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Abstract. While major technological advances have made measurements of coastal subsidence more sophisticated, these
advances have not always been matched by a thorough examination of what is actually being measured. Here we draw attention
to the widespread miscommunication about key concepts in the coastal subsidence literature, much of which revolving around
the interplay between sediment accretion, vertical land motion, and surface-elevation change. We attempt to rectify this by
drawing on well-established concepts from the tectonic geomorphology community. A consensus on these issues by means of
acommon language can help bridge the gap between disparate disciplines (ranging from geophysics to ecology) that are critical

in the quest for meaningful projections of future relative sea-level rise.

Main text

Land subsidence is a major compounding problem for low-elevation coastal zones that are feeling the effects of accelerating
global sea-level rise, including some that host the world’s largest population centres. This “slow-motion disaster” is receiving
rapidly increasing attention within the research community (Buffardi and Ruberti 2023) and is particularly prevalent along
depositional coastlines that are subject to long-term passive margin subsidence. Superimposed on this relatively steady (10° to
10° yr or more) and slow geologic process are non-steady components of vertical land motion (VLM) including glacial isostatic
adjustment that affects every shoreline worldwide over shorter timescales of 10° to 10° yr, plus sediment compaction and fluid
extraction that operate mainly over 10° to 102 yr timescales and exhibit large spatial variability but often dominate subsidence
on local scales. This short paper asks the simple question “What is coastal subsidence?” — a question with a seemingly

straightforward answer. However, we argue that the complexities of coastal subsidence are not always recognized and
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appreciated within the highly multidisciplinary subsidence research community, presenting an obstacle to subsidence
projections and coastal policymaking.

As pointed out by Shirzaei et al. (2021), within the context of VLM distinction must be made between static and dynamic
coastal landscapes. We use these terms in a morphodynamic sense: in the former deposition and erosion have been essentially
halted, whereas in the latter (e.g., coastal wetlands) these processes operate relatively uninhibited. The landscapes that we
consider to be morphodynamically “static” include urban as well as agricultural settings with minimal relief. These are
common in low-elevation coastal zones and characterized by geomorphic processes that are sufficiently slow that they can be
neglected over human-relevant timescales. The implications of this distinction for subsidence measurements are profound: in
static landscapes, VLM can be directly observed by measurements of deformation of the land surface with remote sensing
techniques. Therefore, subsidence studies in such settings are relatively straightforward. The situation is entirely different in
dynamic landscapes, where such methods measure surface-elevation change (SEC) rather than VLM (Fig. 1). These are
fundamentally different things.

VLM and SEC in subsiding coastal landscapes can be viewed as the mirror image of what occurs in uplifting, erosional
landscapes, as outlined in the pioneering paper of England and Molnar (1990) where rock uplift was differentiated from surface
uplift. Rock uplift is the upward VLM of a specific reference horizon relative to a fixed datum, whereas surface uplift is
equivalent to SEC as used herein and equals rock uplift minus erosion (exhumation). Similarly, subsidence is the downward
VLM (a negative number) of a specific reference horizon relative to a fixed datum, and SEC equals the difference between
VLM of the reference horizon and vertical accretion (or erosion) of sediment. SEC will be a positive number if vertical
accretion exceeds subsidence, SEC will equal zero if vertical accretion balances subsidence, and SEC will be a negative number
if subsidence exceeds vertical accretion.

Measuring SEC and VLM can be accomplished by a wide range of methods, some of which strictly determine changes at the
land surface, whereas others explicitly monitor subsurface processes. Combining both is essential to disentangle driving
mechanisms. Space-based methods like Interferometric Synthetic Aperture Radar (INSAR) have become some of the most
powerful tools to obtain spatially continuous data on SEC and/or VLM (e.g., Jones et al. 2016). Global Navigation Satellite
System (GNSS) data can provide point observations on VLM in coastal settings (e.g., Hammond et al. 2021) and are often
used to ground truth INSAR measurements. While InSAR is potentially invaluable, it cannot differentiate the drivers, or causal

mechanisms, if multiple processes contribute to SEC. Most importantly, INSAR fundamentally measures SEC, which will be
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equivalent to VLM in static landscapes only (Fig. 1). Even in such settings, care must be taken that reflectors measure change

at the land surface, given that large buildings often rest on foundations that may be tens of meters deep.

Despite this caveat, ground truthing of INSAR data with GNSS measurements is comparably straightforward in static
landscapes (e.g., Fabris et al. 2022). In contrast, as shown by Keogh and Térnqvist (2019), this is more challenging in wetland
environments where shallow subsidence is typically not captured by GNSS instruments (Fig. 1). As a result, understanding
subsidence in coastal landscapes requires independent measurements of vertical accretion and/or erosion to complement time
series on SEC from InSAR. (Separate from these considerations, it should be noted that the collection of InSAR data in
wetlands is extremely challenging — a topic beyond the scope of the present paper.) It is therefore imperative that vertical
accretion and SEC not be conflated with each other, as has been the case in recent, widely cited papers (e.g., Crosby et al.
2016; FitzGerald and Hughes 2019). Along the same lines, INSAR measurements that encompass both static and dynamic
landscapes (e.g., Ohenhen et al. 2023) measure SEC, which can only be equated with VLM in morphodynamically inactive

settings.

A related, widespread misconception is associated with the interplay between deposition and subsidence. For example, studies
of river delta vulnerability have implied that a reduction of sediment supply increases subsidence (e.g., Becker et al. 2020;
Glover et al. 2023). However, the opposite is true: vertical accretion and subsidence from compaction in the upper portion of
the sediment column are closely coupled (Saintilan et al. 2022) due to the effective stress exerted by newly accumulated
sediment (Zoccarato and Da Lio 2021). Nevertheless, even though deposition typically enhances subsidence, it still often
results in net surface-elevation gain (Fig. 1; Chamberlain et al. 2021; Saintilan et al. 2022). Put differently, wetlands that lose
elevation compared to relative sea-level rise may still gain elevation with respect to a fixed geodetic datum, as long as SEC

outpaces subsidence (Fig. 1).

Coastal subsidence research has enjoyed rapid progress, not least due to a wide range of technological advances and an
increasingly high spatial and temporal resolution in the detection of VLM at or near the Earth’s surface (e.g., Da Lio et al.
2018; Steckler et al. 2022; Zoccarato et al. 2022; Zumberge et al. 2022). However, as shown by the examples discussed above,
new and/or increasingly sophisticated measurements have not always gone hand in hand with progress on our understanding
of the relevant surface and subsurface processes: the vital question of “what exactly is being measured?”” must never become

an afterthought.
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An important motivation for this contribution is the increasing recognition of coastal subsidence as an existential threat that
adds to the risks posed by global sea-level rise for millions of people worldwide. In fact, along many deltaic coastlines the
magnitude of coastal subsidence can equal or exceed current and projected rates of geocentric sea-level rise (Jelgersma 1996;
and many subsequent studies). Increased concern about subsidence will be addressed by the recently established International
Panel on Land Subsidence (IPLS; Minderhoud and Shirzaei 2022; https://sites.google.com/view/iplsubisdence/home). One of
the key objectives of the IPLS will be to produce subsidence projections that can be combined with IPCC-style sea-level
projections (Fox-Kemper et al. 2021; Oppenheimer et al. 2019) to generate more powerful forecasts of relative sea-level
change. A recent community paper on sea-level terminology (Gregory et al. 2019) has reduced confusion on critically
important concepts from this neighbouring field. In that spirit, we hope that this brief paper can be an initial contribution

toward a more clearly defined conceptual framework for understanding and projecting subsidence in the coastal zone.

Competing interest: The authors declare none.

References

Becker M, Papa F, Karpytchev M, Delebecque C, Krien Y, Khan JU, Ballu V, Durand F, Le Cozannet G, Islam AKMS, Calmant S
and Shum CK (2020) Water level changes, subsidence, and sea level rise in the Ganges-Brahmaputra-Meghna delta.
Proceedings of the National Academy of Sciences of the United States of America 117(4), 1867-1876.
https://doi.org/10.1073/pnas.1912921117.

Buffardi C and Ruberti D (2023) The issue of land subsidence in coastal and alluvial plains: A bibliometric review. Remote Sensing 15,
2409.

Chamberlain EL, Shen Z, Kim W, McKinley S, Anderson S and Térnqvist TE (2021) Does load-induced shallow subsidence inhibit
delta growth? Journal of Geophysical Research: Earth Surface 126, e2021JF006153.

Crosby SC, Sax DF, Palmer ME, Booth HS, Deegan LA, Bertness MD and Leslie HM (2016) Salt marsh persistence is threatened by
predicted sea-level rise. Estuarine, Coastal and Shelf Science 181, 93-99. https://doi.org/10.1016/j.ecss.2016.08.018.

Da Lio C, Teatini P, Strozzi T and Tosi L (2018) Understanding land subsidence in salt marshes of the Venice Lagoon from SAR
Interferometry and ground-based investigations. Remote Sensing of Environment 205, 56-70.
https://doi.org/10.1016/j.rse.2017.11.016.

England P and Molnar P (1990) Surface uplift, uplift of rocks, and exhumation of rocks. Geology 18, 1173-1177.

Fabris M, Battaglia M, Chen X, Menin A, Monego M and Floris M (2022) An integrated INSAR and GNSS approach to monitor land
subsidence in the Po River Delta (Italy). Remote Sensing 14(21), 5578. https://doi.org/10.3390/rs14215578.

FitzGerald DM and Hughes Z (2019) Marsh processes and their response to climate change and sea-level rise. Annual Review of Earth
and Planetary Sciences 47, 481-517.

Fox-Kemper B, Hewitt HT, Xiao C, Adalgeirsdéttir G, Drijfhout SS, Edwards TL, Golledge NR, Hemer M, Kopp RE, Krinner G,
Mix A, Notz D, Nowicki S, Nurhati IS, Ruiz L, Sallée J-B, Slangen ABA and Yu Y (2021) Ocean, cryosphere and sea level
change. In Masson-Delmotte V, Zhai P, Pirani A, Connors SL, Péan C, Berger S, Caud N, Chen Y, Goldfarb L, Gomis M,
Huang M, Leitzell K, Lonnoy E, Matthews JBR, Maycock TK, Waterfield T, Yelek¢i O, Yu R and Zhou B (eds), Climate
Change 2021. The Physical Science Basis. Cambridge: Cambridge University Press, 1211-1361.

Glover HE, Ogston AS, Fricke AT, Nittrouer CA, Aung C, Naing T and Lahr EJ (2023) Can unleveed agricultural fields in deltas
keep pace with sea-level rise? Geophysical Research Letters 50(3), €2022GL101733. https://doi.org/10.1029/20229g1101733.

Gregory JM, Griffies SM, Hughes CW, Lowe JA, Church JA, Fukimori I, Gomez N, Kopp RE, Landerer F, Le Cozannet G, Ponte
RM, Stammer D, Tamisiea ME and Van de Wal RSW (2019) Concepts and terminology for sea level: Mean, variability and
change, both local and global. Surveys in Geophysics 40(6), 1251-1289. https://doi.org/10.1007/s10712-019-09525-z.

4


https://doi.org/10.1073/pnas.1912921117
https://doi.org/10.1016/j.ecss.2016.08.018
https://doi.org/10.1016/j.rse.2017.11.016
https://doi.org/10.3390/rs14215578
https://doi.org/10.1029/2022gl101733
https://doi.org/10.1007/s10712-019-09525-z

135

140

145

150

155

160

165

Hammond WC, Blewitt G, Kreemer C and Nerem RS (2021) GPS Imaging of global vertical land motion for studies of sea level rise.
Journal of Geophysical Research: Solid Earth 126(7), €2021JB022355. https://doi.org/10.1029/2021jb022355.

Jelgersma S (1996) Land subsidence in coastal lowlands. In Milliman JD and Hag BU (eds), Sea-Level Rise and Coastal Subsidence.
Causes, Consequences, and Strategies. Dordrecht: Kluwer, 47-62.

Jones CE, An K, Blom RG, Kent JD, lvins ER and Bekaert D (2016) Anthropogenic and geologic influences on subsidence in the
vicinity of New Orleans, Louisiana. Journal of Geophysical Research: Solid Earth 121(5), 3867-3887.
https://doi.org/10.1002/2015jb012636.

Keogh ME and Térnqvist TE (2019) Measuring rates of present-day relative sea-level rise in low-elevation coastal zones: a critical
evaluation. Ocean Science 15(1), 61-73. https://doi.org/10.5194/0s-15-61-2019.

Minderhoud PSJ and Shirzaei M (2022) Combat relative sea-level rise at global scale - Presenting the International Panel on Land
Subsicence (IPLS). American Geophysical Union Fall Meeting, Chicago.

Ohenhen LO, Shirzaei M, Ojha C and Kirwan ML (2023) Hidden vulnerability of US Atlantic coast to sea-level rise due to vertical
land motion. Nature Communications 14, 2038.

Oppenheimer M, Glavovic BC, Hinkel J, Van de Wal R, Magnan AK, Abd-Elgawad A, Cai R, Cifuentes-Jara M, DeConto RM,
Ghosh T, Hay J, Isla F, Marzeion B, Meyssignac B and Sebesvari Z (2019) Sea level rise and implications for low-lying
islands, coasts and communities. In Pértner H-O, Roberts DC, Masson-Delmotte V, Zhai P, Tignor M, Poloczanska E,
Mintenbeck K, Alegria A, Nicolai M, Okem A, Petzold J, Rama B and Weyer NM (eds), IPCC Special Report on the Ocean and
Cryosphere in a Changing Climate. Cambridge: Cambridge University Press, 321-445.

Saintilan N, Kovalenko KE, Guntenspergen G, Rogers K, Lynch JC, Cahoon DR, Lovelock CE, Friess DA, Ashe E, Krauss KW,
Cormier N, Spencer T, Adams J, Raw J, Ibanez C, Scarton F, Temmerman S, Meire P, Maris T, Thorne K, Brazner J,
Chmura GL, Bowron T, Gamage VP, Cressman K, Endris C, Marconi C, Marcum P, St Laurent K, Reay W, Raposa
KB, Garwood JA and Khan N (2022) Constraints on the adjustment of tidal marshes to accelerating sea level rise. Science
377(6605), 523-527. https://doi.org/10.1126/science.abo7872.

Shirzaei M, Freymueller J, Térngvist TE, Galloway DL, Dura T and Minderhoud PSJ (2021) Measuring, modelling and projecting
coastal land subsidence. Nature Reviews Earth & Environment 2(1), 40-58. https://doi.org/10.1038/s43017-020-00115-x.

Steckler MS, Oryan B, Wilson CA, Grall C, Nooner SL, Mondal DR, Akhter SH, DeWolf S and Goodbred SL (2022) Synthesis of
the distribution of subsidence of the lower Ganges-Brahmaputra Delta, Bangladesh. Earth-Science Reviews 224, 103887.
https://doi.org/10.1016/j.earscirev.2021.103887.

Zoccarato C and Da Lio C (2021) The Holocene influence on the future evolution of the Venice Lagoon tidal marshes. Communications
Earth & Environment 2(1), 77. https://doi.org/10.1038/s43247-021-00144-4.

Zoccarato C, Minderhoud PSJ, Zorzan P, Tosi L, Bergamasco A, Girardi V, Simonini P, Cavallina C, Cosma M, Da Lio C,
Donnici S and Teatini P (2022) In-situ loading experiments reveal how the subsurface affects coastal marsh survival.
Communications Earth & Environment 3(1), 264. https://doi.org/10.1038/s43247-022-00600-9.

Zumberge MA, Xie S, Wyatt FK, Steckler MS, Li G, Hatfield W, Elliott D, Dixon TH, Bridgeman JG, Chamberlain EL, Allison M
and Térnqvist TE (2022) Novel integration of geodetic and geologic methods for high-resolution monitoring of subsidence in
the Mississippi Delta. Journal of Geophysical Research: Earth Surface 127(9), e2022JF006718.
https://doi.org/10.1029/2022jf006718.



https://doi.org/10.1029/2021jb022355
https://doi.org/10.1002/2015jb012636
https://doi.org/10.5194/os-15-61-2019
https://doi.org/10.1126/science.abo7872
https://doi.org/10.1038/s43017-020-00115-x
https://doi.org/10.1016/j.earscirev.2021.103887
https://doi.org/10.1038/s43247-021-00144-4
https://doi.org/10.1038/s43247-022-00600-9
https://doi.org/10.1029/2022jf006718

170

175

oceanic

passive margin
active margin

Figure 1: Schematic cross section of two continental margins subject to subsidence (passive margin) and uplift (active margin),
respectively. Note that INSAR measurements provide rates of surface-elevation change which only in static landscapes (e.g., urban
areas) can be directly interpreted as vertical land motion. Also note the difference between the two GNSS stations: #1 is set in exposed
bedrock and measures rock uplift, whereas #2 measures subsidence but misses the shallow subsidence component because the
instrument rests on a foundation several meters below the wetland surface. Insets (circles) provide details of the key processes
operating in erosive uplifting settings, versus subsiding coastal wetlands where deposition can drive shallow subsidence. In the latter,
there is subsidence despite net surface-elevation gain.



