote sensing data. NASA's partnership with the U.S. Agency for
International Development (USAID) on the SERVIR program supported centers for training in the use of remote
sensing data in developing countries worldwide until the program's abrupt cancellation in 2025. Recognizing the
immense value of SERVIR's mission, institutions, partners, and regional hubs committed to continue its work,
forming the SERVIR Global Collaborative with funding coming from public and private organizations. This
highlights the value of international collaborations to buffer capacity building initiatives from policy and funding
changes within any single country.

Recognizing the success of multi-agency coordination in the past, we consider how it could be expanded to better
enable scientific advancements in particular. Here we evaluate and recommend SAR coordination actions that can
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advance science in the time from now through the 2030s, roughly the timescale for the next generation of missions
to bear results. The study reported here was undertaken as part of the activities of the International Coordination
Group for Spaceborne Synthetic Aperture Radar Missions (ICGS-SAR; Elachi et al., 2022; http://intl-sar-coord-
group.space/), which was established in 2018 to hold community-wide discussions engaging space agencies on
ways to expand and improve the international coordination of spaceborne EO SAR missions and their data
providers. ICGS-SAR consists of representatives from ESA, NASA, Germany's DLR, the Japan Aerospace
Exploration Agency (JAXA), Italy's Agenzia Spaziale Italiana (ASI), Argentina's Comisién Nacional de Acti-
vidades Espaciales (CONAE), the Canadian Space Agency (CSA), and the Indian Space Research Organisation
(ISRO). ICGS-SAR also includes representatives from the academic community, commercial companies, and
non-government organizations interested in the development and use of spaceborne SAR. Two of the ICGS-SAR
Thematic Area groups focused on SAR-enabled Earth science and applications, identifying gaps and actions that
could be taken to increase the benefit of the world's space missions to science and society. This paper synthesizes
the findings of these two groups regarding specific coordination actions that would benefit different fields of
study individually, then identifies their commonalities and conflicts to make cross-cutting recommendations.

Drawing on the expertise of the science community, we provide a high-level review of Earth observation re-
quirements for 10 key scientific disciplines where space-based SAR sensors can contribute critical measurements:
Ice Sheets and Glaciers, Solid Earth Science, Hazards, Forests and Biomass, Wetlands, Agriculture, Soil
Moisture, Sea Ice, Permafrost, and Oceans. In Section 2, for each discipline, we (a) provide a brief description of
the particular relevance of SAR data and the current state of the art, (b) identify key information or knowledge
gaps that impede progress, and then provide recommendations on how to mitigate these gaps (c) in the 2020s
through improved coordination of current and near-term SAR missions, and (d) in the 2030 decade with next-
generation SAR missions. Section 3 provides the summary of an open survey undertaken with the science
community as part of ICGS-SAR, and in Section 4 we condense the recommendations from all disciplines
considered as a whole into a set of recommendations to the space agencies and the research community that can
address the outstanding scientific needs. The recommendations for the individual disciplines and those from
Section 4 together encompass identified actions that, if enacted in whole or in part, will advance science through
coordination of the world's SAR assets.

Tables 1 and 2 list the key characteristics of the SAR missions discussed in this paper, which mainly include those
agencies involved in ICGS-SAR. To avoid duplication of mission descriptions, the missions are referred to in the
following sections only by their name and, if required for clarity, by their radar band. Commercial SAR missions,
such as those operated by Capella Space, ICEYE, Synspective, iQPS and Umbra, are also relevant for certain
applications, and most offer free data to selected science users or through open data collections (Umbra). These
missions are characterized as constellations of single-polarization X-band sensors with small footprint but meter-/
sub-meter resolution and the capacity for high temporal repeat, although most cannot be used for SAR inter-
ferometry (InSAR). Commercial SAR missions are also discussed in the sections below. Similarly, we
acknowledge that China also has developed advanced EO missions, including the C-band GaoFen-3 constellation
and the L-band polarimetric and interferometric LuTan-1A/B constellation missions (Z. Wang et al., 2025; Q.
Zhang et al., 2025). However, as reported in a recent study (D. Chen et al., 2025), data from China's satellite fleet
remain largely inaccessible to the international community due to factors such as lack of centralized and user-
friendly access portals, insufficient metadata and documentation, and low interoperability with global plat-
forms. Coordination with China's SAR missions has therefore not been considered in this study.

2. SAR-Enabled Science Disciplines
2.1. Ice Sheets and Glaciers

SAR data in interferometric mode have revolutionized the study of ice sheets and glaciers since the 1990s. These
data have provided the first comprehensive coverage of ice velocity of the large ice sheets in Greenland and
Antarctica and, in combination with optical data, the first comprehensive coverage of the velocity of the Earth's
glaciers and ice caps (GIC). For the ice sheets, this achievement resulted from not one but multiple SAR missions
not originally designed for ice mapping: ESA's Earth Remote Sensing (ERS-1/-2), Envisat ASAR, and Sentinel-
la/1b, JAXA's PALSAR-1/-2, CSA's RADARSAT-1/-2 and Radarsat Constellation Mission (RCM), ASI's
COSMO-SkyMed, DLR's TerraSAR-X and TanDEM-X, and more recently the commercial venture ICEYE
(Mouginot et al., 2019; Rignot et al., 2024). In addition to ice velocity, SAR data have been used to identify the
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Table 1

Selected SAR Missions in Operation as of August 2025

Center frequency/

Mission Band wavelength Orbit revisit Agency Country/Region Launch year
Biomass P 435 MHz/69.0 cm N/A ESA Europe 2025
ALOS-4 PALSAR-3 L 1236.5 MHz/24.3 cm 14 days JAXA Japan 2024
ALOS-2 PALSAR-2 L 1236.5 MHz/24.3 cm 14 days JAXA Japan 2014
SAOCOM-1A/1B L 1,275 MHz/23.5 cm 16 days CONAE/ASI Argentina/Italy 2018 & 2020
NISAR L+S 1,257 MHz/23.9 cm 12 days NASA/ISRO USA/India 2025
3,200 MHz/9.4 cm
NovaSAR-1 S 3,200 MHz/9.4 cm 16~17 days (drifting ~ UKSA/SST  United Kingdom 2018
orbit)
Sentinel-1A/B?/C/D C 5,405 MHz/5.55 cm 12 days (1 sat) ESA/EU Europe 2014/2016/2024/
2025
RISAT-1A (EOS-04) C 5,350 MHz/5.61 cm 12 days ISRO India 2022
RCM-1/2/3 C 5,405 MHz/5.55 cm 12 days (1 sat) CSA Canada 2019
RADARSAT-2 C 5,405 MHZz/5.55 cm 24 days CSA/MDA  Canada 2007
TerraSAR-X/TanDEM-X X 9,650 MHz/3.1 cm 11 days DLR Germany 2007/2010
COSMO-SkyMed (CSK-1/2/4) X 9,600 MHz/3.1 cm 16 days (1 sat) ASI Italy 2007/2007/2010
COSMO-SkyMed 2nd Generation (CSG- X 9,600 MHz/3.1 cm 16 days (1 sat) ASI Italy 2019/2022

172)

Note. MDA = MDA Space Ltd., EU = European Union, SST = Surrey Satellite Technology Ltd., UKSA = United Kingdom Space Agency. Source: eoPortal, https:
www.eoportal.org; see for information on the different modes, polarizations, and spatial resolutions. *Sentinel-1B failed in December 2021.

Table 2

Selected Legacy SAR Missions

grounding line positions, where ice detaches from the glacier bed and becomes afloat in the ocean waters, with
high precision, in North Greenland and the entire Antarctic periphery for the first time, thereby resolving major
uncertainties in ice fluxes into the ocean and rates of ice melt in the ocean (Rignot et al., 2011). The TanDEM-X
mission has provided a modern, precision reference digital elevation model (DEM) for the ice sheets, which is
widely used in the science community as well as during the generation of geophysical information products like
ice velocity (e.g., Figure 1) and grounding line maps.

With the exception of Sentinel-1, which has a priority commitment to cover coastal Antarctica and Greenland
with interferometric data at mission repeat cycles, current science acquisitions over ice sheets happen predom-
inantly in support of individual principal investigators' projects, as part of international collaborations, or as in-
kind support by agencies. Inter-agency coordination has been working effectively for the ice sheets starting with
preparations for the second International Polar Year of 2007-2008, initially thanks to the vision of program
managers operating the SARs for the space agencies, and since then under the leadership of the Polar Space Task
Group (PSTG). The group collected input on science requirements from the community and evaluated existing

Mission Band Center frequency/wavelength Orbit revisit Agency Country/Region Years of operations
Seasat SAR L 1275 MHz/23.5 cm 17 days NASA USA 1978-1978
JERS-1 SAR L 1275 MHz/23.5 cm 44 days JAXA Japan 1992-1998
ALOS PALSAR L 1270 MHz/23.6 cm 46 days JAXA Japan 2006-2011
ERS-1/2 AMI C 5300 MHz/5.66 cm 35 days ESA Europe 1991-2000 1995-2011
Envisat ASAR C 5331 MHz/5.63 cm 35 and 30 days ESA Europe 2002-2012
RADARSAT-1 C 5300 MHz/5.66 cm 24 days CSA/MDA Canada 1995-2013
RISAT-1 C 5350 MHz/5.61 cm 12 days ISRO India 2012-2017
Note. source: eoPortal, https:www.eoportal.org.
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ALOS-PALSA ERS-1/2 & RADARSAT-1 ENVISAT-ASAR
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Figure 1. 2D reference velocity mapping of ice motion in Antarctica using SAR interferometric phase data collected over a
period of 25 years. Upper panels show the distribution of data tracks from the contributing missions, which were coordinated
through the PSTG. Central panel shows a complete map of ice motion in Antarctica combining phase data in vast sections
and speckle tracking for fast-moving glaciers with speed colored on a logarithmic scale from brown (less than 1 m/yr) to red
(more than 3 km/yr), and flow direction indicated by colored lines and showing the flow pattern of ice across the continent.
(Bottom) Plots highlight the order of magnitude improvement of phase-based results over tracking-based results. (Adapted
from Mouginot et al., 2019).

agency programs and mission capabilities to address gaps in available coverage. Acquisition plans for Envisat
ASAR, ALOS PALSAR, RADARSAT-2, TerraSAR-X/TanDEM-X, and COSMO-SkyMed were coordinated
through this group. Key achievements include establishing the SAR Coordination Working Group (SAR-CWG),
collecting thousands of radar images for ice sheet, floating ice, permafrost, and snow studies, and acquiring
crucial data for expeditions like MOSAIiC (Nicolaus et al., 2022) that filled previously data-void “pole holes.”

It was largely through PSTG that both full data coverage for ice sheets was enabled and regular coastal coverage
was eventually implemented for Sentinel-1, augmented by more campaign-style coverages from other missions.
At present, we have Sentinel-1 6-to-12-day repeat over the coastal sectors of the ice sheets and limited InSAR
acquisitions and data access to ALOS-2 PALSAR-2, ALOS-4 PALSAR-3, and SAOCOM data to measure speed,
grounding line position, and ice edge position. In addition, we have limited coverage over fast glaciers with focus
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on grounding line retrieval with 1-day repeat CSG-1/2 or ICEYE data, as well
as 4-day repeat coverage from RCM (with wider accessibility). Yet it should
be stressed that while hugely successful, most commitments are short term
and/or for background or best effort acquisitions; thus ongoing coordination

Climate change

remains crucial in this context.

As a result of this virtual constellation, the community has obtained
comprehensive information on ice flow, ice discharge, ice mass balance, and
the contribution of ice sheets to sea level rise; areas of rapid change
contributing to sea level due to changes in glacier speed; and insights into the
Glacier mass balance role of ice dynamics in ice sheet mass balance and the role of the ocean in
driving these changes, that is, information on the physical processes driving
these changes, that is, most relevant to projections of sea level rise in a
warming world. Ice dynamics holds the largest potential for rapid sea level
rise in the future, hence the need to continue to improve our understanding
and monitoring. After upgrading from multi-year comprehensive velocity
maps to annual maps, the scientific community is migrating to monthly maps.
Grounding line mapping previously conducted over multiple years is now
conducted at the annual to monthly basis and, in select areas, even daily scales

Basal sliding

| | |

Spatial Scale

to reveal grounding line migration at tidal periods to form a grounding zone
10km  100km 1000km and, more importantly, provide an opportunity to measure previously un-
known kilometer-scale intrusions of seawater beneath glaciers (Figure 2).

These rapid interactions between ice and ocean are thought to be the

Figure 2. Stommel diagram of physical processes of importance to ice sheet cornerstone of ice sheet evolution in a warmer climate. Much remains un-

evolution versus time scale and spatial scale. Past and current missions have
addressed continental to glacier spatial scales and temporal scales of months
to days. Key physical processes conducive to rapid change—and rapid sea
level rise—operate on smaller spatial scales (10-100 m) and shorter time
scales (daily to sub-daily).

known, however. To date, a number of processes that control the rapid decay
of ice sheets remain poorly observed, not well understood, and not well
represented in models. In turn, this lack of observations is a fundamental
limitation for the reliability of projections of sea level rise from models, and in
particular to assess the risks and thresholds for rapid sea level rise associated
with partial collapse of the ice sheets.

While current achievements have been spectacular and will be improved upon with existing and upcoming
missions, much more remains to be done. We need to extend high data quality at daily and sub-daily timescales,
reduce data noise in the vast interior, and map ice velocity in three dimensions (3D) instead of two dimensions
(2D) (Minchew et al., 2015, 2017; Reeh et al., 2003). Current methods assume surface parallel flow, which is
acceptable in most areas except in the vast interior of the ice sheets and over rapidly melting mountain glaciers.
Resolving 3D velocity vectors, however, provides additional information on ice thinning or surface mass balance
or both. To do this with precision in the ice sheet interior, where speed is a few centimeters per year, it is essential
to map ice velocity with the interferometric phase instead of speckle tracking, because the resulting precision is 10
times better, from 1 m/yr to 10 cm/yr (Mouginot et al., 2019). If we do so, we will resolve changes in velocity and
in how far and fast upstream changes occurring at the coast propagate inland (e.g., Minchew et al., 2017).
Resolving this pattern will help constrain the sliding law used in ice flow models, which remains a topic of
considerable uncertainty.

In the near term, improvements can be achieved with current space assets by providing more comprehensive
acquisitions and by increasing access to available data. Improvements that are already possible include: (a)
regular InSAR acquisitions in coastal Antarctica with different geometries (a diversity of imaging geometry can
be implemented with multiple missions); (b) occasional, but regular coverage of the ice sheet interior (i.e., 2-3
times per year), again with a diversity of imaging geometry; and (c) regular, short repeat InSAR coverage of fast
flowing glaciers for grounding line retrieval. A comprehensive, multi-agency, coordinated plan together with
long-term commitments by the agencies involved would likely make this possible using the currently available
assets and would move the existing virtual constellation into a more sustainable and reliable data source for ice
sheet science. Added to this mix will soon be the NISAR mission, a dedicated science mission with 12-day repeat
InSAR L-band data collected for both ascending and descending orbits over the entire Antarctic Ice Sheet and a
large portion of Greenland. NISAR also carries an S-band radar which will be useful for grounding line mapping
because the shorter wavelength is more sensitive to vertical motion. NISAR, which is left-looking, is expected to
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significantly strengthen the virtual constellation, but not replace it. Geometry and radar frequency diversity with
existing missions will further improve our ability to precisely map speed at various spatial resolutions, look
angles, and temporal revisit times. The higher revisit frequencies of RCM, COSMO-SkyMed, and ICEYE will
remain a crucial component for grounding line measurements over fast-moving glaciers. Another new aspect in
SAR data collection strategy will be ESA's Harmony companion satellite mission for Sentinel-1 (L6pez-Dekker
et al., 2019) to be launched in 2029, which will offer better viewing angle diversity for 3D mapping at a 12-day
repeat, hence bringing to the table a cartwheel architecture of SARs (Massonnet, 2013) that enables a greater
diversity in measurement strategy.

A future observation system must be capable of providing interferometric phase measurements from sub-daily to
weekly time scales. Current long repeat cycles make it challenging to understand the processes of iceberg calving,
ice shelf rifting, and glacier fracturing, which operate on hourly to sub-daily time scales and can be the source of
rapid mass change or hazards (e.g., Bindschadler et al., 2003; Kim et al., 2024). Maintaining phase coherence over
fast flow areas is essential to map grounding lines and their migration. It has also become apparent that 3D
mapping with phase-only data cannot be achieved with a single SAR satellite due to the vast range of temporal and
spatial requirements. For instance, data stacking and lower resolution (a few 100 m) is needed in the ice sheet
interior to resolve motion of ~1 cm/yr. In contrast, at the other end of the spectrum we have fast glaciers moving
meters per hour where changes need to be captured at a spatial sampling of a few 10s of meters. Further, we will
need more than one satellite, or constellation, to provide a diversity in look angles of the ice simultaneously
instead of at different times in order to do a precise 3D mapping.

In terms of wavelength, prior work has demonstrated greater phase coherence at longer wavelengths, but also
greater sensitivity to ionospheric effects. When phase coherence is high, shorter wavelengths yield more precise
measurements. Longer wavelengths penetrate deeper into snow and firn and interact with larger scatterers, which
provide better temporal stability of the interferometric phase compared to shorter wavelengths. Measurements of
ice motion obtained at different wavelengths can be combined if they are weighted according to their respective
noise levels (Rignot et al., 2011).

In terms of polarization, relatively little work has been conducted using polarimetric data over ice sheets. HH-
polarized signals from RADARSAT tend to yield higher coherence levels than VV-polarized signals from
ERS-1/2 and Envisat ASAR in Antarctica. This is generally attributed to the greater penetration of horizontally
polarized signals into snow and firn (Rott et al., 2010). The value of polarization diversity is also greater at longer
wavelengths (e.g., L- and P-band), because radar returns become more sensitive to ice fabric properties, such as
crystal orientation.

Inter-agency coordination for SAR data acquisitions in polar regions has been shown to work well in utilizing a
virtual constellation that was not planned for, but that provided more information than any single mission could.
Inter-agency coordination during future mission conceptualization and formulation would provide the nucleus for
an international constellation of SARs for ice sheets and glacier observations with a fast repeat, high spatial
resolution, a comprehensive view of the ice sheets, with a diversity in look angles and simultaneous acquisitions,
none of which is achievable by a single SAR mission.

2.2. Solid Earth Science

With centimeter-scale sensitivity, meter-scale spatial resolution, and spatial extent of 100s of kilometers, InSAR
has provided essential information about the different phases of the seismic cycle (i.e., interseismic, coseismic
and postseismic, as well as aseismic creep), processes associated with the migration of magma in the subsurface,
seasonal and inter-annual variations in shallow aquifers pressures, and slow-moving landslides (e.g., Amelung
et al., 1999, 2000; Bekaert et al., 2020; Cetin et al., 2012; Hu & Biirgmann, 2020; Hussain et al., 2016; Simons
et al., 2002). InSAR observations have allowed a new generation of inferences on the distribution of subsurface
slip on faults (e.g., Bletery et al., 2020; Delouis et al., 2010; Jonsson et al., 2002; Wright et al., 2004), the rheology
of the crust and upper mantle (e.g., Henriquet et al., 2019; Mallick et al., 2022; Rousset et al., 2012), the location
and geometry of major magma reservoirs (e.g., Fialko, Simons, & Khazan, 2001; Pritchard & Simons, 2002; T.
Wang et al.,, 2021; Yun et al., 2006), and the impacts of natural and anthropogenic processes on aquifers
(e.g., Amelung et al., 1999; Carlson et al., 2024; J. Chen et al., 2016; Riel et al., 2018). InSAR processing has now
advanced to a level that with sufficiently long time series, one can quantify the translation of selected tectonic
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Figure 3. The temporal and spatial sampling rate required for different solid Earth science targets.

plates across the globe (Y.-K. Liu et al., 2025) and the strain rate over vast regions spanning thousands of ki-
lometers (Elliott et al., 2026).

The expansion of the international constellation of SAR instruments has allowed an ever-expanding set of science
targets, largely driven by the evolution from a few sporadic image acquisitions allowing for a few interferograms,
to what is now possible with combinatorics of 100s of repeat acquisitions. A variety of imaging modes, including
ScanSAR, TOPSAR, Stripmap, and Spotlight, offer a range of spatial resolutions and swath widths. Wide-swath
modes, such as ScanSAR and TOPSAR, enable shorter repeat cycles and more frequent global data collection.
The conventional Stripmap mode provides continuous imaging at meter-level resolution while Spotlight offers
ultra-high resolution (sub-meter) measurements over small, targeted areas. Moreover, the availability of high-
rate, high-resolution data sets from commercial SAR constellations has enabled unprecedented detail in moni-
toring some geophysical processes, such as magma movement within volcanic conduits (Wollersheim, 2022).

As we strive to separate the impacts of different geophysical processes using InSAR (e.g., co-seismic and post-
seismic fault slip, the superposition of seasonal and tectonic processes, or a rapidly evolving restless caldera),
having continuous and consistent data is essential. Despite the increasing volume of SAR data and the expanding
range of science targets, several limitations still constrain our ability to analyze certain geophysical processes.
Figure 3 shows that the major gaps given present capabilities relate to those targets requiring short temporal
sampling. Not shown, but equally important, is the need for 3D imaging of deforming surfaces to improve models.

Regarding the temporal sampling, at this time the repeat interval spans nearly a week or longer for most current
and near-future SAR missions, especially those with open data policies, which limits our ability to observe fast-
evolving processes such as some ground movements coupled to hydrologic processes (e.g., tidal phenomena, rain-
induced landslide acceleration) and rapid volcanic processes. While missions such as COSMO-SkyMed and
commercial SAR satellites, such as those operated by ICEYE and Capella Space, offer daily repeat measurements
over selected regions, it has become increasingly important to decrease the typical interval between global routine
repeat imaging from weeks to a day or even less.

Furthermore, as we use these data to constrain geophysical models, observations of the full three-component
surface displacement field also become important. Indeed, once we have sufficient observations allowing for a
3D-decomposition, it becomes possible to fold observations from the entire international constellation of InSAR-
capable satellites into a single estimate of the time-dependent (east, north, up) surface displacement field.
However, InSAR's inherent insensitivity to along-track motion for current missions limits our ability to achieve a
full 3D decomposition. Techniques such as pixel offset tracking and Multi-Aperture SAR Interferometry (MAI)
go some way in addressing this limitation but suffer from limited resolution and a precision that is orders of
magnitude worse than InSAR (e.g., Fialko, Simons, & Agnew, 2001; Fielding et al., 2013; Mastro et al., 2020; C.
Wang et al., 2015). Sentinel-1's TOPSAR mode provides an increased diversity in squint angles within burst
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overlap areas, hence allowing burst-overlap interferometry to capture along-track motion with better resolution,
although still poor precision (e.g., X. Li et al., 2021). However, this technique is restricted to burst overlap regions
and cannot provide spatially continuous mapping. Satellites with a mid-inclination orbit, such as those operated
by Capella Space and the upcoming ASI/ESA IRIDE constellation (Orusa et al., 2024), provide an alternative way
to add sensitivity to the third component of the deformation field, although the coverage is limited to lower
latitudes.

We also aim to resolve smaller and smaller surface displacement signals with InSAR. Temporal interferometric
decorrelation and noise related to path delays of different origins (e.g., atmosphere, soil moisture) are the primary
current limitations of our measurement ability (e.g., Agram & Simons, 2015; Ansari et al., 2020; De Zan
et al., 2014; Hanssen et al., 1999; Zebker & Villasenor, 1992; Zheng et al., 2022). We can account for path delays
using combinations of techniques, for example, GNSS-like split-band processing to infer ionospheric impacts or
model-derived or direct inferences of troposphere delays (Bekaert et al., 2015; Jolivet et al., 2011, 2014; Liang
et al., 2019). Additionally, machine learning methods have shown promise in extracting millimeter-scale signals
(e.g., Rouet-Leduc et al., 2021). Short repeat intervals reduce the impact of temporal decorrelation and provide
more observations for slowly evolving processes, and hence can be used to overcome the impacts of noise sources
that are random in time. In addition, the use of longer wavelength radar (e.g., L- or S-band) reduces decorrelation,
thereby allowing one to observe events (e.g., earthquakes and eruptions) in highly vegetated environments, as are
typically found in near-equatorial regions. The NISAR mission operates with both L- and S-band left-looking
radars and has near-global L-band land coverage and selected areas of multi-frequency acquisitions. Measure-
ments from NISAR will improve data quality over densely vegetated areas compared to C-band and X-band
radars.

None of the current or booked missions provide the daily repeat sampling from the same imaging geometry and
SAR wavelength, line-of-sight (LOS) diversity, and path delay correction capabilities that we know are possible,
albeit requiring a constellation. In the short term, coordination of acquisitions from the operational SAR missions
to increase LOS diversity for limited or regional studies could be recommended through a 3D-InSAR Task Group,
as was done by the PSTG. There is much that could be achieved through shared observation planning and
distributed commitments among the space agencies to acquisitions over study sites. Furthermore, because InSAR
requires consistent observations, moving toward a fixed observation plan is recommended, at least over
tectonically active areas. Open access to L-band SAR data from SAOCOM and ALOS-2/4, even if only the
archives, will help extend the time series of InSAR data for many sites of interest. Going forward, adding or
maintaining InSAR capability should be encouraged for commercial SAR missions to increase their data's utility
for solid Earth science. The value of multi-frequency SAR for path delay corrections should be explored with the
NISAR simultaneous L-band and S-band data sets, and the results accounted for in future missions and mission
coordination.

In the long term, future missions designed to address these gaps and challenges could significantly advance our
ability to meet science goals in solid Earth research. One effective way to increase the temporal sampling rate of a
single SAR mission is by deploying additional SAR satellites in the same orbit, as has been done for Sentinel-1
and RCM, but also considering inter-agency, international coordination of missions. A single geostationary SAR
could provide daily repeat sampling, but this comes with trade-offs, such as the loss of global coverage and
challenges like rotational decorrelation (C. Hu et al., 2021; Monti et al., 2025), and the data must be open source to
combine with other imaging geometries. Increasing LOS diversity of observations can also be accomplished
through a combination of left- and right-looking observations from ascending and descending orbits, and
potentially observations from highly squinted imaging geometries. To achieve direct path delay correction and 3D
deformation reconstruction, simultaneous interferometry from multiple LOS directions is necessary. Flying
companion satellites in close formation with existing missions, such as the ESA's planned Harmony mission,
enables new observation capabilities, which include 3D deformation reconstruction by leveraging multiple LOS
directions, as well as enabling single-pass interferometry to measure high-precision changes in ground elevation.

2.3. Hazards

Hazards can be caused by either natural phenomena or human activities, and many are accompanied by surface
changes detectable in the SAR amplitude or interferometric observables. The temporal development of hazardous
phenomena varies greatly, from slowly developing conditions like land subsidence to catastrophic events that can
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last only seconds and encompass both those that can be forewarned through observation or modeling and those for
which little or no warning can be given. In all cases, a regular cadence of observations to monitor the evolution of
surface conditions is needed so that the normal variation is known and possible changes forewarning disasters or
at-risk areas are identified. This requirement for consistent and sustained SAR observations is shared by the other
topical areas discussed in this paper. Therefore, this section addresses the needs specifically for disasters,
covering the short-term period building up to an event through the response and immediate recovery phase (called
herein “response”).

The most common major natural disasters, measured by activations of the International Charter (https://disaste
rscharter.org/web/guest/home), can be generally categorized as weather-related or geological, and the most
common human-related major disasters are fires and oil spills. Overall, weather-related disasters are the most
common, specifically floods and hurricanes/typhoons, for which imaging without solar illumination and through
clouds is paramount.

Although SAR amplitude and InSAR phase and coherence all can contain information to support disaster
response, there is no one-size-fits-all solution in terms of frequency, mode, or spatial and temporal resolution for
this purpose. SAR amplitude is used in operationalized measurement of ocean winds (e.g., Monaldo et al., 2013)
and oil spills (e.g., KSAT Oil Detection Service, NOAA Marine Pollution Surveillance Program). Longer
wavelength SAR has higher wind speed cut-offs, hence is better for measuring hurricane winds. For oil spill
response the VV polarization channel is best, having the highest contrast (Espeseth et al., 2020). Coherent change
detection is increasingly being used to generate damage proxy maps (Fielding & Jung, 2024; Tay et al., 2020), and
monitoring volcanoes with InSAR is done in the United States by the U.S. Geological Survey (USGS)
(e.g., USGS, 2023) and in Japan by the Geospatial Information Authority of Japan and the Japan Meteorological
Agency (https://maps.gsi.go.jp/; https://www.jma.go.jp/jma/kishou/shingikai/ccpve/CCPVE.html). Much work
has been done on flood mapping with a variety of methods (Amitrano et al., 2024) including combining SAR
amplitude or optical data with weather and hydrodynamic models (e.g., Schumann et al., 2023), combining SAR
amplitude and InSAR coherence (e.g., Y. Li et al., 2019), and using machine learning (ML) or artificial intel-
ligence (AI) (Destefanis et al., 2025). Nonetheless, identifying flooding in urban areas remains a challenge (Zhao
et al., 2024). Sentinel-1 is now used in the Global Flood Monitoring (GFM) service (Wagner et al., 2026) and for
the Operational Products for End-Users from Remote Sensing Analysis (OPERA) surface water extent product
(https://podaac.jpl.nasa.gov/dataset/OPERA_L3_DSWX-S1_V1).

Having consistent pre-to-post SAR images is crucial for most disasters since fundamentally one is observing
change to identify and quantify impact. Measuring surface deformation with InSAR requires two images acquired
with compatible radar characteristics (frequency, polarization) and the same imaging geometry (orbit, look di-
rection). Observation plans that do not change, for example, those of Sentinel-1 and the NISAR L-SAR, satisty
the criterion of consistent imaging mode automatically. However, in some cases there is a competing practical
desire to tailor the observations to the disaster type, that is, carry out emergency observations according to the
user's requirements on observation mode, beam direction, swath, and spatial resolution given the characteristics of
a particular disaster. In this case, if a set of images acquired with various observation conditions is prepared in
advance of a disaster, it is possible to quickly and accurately estimate the differences pre-to-post disaster by
selecting images already available, no matter what observation conditions are used for disaster response. The
design and operation of a system that can continually maintain a variety of data acquired in different modes to
respond flexibly to user needs, such as the ALOS-2 Basic Observation Scenario (https://www.eorc.jaxa.jp/ALOS-
2/en/obs/pal2_obs_guide.htm), would satisfy this need.

Disaster response requires prompt and reliable delivery of information to responders. Reducing the time between
when an event occurs and when SAR-derived information products of use to responders are available is the most
critical factor influencing adoption of SAR for disaster response. One of SAR's most significant contributions to
remote sensing in general, namely deriving surface displacement using InNSAR, remains a capability with great but
not fully realized potential for aiding response to geological disasters largely because of the latency issue. The
latency needs to be reduced at each step in the process: delay in imaging an area (satellite tasking and overpass),
downlinking the data, SAR processing, generating information products, and delivering products to the end users.
Today's SAR products can be very large (e.g., the NISAR Hierarchical Data Format 5 (HDFY) files), so cloud
computing is needed to avoid downlink. Further challenges to rapid processing of data from a diverse collection of
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SAR sensors are the lack of a standard data format, no unified data storage system across sensors, different data
access methods, and a lack of processing tools to go from SAR products to the information of use to non-experts.

In recent years, various systems have been built to automatically perform InSAR processing, including specif-
ically to support disaster response, and provide crustal deformation information, such as the Advanced Rapid
Imaging and Analysis (ARIA) system (https://aria.jpl.nasa.gov/), Alaska Satellite Facility (ASF) Data Search
Vertex (https://search.asf.alaska.edu/#/), and the Looking Into Continents from Space with Synthetic Aperture
Radar (LiCSAR) system (https://comet.nerc.ac.uk/comet-lics-portal). These efforts contribute to reduced latency
for response, but more can be done to lower latency, ideally in the entire sequence of activities. As an example of a
very impactful action that can be taken now, consider the fact that not all the space agencies process and deliver
any SAR products with very low latency, <1 hr. Were these available, even within a rolling, unarchived database,
a SAR mission's utility for disaster response would be greatly improved.

Nevertheless, because the frequency of observations from a single satellite is limited by the orbit repeat period,
generally 12 days or more for typical swath widths, observations from multiple satellites are essential for further
improvement. Multiple satellites operated by a single space agency are one of the solutions, but a virtual
constellation under international cooperation would be a realistic solution to improve the frequency of obser-
vations while reducing the costs to any one agency. This could be done between two or more agencies. As an
example, combining ALOS-2 and COSMO-SkyMed (CSK—Product processed under a license of the Italian
Space Agency) imaging for volcano monitoring (Figure 4) reduced the time between imaging by as much as 91 hr
and enabled observations with 5-6 hr separation not otherwise possible. Additionally, agencies will increasingly
need to account, and possibly limit, the number of new satellites launched to avoid overuse of orbital “real estate.”
Shared resources will negate the need for individual agencies to have their own suite of SAR sensors, reducing the
total number of satellites in orbit.

As a coordinated activity among space agencies, that is, possible within the scope of current and near-future
missions, the greatest and most immediate benefit would come from a worldwide disaster response initiative
through which tasking, downlink, and processing could be expedited for disaster response, expanding upon the
post-disaster actions of the International Charter. This multi-agency “Smart Tasking” for Disaster Response
system would automatically trigger acquisitions and processing within the suite of available instruments for a
range of disaster types, for example, based on earthquake magnitude and location, and expedite activation for
those without automatic triggers, for example, through API request handling from affiliated agencies. Acquisi-
tions would not be limited to events that activate the Charter only after a major disaster, enabling pre-event
acquisitions for an anticipated major disaster (typhoon, hurricane) or for smaller disasters before or without
formal Charter activation. The commercial SAR companies could contribute to significantly reducing acquisition
latency through their rapid tasking capability and multi-satellite constellations were they to join the initiative. Free
and open access to the acquired SAR data and derived products will fully and equitably share the benefits of the
initiative and encourage SAR's adoption and utilization for response.

The most significant, and challenging, advancement for both science and society will result from coordinated,
increased, and targeted temporal sampling by InSAR-capable instruments that results in latency of a few hours for
major disasters worldwide. Near-future missions will improve sampling simply because there will be more Earth-
observing SAR instruments, but in the long-term, inter-agency coordination of orbits and observation plans for
new missions, for example, focused to known areas with geological hazards, would significantly advance SAR's
utility for understanding and responding to natural hazards. For general response to disasters of any type
worldwide, a distributed constellation is preferred over near-simultaneous acquisitions to reduce the latency to
first-imaging anywhere on the globe after a disaster occurs. A coordinated, multi-SAR, multi-mission system that
supports both monitoring and imaging within hours of an event would serve both society and science by providing
situational awareness information for disaster response at the same time as measuring transient and cascading
processes.

2.4. Forests and Biomass

One of the longest-running applications of satellite remote sensing has been the characterization and monitoring
of land cover and forest resources. With its basic sensitivity to structure, penetration through clouds, and day/
night-time observing capability, SAR has long been recognized as a cornerstone in this development (Dobson
etal.,, 1992; Le Toan et al., 1992; Pulliainen et al., 1996; Ranson et al., 1997; Ranson & Sun, 1994; Sader, 1987).
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Figure 4. Time series of intensity images showing lava growth in the crater of Shinmoedake volcano in Japan. Blue and red
frames represent images acquired by ALOS-2 and CSK, respectively. The number in an arrow indicates elapsed time
preceding a previous observation. With the addition of CSK, latencies of 6 hr or less were achieved. The date and time are in
Japan Standard Time. (CSK—Product processed under a license of the Italian Space Agency).

Because of the longer wavelengths at the lower end of the microwave regime, P- and L-band have been the most
promising frequencies for forest and biomass spaceborne monitoring. C-band SAR is sensitive to forest prop-
erties, but environmental conditions (e.g., moisture and temperature) can cause substantial distortion of the signal
(Pulliainen et al., 1999; Santoro et al., 2011). Forest biomass monitoring with SAR benefits from the use of
multiple polarizations, particularly HH- and HV-polarized observations, due to volume scattering and the
depolarizing nature of forest structure (Treuhaft & Siqueira, 2000). With fully polarimetric (horizonal transmit/
horizontal receive (HH), horizonal transmit/vertical receive (HV), vertical transmit/horizontal receive (VH), and
vertical transmit/vertical receive (VV); also called quad-polarimetric (QP)) data, the individual scattering
mechanisms can be derived, providing more diverse information about the vegetation structure (Freeman &
Durden, 1993; van Zyl et al., 1987; Yamaguchi et al., 2005).
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Figure 5. ESA's Climate Change Initiative (CCI) Biomass map of above-ground biomass (AGB) for 2020 with a spatial resolution of 100 m based on ALOS-2 PALSAR-
2 and Sentinel-1 observations. The AGB values are clipped between 0 and 500 Mg/ha to enhance color contrast. (Source: Santoro et al., 2024) (https://creativecommons.

org/licenses/by-nc-nd/4.0/).

The potential of SAR sensors to estimate forest above-ground biomass on a regional to global scale has been well
demonstrated (e.g., Bouvet et al., 2018; Lucas et al., 2010; Rodriguez-Veiga et al., 2019; Santoro et al., 2015,
2022, 2024). In recent years, there have been several major advances in the remote sensing of forests and esti-
mates of biomass (Figure 5). These include demonstrations of the value of (a) systematic global-scale obser-
vations of dense time series, especially when made available as free and open data; (b) increased diversity of radar
frequency bands, and in particular availability of a spaceborne P-band mission; (c) the use of interferometry,
sometimes polarimetric interferometry, in characterizing the vertical structure of the forest; and (d) missions with
improved capacity for SAR polarimetry.

The first two of these advances began with the availability of data from ERS-1/2 and JERS-1 in the 1990s,
followed by ALOS and Envisat ASAR in the 2000s, and continued in the last decade with the Sentinel-1, ALOS-
2/4, SAOCOM-1, and most recently the Biomass and NISAR missions. Large-scale monitoring of forest re-
sources at continental and global scale can now be realized, especially through the use of a dense time series as a
complementary signature of equal value to polarization and frequency diversity, which has yet to be fully
explored. The P-band Biomass mission (Quegan et al., 2019) can furthermore be expected to be a game-changer
in the tropical zone, where the high biomass levels exceed what can be mapped with a single image acquired at
shorter wavelengths (Cartus et al., 2019). In the upcoming years there will be SAR missions operating in all
frequency bands and complemented by ICESat-2, Global Ecosystem Dynamics Investigation (GEDI), and Multi-
sensing Observation LiDAR and Imager Demonstration (MOLI) spaceborne LiDAR observations, so major
improvements in the remote sensing of forests and estimation of biomass are expected.

The third of the advances, with interferometry, has proven to be more challenging because single-pass inter-
ferometric missions like TanDEM-X and the Shuttle Radar Topography Mission (SRTM), capable of measuring
the frequency-dependent topographic height in forest canopies, are more the exception than the rule and require
additional spatial data sets to convert elevation to biomass (Persson et al., 2017; Schlund et al., 2015, 2020; Soja
et al., 2015). Repeat pass InSAR with multiple polarizations and/or multiple baselines (Pol-InSAR and Tomo-
SAR) (Garestier & Le Toan, 2009; Kugler et al., 2015; Lombardini & Pardini, 2008) to measure 3D structure has
been demonstrated on the small scale (e.g., El Moussawi et al., 2019; Hajnsek et al., 2009). Repeat-pass inter-
ferometry suffers from the additional complication of temporal decorrelation, which has also been explored as a
signature in its own right (Askne et al., 1997; Eriksson et al., 2003; Koskinen et al., 2001; Lei & Siqueira, 2014;
Santoro et al., 2002).

The fourth advance, namely SAR polarimetry, has shown promising potential for above-ground biomass and
canopy height retrieval (Omar et al., 2017; Seppi et al., 2024). However, progressing polarimetric applications
from research to operations is yet to be achieved. With the SAR missions to date mainly having operated in dual-
polarization mode, the scarcity of time series of fully polarimetric data over key forest ecosystems has held back
the development of relevant polarimetric methods. However, the recent Biomass and ALOS-4 missions have the
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capacity for operational fully polarimetric observations and could be game changers for polarimetric forest
applications.

Coordination efforts to move SAR satellite technology forward for forest applications can be broken down into
three basic parts: (a) an analysis of the current status of existing and soon-to-be existing sensors; (b) evaluating
what can be done in the coming years (e.g., 2025-2035) with these sensors to improve the characterization and
measurement of forest ecosystems; and (c) identifying what is needed in the long-term in the way of game-
changing observational assets that could be used by the community. Related to the first of these, the field is in
a dramatic state of flux. With the successful launches of the ALOS-4, Biomass, and NISAR missions, new multi-
frequency data sets will be created that cross the spectrum of wavelengths, polarizations, and revisit times, and are
expected to change the way that SAR data are used for forest and biomass applications. Several new and follow-
up SAR missions are also planned to be operated in the next coming years in all frequency bands, so this type of
data is expected to continue to be available. Furthermore, there is demonstrated complementarity between SAR
and LiDAR and optical data, that is, addressing some of the pressing challenges of forest and biomass science
(Khati et al., 2021; Lucas et al., 2006; Santoro et al., 2024; Shendryk, 2022).

Looking towards the near future, the challenges are not so much in collecting needed data, but rather in coor-
dinating observations from these data sets, in handling the large data volumes, and in learning how to make best
use of the data. Coordination with other EO sensors for near-coincident measurements would be challenging, but
valuable. For example, near-coincident SAR and Sentinel-2 Multispectral Imager (MSI) collections support
development of joint SAR/multispectral algorithms for above-ground biomass (AGB) estimation. To deal with
the large amounts of data, forest and biomass mapping can profit from machine learning algorithms or parametric
modelling frameworks. The implementation of some of these concepts and handling the necessarily large data
rates and volumes will be very ambitious and therefore best realized through collaborative efforts of multiple
space agencies and resource managers, a worthy goal for formulation and development in the coming decade.
There also must be sufficient reference data available for training and calibrating/validating algorithms and
models. Coordinated efforts to collect and provide open access data for calibration/validation (cal/val) sites is
essential, as is liaising with communities that undertake field inventories to ensure that biomass estimates from
SAR are unbiased.

In the long term, to realize today's futuristic concepts of Pol-InSAR/TomoSAR applications for forest and
biomass monitoring, there should be a coordinated effort to establish a multi-agency SAR constellation with at
least one transmit and multiple receivers that can measure more than one interferometric cross-track baseline at a
time, and ideally with global coverage and open access to the data.

2.5. Wetlands

Wetlands comprise diverse land cover types, including mangroves, floodplain forests, peatlands, marshes, and
bogs, that constitute important carbon pools and greenhouse gas sources and perform critical ecosystem services.
Irrigated rice paddies are human-made wetlands. The significance of SAR sensors in the context of wetlands is
their unique capacity to detect standing water below a closed vegetation canopy, enabled by a strong specular like-
polarization (specifically HH) double-bounce backscatter, allowing characterization of both the temporal and
spatial variations of flooding (e.g., Hess et al., 1995; MacDonald et al., 1980).

Signal penetration through the vegetation canopy is correlated with the radar wavelength, with L-band the most
commonly used frequency in forested wetlands. JAXA's L-band SAR missions (JERS-1, ALOS, ALOS-2) have
since the mid-1990s all had systematic acquisition strategies designed with wetland seasonal inundation in mind
and have been used extensively for continental-scale mapping of inundation in wetlands in South America
(Chapman et al., 2015; Freeman et al., 2002; Hess et al., 2015; A. Rosenqvist et al., 2000; J. Rosenqvist
et al., 2020), Africa (Figure 6; Rebelo, 2010; A. Rosenqyvist, 2009), southeast Asia (Hoekman et al., 2010), and
Alaska (Whitcomb et al., 2009). C-band SARs such as RADARSAT and Sentinel-1 have been used for mapping
inland waters and herbaceous wetlands, as well as for shorter, lower-density, and deciduous forested wetlands
(Costa et al., 2002; Evans et al., 2010; Oakes et al., 2023). Short wavelengths, even X-band, have been used for
mapping irrigated rice paddies and their growth stages from planting to harvest (Le Toan et al., 1989, 1997).

Despite the proven capabilities of SAR for wetlands mapping, global maps of wetlands and inundation are not
available for vegetated wetlands at moderate (10-25 m) resolution, as they now are for other land cover types. The
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Figure 6. Flood duration derived from ALOS PALSAR L-band time series. (Central Congo river basin). (Adapted from A.
Rosenqyvist, 2009).

need for such maps is great, in order to (a) support member nations in meeting obligations to inventory and
monitor wetlands under international agreements including the Ramsar Convention, the UNFCCC Paris
Agreement, the Kunming-Montreal Global Biodiversity Framework, and the UN Sustainable Development Goals
(SDQG), specifically SDG Indicator 6.6.1; and (b) characterize the seasonal and interannual variability of wetland
flooding and freeze/thaw state and the seasonal biomass of methane-generating aquatic macrophytes to quantify
key components of global hydrologic and biogeochemical cycles.

Past obstacles to SAR-based wetlands mapping include insufficient repeat seasonal coverage, limitations on
availability of free data, large data volumes, difficulty in acquiring training and validation data, a multiplicity of
definitions for wetland types, and inadequate or inconsistent funding to support the generation of science
products. Since 2015, an archive of now freely available Sentinel-1, ALOS, and ALOS-2 wide-swath (ScanSAR)
data has been built, marking a major step in building the multi-year record needed to assess seasonal and
interannual variability of flooding.

From 2025, ALOS-4 and NISAR will continue this important legacy and provide critical enhancements. NISAR
is scheduled to provide significantly improved spatial (50 — 10 m) and temporal (42 — 12 days) resolution
compared to that of ALOS and ALOS-2 ScanSAR, allowing in addition for InSAR-based water level mea-
surements. ALOS-4 in turn, has the capacity to provide time series observations in full polarimetric mode,
enabling PoISAR and Pol-InSAR applications to accommodate detailed characterization of wetlands vegetation
structural parameters and provide a new tool for mapping boreal peatlands (Touzi et al., 2018) and irrigated rice
fields. Important ancillary data sets such as the Copernicus 30 m DEM (Copernicus, 2025) and the
GFPLAIN250m global floodplain data set (Nardi et al., 2019) can now be incorporated into mapping algorithms,
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and very high resolution optical data are now available for validation of land cover type even during cloudy
seasons, thanks to constellations of optical satellites.

With the failure of Sentinel-1B in December 2021, an unfortunate gap has been introduced into the catalogue of
systematic L-band and C-band acquisitions. This can be partly compensated using historic Sentinel-1 or optical
data, but inevitably the monitoring of herbaceous wetlands has been adversely impacted. To achieve the highest
accuracy in flood mapping over all wetland types, both L- and C-band (or S-band) are required, ideally dual-
polarization HH + HV. Combined with L-band, C-band improves discrimination between tree, shrub, and her-
baceous cover, noting that C-HH is superior to C-VV for flood detection. In the absence of freely available C-HH
data, L-band HH-VV phase difference, which requires dual-co-polarization or quad-polarization, may allow
detection of flooding in aquatic macrophyte stands (Hess et al., 1995). Fully polarimetric data has furthermore
been proven useful to monitor rice paddy phenology (Dey et al., 2021) and irrigation status (Arai et al., 2022).

For forested wetlands, NISAR and ALOS-4 are expected to address most data requirements for the remainder of
the 2020s decade. The acquisition strategies of the two L-band sensors are highly complementary: NISAR will
acquire dual-pol wide-swath coverage with a 12-day repeat cycle, while ALOS-4 has the capacity to acquire quad-
polarization data at a lower temporal frequency. Synergy between the two sensors will thus support wetlands
mapping, flood mapping, and mapping of wetland forest structure to a degree that could not be achieved with
either sensor alone. The importance of continued L-HH/HV wide-swath coverage with a repeat cycle on the order
of 1-2 weeks cannot be overemphasized. As Earth's hydrologic cycle is increasingly perturbed by climate change,
with a higher frequency of extreme floods and droughts, consistent seasonal and interannual sampling is required
to establish baselines and trends in the extent of surface waters. For forested wetlands, L-band SAR is currently
the only sensor that can achieve this at 10-25 m resolution. L-band shortcomings that cannot be addressed by
greater access to C- or S-band data are chiefly related to poor canopy penetration in certain very dense forest types
(e.g., mangroves and some types of peat forests), where information about inundation state currently cannot be
obtained. Although P-band SAR systems could be expected to resolve this, the acquisition plan for the Biomass
mission is designed for tomographic observations of terrestrial forests and hence lacks the spatial resolution and
temporal repeat required to capture wetland inundation dynamics.

In the near term, providing free access to RADARSAT-2 and SAOCOM-1 data and to information on coverage of
RADARSAT-2 acquisitions would be useful. Given freely available SAR data sets, in the near term the challenge
to delivering global wetlands products becomes one of management and funding. Users of wetland extent and
type products, including governmental agencies with responsibility for wetlands inventory, Ramsar Contracting
Parties, conservation groups, and land managers, employ a great variety of wetland typologies that are tailored to
local conditions and needs, traditional terminology, and historical inventories. These diverse typologies cannot be
adequately represented in a single global classification system. However, a global product with basic vegetation
structure (tree, shrub, herb, non-vegetated) and seasonal flooding information would be immediately useful for
hydrologic and biogeochemical models, and could be adapted to a desired wetland classification system through
incorporation of GIS layers (e.g., estuary or urban area boundaries) or data from non-SAR sensors (e.g., optical
data for water properties or floristic composition). Seasonal flooding information will also benefit other appli-
cations such as disaster assessment (by establishing average flooding patterns) and canopy height mapping
(e.g., by screening GEDI data to minimize effects of flooding).

Accuracy assessment of wetland vegetation extent and type can be accomplished using very high resolution
optical data, supplementary to field observations where available. Accuracy assessment of flooded/non-flooded
state under vegetation canopies, however, is much more challenging, as the SAR systems themselves constitute
the only means to remotely detect the presence of water below a dense forest canopy. To date, validation has
mostly been based on sparse field-based point measurements coincident with the SAR observations (e.g., A.
Rosenqvist et al., 2002). Innovative approaches, such as drone surveys with lightweight radar altimeters or Li-
DARs, are needed to carry out more robust accuracy assessments of flood mapping with SAR. Recent results
showing that the Surface Water Ocean Topography (SWOT) satellite can accurately measure water surface
elevation within herbaceous wetlands, and possibly some woody wetlands, are promising (Kica et al., 2025).
Coordination of planning, executing, and making available the data from these campaigns among the space
agencies is strongly encouraged.

Priority requirements for next-generation SAR missions include (a) continued wide-swath L-band dual-pol (HH
+ HV) coverage at high spatial and temporal resolution; (b) freely available dual-pol (HH + HV) C-band or S-
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Figure 7. Tracking the development of corn, soybeans, wheat and canola using Sentinel-1 C-band SAR (Carman, Manitoba,
Canada). SAR,; -NDVI represents estimates of crop productivity (from O to 1) for (left) June 29 and (right) 27 July 2019.
NDVI = Normalized Difference Vegetation Index (Adapted from McNairn & Jiao, 2024).

band wide-swath data with temporal coverage similar to that for L-band; (c) a complete annual global L-band
coverage with full or compact polarimetry (CP), coordinated with regional dry seasons to minimize the below-
water component of forest height; and (d) a P-band mission with spatial and temporal resolutions accommo-
dated for wetlands. The current spatial resolution of 10-25 m for NISAR and ALOS-4 is optimal for most ap-
plications, as higher resolutions would involve trade-offs in swath size and temporal coverage without offering
significant improvements in products. Increased availability of quad-polarization data at all available SAR
wavelengths should stimulate further research on estimation of water surface height in vegetated wetlands using
wetland interferometry (Lu & Kwoun, 2009), monitoring water table levels in certain wetland types such as raised
bogs, and the utility of HH-VV phase difference for flood detection.

2.6. Agriculture and Crop Monitoring

Agricultural applications have been subject to extensive remote sensing research and operational development
since the first (optical) EO missions. The unique contributions of SAR sensors include acquisitions regardless of
cloud cover and the sensitivity of microwave scattering to changes in the structure of crop canopies. These
structural changes are indicative of crop type as well as the state and condition of crop canopies.

Crop type maps are base products required for monitoring changes in cropping patterns, and for modeling crop
growth and productivity (Figure 7). The size, shape, and orientation of the leaves, stalks, and fruit of canopies are
unique from one crop type to the next and as crops grow. Because SAR scattering (both in terms of magnitude and
phase) is impacted by these structural variations, research has repeatedly demonstrated that SAR can be helpful in
mapping inventories of crops (Adrian et al., 2021; Blickensdorfer et al., 2022; S. Liu et al., 2021; McNairn
et al., 2009). Estimates of crop condition and productivity are also critical to the agriculture sector. Biophysical
measures such as above-ground biomass, Leaf or Plant Area Index (LAI or PAI), and crop phenology (growth
stage) are good proxies for crop health. Researchers have used both semi-empirical and machine learning models
to estimate these crop biophysical parameters from SAR (Hosseini et al., 2021; Mandal et al., 2020a, 2020b;
Mansaray et al., 2020; Passah et al., 2022; H. Wang et al., 2019). These estimates, when coupled with crop growth
and yield models, can improve estimates of productivity. The agriculture sector is also interested in mapping
seeding dates (to assist with yield modeling) and harvest dates (to assist with resource allocation in moving crops
to market). In this case, research has demonstrated that the change in SAR coherence due to seeding activities and
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removal of the crop canopy at harvest can be tracked (Ambherdt et al., 2021; Dingle Robertson et al., 2023; Kavats
et al., 2019; Shang et al., 2020).

As described, the needs of the agriculture sector are to monitor crop type and development, from seeding to
harvest. To meet these user requirements, successful application of EO technologies requires a dense time series
throughout the entire growing season: the time domain is the most important dimension. The provision of data
from constellations of satellites, whether from a single provider or through virtual constellations, is thus critical in
delivering accuracies needed to move research results toward operational implementation. Sentinel-1 standard
coverages over land have demonstrated that if denser time series are available, the uptake of SAR in crop
monitoring is improved (Dingle Robertson et al., 2020; Kraatz et al., 2021; Qadir et al., 2023; Schlund &
Erasmi, 2020). However, despite the contribution of Sentinel-1 standard coverages, the temporal frequency of
acquisitions, in particular at a global scale, is still not adequate. Crop canopies change rapidly, and capturing the
accumulation of biomass, transitions from one growth stage to the next, and harvesting activities requires multiple
observations per week at a field. This temporal repeat is not currently met for many regions of the world.

Research and operations have relied heavily on C-band SAR sensors due to the availability of data from ERS,
RADARSAT, and Sentinel-1 missions. There is no single SAR frequency, that is, best suited to map crops or
monitor crop development. In particular, a single frequency is not adequate for monitoring crop development. The
above-ground biomass of canopies varies from crop to crop and as crops grow. Penetration into the canopy is
required to capture the differences in backscatter and scattering behavior that result from variations in canopy and
plant structures, yet too much penetration results in contributions from the soil, which can complicate modeling
efforts. Approaches to monitor crop type and development therefore benefit tremendously when SAR data are
available at multiple frequencies (X-, C-, and L-band). For mapping crop type, multi-frequency acquisitions do
not necessarily have to be coincident in time. To classify crops, SAR data collected by different sensors can be
acquired at different times during the season. However, when estimating biophysical parameters (biomass, LAI/
PAI, and phenology), models benefit when these multi-frequency data collections are temporally coincident.
Currently, dense time series of multi-frequency SAR are not available over the spatial extents needed to support
operational monitoring. The near-term availability of NISAR L-band data, if coupled with Sentinel-1 C-band
standard coverages, will drive innovation and uptake of SAR for operations. Missing at this moment is the
availability of repeat wide area coverages from other frequencies (such as X-band).

Crop monitoring benefits most from dense time series and multi-frequency data. Nevertheless, polarization di-
versity also improves outcomes. Early research focused on exploiting single or multi-polarization backscatter to
characterize crops. Classifications that use dual linear polarizations outperform those that use a single polari-
zation, in particular when cross polarizations (HV or VH) are combined with the VV polarization (Mahdianpari
et al., 2019; McNairn et al., 2009). Operational crop mapping has exploited VV-VH dual polarization data sets
(Davidson et al., 2017). Both VV and HV/VH polarizations can also be used in monitoring crop development.
These polarizations are sensitive to crop LAI (Jiao et al., 2011), biomass (Hosseini & McNairn, 2017; Mansaray
et al.,, 2020; Wiseman et al., 2014), height (Thulasiraman et al., 2024) and phenology (Nasirzadehdizaji
et al., 2019; Schlund & Erasmi, 2020; H. Wang et al., 2019). HV/VH and VV polarizations are important in
classify crops and tracking crop development because cross-polarization backscatter responds to volume scat-
tering within crop canopies while vertical polarizations couple with the vertical structure dominant for many
crops.

When polarimetric data became more readily accessible, researchers discovered that as crops grow, changes in the
canopy structure resulted in changes in not only backscatter intensity but also how incident waves scattered.
Parameters such as volume scattering, entropy, ellipticity, and degree of polarization of the scattered wave
(among others) are highly sensitive to changes in accumulated biomass, LAI/PAI, and growth stage. Although
some satellites can acquire fully polarimetric data, these acquisitions are typically limited to research sites due to
the narrower swaths in quad-polarization mode. Compact polarimetry (CP), although not as data-rich as fully
polarimetric modes, does offer a compromise between swath coverage and information content and has proven to
be sensitive to crop development (Dingle Robertson et al., 2022; Homayouni et al., 2019; Mandal et al., 2021; H.
Wang et al., 2023). Several studies compared crop classification accuracies using parameters derived from multi-
temporal C-band CP parameters and backscatter from dual polarizations (HH-VV, HH-HV, VV-VH). In all
studies, accuracies were higher when classifications used CP data, and these results held for early, middle, and end
of season classification (Brisco et al., 2013; Charbonneau et al., 2010; Dingle Robertson et al., 2022; Mahdianpari
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et al.,, 2019). CP parameters most sensitive to crop development have included the volume component of
decomposition features and the right-circular transmit and right-circular receive (RR) intensity (Mahdianpari
et al., 2019) as well as the Stokes parameters and m-delta or m-chi decomposition components (Brisco
et al., 2013; Dingle Robertson et al., 2022). As crops develop, the degree of polarization and circularity of
scattering changes due to phenological structural changes in the canopy, which assists in separating crop types and
in monitoring crop development (Dingle Robertson et al., 2022). Future missions should consider implementation
of a CP mode.

The agricultural sector is heavily invested in the exploitation of optical EO data to map and monitor agricultural
landscapes. Despite the impressive advances in research to monitor crops using SAR technologies, greater
operational uptake by agricultural agencies will require improvements in the availability and characteristics of
SAR data. Standard coverages and dense time series are needed to provide a consistent and predictable flow of
data to feed operations, tracking crop development and productivity. The exact repeat interval needed is not easy
to define given the variability in global cropping systems. A general rule in agricultural research has been to
consider changes in the crop canopy to be relatively small within 3 days. Acquisitions 2-3 times per week, over
each field, will deliver the density of data needed to monitor most changes in crop biophysical parameters.

Adding frequency and polarization diversity to this dense time series of standard coverages is also important, in
particular in efforts to use SAR data to estimate the biomass, LAI/PAI, and growth stages of crops. No single
frequency is preferred given the variations in canopy biomass from crop to crop, and over the growing season.
Acquisitions of X-, C-, and L-band quad-polarimetric (or CP) data are therefore ideal. The value of these data is
increased if more than one frequency can be acquired coincidentally.

The question of swath coverage and spatial resolution is a more difficult one to answer given the widely varying
geographies and field sizes encountered across global agricultural landscapes. Nevertheless, most end users are
using data from optical missions that cover swaths of 200—300 km. While the swath of the of Sentinel-1 Inter-
ferometric Wide (IW) mode satisfies this user requirement, the resolution of dual-polarization IW data (nominal
resolutions of 20-30 m) can be challenging in mapping crop types and tracking crop development in regions of the
world where field sizes are small.

In summary, a dense time series of standard and predictable acquisitions (2—-3 times per week) is required to meet
the needs of the agriculture sector. If standard coverages are provided in multiple polarizations and frequencies
(e.g. coupling NISAR and Sentinel-1), the information on crop growth will increase significantly, in particular if
data collections are near coincident. The richness of quad-polarimetric data has been proven in many agricultural
research studies, but this mode's small swath limits its uptake in operations. Future missions should therefore
consider CP as an option to increase polarimetric information to aid in crop type and crop biophysical mapping
and monitoring.

2.7. Soil Moisture

Soil moisture, defined as the fractional volume of water in soil, is an Essential Climate Variable (ECV) that plays
a crucial role in several Earth system processes at the soil-atmosphere interface, including agriculture, hydrology,
climate, and ecology. In particular, it is a determining factor in crop growth and development, determines the
distribution of precipitation in surface runoff and infiltration, and controls erosion processes, among others.
Accurate and timely estimates are essential for understanding and managing these processes. For example,
knowledge of soil moisture is crucial for proper water management, for identifying areas suitable for agriculture
where soil moisture is a constraint, for identifying dry soils and vegetation that can increase fire risk, and for
monitoring and tracking the recovery of areas affected by fire. At global and regional scales, observations of soil
moisture at high spatial and temporal resolution would also provide critical input to global carbon and climate
models with information about, amongst others, Arctic permafrost thaw, regional seasonal freeze/thaw dynamics,
and water table variations in disturbed tropical and boreal peatlands. Soil moisture is also a critical parameter in
modeling slope failures.

A key characteristic of soil moisture is its high variability in both space and time, and it is therefore difficult to
obtain representative field measurements over large areas. In this sense, satellite remote sensing has proven to be a
powerful tool for providing data from which soil moisture can be estimated at global and regional scales, and with
an appropriate periodicity. Currently, there are several microwave-based soil moisture products available on the
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global scale. Operationally produced data sets include retrievals from the ESA MetOp Advanced Scatterometer
(ASCAT), JAXA's Global Change Observation Mission—Water (GCOM-W) Advanced Microwave Scanning
Radiometer-2 (AMSR?2), the Soil Moisture and Ocean Salinity (SMOS) mission, and the Soil Moisture Active
Passive (SMAP) mission, among others. Furthermore, merged long-term soil moisture products have been
produced by harmonizing and merging multiple microwave-based soil moisture products. These global soil
moisture data sets provide soil moisture measurements at coarse spatial resolution, between approximately 10 and
35 km.

SAR sensors can offer soil moisture estimations at significantly higher spatial resolutions and still with adequate
spatio-temporal coverage. SAR sensors are intrinsically sensitive to plant and soil moisture, which are directly
correlated with crop development, stress, and diseases. Moisture content affects both backscatter intensity and
polarimetric phase, and quad-polarimetric data are thus required for full inference (Dadamia et al., 2015). Soil
moisture measurement with SAR is furthermore affected by the presence of dense vegetation, which can
contribute to and even dominate the microwave signal. Long radar wavelengths (L-band or longer) are therefore
preferred in vegetated areas to mitigate this effect. INSAR phase is also being investigated for the sensitivity of
phase closure to soil and vegetation moisture (e.g., De Zan & Gomba, 2018; Rabus et al., 2010; Wig et al., 2024).
Finally, soil moisture is typically measured at very low backscatter intensities, which requires well-calibrated
SAR systems with a low noise floor (characterized by the noise equivalent sigma-naught (NESZ)).

Soil moisture monitoring is the mission driver for the SAOCOM-1A/1B L-band constellation, where estimations
of soil moisture content are derived using time series of quad-polarimetric data acquired over the Pampas
agricultural region in Argentina at every overpass with each of the two satellites. Soil moisture maps (Figure 8)
are produced daily and automatically in high and low spatial resolution acquisition modes, respectively, and for
both ascending and descending orbits. All soil moisture maps are validated with in situ soil moisture measure-
ments and the corresponding errors in the estimates vary between 5% and 7% (Céceres et al., 2016).

The SAOCOM case demonstrates the potential of L-band SAR for soil moisture monitoring over a regional scale
area when an adequately dense time series of quad-polarimetric data can be acquired. To map soil moisture at the
same temporal and spatial fidelity over global scales has been beyond the capacity of current (polarimetric) SAR
missions. It would require substantial on-board memory for storage and broad bandwidth to download the data,
especially considering that the data volume of fully polarimetric data is twice that of dual polarization. For
context, the NISAR mission downlinks on average 4.4TB/day for its global L-band data set, nearly all collected in
dual- or single-polarization mode. Amongst current and near future systems, the SAOCOM constellation and
ALOS-4 PALSAR-3, the latter with its capacity for fine resolution quad-polarimetric observations with a wide
(100 km) swath, could nonetheless be used for targeted soil moisture observations over a number of key regional
hot spots. In addition, NISAR will generate a global soil moisture product from dual-polarization (HH + HV)
polarimetric data with 200-m resolution (500-m in Sahara Desert), updated every 12 days.

In the near term, there are actions that should be taken to improve measurements of soil moisture. Firstly, because
calibration is so critical to accurate inversions of the SAR signal for soil moisture, calibration routines and
validation sites should be coordinated across missions to ensure accurate and consistent measurements. Machine
learning should be explored for removal of noise, for example, from RF interference or vegetation, and generation
of higher-level soil moisture products for non-experts, with or without fusion of SAR and passive microwave. The
community should explore combining polarimetry and interferometry for disentangling the signals from soil
moisture, vegetation moisture, and vegetation and soil type and structure using dual polarization NISAR and
quad-polarization ALOS-2/4 provided over validation sites with openly available field data. Combining soil
moisture information with that of relevance to other disciplines (vegetation structure, subsidence) should also be
explored for improving measurement accuracy. Agencies should support the establishment of cloud-based
analysis platforms for generating, processing, and visualizing SAR-derived soil moisture and increase user
training and outreach to boost usage of Sentinel-1, ALOS-2/4, SAOCOM, and NISAR data in operational
monitoring systems. If possible, some coordination of observations among the different missions providing
polarimetric data could increase revisit frequency to daily or sub-daily for some areas to better track dynamic
moisture changes.

For the soil moisture community, it is critical that we focus on the continuity of L-band missions to sustain and
build on the current momentum in soil moisture monitoring. In a longer term perspective, the “holy grail” for soil
moisture monitoring would be establishing an L-band quad-polarimetric SAR constellation for global monitoring
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Figure 8. Soil moisture map. Bell Ville and surroundings, Cérdoba Province, Argentina, 30 November 2019. Map spatial
resolution: 100 m. Original image: SAOCOM-1 Stripmap Polarimetric. Red: driest. Blue: presence of water. (Source: https://
catalog.saocom.conae.gov.ar/catalog/).

with 3—4 days revisit and 5-10-m spatial resolution. Any work to reduce mass and power needs for L-band
sensors, implement on-board processing and compression, and increase onboard storage and downlink capac-
ity will reduce the cost of building, launching, and operating the sensors. The forthcoming ROSE-L mission
(Geudtner et al., 2021) has capacity for global dense time series observations, and ensuring the mission plan also
accommodates systematic polarimetric observations would be highly desired. By pursuing these ambitious
mission solutions, the SAR community can significantly advance the capabilities of soil and vegetation moisture
monitoring, thereby contributing to a more sustainable and productive agricultural future and improved resilience
through better forecasting of floods and landslides.
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2.8. Sea Ice

Sea ice is classified by the Global Climate Observing System (GCOS) as an ECV. It is present in both polar
regions and undergoes daily, seasonal and yearly changes. The sea ice and its changes influence the exchange of
heat, gas, and momentum between the ocean and the atmosphere, affect biological productivity, and regulate the
salinity of the upper ocean layers. Changes of sea ice conditions, e.g., formation of fractures, leads or ridges on
local scales, and ice extent, concentration, thickness and motion on regional scales occur over time intervals
between days and several months. The variations of sea ice conditions are governed by temperature, pressure,
wind, and currents that cause thermodynamic sea ice growth and decay as well as mechanical growth through
ridging and rafting. Monitoring of these changes requires SAR data which provide the necessary spatial resolution
to resolve deformation features and changes in extent and concentration and are available also during the polar
night.

The sea ice is currently transitioning from a regime dominated by old thick multi-year ice (MYI) to one dominated
by younger and thinner first year ice (FYI) (Kwok, 2018). A recent study by Krumpen et al. (2025) showed that a
more dynamic ocean can result in fewer pressure ridges. The monitoring of sea ice needs to capture these changes.
Moreover, SAR is essential to improve our understanding of interactions between atmosphere, ice, and ocean, in
particular focusing on local and regional sea ice processes, for example, sea ice kinematics at spatial resolutions
on the order of 100-1000 m, and evolution of polynyas and leads. The high spatial resolution offered by SAR
compared to, for example, passive microwave data, can contribute significantly to further develop and validate
numerical models of sea ice dynamics. Moreover, while evidence of mesoscale eddies occurring in the interior sea
ice field has been impeded by the presence of compact sea ice in the past, the recent decline in sea ice con-
centration and extent allow for clearer expressions of mesoscale features in the SAR-derived sea ice field as
demonstrated by Cassianides et al. (2021).

Requirements for the support of maritime operations in polar regions are high spatial resolution combined with a
wide areal coverage and near real-time delivery of the ice conditions, for which SAR images are essential. The
support is provided through sea ice charts prepared and released by national ice services, many of which are
organized in the International Ice Charting Working Group (https://nsidc.org/noaa/iicwg). Ice charts show spatial
variations of ice concentration, the position of the ice edge, and the regional and local distribution of different ice
types, sometimes supplemented by information such as floe sizes or occurrence of icebergs. The ice charts are
usually updated daily or weekly but can also be produced on demand. Presently only C-band dual-polarized SAR
systems can provide images continually and at a coverage required by the operational ice services. Until now, the
ocean region around Antarctica has been less well covered by SAR satellites, although this situation is expected to
improve because of the availability of SAOCOM and NISAR data.

Challenges remain in the separation between open water and sea ice areas due to, for example, similarities in radar
backscatter between thick ice and open water areas roughened by strong winds, or between calm water surfaces
and thin ice (Johansson et al., 2018; Zakhvatkina et al., 2017). An important challenge is the instrument noise
level (NESZ), which for the cross-polarization channels often is too high for separating water and thinner ice
classes (Johansson et al., 2018). The cross-polarization channels are less influenced by waves than the co-
polarization channels (Chapron et al., 2005). Multi-frequency and polarimetric SAR data can help to over-
come these ambiguities, for example, the use of L-band SAR imagery improves ice classification in particular
during the early melt season and the separation of rough and deformed ice from smooth level ice (Figure 9; e.g.,
Casey et al., 2016; Karlsen et al., 2024). Uncertainties can be further reduced when SAR imagery is combined
with optical or thermal data (e.g., Khachatrian et al., 2023; Wulf et al., 2024). Higher temporal resolution data
over the polar regions during the melt season can address some of the ambiguities in ice type and ice-water
separation (e.g., Geldsetzer & Howell, 2023; Howell et al., 2019; Spreen et al., 2017). A successful example
of coordination between space agencies is the “Synergistic Use of L- and C-Band SAR Satellites for Sea Ice
Monitoring” project (Dierking, 2021), through which overlapping C-band (Sentinel-1) and L-band (ALOS-2)
wide-swath data were acquired over multiple years and seasons. It covers six Arctic sea ice and iceberg sites
(Dierking & Davidson, 2021) and enables studies of seasonal and interannual variability (e.g., Demchev
et al., 2023; Feerch et al., 2024; Karlsen et al., 2024).

Sea ice drift velocities are as high as 0.23 m/s (Spreen et al., 2020; von Albedyll et al., 2024), so the parallel
analysis of data from different sensors acquired with temporal gaps between tens of minutes and several hours can
be difficult. The problem can be addressed by combining SAR sensors, for example, Sentinel-1 and RCM
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Figure 9. Sentinel-1 (left) and ALOS-2 (right) SAR images showing sea ice in Belgica Bank, northeastern Greenland in April 2022. In-situ data collected confirmed the
indicated sea ice types (Dierking et al., 2022). Sentinel-1 data provided by Copernicus 2022, and ALOS-2 by JAXA (PI: PER3A2N093).

(Howell et al., 2022, 2024), or with tandem constellations consisting of L- and C- or X-band satellites, for
example, Sentinel-1 paired with the planned ROSE-L mission. For sea ice motion tracking at high spatial res-
olution, sequences of SAR images with temporal gaps of <5 hr (<1 hr optimal) are useful. For drift retrieval,
images acquired at different frequencies can also be combined (Demchev et al., 2023). As such, NISAR, launched
in July 2025, will collect simultaneous S- and L-band SAR over the Beaufort Sea to further explore the usefulness
of multi-frequency SAR. Using data from Envisat ASAR, Kramer et al. (2015) demonstrated how high precision
line-of-sight surface velocity derived from the Doppler shift signal can complement the SAR-based estimation of
sea ice motion. Recently this method has been further developed using Sentinel-1 SAR data (Moiseev et al., 2022)
showing promising capabilities for regular retrievals of line-of-sight sea ice motions.

Sea ice thickness, the knowledge of which is useful for numerical forecasts of sea ice conditions and other ap-
plications such as ice biology, cannot directly be measured by means of SAR technology. A robust method for the
indirect determination does not exist presently, though temporally and spatially combined SAR and altimetry data
would help to advance this field of research (e.g., Howell et al., 2024; Macdonald et al., 2024). Measuring snow
thickness on ice, which is needed for the retrieval of ice thickness using altimetry data (e.g., Carret et al., 2025;
Nandan et al., 2023; Willatt et al., 2023), presents a particular challenge. Snow on sea ice affects the radar
signatures if wet snow causes ambiguities in the data analysis, predominantly during the melt season, in the
marginal ice zone, and on flooded Antarctic sea ice (Howell et al., 2019; Melsheimer et al., 2023). Even dry snow
can change radar signatures at higher radar frequencies through processes such as metamorphism, layer
compaction by wind, and refreezing of wet snow (Nandan et al., 2016). SAR interferometry has also been shown
to aid sea ice thickness retrieval and assessment of fast ice extent and stability, using both across- and along-track
modes (e.g., Dammann et al., 2019; Huang et al., 2021; Yitayew et al., 2018). Over drifting sea ice, only single-
pass interferometric data such as from Tandem-X can be used.

In the near term, coordination optimized for sea ice studies needs to be improved with focus on repeat imaging
using a consistent mode of acquisition; collecting more multi-frequency data over key regions and during
campaigns; more cal/val campaigns to better measure the thickness of snow on ice and involving combining
acquisitions of altimeters (TerraSAR-X and ICESat-2) and SAR data; and making SAR images from the polar
regions open access. For lower frequency SARs, methods must be improved to correct for the effects of the
ionosphere on the interferometric phase.

In the longer term, efforts are needed to coordinate different multi-frequency satellite missions for near-
simultaneous data acquisitions over sea ice; more frequent imaging with any SAR band for monitoring ice
drift and deformation; and extension of the available frequency spectrum of sea ice-observing SAR missions with
Ku- and Ka-band on the high-frequency side and P-band on the low-frequency side. Dual-polarimetric mode is
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essential for these acquisitions, and dual-co-polarization and quad-polarization modes will further ensure that the
expanding melt season evolution can be studied (Scharien et al., 2012). Thus, we expect a gain for the retrieval of
snow and ice thickness and for further reducing ambiguities in ice classification in particular during the melting
season, as well as a better temporal resolution for studying sea ice drift patterns and deformation and for iceberg
tracking.

2.9. Permafrost

Permafrost is defined as ground remaining at or below zero-degree Celsius for at least two consecutive years. As a
thermal condition, permafrost is sensitive to climate change and is therefore an ECV documented by three
associated quantities: Permafrost Temperature (PT), Active Layer Thickness (ALT), and Rock Glacier Velocity
(RGV) (WMO, 2022). Permafrost is a subground phenomenon separated from the surface by a layer of seasonal
thawed ground (the active layer). It is therefore not directly observable from space. However, various surface
parameters impact the way the heat is transferred from the atmosphere into the ground, and several proxies can
indirectly document permafrost. Satellite information, including from SAR, are therefore increasingly used to
map and monitor factors controlling the permafrost or indicators reflecting its state and evolution, such as land
cover, soil wetness, snow cover, surface freeze and thaw cycles, coastal erosion, thermokarst lake development,
and terrain change (Bartsch, Strozzi, & Nitze, 2023).

For PT and ALT, SAR products can be used to constrain the parametrization of (sub)surface conditions in
permafrost models. Most current uncertainties are related to the model representations of the geocryological
conditions (e.g., the ice content) and the snow acting as a buffer between the atmosphere and the ground. Land
cover classification based on data fusion of reflected radiance from SAR backscatter and optical sensors, for
example, combining Sentinel-1 and Sentinel-2 (Bartsch et al., 2024), can contribute to model parametrization.
SAR backscatter provides valuable information related to frozen and unfrozen near-surface conditions, as well as
snow properties (Bartsch, Bergstedt, et al., 2023). InSAR-derived thaw subsidence is also a useful proxy for
estimating the distribution of ground ice content (Zwieback & Meyer, 2021). The value of SAR data has been
demonstrated at local to regional scales, but the inconsistency of the spatial coverage and temporal resolution
across the cold-climate regions currently hinders our ability to generate systematic products of comparable quality
at the global scale (Bartsch, Strozzi, & Nitze, 2023).

For RGV, surface velocity can be measured from InSAR or SAR offset tracking (Y. Hu et al., 2025; Strozzi
et al., 2020). With InSAR, rock glacier monitoring requires low frequency and/or short temporal baseline to
retrieve coherent signals on landforms moving up to one or several m/yr. Weekly C-band acquisitions are often at
the limit of the detection capability. For this application, L-band missions are highly beneficial (Zwieback
etal., 2024). Using SAR offset tracking solves the issue of the detection capability over fast-moving rock glaciers,
at the cost of the spatial resolution. For small landforms, the spatial resolution of most operational missions is
currently too low. Higher spatial resolution should be considered for future missions.

SAR backscatter can be used to repeatedly map surface features that reflect permafrost degradation, such as
thermokarst lakes (Tian et al., 2016; Trofaier et al., 2013), drained lake basins (von Baeckmann et al., 2024), and
coastal erosion (Bartsch et al., 2020). Backscatter is also influenced by the thermal conditions of the ground and
can therefore be used to monitor the timing of freeze and thaw onsets in case of near-daily sampling (Park
et al., 2011). Simultaneous multi-frequency and multi-polarization SAR data are beneficial for such applications
(Bartsch et al., 2025). Ground surface movement can be monitored by a set of techniques, depending on their
velocities. Repeat-pass InSAR is well suited for monitoring thaw subsidence and frost heave in permafrost
lowlands and slow mass wasting processes on slopes (Rouyet et al., 2019, 2024; Figure 10). Loss of ground ice
can be documented with C- and L-band (ERS—Liu et al., 2012; ALOS PALSAR—Iwahana et al., 2016; Sentinel-
1—Strozzi et al., 2018). However, for fast processes, such as thaw slumps or active layer detachment slides,
alternatives must be found. Single-pass InSAR can be applied to monitor such abrupt changes using a series of
DEMs (Bernhard et al., 2020), but few constellations are widely available for such purposes. Most of these
applications have been demonstrated at local to regional scales only due to the lack of acquisition mode con-
sistency and high spatial resolution required for circumpolar implementation. For SAR backscatter and InSAR
applications, multiple parameters (e.g., temperature, soil moisture) can ambiguously impact the radar amplitude
and phase, leading to a potential misinterpretation of the measured properties. In general, there is a lack of SAR
cal/val supersites and campaigns targeting permafrost monitoring (Zwieback et al., 2024).
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Figure 10. Example of InSAR pilot product around Longyearbyen and Adventdalen (Spitsbergen) under development for the INSAR Svalbard Ground Motion Service
(GMS) (Modified from Rouyet et al., 2024). See similar example in the Copernicus Polar Roadmap for Service Evolution (Duchossois et al., 2024).

A major knowledge gap in climate change projection is the impact of permafrost thaw on carbon fluxes.
Quantification of the amount of carbon stored in frozen soils and representations of the heterogeneity of tundra
landscapes and soil saturation conditions (wetland distribution) are needed. Land surface descriptions incorpo-
rating SAR have been shown to be a suitable proxy for soil organic carbon (C-band HH, Bartsch et al., 2016) and
soil wetness (C-band VV fused with multispectral data, Bartsch et al., 2024) in tundra. InSAR has also been found
to represent wetness gradients (J. Chen et al., 2020; Widhalm et al., 2025). Knowledge of the dynamics of
wetlands specifically is required, but SAR acquisitions with sufficient spatial resolution at sub-weekly sampling
are currently lacking for Arctic regions.

In summary, permafrost monitoring from space requires the combined use of a large set of parameters. The
integration of multiple proxies and advanced data fusion strategies for assimilation into models are necessary.
Although applicable SAR data are accessible (e.g., Sentinel-1), the utility of these missions for global assessment
remains limited due to acquisition strategies that generally disadvantage high-latitude permafrost regions. In
addition, for several applications, C-band with a 12-day repeat-pass is not sufficient to fill the gap in knowledge.
Indeed, due to the diversity of the parameters studied by the permafrost community, there is no single SAR system
that can address all the needs. Permafrost monitoring requires a combination of frequencies, polarizations,
acquisition strategies, and modes. For lowland permafrost applications, the priority is to have consistent acqui-
sition and data delivery strategies over the whole circumpolar regions, including Siberia. For mountain permafrost
applications, consistent low frequency missions are best suited and high spatio-temporal resolution is necessary.
To ensure high-quality products tailored for permafrost monitoring, there is also a need for SAR cal/val supersites
and campaigns targeting permafrost in particular.

Coordination between agencies should focus in the near term on consistent, InSAR-enabling coverage of all the
permafrost regions using the combination of assets, preferably with <12-day repeat if possible; support for cal/val
activities; and collection of multi-frequency data over key sites. In the long term, future missions with shorter
repeat-pass intervals and lower SAR frequencies will be highly beneficial. Efforts to coordinate the simultaneous
acquisitions of complementary SAR missions providing different frequencies and polarizations is mandatory for
game-changing advancements.
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Figure 11. SAR image expressions of atmospheric boundary layer and upper ocean structures. (a) Wind streaks off the west coast of Svalbard; (b) Hurricane Katrina in
the Gulf of Mexico; (c¢) Oil spill from Prestige off the northwest coast of Spain; (d) Oceanic front in the western Pacific; (e) Internal waves in the Alborian Sea; (f) Ocean
surface waves in the northeast Atlantic; (g) Mean Doppler-based surface current in the greater Agulhas Current region. Panels (a—c) were acquired by Envisat C-band
ASAR, (d) by ALOS L-band PALSAR, (e) by ERS-1 C-band SAR, (f) by Sentinel-1A C-band SAR, and (g) from 500 Envisat ASAR acquisitions.

2.10. Oceans

Starting with Seasat, SAR instruments have revolutionized oceanographic studies, providing information on
ocean currents, mesoscale structures, wave spectra, internal waves, surface slicks, near surface wind fields, and
marine atmosphere boundary layer (MABL) processes and extremes as evidenced in Figure 11.

SAR intensity images reveal kilometer-scale (O(500-1,000 m)) variability of the ocean-surface roughness that
can be correlated to specific conditions for parameterization of the MABL (e.g., O'Driscoll et al., 2023). While
air-sea interactions and ocean surface roughness patterns and their relationships to SAR NRCS measurements are
still imperfectly understood, numerous satellite radar measurements at C-band now routinely provide unique 2D
surface expressions of extreme atmospheric phenomena (Combot et al., 2020), mesoscale upper ocean dynamics
and frontal boundaries (Kudryavtsev et al., 2012), and internal waves (Santos-Ferreira et al., 2025). Furthermore,
observations acquired with the Sentinel-1's Wave Mode, which collects 20 km X 20 km imagettes separated by
100 km in the along-track direction, provide global insight of ocean swell dynamics including propagation and
dissipation, as well as the structure and intensity of the wave generating areas. Analysis of the long-range
propagation of ocean swell systems also enables mapping of wave-current refractions, and thus a means to
study upper ocean surface currents. In addition to the imaging SARs, the Surface Water and Ocean Topography
(SWOT) mission launched in 2022 (Fu et al., 2024) operates a single pass SAR interferometer (KaRiN instru-
ment) that provides ~1 km resolution measurements of sea surface height (Chelton, 2024) enabling detection of
mesoscale and sub-mesoscale eddies (Z. Zhang et al., 2024), estimation of ocean surface currents (Fablet
et al., 2024), near surface wind speed (Stiles et al., 2024), and measurements of wave height, wavelength, and
direction across ocean basins (Ardhuin et al., 2024).

SAR imaging radars measure near surface winds at much finer spatial scale than microwave scatterometers,
functioning as high-resolution, single antenna, wind scatterometers for capturing kilometer-scale O(1 km))
MABL phenomena, including coastal winds (Pulvirenti et al., 2018). Cross-polarized C-band radar is highly
sensitive to wind speeds (van Zadelhoff et al., 2014) with very low sensitivity to wind direction and radar
incidence angle, opening new and robust high-resolution mapping of severe storms (e.g., Mouche et al., 2017).
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Today, the ever-increasing sampling capability of satellite active and passive microwave observations, including
high-resolution imaging radar instruments, opens new and needed opportunities to derive improved surface
forcing properties under extreme conditions (e.g., tropical cyclones (TC), extra-tropical cyclones, polar lows) as
demonstrated in the ESA-funded MAXSS project (https://www.maxss.org), and characterize storm inner core
structures, such as the eyewall, radius of maximum wind (RMW) speed, and rain bands (e.g., Horstmann
et al., 2013). Regarding ocean wind measurements, currently available and most planned future imaging SAR
missions are restricted to a single line-of-sight direction, so cannot unambiguously resolve the wind direction or
directly measure the non-axisymmetric aspects of the wind field, which play a major role in the formation and
intensification of the storms. Ancillary information from Numerical Weather Prediction (NWP) models is used to
aid the inversion, but deficiencies remain in the spatial and temporal characteristics of the modeled surface wind
vectors (Belmonte Rivas & Stoffelen, 2019; Trindade et al., 2019).

The nonlinear inversion mapping of SAR normalized radar cross section (NRCS) to ocean wave spectra is un-
derstood and its associated forward transform well-described (e.g., Engen & Johnsen, 1995; Tripathi et al., 2024;
Wu & Li, 2024). However SAR-based wave spectral retrieval algorithms are far from fully satisfactory as there
are fundamental challenges imposed by the use in SAR processing of the Doppler shift to achieve fine spatial
resolution in the along-track (azimuth) direction. This azimuth focusing step works very well for a stationary
target or for a target (e.g., ship) moving at a constant velocity, but the variable or random motion of the ocean
surface leads to smearing of the along-track resolution, which in turn limits the SAR ocean imaging capabilities.
The velocity variance, o, caused by surface wave motion results in a minimum wavelength below which the

ocean spectrum cannot be resolved. This is called the azimuth cut-off, 1, & R - 6,/v4,, where R is the slant range to

orb>
the surface and v, is the orbital velocity of the satellite. Therefore, the effective resolution of a SAR intensity
product is 50400 m, depending on the sea-state, scales at which modulations due to swell and long wind-waves
are captured, while the shorter scale waves associated with the local wind sea are missed. Combining near-
collocated directional diversity with the use of both co- and cross-polarized intensity and Doppler shift signals

can provide improved local wind sea information to better constrain the nonlinear SAR-wave mapping inversion.

One of the long-standing promises of SAR observations of the ocean is the exploitation of the measurable Doppler
spectrum imbedded in the SAR imagery to estimate surface currents based on the Doppler centroid anomaly (shift
from expected value for a stationary surface) as suggested by Chapron et al. (2005) and shown to be mostly caused
by NRCS-weighted wave motion contributions. Improving the estimation of this shift is one of the major chal-
lenges to produce reliable SAR-based surface current products. Although the quality of the measured Doppler
spectrum is severely limited by systematic errors, most notably associated with satellite attitude knowledge and
antenna pointing uncertainties, there is growing evidence of the capability to retrieve estimates of line-of-sight
surface velocity from SAR image mode data (e.g., Johannessen et al., 2008; Moiseev et al., 2022).

The azimuth cut-off is frequency-independent and changing this limit cannot be addressed with any commonly
used single SAR antenna system. An important implication is that SAR architectures using multiple azimuth
phase centers within a single antenna, in order to achieve High Resolution Wide Swath (HRWS) imaging, are not
beneficial for ocean imaging applications. In contrast, these instruments should therefore be operated in a narrow
azimuth-beam mode over the ocean, maximizing the antenna gain, and exploiting the available resources either to
increase the range resolution, to minimize the NESZ (in particular for cross-polarized channels), or to provide
widely separated azimuth looks to add directional diversity, for example, by toggling between forward and
backward squinted beams to increase the temporal lag between the looks and better estimate wave-motion
parameters.

Many of the limitations mentioned above are solved by the implementation of along-track interferometric (ATI)
modes, either in dedicated systems that require instruments on multiple platforms (e.g., Harmony) or by multi-
squinted operation with a narrow azimuth transmit pattern (Chapron et al., 2005; Gommenginger et al., 2019;
Rohrs et al., 2023; Romeiser et al., 2013). The Harmony mission, planned to launch in 2029, will fly two
companion satellites in receive-only mode accompanying Sentinel-1D, one ~350 km in front and one ~350 km
behind the Sentinel-1 transmitter. The mission objectives include improving the understanding of the upper ocean
dynamics and the interactions between the lower atmosphere and the ocean surface by providing, for the first time,
large-scale simultaneous measurements of wind, waves, surface currents, sea surface temperature, and cloud
motion vectors. This combination of simultaneous measurements will provide new information on small-scale
processes, upper ocean dynamics, and the MABL.
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In addition to the short-term contributions already in the works from Harmony, there are several other near-term
coordination activities to greatly benefit oceanography, specifically related to calibration/validation and handling
large data volumes from the SAR Wave Mode data sets. Validation of SAR-derived ocean products is notoriously
challenging due to the fine scale of the features, O(100 m—1 km), combined with the snapshot nature of SAR,
which contrasts with point-like measurements of typical in situ devices that would require a large network of well-
distributed in situ sensors to allow spatiotemporal data comparison. A more robust cal/val approach for SAR-
derived ocean products will require experimental campaigns and ocean super-sites, maximizing the synergies
with related international efforts. In addition, coordination of SAR observations from as many imaging sensors as
possible for the campaigns and supersites would be of great benefit without adding extensive data volumes to any
single mission's acquisition plan.

Images of the oceans are anecdotal in that features have lifetimes O(minutes), which is several orders of magnitude
below the repeat visit of any spaceborne mission. Most of the value from SAR observations is linked to the statistics
(including high-order ones) within a scene and over large collections of imagery. Given the associated data vol-
umes, this severely hinders the use of SAR data over oceans by most potential users. However, today the WAVE-
TAC multi-mission SAR (Sentinel-1) data processing system operated by CLS Group (France) delivers near-real
time global wave products to operational oceanography and climate forecasting centers (https://data.marine.cope
rnicus.eu/product/ WAVE_GLO_PHY_SPC_L4_NRT_014_004/description). Nonetheless, there remains a
growing need to develop algorithms to efficiently handle large volumes of acquisitions, likely supported by
Generative Al approaches and implemented in the cloud, to compress and extract the relevant geophysical in-
formation. Promising examples of this are demonstrated by Wang et al. (2020) and Santos-Ferreira et al. (2025).

In the longer term, in addition to adding or continuing support for global Wave Mode observations from Sentinel-
1 and other missions, incorporation of ATI configurations through multi-national collaboration on SAR missions
is encouraged with sufficient acquisition, storage, downlink, processing, and archive capability to support ocean
observations. Future missions should also collect cross-polarization data over the ocean, particularly with low
NESZ. Also, given the stringent instrument calibration for ocean studies associated with an accurate surface stress
equivalent wind estimation, these should be considered in the design of the architecture and/or operating modes,
with fixed antenna patterns typically offering better repeatability than scanning beams.

3. Survey

In 2021 CEOS space agencies and the ICGS-SAR conducted a survey to identify gaps and needs across the
various Earth science communities regarding current and future SAR observations and data availability, as well as
to shape recommendations for near-term and long-term spaceborne SAR activities. More than 80 representatives
from space agencies, academia, and private companies participated in the survey. This section synthesizes the key
findings from the survey, focusing on measurement significance, application requirements, and emerging needs
and challenges. The survey respondents were primarily professionals in the scientific and engineering sectors
focused on a variety of applications, including all those addressed in this paper.

In terms of key SAR measurements, polarization-dependent backscatter intensity showed the highest relevance
across all applications, particularly for agriculture, soil moisture, forest, anthropogenic and weather-related
hazards, sea ice, and ocean applications, although it was generally important for all disciplines. Interferometry
is essential for geological hazards, solid Earth science, permafrost, and glacier and ice cap studies, and is a new
area of study for soil moisture measurements. Both polarimetric and interferometric phases showed significant
relevance in applications related to land cover assessment, particularly forest applications, whereas their sig-
nificance was notably lower in agricultural applications, indicating variability in data requirements across
disciplines.

For frequency requirements, the C- or L-band emerged as the most commonly requested if only one frequency is
used, possibly because of historically greater availability of data in these bands. However, most respondents
expressed a preference for multi-frequency combinations, especially C+L, C+L+X, or P+L, reflecting the di-
versity of SAR frequencies for many different applications. It is worth noting that most of the respondents
emphasized the importance of regular, short-revisit acquisitions at any frequency.

Regarding the polarization requirement, relatively few respondents required only a single polarization, mainly
those using it for geological hazards and solid Earth studies for which horizontal transmit polarization is
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preferred. Most applications require dual or even quad-polarization, with fully polarized data of particular value
for forest applications.

The survey also solicited input on the needed spatial and temporal resolution, revealing that for most applications
a spatial resolution of 10 m and weekly revisit frequency are optimal. However, certain applications observing
dynamic conditions and processes benefit from daily observations, particularly for monitoring growing season
agriculture and for hazard monitoring (but not response), for example, oil spills, floods, or active volcanoes. Sub-
daily data collection was indicated for disaster response and applications observing highly active tectonic fea-
tures, glaciers, sea ice, and some ice sheets. Regular global or regional coverage was favoured, with many re-
spondents stressing the need for selected areas to be monitored with more frequent, multi-frequency SAR
observations than currently available.

The respondents identified main obstacles inhibiting wider adoption and usage of SAR and shared recommen-
dations for filling gaps both in an incremental approach and with “game-changing” actions. These fell into three
general categories: SAR data and derived products, observation strategies for current missions, and future mission
concepts. The overwhelming request was for open access to SAR data from missions other than those of ESA and
NASA, which have open data policies, because sharing data openly drives research, innovation, and commercial
enterprise. Data accessibility is also an issue, specifically that there is no standardized data format across the
different SAR data sets; no single service to search all missions' data; and no open access operational environment
for data processing. Recommendations from the survey respondents included additional coordination between
missions and data providers to address the availability issues and incorporation of Al for advanced processing
algorithms and higher-level product generation (even onboard in future missions).

The needs for more multi-frequency and quad-polarization data, and more frequent imaging were highlighted by
many respondents. For example, the lack of regular data acquisitions with global coverage in L-and P-band to
support forest and wetland studies was identified, and, that is, now being addressed in part with the Biomass,
ALOS-2/4, and NISAR missions. Generally, it was thought that joint coordination of the existing missions'
observation plans could provide consistent, standard satellite coverage of calibration and validation sites, at least,
and possibly other discipline-specific areas. The need for consistent and continued funding of current missions
was also identified as important to maintaining the time series of SAR data.

Most of the recommendations from the survey related to coordinated investments in future missions: multi-
agency cooperation to launch SAR constellations enabling frequent revisit (hazards, glaciers/ice sheets, sea
ice, agriculture); multi-frequency tandem satellites (forests); global coverage with quad-polarimetry (ecosystems
sciences); and possibly specialized missions targeting specific areas of interest, optimized for particular mea-
surements (e.g., wetlands, ice sheets) with a consistent monitoring plan, optimal frequency selection, and product
generation for non-specialists. An interesting request that recurred was to coordinate SAR missions' observation
plans with those carrying other sensor types to have systematic and effective monitoring frameworks that include
multiple sensor types (optical, IR, SAR, LiDAR).

4. Summary and Recommendations

Previous sections have identified coordination activities and future missions that benefit a specific discipline,
largely isolated from the needs of other disciplines and independent of whether the recommendations support or
detract from the others' science gains and societal benefits. As no one single SAR system or agency has the
capacity to address the full suite of requirements identified here for all the science disciplines, a constellation of
missions and their coordinated activities is consequently required, thus calling for a confederated approach. Here
we provide findings on the synergies and differences between the needs of the different disciplines, then consider
SAR science and applications as a whole to identify suggested coordination actions among the space agencies and
the science communities that can benefit many or all. By considering the capabilities and SAR assets of the ICGS-
SAR space agency members in combination, we hope to help advance toward greater overall scientific discovery
and societal benefit both effectively and efficiently, without undue burden on any one agency and taking
advantage of the priorities and unique contributions of each. Recommendations include (a) incremental actions,
implementable starting now to make progress in the near-term (next 5—10 years) with operational SAR assets plus
those in the pipeline, for example, the Copernicus/ESA ROSE-L (Geudtner et al., 2021), and (b) next-generation
missions (2030s timeframe).
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Table 3
Game-Changing Requirements by Discipline

InSAR Fast repeat interval

Discipline CP/QP? InSAR? 3D velocity <1 week 2-3 obs/week <I day Simultaneous multifrequency?*
Ice sheets/glaciers X X X
Solid Earth science X X X
Hazards X X
Forest/biomass X x° X
Wetlands X X X
Agriculture X X X
Soil moisture X X
Permafrost X X X
Sea ice X X X
Ocean X© X

*Not indicated is the fact that most disciplines regularly use data from more than one frequency, but it is not required to be simultaneously acquired or very nearly
coincident. "Requires non-zero cross-track baseline for increased height sensitivity and tomography. “Requires non-zero along-track baseline for Along-Track Inter-

ferometry (ATI).

In looking for overlaps and conflicts between the disciplines assessed, we consider the “must have” needs for
game-changing advancement of each discipline given what we know now from prior research (Section 2). The
intent is to identify mission requirements that are currently expected to enable or preclude significant overall
advancement of the field. Table 3 summarizes the general breakdown based on high priority needs for polar-
imetry, interferometry, angle diversity, temporal repeat, and multi-frequency SAR for near-coincident or coin-
cident imaging. As in Section 2.3, hazard requirements pertain to the period encompassing a disaster, since needs
for other phases of the disaster management cycle are covered by the other disciplines. The table is not meant to be
interpreted strictly or for all situations, and obviously there are exceptions for specific topics within any disci-
pline, for example, wetlands mapping during floods might require daily imaging, but, that is, covered in hazards;
InSAR is being shown useful for soil moisture, but it is not the driving game-changer; multi-frequency data can be
used in solid earth or other InSAR-enabled studies for phase unwrapping but is not essential.

The disciplines first break down into two basic classes: those that require polarimetry, specifically QP or in its
absence CP, and those that require repeat-pass InSAR, with Forest/Biomass studies the exceptions in requiring
both and Hazards so diverse as to fall in one or the other category depending on the type of hazard. Among those
requiring InSAR, zero baselines are required for all except Forest/Biomass, which requires non-zero baselines for
increased height sensitivity as well as to allow for tomography, and for those Ocean applications using along-
track interferometry. We note that altimetry from LiDAR or single-pass InSAR is used by many disciplines
but is not the exclusive driver of advancement in any considered here. Imaging geometry diversity to derive 3D
velocity fields is critical to Ice Sheets/Glaciers and Solid Earth Science. Quad-polarimetry is expected to be game-
changing for the ecosystem disciplines and sea ice studies. More frequent observations (<1 week) are needed for
all disciplines except Forest/Biomass. Fortunately, those requiring daily or more frequent repeats need limited
coverage (e.g., Oceans need supersites) if less frequent global data for background monitoring is available. There
is strong overlap between the disciplines needing QP data and those needing multi-frequency data. Table 4 gives
the bands preferred for multi-frequency data, showing that L-band is the most useful overall, split equally between
those combining with shorter or longer wavelengths (S-band is not included for lack of sufficiently high-temporal
resolution and availability prior to NISAR). It is likely that P-band will be increasingly used once the Biomass
mission provides data for studies. This distribution highlights the importance of continued coverage with L-band
using NISAR, ALOS-2/4, and later ROSE-L. Frankly, too few multi-frequency data sets are available to assess its
full potential so this table is just a starting point for what we will learn in the near future. Likewise, the full
potential of polarimetry across all disciplines is unexplored due to the general lack of systematic polarimetric
observations. The exception is soil moisture where the SAOCOM mission demonstrates the potential.
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Table 4 We make several concrete recommendations for actions to take in the near-
Preferred Multi-Frequency Bands by Discipline Based on Our Current term involving data access and coordination of observations that, if imple-
Scientific Understanding mented in whole or in part, will go a long way toward advancing SAR science
Topic X-band C-band L-band P-band and applications. Firstly, long or dense time series and open access to data are
of value for all disciplines, and in that regard specific recommendations to the
Forest/biomass X X .
space agencies for the near-term are:
Wetlands X X X
Agriculture X X X . Prov1de open access to more data, even if or'lly conta?ned in archives or
] . acquired for selected areas. For L-band, consider making SAOCOM-1A/
Soil moisture X X . Lo
B, ALOS, and ALOS-2 global archives open for scientific use.
Permafrost 2 2 2 e Prioritize consistent observation modes over changing modes for sys-
Sea ice X X tematic monitoring to enable shorter temporal baseline InSAR over longer
Note. This could change with more open data from, for example, P-band, time scales and more dense time series for change detection in general.

S-band, and X-band sensors.

The next recommendation relates to near-term coordination of observations to

provide more frequent imaging, incidence angle diversity, multi-frequency
observations, and consistent coverage of high priority areas. Inter-agency coordination for SAR data acquisi-
tions in polar regions through the PSTG has clearly demonstrated the potential of the combined SAR missions
operating as a virtual constellation to enable advancements not achievable with any single mission. However,
equally important is that through the PSTG the community first assessed its needs, prioritizing and limiting them,
then approached the space agencies with specific requests justified by the science. The PSTG was formally
organized through WMO, with members selected to represent cryosphere science. A similar effort is underway
through the CEOS LSI-VC. We recommend that other working groups organize around common needs, like the
3D-InSAR Task Group mentioned in Section 2.2, forming a cohesive community with well-defined goals. These
groups can also organize field campaigns and supersites for international collaboration with extensive imaging.
The space agencies, perhaps within a group like the ICGS-SAR, can consider requests from all the working
groups and share the tasking based on agency programs, mission capabilities, and scientific justification. As the
PSTG has proven, seemingly minor contributions from many agencies can contribute to major advancements.
Examples of coordinated observations of value are:

e Coordinate observations for the Arctic, Antarctic, Greenland, and Siberia regions to provide spatially
comprehensive coverage with sustained observations at the orbit repeat period.

e Acquire ALOS-4 and SAOCOM-1 wide-swath full-polarimetric observations of global vegetated areas with
dual seasonal (summer/winter & dry/wet season) or four-season coverages. (This complements NISAR's dual
polarization12-day repeat)

e Acquire systematically time series data over selected discipline-specific study sites with a wide diversity of
frequency bands (P, L, S, C, X) and with as many polarization channels as possible for each instrument. Study
sites are needed for vegetation (forests and agriculture areas), soil moisture estimation, and sea ice, land ice,
snow and permafrost studies.

¢ Coordinate with LIDAR and optical missions for campaigns and supersites.

The last recommendation for near-term action pertains to SAR's value for disaster response, namely that the space
agencies work toward implementing a global system for “Smart Tasking” for disaster response. This could take
the form of updating the International Charter to better match modern capabilities, i.e., automatic activation for
major tectonic disasters based on input from existing sensor networks, activation prior to forewarned events
(e.g., hurricanes), and activation without requests in some cases. Most major disasters now elicit international
support, so these changes would enable lower latency information delivery and more rapid and effective response.
Additionally, all providers should endeavor to deliver low latency data products (ideally <1 hr).

We mainly have considered the non-commercial, non-military space agencies, particularly those that have
participated in the ICSG-SAR activity. However, commercial Very High Resolution X-band SAR missions have
a potential complementary role to play through their capacity for targeted backscatter and interferometric ob-
servations at high spatial and temporal resolution. However, as these missions typically acquire data on demand
only, consistent global- or regional scale data archives are not available and even lacking at the local scale for
many scientifically important sites. Dedicated observation scheduling is therefore imperative to make the data
useful, so agencies considering governmental data purchases for science are recommended to consider tasking
rights a requirement for procurement. We also recommend that the commercial companies make their data open
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access when it is no longer of economic value or restricted by the original purchaser. We also note that the value of
commercial SAR for science and disaster response is greatly improved if the systems have repeat pass InSAR or
multi-polarization capability.

In the longer perspective, that is, through the 2030s, and considering missions still to be defined, there is sig-
nificant potential for the joint development of an ambitious multi-agency, multi-mission, mega-constellation of
constellations that would fully address the outstanding scientific requirements for temporal revisit, LOS and
baseline diversity, polarimetry and multi-frequency observations. The addition of cooperative receive-only
systems to typical backbone SAR missions (Sentinel-1, NISAR, ROSE-L) designed as zero-baseline missions
will enable LOS and baseline diversity, single pass interferometry, or tomography. These companion missions
must be able to operate without interfering with backbone missions, requiring standards for interfaces, syn-
chronization links, and operational coordination. ESA's current approach is to keep backbone missions un-
changed, but with “companion friendliness levels” added to enable companion contributions (e.g., for Sentinel-1
Next Generation, ROSE-L, or future flagship missions). Passive companions could address missing capabilities in
programs like Copernicus, such as across-track single-pass acquisitions for forestry. Inter-agency cooperation
will be vital for the success of bistatic and multistatic SAR. Shared infrastructures, common standards, and
coordinated mission design will be necessary to enable next-generation SAR systems and to fully exploit the
opportunities of multi-static SAR architectures. In general, future SAR missions that are currently in formulation
would benefit even more if inter-agency coordination would start at the mission conceptualization stage, adding
representatives from other agencies to their science definition teams to continue and improve long-term coor-
dination beyond the near-term actions recommended here.

The ICGS-SAR was proposed by Charles Elachi, who had a vision of the world's SAR-operating space agencies
working together to achieve more than their individual goals by reducing duplication, thereby making better use
of funding, capabilities, and assets—in his words achieving the equivalent of one plus one equals four. Since its
first workshop in 2018, the ICGS-SAR has brought together mission managers, engineers, and scientists to
brainstorm ways that this can be achieved, considering all aspects of coordination in missions, data, and oper-
ations. This paper summarized the work done specifically for advancing SAR-enabled science toward game-
changing discoveries and realizing the many benefits offered by SAR for addressing the world's problems.
The advantages of coordination for science, applications, and disaster response are clear: optimum utilization of
space assets based on their strength and availability, and higher probability of an agency's buy-in if its respective
requirements can be relaxed given other agencies' shared contributions.
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ARD Analysis Ready Data

ARIA Advanced Rapid Imaging and Analysis
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ASCAT Advanced Scatterometer

JONES ET AL.

32 of 43

3SUS017 SUOLLILLOD dA1IER1D) 3|qed! [dde au1 Ag pauLBA0B ake S9[o1e YO 138N JO 3N 10J ARIq 1T 8UIIUO AB|IAA UO (SUOTIPUOD-PUR-SWBH 00" A8 |1 AReuq 1 ]Bul U/ SANY) SUOIPUOD PUe SWLS | U3 305 *[9202/50/2T] uo Ariqiiauliuo A(1M ‘Wea Nl Aq 89800 VaSZ0Z/620T OT/10p/LLod A (1M Aseiq put|uo sandnBe//sdny wouy papeojumod ‘G ‘9202 ‘BOSEEET



~1
A""l Earth and Space Science 10.1029/2025EA004868
AND SPACE SCIENCES
ASF Alaska Satellite Facility
ASI Agenzia Spaziale Italiana
ATI Along-track interferometry/Along-track interferometric
CCI Climate Change Initiative
CEOS Committee on Earth Observation Satellites
CONAE Comisién Nacional de Actividades Espaciales
CP Compact polarization/Compact polarimetry
CSA Canadian Space Agency
CSG COSMO-SkyMed Generation
CSK COSMO-SkyMed
DEM Digital elevation model
DLR Deutsches Zentrum fiir Luft und Raumfahrt
ECV Essential Climate Variable
EO Earth-observing
ERS Earth Remote Sensing
ESA European Space Agency
EU European Union
FYI First-year ice
GCOM-W Global Change Observation Mission - Water
GCOS Global Climate Observing System
GCW Global Cryosphere Watch
GEDI Global Ecosystem Dynamics Investigation
GFM Global Flood Monitoring
GIC Glaciers and Ice Caps
GMS Ground Motion Service
HDF5 Hierarchical Data Format 5
HH Horizontal transmit/Horizonal receive
HRWS High Resolution Wide Swath
HV Horizontal transmit/Vertical receive
ICGS-SAR International Coordination Group for Spaceborne Synthetic Aperture Radar Missions
INFCOM Commission for Observation, Infrastructure and Information Systems
InSAR Interferometric SAR
ISRO Indian Space Research Organisation
w Interferometric Wide
JAXA Japan Aerospace Exploration Agency
KSAT Kongsberg Satellite Services
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LAI Leaf Area Index
LiCSAR Looking Into Continents from Space with Synthetic Aperture Radar
LOS Line-of-sight
LSI-VC Land Surface Imaging Virtual Constellation
MABL Marine atmosphere boundary layer
MDA MDA Space Ltd.
MIA Multi-Aperture SAR Interferometry
ML Machine learning
MOLI Multi-sensing Observation LiDAR and Imager Demonstration
MSI Multispectral Imager
MYI Multi-year ice
NASA National Aeronautics and Space Administration
NDVI Normalized Difference Vegetation Index
NESZ Noise equivalent sigma-naught
NISAR NASA-ISRO Synthetic Aperture Radar
NOAA National Oceanic and Atmospheric Administration
NRCS Normalized radar cross section
NWP Numerical Weather Prediction
OPERA Operational Products for End-Users from Remote Sensing Analysis
PAI Plant Area Index
Pol-InSAR Polarimetric interferometric SAR
PolSAR Polarimetric SAR
PSTG Polar Space Task Group
PT Permafrost Temperature
QP Quad-polarimetry/Quad-polarimetric
RCM Radarsat Constellation Mission
RGV Rock Glacier Velocity
RMW Radius of maximum wind
RR Right circular transmit, right circular receive
SAR Synthetic Aperture Radar
SAR-CWG SAR Coordination Working Group
SDG Sustainable Development Goals
SMAP Soil Moisture Active Passive
SMOS Soil Moisture and Ocean Salinity
SRTM Shuttle Radar Topography Mission
SST Surrey Satellite Technology Ltd.
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