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Abstract. Coastal cities are increasingly exposed to flooding as sea level rises and as compound extremes involving tides, 

storm surge, waves, and river discharge act together. Reliable estimation of extreme coastal water levels is therefore 

fundamental to flood risk assessment, forecasting, and coastal management, yet it remains constrained by sparse in-situ 15 

networks and by the partial, scale-dependent representations that satellite altimetry and hydrodynamic models each provide. 

Over the past decade, advances in coastal altimetry and in regional-to-global hydrodynamic modelling have expanded the 

information available for coastal water-level estimation, but their combined use remains dominated by region-specific 

applications, and globally consistent methodologies are still emerging. Here we review approaches for combining satellite 

altimetry and hydrodynamic models across four interconnected domains: the detection of coastal sea-level and sea-state 20 

extremes from along-track altimetry; strategies for integrating altimetry with hydrodynamic models; vertical referencing and 

datum consistency; and validation and uncertainty characterisation, particularly in data-sparse settings. We argue that the 

central challenge is not how to merge two sources of information, but how to ensure that they represent commensurable 

quantities. No single integration strategy is universally optimal, and differences in process representation, sampling, and 

vertical reference must be treated explicitly rather than absorbed into residual error. While satellite altimetry does not resolve 25 

wave-driven processes at the shoreline and hydrodynamic models often approximate baroclinic and compound contributions, 

consistent vertical referencing and coherent propagation of uncertainty can render altimetry- and model-derived estimates 

comparable. Progress therefore depends less on combining datasets more widely than on defining when such combinations 

are physically meaningful, vertically consistent, uncertainty-aware, and transferable across coastal regimes, laying the 

foundation towards globally consistent estimation of coastal water levels. 30 
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1 Introduction 

Coastal cities are increasingly exposed to flooding as a result of sea level rise and intense extreme events, and the growing 

influence of compound drivers such as storm surge, waves, river discharge, and rainfall (e.g. Green et al., 2025; Khanal et 

al., 2019; Ruan et al., 2024; and Xu et al., 2022a). Urban areas in particular are flood risk hotspots due to their concentration 

of people, assets and critical infrastructure, and risk is likely to increase where, in addition to climate change, population 35 

growth and urbanization increases exposure (e.g. Wahl et al., 2015; Glavovic et al., 2022).  

At the coast, extreme flooding usually occurs when high tide, storm surge, waves and mean sea-level anomalies act together 

(Vitousek et al., 2017), with flooding potential largely dictated by the magnitude of the coastal water level, defined here as 

the sea surface elevation relative to a geoid (i.e., a level surface). Coastal total water levels are the result of the combined 

effects of tides, meteorologically forced variability (primarily due to atmospheric pressure and winds), density-driven 40 

(baroclinic/steric) variability, as well as wave-driven setup and runup at the shoreline (Idier et al., 2019). The relative 

contribution of these drivers to coastal water varies strongly by location, and non-linear interactions between them can 

modify water levels by several tens of centimetres (De Almeida et al., 2018). However, satellite altimetry does not resolve 

wave-driven setup and runup at the shoreline. Thus, for the purposes of this review, which focuses on the complementarity 

between satellite altimetry and hydrodynamic modelling, the coast is defined as the coastal ocean seaward of the surf and 45 

swash zones, and coastal water levels do not reflect total water levels including wave setup, runup and swash. 

While hydrodynamic models provide a physically consistent framework for estimating coastal water levels, their accuracy is 

constrained by various sources of uncertainty, and in practice, it remains difficult to calibrate and validate these numerical 

models in the absence of a comprehensive in-situ observation network with global coverage. Advances in satellite altimetry 

over the past decade offer opportunities to reduce some of these uncertainties. These advances include enhanced retracking 50 

algorithms (e.g. Passaro et al., 2014), improved corrections for the wet tropospheric delay (e.g., Lázaro et al. 2020), and 

improved data editing (e.g., Birol et al. 2017). Together, they have resulted in several dedicated coastal altimetry products 

(e.g., Cancet et al., 2026, Peng et al., 2024, Schwatke et al., 2023; Cazenave et al., 2022, Birol et al., 2017) that have 

improved our understanding of sea level in the coastal zone. 

Earlier work showed that altimetry can capture storm-surge signatures and complement the tide-gauge network (Antony et 55 

al., 2014), and that assimilating or integrating altimeter observations can reduce model errors in regional surge forecasts 

(Bajo et al., 2017; Asher et al., 2019). More recently, Guarneri et al. (2023) assimilated altimetry-derived low-frequency 

water levels to improve the low-frequency water level representation in a 2D tide-surge model. And in a subsequent study 

Guarneri et al. (2025) combined satellite altimetry with a two-dimensional hydrodynamic model by treating model-derived 

tidal constituents as stochastic variables and updating them only when justified by altimetric precision, substantially 60 

improving tidal estimates and reducing residual water level variability over shallow parts of the northwest European 

continental shelf. In addition, altimetry derived empirical tide models have been shown to improve coastal hydrodynamic 

boundary conditions and water level skill (Hart-Davis et al., 2023), indicating that altimetry–model fusion approaches span a 
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continuum from loosely coupled correction frameworks to tightly coupled data assimilation and hybrid approaches that 

modify model states or boundary conditions.  65 

However, the combined use of satellite altimetry with high-resolution hydrodynamic models for coastal and total water level 

estimation remains dominated by region-specific applications, with most studies focused on individual shelves, basins, or 

estuarine systems using locally tailored data, assumptions, and workflows rather than globally consistent methodologies (e.g. 

Rulent et al., 2020; Vignudelli et al., 2019; Caballero et al., 2020; Jahanmard et al., 2023). Reviews of coastal observing–

modelling systems consistently note that these efforts remain fragmented across regions and platforms, and that integrated 70 

approaches applicable across diverse coastal regimes are still emerging rather than widely adopted (De Mey-Frémaux et al., 

2019; Melet et al., 2020; Ponte et al., 2019). 

Towards developing globally consistent approaches of combining satellite altimetry and hydrodynamic models for 

estimating coastal water levels and their extremes  this review  focuses on four interconnected domains that repeatedly 

emerge across regions and applications: (i) the detection and characterisation of coastal sea-level and sea state extremes from 75 

along-track altimetry; (ii) the use of altimetry derived sea level and wave information with hydrodynamic models; (iii) 

vertical referencing and datum consistency across altimetry and model outputs; and (iv) validation strategies and uncertainty 

characterisation for both altimetry-based and model-based coastal water level estimates, particularly in data sparse settings.  

The review is structured as follows. Sect. 2 first outlines the physical processes governing extreme coastal water levels, 

including their individual contributions and non‑linear interactions. Sect. 3 then examines the capabilities and limitations of 80 

satellite altimetry for detecting coastal extremes, with attention to sparse sampling and recent advances in coastal data 

products. Sect. 4 provides an overview of hydrodynamic modelling approaches for coastal water levels, highlighting 

representation gaps, baroclinic effects, and the role of regional downscaling. Building on these foundations, Sect. 5 

synthesises strategies for combining satellite altimetry and hydrodynamic models and discusses key sources of inconsistency 

and challenges during extreme events. Sect. 6 then argues that consistent vertical referencing, validation against independent 85 

observations, and coherent uncertainty characterisation are cross-cutting prerequisites for rendering these estimates 

commensurable. Finally, Sect. 7 presents a synthesis of advances, limitations, and priority directions for future research. 

 

Textbox 1: Review scope and guardrails 

This is a structured narrative review, not a systematic review or a benchmarking exercise. It synthesises conceptual and 

methodological advances in combining satellite altimetry and hydrodynamic modelling to estimate coastal water levels and 

their extremes, and does not aim to catalogue the literature exhaustively. 

We define the coast as the coastal ocean seaward of the surf and swash zones. Coastal water levels therefore comprise tides, 

meteorologically forced variability, and density-driven (baroclinic and steric) variability relative to a geoid; wave setup, 

runup and swash are not resolved by altimetry and lie outside this scope, though they are noted where they affect 

interpretation. Within this boundary the review addresses four domains: (i) detection of coastal sea-level and sea-state 
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extremes from along-track altimetry; (ii) integration of altimetry with hydrodynamic models; (iii) vertical referencing and 

datum consistency; and (iv) validation and uncertainty characterisation. 

To limit the selection biases inherent to narrative synthesis, we apply a defined thematic scope, attend to the geographical 

and methodological balance of the cited literature, and note where coverage remains uneven: the evidence base is weighted 

towards the northwest European shelf and, secondarily, South and Southeast Asian deltas, with limited representation of 

other regions, particularly the Global South. 

2 Physical processes governing extreme coastal water levels 90 

2.1 Components of coastal water levels 

Coastal water levels, seaward of the surf and swash zone, arise from the combined effects of multiple physical processes, 

including astronomical tides, meteorologically forced variability (due to atmospheric pressure and winds, including sea-state 

modulation of surface stress; Bonaduce et al., 2020), density-driven (baroclinic and steric) variability (which is also 

modulated by wave-induced mixing; Bonaduce et al., 2024), as well as, in some settings, freshwater (buoyancy) inputs from 95 

rivers, which modifies shelf density structure (Pugh and Woodworth, 2014; Woodworth et al., 2019). These processes act at 

different spatial and temporal scales, and interact non-linearly, such that their relative importance for coastal flooding varies 

strongly between regions and events (Idier et al., 2019; Kirezci et al., 2020; Pugh and Woodworth, 2014; Woodworth et al., 

2019). Consequently, the total water level relevant for flooding cannot be interpreted from offshore sea surface height alone 

but must be understood together with the chain of processes linking offshore forcing, nearshore transformation, and shoreline 100 

response (Fig. 1; Pugh and Woodworth, 2014; de Silva et al., 2020). Collectively, these processes span a wide range of 

spatial and temporal scales, from seconds and metres for wave processes to decades and basin scales for large-scale ocean 

circulation and climate variability (Woodworth et al., 2019). 

The time-averaged component of coastal water level is associated with density-driven (baroclinic) processes and large-scale 

ocean circulation and is commonly expressed as mean dynamic topography (MDT) when referenced to a geoid (Woodworth 105 

et al., 2019). This component represents the mean offshore baroclinic water level relative to the equipotential reference 

surface and can reach magnitudes of up to ~1.5 meters, exerting a first-order control on spatial distribution of coastal water 

levels. Seasonal to interannual variations in this component arise from winds, atmospheric pressure, steric effects, and 

baroclinic circulation, while long-term sea-level rise shifts the entire distribution of coastal water levels upward. This shift 

lowers the threshold at which tides, surge, or waves produce flooding, leading to a disproportionate increase in the frequency 110 

of extreme and high tide events, even for relatively modest increases in mean sea level (Vitousek et al., 2017; Taherkhani et 

al., 2020). Sea‑level rise increases the frequency of high‑tide and nuisance flooding and elevates the probability that extreme 

water levels exceed impact‑relevant thresholds, with non‑linear interactions between tides, surge and mean sea level further 

amplifying these extremes, especially in shallow and estuarine settings (Idier et al., 2019; Serafin et al., 2017). 
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 115 

Figure 1. Conceptual schematic illustrating the processes contributing to coastal total water levels, including mean sea level, tides, 

meteorological surge, and wave driven setup and runup, and their evolution from offshore to the shoreline. The background 

graphic was generated using ChatGPT, the text and labels were added by the authors. 

 

Astronomical tides are a mojor predictable contributor to coastal water level variability and strongly modulate flood risk, 120 

with highest impacts occurring when storm surge or energetic wave conditions coincide with high tide; in meso- to macro-

tidal environments, tides often dominate this variability (Idier et al., 2019). Beyond their deterministic role, changes in tidal 

characteristics and tidal anomalies have been shown to significantly influence high tide flooding frequencies, in some 

regions contributing as much as, or more than, changes in storm surge magnitude (Li et al., 2021; Li et al., 2022; Hague & 

Talke, 2024).  125 

Meteorological storm surge, driven by wind stress and atmospheric pressure gradients, is a dominant contributor to extreme 

coastal water levels during storms and often governs the magnitude of episodic coastal flooding. However, surge interacts 

non-linearly with tides through depth dependent friction and estuarine geometry, modifying both the timing and amplitude of 

extreme water levels and shaping local inundation patterns, particularly in estuaries and semi enclosed basins (Idier et al., 

2019; Arns et al., 2020). 130 
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This review will focus on ocean-driven processes contributing to extreme coastal water levels. These include density-driven 

(baroclinic) variability, tides, and meteorologically forced variability. 

2.2 Non-linear interactions and compound effects 

Importantly, coastal water‑level components do not combine linearly, and their interactions can alter both the magnitude and 

timing of extremes. For example, tide–surge interaction arises through advection, shallow‑water effects and non‑linear 135 

bottom friction, and can either amplify or attenuate surge depending on local depth, geometry and phase (Wolf, 1978; 

Flather, 2001; Zhang et al., 2010; Idier et al., 2012). Along the UK coast, these interactions have been observed to modify 

surge peaks by several tens of centimetres (Horsburgh and Wilson, 2007), while in shallow deltaic environments in the Bay 

of Bengal they can reach ~0.6 m (Johns et al., 1985; Krien et al., 2017). Comparable magnitudes have since been reported 

across a wide range of estuaries and deltas, indicating that tide–surge nonlinearity is pervasive rather than site‑specific (Idier 140 

et al., 2019; Costa et al., 2023; Guo et al., 2025). 

Wave‑driven contributions are similarly state‑dependent and can interact through tides through nearshore wave 

transformation and breaking (Pedreros et al., 2018), but these effects primarily occur close to the shoreline and are not 

directly resolved in the offshore water level estimates considered here. 

Mean sea‑level rise can also modify tides and surges by changing water depth and frictional regimes, thereby altering the 145 

strength of the interactions described above. Modelling studies have demonstrated that accounting for interactions with 

changes in mean sea level can produce amplified tidal ranges and higher extremes relative to approaches that treat mean sea 

level change as a simple offset (Arns et al., 2015; Idier et al., 2017). Recent analyses likewise indicate that adding sea‑level 

rise linearly to present‑day storm tides can underestimate future extreme water levels by ~0.1–0.2 m and lead to two‑ to 

fourfold underestimation of extreme‑event frequency in some regions, consistent with the view that sea‑level rise modifies 150 

the full distribution of extremes rather than acting as a uniform shift (Idier et al., 2019; Moftakhari et al., 2024; Arns et al., 

2017). Collectively, these examples illustrate why linear superposition is inadequate under extreme conditions: both the 

amplitude and phase of individual contributions depend on the evolving state of the coastal system. In coastal lagoons, 

maximum water levels can rise faster than sea-level rise (Lorenz et al., 2023).  

Beyond direct physical coupling, extreme coastal water levels are also shaped by the co‑occurrence and statistical 155 

dependence of different drivers, even where local hydrodynamic interactions are weak. Global analyses show that extreme 

storm surges and wind waves frequently occur concurrently due to shared atmospheric forcing; Marcos et al. (2019) 

estimated that such dependence affects ~55% of the world’s coastlines. Accounting for this dependence increases estimated 

extreme water levels and reduces return periods relative to independence assumptions, in some regions by a factor of two or 

more. Comparable dependence structures have been identified for surge–river, surge–precipitation and multi‑driver 160 

compound flooding in deltas and estuaries, where joint probabilities differ markedly from those obtained under 

independence assumptions (Couasnon et al., 2020; Wu et al., 2024). 
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Recent evidence further suggests that the dependence structure itself may evolve. Radfar et al. (2026) identified significant 

co‑variability among major tidal harmonics at a substantial fraction of long‑record tide‑gauge stations, linked to basin 

geometry, non‑linear shallow‑water processes and large‑scale climate variability such as ENSO. Together with evidence that 165 

tidal statistics and non‑tidal residuals co‑vary with mean sea level at many locations, these findings suggest that the 

dependence structure governing extreme coastal water levels is not strictly stationary under climate change (Moftakhari et 

al., 2024). 

In summary, interactions among mean sea level, tides, storm surges and waves (and, in estuarine systems, river discharge 

and rainfall) can contribute several tens of centimetres (and in some cases close to a metre) to extreme coastal water levels. 170 

Approaches that assume independence or linear additivity of tides, surges, waves, river discharge and mean sea level change 

can therefore systematically underestimate the frequency and severity of extremes, with substantial implications for coastal 

flood projections and impact assessments (e.g., Horsburgh and Wilson, 2007; Krien et al., 2017; Pedreros et al., 2018; Arns 

et al., 2015; Xiao et al., 2021; Du et al., 2024). 

3 Detecting coastal extremes from satellite altimetry 175 

3.1 What altimetry can and cannot observe 

Sea level extremes in coastal regions can be identified using remote sensing, particularly through sea level measurements 

obtained from satellite altimetry. Altimetry products typically provide the SSH and its variations referenced to a long-term 

mean sea surface, i.e. the Sea Level Anomalies (SLA). Moreover, they include the estimation of the tidal height from a tidal 

model and the atmospheric pressure contribution to the sea level as a set of geophysical adjustments, that are provided 180 

separately. This enables, in principle, the consistent separation and recombination of total water level components when 

analysing extreme events. These correction terms are important when interpreting SSH or SLA in the coastal zone, as they 

allow the user to reintroduce or remove individual physical contributions consistently across different missions. 

However, satellite altimetry does not resolve nearshore processes associated with wave breaking, such as wave setup, runup 

or swash. As a result, wave-driven contributions must be inferred from complementary datasets such as altimetry-derived 185 

significant wave heights that are translated nearshore with empirical formulas or hydrodynamic models (Dodet et al., 2020). 

3.2 Extreme detection under sparse sampling 

Historically, the study of extreme sea levels and sea states using satellite altimetry has been hampered by two main issues: 

(1) the quality of data in the coastal zone, and (2) the limited temporal sampling of altimetry missions (Benveniste et al., 

2019). Recent studies have demonstrated that combining satellite altimetry with in-situ data and model simulations can help 190 

mitigate these limitations and have the potential to improve our ability to use remote sensing for studying coastal sea levels 

and sea states (Cavaleri et al., 2021). 
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Previous studies have explored approaches to identifying extreme sea levels using altimetry-only sea-level records, without 

reliance on ancillary data sources: the peak-over-threshold method, which identifies events exceeding a predefined 

magnitude (Andersen et al., 2015) and the monthly maxima surge water levels approach (Bij de Vaate et al., 2024). The 195 

appropriateness and accuracy of these altimetry only approaches differ: monthly maxima methods tend to provide more 

robust and internally consistent estimates under sparse sampling, with demonstrated large-scale agreement with tide gauge 

derived extremes (Lobeto and Menéndez, 2024; De Vaate et al., 2024), whereas peak over threshold methods are more 

sensitive to sampling gaps and threshold selection and therefore less reliable when applied solely to altimetry without 

ancillary information (Collings et al., 2025; Vignudelli et al., 2019). Finally, concerning validation, Antony et al. (2014) and 200 

Ji et al. (2019) conducted the first dedicated studies of coastal altimetry data against tide gauges in the Bay of Bengal and 

along the coast of China for extreme events. They found that, on average, 45% (Bay of Bengal) and 26% (coast of China) of 

surge events were captured by at least one altimeter (though typically not coinciding with the timing of peak surge), with 

water level differences of about 10–20 cm. 

3.3 Advances in coastal altimetry 205 

Altimetry measurements become increasingly degraded toward the coast, with significant impacts typically occurring within 

tens of kilometres from land (Birol et al., 2025). To address this, several institutions have reprocessed historical altimeter 

time series using dedicated coastal retracking, geophysical corrections and postprocessing techniques. These efforts aim to 

improve radar waveform fitting in complex coastal environments and to refine geophysical corrections applied to the raw 

range measurements from which sea level and sea state estimates are derived. Notable examples include the Adaptive 210 

Leading Edge Subwaveform retracker (ALES; Passaro et al., 2014) and the XTRACK processing system (Birol et al., 2021), 

which have been integrated into broader initiatives such as ESA’s Sea Level Climate Change Initiative. 

One outcome of these developments is the concept of “virtual tide gauges”, defined as the coastal‑proximal points along 

altimeter ground tracks where reliable sea‑level observations can be retrieved (Cazenave et al., 2022). Virtual tide gauges 

have substantially expanded the spatial coverage of coastal sea‑level observations over multiple decades, extending several 215 

kilometres closer to the shoreline than previously possible. Nevertheless, their utility for extreme‑event analysis remains 

constrained by satellite repeat cycles and the inherently sparse temporal sampling of along‑track altimetry. 

In parallel, the ESA Sea State Climate Change Initiative (ESA SS_cci) has developed a multi-mission dataset providing 

globally cross-calibrated significant wave heights to study trends and variability in the wave climate (Dodet et al, 2020). This 

dataset is based on the WHALES algorithm (Passaro et al., 2026), an improved version of ALES dedicated to estimating the 220 

sea state, optimising the derivation of wave height, which has shown significant improvements in coastal data quality and 

coverage (Schlembach et al., 2020). Recent studies demonstrated that this dataset can be used to analyze extreme sea states 

in the open ocean, suggesting strong potential for its application to coastal extremes (De Carlo and Ardhuin, 2024). 
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Despite these advances, the literature on observing coastal extremes using satellite altimetry is limited and mostly consists of 225 

regional case studies. Several early and recent studies nevertheless show how altimetry can contribute to extreme-event 

analysis: along-track observations can capture storm-surge signatures (e.g., Scharroo et al., 2011), altimetry-derived water 

levels can support hydrodynamic modelling and assimilation (Bajo et al., 2017), and conventional altimetry can be combined 

with tide gauges for coastal extreme-value analysis (Lobeto et al., 2018). However, these applications remain largely 

regional and often depend on ancillary information such as exposure, shelf width, bathymetry, hydrodynamic reanalyses, or 230 

in-situ observations rather than on altimetry alone. 

Looking ahead, more recently, the advent of wide-swath altimetry is opening new possibilities to improve our understanding 

of the spatial footprint of storm surges and to close the observational gaps with tide gauges (Vega-Gimenez et al., 2025). 

While SWOT, which carries the first wide-swath altimeter, is not intended to provide an operational framework, it offers an 

invaluable dataset to prepare for an era of near-global ocean coverage and improved temporal resolution, with the planned 235 

launch of two wide-swath altimeters by the European Space Agency in the 2030s (the Sentinel-3 New Generation 

Topography constellation). 

Based on the existing literature on estimating coastal water levels from altimetry, several gaps remain. First, the use of 

retracked sea level data at high-resolution (20 Hz) has not been fully exploited. Many studies rely on low-resolution data (1 

Hz) or on high-resolution products not optimized for the coastal zone. This significantly limits the ability to observe the 240 

typical sea level gradient expected near the shelf break, particularly when the shelf break is located close to the coast. 

In addition, the integration of ancillary data, such as hydrodynamic reanalyses and tide gauge observations, can enhance the 

identification of extreme sea level events. Reanalysis products provide valuable insight into the occurrence of such events 

(Muis et al., 2020), while the validation of altimetry-derived sea level measurements requires comparison with tide gauge 

records.  245 

Second, the use of high-resolution data is often constrained by the presence of outliers, particularly in coastal regions. 

Nevertheless, outlier analysis can be performed on along-track data, as most outliers typically manifest as unrealistic sea 

level gradients. These are distinguishable from the characteristic rise in sea level observed over several consecutive along-

track points, which has been shown to indicate storm surges detected by altimetry (see, for example, Fig. 4 in Han et al., 

2017). 250 

Third, while tide gauge data are often located in sheltered areas, the use of “virtual stations” potentially allows us to estimate 

the contribution of wave height to the water level impacting the coast, i.e. wave setup. The influence of wave setup on 

coastal altimetry records was tentatively explored by Melet et al. (2020), but its contribution to individual extreme events has 

yet to be fully investigated. For this purpose, improved estimates of coastal sea level and sea state can be combined, using 

significant wave height to empirically estimate wave setup. 255 
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4 Hydrodynamic modelling of coastal water levels: from regional models to global modelling frameworks 

4.1 Modelling approaches  

Coastal water levels are most commonly estimated using regional or global hydrodynamic models that resolve tides, storm 

surges, their non-linear interactions and other contributions (Horsburg and de Vries, 2011). These physics-based models 

solve the shallow water equations either in a depth-averaged (2D) or three-dimensional (3D) configuration to obtain 260 

spatially-resolved coastal water level estimates.  

The choice between 2D and 3D model configurations reflects a fundamental trade off between physical realism and 

computational efficiency. Depth averaged models are attractive due to their relatively low computational cost and numerical 

robustness, which makes them well-suited for operational forecasting and decadal simulations (e.g. Muis et al., 2020). Three 

dimensional models, by contrast, explicitly represent baroclinic processes such as stratification, density gradients and 265 

associated circulation, which can significantly influence mean and seasonal water levels, tidal propagation, and surge 

dynamics, depending on the region (Kodaira et al., 2016; Müller et al., 2014; Opel et al., 2024). However, their higher 

computational demands and more complex boundary conditions limit their applicability. Consequently, continental to 

global-scale hydrodynamic models used in coastal risk assessments and operational forecasting applications rely on 

barotropic (depth-averaged) formulations that simulate wind- and pressure-forced water levels (Muis et al., 2020; 2023; 270 

Vousdoukas et al., 2018). Examples of large-scale 3D models do exist but at the trade-off of lower horizontal resolution (e.g. 

Irazoqui Apecechea et al., 2025; Wang et al., 2022a). 

Storm surge simulations require near surface wind and mean sea level pressure fields, typically obtained from global 

atmospheric reanalyses such as ERA5 (Hersbach et al., 2020) or operational forecast systems such as IFS (Roberts et al., 

2018). For climate change assessments, outputs from global climate models, for example CMIP6 (Eyring et al., 2016) are 275 

often used. Model skill is highly sensitive to the spatial and temporal resolution of these forcings, and while most climate 

models are relatively low resolution, the availability of high resolution climate models is increasing (Dullaart et al., 2020). 

High spatial resolution of the weather and climate model data that is used as hydrodynamic model forcing is especially 

crucial for regions affected by tropical cyclones, characterized by small spatial scales and steep pressure gradients (Dulac et 

al., 2022).  280 

Tidal forcing can be imposed either through tide-generating potentials and by prescribing boundary water levels derived 

from tidal constituents, often obtained from global tide models, including those that assimilate altimetry data (Lyard et al, 

2021; Hart-Davis et al., 2021). Coupled tide-surge models explicitly represent non-linear interactions arising from depth-

dependent bottom friction, advection, and water level dependent propagation speeds (Idier et al., 2012; Zhang et al., 2010). 

These interactions can substantially modulate extreme water levels (Arns et al., 2020), particularly in shallow regions with 285 

large tidal ranges. For regional system such as the Dutch Continental Shelf Model, improvements in tidal boundary 

conditions obtained from altimetry have been shown to enhance overall model performance (Hart-Davis et al., 2023).  
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Beyond tide–surge dynamics, several additional physical processes can contribute to coastal water levels but are not 

routinely resolved in large scale hydrodynamic models. Coastal hydrodynamic models typically do not explicitly resolve 

ocean wave effects, which can contribute to coastal water levels through wave setup and wave runup, particularly during 290 

extreme events and along coasts with narrow continental shelves (Parker et al., 2023). Wave contributions can be represented 

either through linear addition of empirically derived wave setup based on wave model output, or through direct coupling 

between hydrodynamic and wave models. Several global studies have adopted simplified parameterisations of wave setup 

(e.g. Almar et al., 2021; Kirezci et al., 2020), but these approaches are associated with considerable uncertainty. Coupled 

ocean-wave simulations can provide more accurate estimates of water levels (Bonaduce et al., 2020) but require a dedicated 295 

coupled wave model of a similar spatial scale to the hydrodynamic ocean model (Chaigneau et al., 2024a). Process based 

wave models that efficiently model wave setup based on offshore wave conditions at large scales are also emerging (Leijnse 

et al., 2024; Roelvink et al., 2025). 

Another process that is generally not included in large‑scale coastal hydrodynamic models is the effect of river discharge and 

rainfall. Interactions between fluvial inflow and coastal water levels can be particularly important in deltas and estuaries, 300 

where compound effects may significantly amplify extreme water levels (Ikeuchi et al., 2017; Eilander et al., 2020). 

From regional to global scales hydrodynamic models are widely used in operational forecasting, coastal hazard assessments 

and scenario studies, as they allow for detailed representation of bathymetry and coastlines, as well as integration of region-

specific datasets. Such models are typically designed to resolve the dominant processes in a given region at high spatial 

resolution. Numerous regional models exist, particularly in regions where storm surges have historically posed major risks, 305 

such as the United States, Northwestern Europe, Australia, India, and Bangladesh among others (Horsburg and de Vries, 

2011). At the same time, global climate impact assessments require spatially consistent estimates of coastal water level 

variability. In addition, many low-income regions facing rapidly increasing coastal flood risk urgently require reliable 

information at locations not covered by regional models. While regional models remain indispensable for detailed local 

analysis, their limited scalability and spatial coverage motivate the development of global hydrodynamic modelling 310 

approaches that provide a coherent framework across diverse coastal regimes. Such models can support national and 

international decision making related to climate adaptation and disaster risk reduction (Ward et al., 2018; Ward et al., 2020).  

Whereas previously the modelling of coastal water levels at continental to global-scale was limited by the computational 

costs and lack of global input data, recent advances in numerical methods, computational resources, and global datasets have 

enabled the development of continental  to global scale hydrodynamic models suitable for large scale risk assessments under 315 

present and future climate conditions (e.g. Muis et al., 2016, 2020, 2023; Vousdoukas et al., 2016, 2018; Wang et al, 2025; 

Irazoqui Apecechea et al., 2025; Shirmura et al., 2022; Mentaschi et al., 2023). A key enabler has been the adoption of 

unstructured grids with spatially varying resolution, allowing kilometre scale resolution near the coast while maintaining 

coarser resolution offshore (Kernkamp et al., 2011). Examples of global models simulating tides and storm surge include 

GTSM (Wang et al., 2022), NEMO-based configurations (Wang et al., 2023) and global ADCIRC applications (Pringle et 320 

al., 2020). Combined with high quality atmospheric reanalyses and tidal forcing, these models can now generate multi 
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decadal, globally complete coastal water level time series and can even be integrated in operational forecasting systems 

(Bernier et al., 2024). 

Despite these advances, limitations persist near the coast. In some regions, model resolution remains insufficient to resolve 

complex coastlines, semi-enclosed bays, barrier islands, and estuaries. Local grid refinement, dynamic downscaling, or sub 325 

grid parameterisations can improve accuracy in such settings (Benito et al, 2025, Woodruff et al., 2023). In addition, the 

quality of global bathymetry datasets -typically derived from GEBCO or ETOPO -limits the representation of nearshore 

morphology, estuarine channels, and narrow inlets that strongly influence surge propagation and tidal amplification (Idier et 

al., 2019; Rasquin et al., 2020; Muis et al., 2020). Errors in bathymetry and coastline geometry often lead to underestimation 

or misrepresentation of local surge extremes, particularly in funnel-shaped estuaries or deltaic systems (Arns et al., 2020; 330 

Orton et al., 2016). Model performance is further influenced by parameterisations of bottom friction and air–sea momentum 

exchange, especially under extreme wind conditions such as tropical cyclones (e.g. Ozkan et al., 2025; Lin and Chavas et al., 

2012).  

To mitigate these limitations, both dynamical and statistical downscaling approaches are applied. Dynamic downscaling uses 

global model output as boundary conditions for high-resolution regional models, enabling refined bathymetry, coastline 335 

geometry, and forcing data to be incorporated. Such nested frameworks have been shown to substantially improve the 

simulation of extreme coastal water levels (Benito et al., 2025; Trošelj et al., 2021; Irazoqui Apecechea et al., 2025). 

Alternatively, statistical downscaling and bias correction methods based on tide gauge observations, including machine 

learning methods, can reduce systematic errors in large scale models (Li et al., 2026; Irazoqui Apecechea et al., 2025; Parker 

et al., 2023; Cerrone et al., 2025). However, the effectiveness of these approaches remains constrained in many regions by 340 

the sparse availability of long term in situ observations, particularly in the Global South (Haigh et al., 2022). 

4.2 Baroclinic Processes and Mean Dynamic Topography 

Depth-averaged tide-surge hydrodynamic models do not resolve the density‑driven (baroclinic) processes associated with 

temperature and salinity gradients and ocean circulation. These processes contribute to both the mean and low‑frequency 

variability of coastal water levels and can interact non‑linearly with tides and storm surges, thus influencing the magnitude 345 

and timing of extreme water levels, particularly in regions affected by strong steric variability or energetic boundary currents 

(Camargo et al., 2025). The inclusion of baroclinic corrections has shown to improve performance in regional (e.g. Slobbe 

et al., 2013; Zijl et al., 2022; Ye et al., 2020; Chaigneau et al., 2024b) and global hydrodynamic models (Wang et al., 2022b; 

Wang and Bernier, 2025; Ye et al, 2020). 

Low-frequency baroclinic water level changes manifest as seasonal fluctuations driven by variations in temperature and 350 

salinity, as well as by large-scale ocean circulation. These signals can be reasonably approximated by annual and semi-

annual periodic components, although their amplitude and phase can exhibit considerable interannual variability depending 

on the region (Vinogradov et al., 2008; Tsimplis & Woodworth, 1994; Plag & Tsimplis, 1999). In a depth-averaged regional 

model, such low-frequency variability can be partially represented via boundary conditions informed by three-dimensional 
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ocean reanalysis datasets, such as GLORYS (Jean-Michel et al., 2021). However, the relatively coarse spatial resolution (~10 355 

km) of these global products and the challenges associated with capturing non-linear interactions limit their direct 

applicability. Where available, regional 3D models can provide a more consistent source of information on low-frequency 

baroclinic water level variability, but  these are complex to set up and require a comprehensive in situ observation network 

for calibration and validation, not always available, particularly in the Global South. Satellite altimetry offers a promising 

means of closing this gap, provided that the model configuration to include the data is designed in such a way that physical 360 

processes represented by the data are included in such a way that they do not contribute more than once (double-counting) to 

modelling coastal water level components. 

Another manifestation of baroclinic processes is the mean dynamic topography (MDT), defined as the difference between 

the mean sea surface and the geoid. MDT represents the time averaged baroclinic water level relative to an equipotential 

reference surface and can reach amplitudes in the order of 1 metre (Jousset et al., 2026). In addition to its physical relevance, 365 

MDT plays a crucial role in ensuring consistency between modelled coastal water levels and topographic data used for flood 

modelling. Because hydrodynamic models operate relative to an internal reference surface, explicit consideration of MDT is 

needed to harmonize the vertical reference of the model output with that of the geoid referenced digital elevation models, 

thus avoiding systematic vertical offsets. 

Various practical approaches have been proposed to account for the missing baroclinic processes in 2D hydrodynamic 370 

models, including post-processing corrections, adjustments to atmospheric forcing, simplified coupling with ocean reanalysis 

products and nudging approaches, each with specific assumptions and limitations. The simplest method is using post-

processing corrections to account for the MDT, this method has been widely applied in global studies (e.g. Kirezci et al., 

2020) and assumes that (i) MDT represents the mean baroclinic water level and (ii) this contribution can be linearly added to 

tide and surge. Muis et al. (2018) has combined the results of a global barotropic model with steric water levels to account 375 

for variations in water density. While the linear addition in post-processing generally performs well in deep water, it may 

produce less accurate estimates of water levels in shallow regions, where the changes in mean water level have a stronger 

influence on tidal propagation and storm surges. 

To address the dynamic influence of baroclinicity on tide–surge propagation, forcing level adjustments have been proposed 

in which processes not resolved by depth-averaged models are introduced as an equivalent pseudo atmospheric pressure 380 

added to the meteorological forcing. Asher et al. (2019) show that low-frequency, large-scale contributions, including 

baroclinic processes, steric variability, and far-field atmospheric forcing, can be incorporated into a barotropic surge model 

in this way, substantially reducing water-level residuals. A more physically complete approach is the dynamical inclusion of 

baroclinic effects, as described by Slobbe et al. (2013). In this method, depth averaged baroclinic pressure gradients are 

computed diagnostically from temperature and salinity fields obtained from a 3D model and included in the momentum 385 

equations under the Boussinesq approximation. While this approach better represents baroclinic physics, it requires 

consistent 3D forcing and careful treatment of boundary conditions. Wang et al. (2022b; 2025) have addressed the gap in 

baroclinic processes representation by nudging the temperature and salinity fields based on ocean reanalysis and including 
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simplified vertical layers to a barotropic model. In all cases, isolating the baroclinic signal remains challenging, and 

inconsistencies between models, observations, and reference surfaces can be implicitly absorbed into the applied corrections. 390 

Overall, the omission or simplified treatment of baroclinic processes and MDT remains a key limitation of depth averaged 

coastal hydrodynamic models, particularly for applications requiring accurate estimates of absolute water levels and 

extremes. Addressing these limitations is essential both for improving the physical realism of large scale coastal water level 

simulations and for establishing a consistent vertical reference framework when integrating hydrodynamic models with flood 

hazard and impact models. Satellite altimetry data has the potential to fill this gap as it is particularly well-suited for 395 

quantifying low-frequency water level changes and defining vertical references. The methodological implications of 

combining hydrodynamic models with satellite altimetry to increase modelled water level accuracy are discussed in more 

detail in the following sections. 

5 Strategies for combining satellite altimetry and hydrodynamic models 

Satellite altimetry and hydrodynamic models can be combined in several ways to estimate coastal water levels. The choice of 400 

approach depends on the dominant drivers, observational coverage, and the processes resolved by the model. Because 

coastal environments vary strongly in these characteristics, no single approach is universally optimal. Existing methods 

therefore form a continuum from diagnostic comparison to more tightly coupled integration frameworks. These approaches 

share a common logic: fusion is most usefully understood as supplying the processes a model cannot itself resolve, subject to 

the observation and the model representing the same processes on the same vertical reference (see Sect. 6). 405 

5.1 Classes of approaches 

Approaches for combining satellite altimetry observations with hydrodynamic models can be grouped into four conceptual 

classes according to how altimetry information is used within the modelling system. These classes distinguish between 

diagnostic use, boundary-condition or forcing constraints, data assimilation, and hybrid or stochastic approaches. How 

satellite altimetry is combined with hydrodynamic models depends on data availability, computational cost, implementation 410 

complexity, and the degree to which altimetry observations are representative of the coastal processes resolved by the model 

(Rulent et al., 2020; Vignudelli & Biasio, 2021; Schumann et al., 2022; Schumann & Neal, 2021). 

Validation and diagnostic use represents the least coupled and complex class. Here, satellite altimetry-derived water levels 

are compared with model outputs to assess skill, identify systematic biases, and support model calibration. This approach 

does not require modification of the hydrodynamic model and remains diagnostic, as it does not directly improve forecasts or 415 

reanalyses in real time (Schumann et al., 2022; Tarpanelli et al., 2026). In coastal and estuarine settings, satellite altimetry 

has been used to evaluate modelled sea-level variability and event-scale water-level anomalies, particularly offshore or near 

estuary mouths (Diouf et al., 2025). 

https://doi.org/10.5194/egusphere-2026-3916
Preprint. Discussion started: 2 October 2026
c© Author(s) 2026. CC BY 4.0 License.



 

15 

 

Boundary-condition and forcing enhancement uses satellite altimetry-derived information to constrain model inputs rather 

than outputs. In coastal applications, satellite altimetry has been used to inform open-boundary water levels and tidal 420 

constituents (Lyard et al., 2021; Hart-Davis et al., 2021). By acting at the boundaries, this approach can improve the large-

scale consistency of simulated water levels while avoiding direct intervention in internal model dynamics, as demonstrated 

in studies showing improved boundary conditions and model skill when incorporating altimetry-derived information (Hart-

Davis et al., 2023).  

In data assimilation, satellite altimetry observations are used to update model states or parameters during model integration, 425 

typically using sequential or variational methods (e.g. Evensen, 1994; Le Dimet & Talagrand, 1986). These approaches aim 

to reduce forecast or hindcast errors but require explicit treatment of observation and model uncertainties and are more 

demanding in terms of implementation and computational cost (Stanev et al., 2016; Wilkin et al., 2022). Coastal applications 

demonstrate the potential of this approach. For example, Guarneri et al. (2023) assimilated altimetry-derived low-frequency 

water levels into a two-dimensional tide–surge model, demonstrating that this approach can substantially improve the 430 

representation of low-frequency variability when compared with tide-gauge observations. However, assimilation 

performance depends strongly on spatial representativeness and sampling, particularly in coastal regions where dynamics are 

complex and errors are less homogeneous (Edwards et al., 2024; Schumann et al., 2022). 

Hybrid and stochastic approaches use satellite altimetry-derived information to adjust specific components of the 

hydrodynamic model or its outputs, rather than updating the full model state through assimilation. These methods focus on 435 

particular elements of the coastal water-level signal, such as tidal constituents or residual water levels, and typically 

represent uncertainty through stochastic or statistical formulations applied to these components.  For example, Guarneri et al. 

(2025) apply stochastic refinement of tidal or water-level components using altimetry data without modifying the model state 

during integration. A related approach is residual-field correction, in which differences between model outputs and 

observations are modelled statistically and applied as spatially and temporally varying corrections to improve water-level 440 

estimates (Wang & Babovic, 2014). More broadly, hybrid strategies include stochastic forcing or generator frameworks, in 

which synthetic ensembles of sea-level or surge drivers are used to force hydrodynamic models or their surrogates, enabling 

improved characterisation of coastal water-level variability, particularly in data-sparse or compound-event settings (Wang et 

al., 2024). 

5.2 Sources of inconsistency 445 

Satellite altimetry, in situ observations, and hydrodynamic models do not represent coastal water levels in the same way. 

Differences between these systems arise from several distinct sources: (i) process mismatch, where observations and models 

do not resolve the same physical contributions; (ii) representativeness mismatch, due to differences in spatial and temporal 

sampling; and (iii) spatial leakage and signal mixing, arising from processing and mapping of observations. Figure 2 

provides a conceptual illustration of the scale-dependent sampling of coastal water levels by different observing systems and 450 

models. 
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Figure 2. Conceptual illustration of scale-dependent sampling of coastal water levels by tide gauges, satellite altimetry, and 

hydrodynamic models, highlighting representativeness differences that affect comparison and integration. The background was 

generated using ChatGPT, the text and labels were added by the authors. 455 

Satellite altimetry can capture tides, mean sea-level variability, and storm surge, but does not resolve nearshore wave-driven 

processes including wave setup, runup, and swash (Vignudelli et al., 2011; Apotsos et al., 2007; Holman, 1986; Dodet et al., 

2020). In contrast, tide gauges sample total water levels at fixed coastal locations, reflecting the combined influence of all 

contributing components for that location, while hydrodynamic models represent these processes to varying degrees 

depending on their formulation, assumptions, resolution, and included physics. In addition, these systems sample coastal 460 

water levels at different spatial and temporal scales, with point measurements, spatially averaged observations, and grid-

based model fields representing different space–time quantities (Schutgens et al., 2017; Rulent et al., 2020; Cipollini et al., 

2016). None of these systems therefore captures the full coastal water-level signal at all relevant scales; instead, each 

provides a scale-filtered and process-dependent representation of the underlying dynamics (Rulent et al., 2020; Azevedo 

Correia de Souza et al., 2023; Guarneri et al., 2025).  465 

In coastal environments, this representativeness mismatch manifests primarily through spatial and temporal sampling 

differences. Spatially, small offsets between observation and model locations, or differences between point measurements 
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and grid-cell averages, can lead to discrepancies of several decimetres that reflect unresolved variability rather than 

measurement uncertainty (Schutgens et al., 2017; Rulent et al., 2020; Oelsmann et al., 2021; Afrasteh et al., 2022; Azevedo 

Correia de Souza et al., 2023; Guarneri et al., 2025). These discrepancies are particularly pronounced in regions with strong 470 

spatial gradients in water level components (e.g., estuaries, shelf breaks, and shallow coastal systems), where variability is 

not resolved by the effective sampling scale of the observation or the model. Temporally, intermittent sampling can miss 

short-lived peaks or distort estimates of extremes when observations do not coincide with maximum water levels (Rulent et 

al., 2020; Ray et al., 2021). This effect is compounded when models rely on sub-grid parameterisations or do not fully 

resolve relevant processes, such that differences between observed and modelled water levels reflect both scale and process 475 

mismatch. Representativeness mismatch should therefore be treated as a structural component of coastal water-level 

comparison rather than a residual that can be removed through processing (Oelsmann et al., 2021; Mostafavi et al., 2023). 

Spatial leakage and signal mixing arise from the processing of altimetry data. Mapping and filtering procedures can 

redistribute variability and smooth coastal gradients, while imperfect corrections can propagate into gridded products, 

contaminating nearshore signals (Taburet et al., 2019; Zaron & Ray, 2018). These effects are distinct from sampling 480 

differences and can introduce apparent inconsistencies unrelated to physical processes. 

In practice, spatial leakage is often introduced during the mapping stage, where interpolation and smoothing redistribute 

variability and damp sharp coastal gradients, transferring offshore signals into the coastal zone (Taburet et al., 2019). 

Additional signal mixing can arise when imperfect tidal or high-frequency corrections propagate into gridded products, 

contaminating sea-level anomaly fields, particularly near the coast (Zaron & Ray, 2018). As a result, apparent differences 485 

between observations and models may reflect processing artefacts rather than physical inconsistencies. These effects are 

generally small offshore but can become substantial in coastal regions where gradients are strong. Careful treatment is 

therefore required in model–data fusion and intercomparison, including appropriate collocation, filtering, and product 

selection, and assimilation frameworks must account for mapping and correction errors to avoid introducing spurious 

variability into the model state (Taburet et al., 2019; Zaron & Ray, 2018) or use the along-track data directly. 490 

These sources of inconsistency have direct implications for model–data comparison and integration. Meaningful comparison 

requires ensuring commensurability in terms of represented processes, spatial and temporal scales, and vertical reference 

surfaces. Without this, apparent differences may be misinterpreted as model error. In integration frameworks, these effects 

must be accounted for explicitly to avoid introducing spurious variability. 

5.3 Integration during extreme events 495 

During extreme events, combining satellite altimetry and hydrodynamic models becomes particularly challenging due to 

sparse sampling and strong temporal variability. There are three main challenges to EO–model integration during extremes: 

(i) temporal alignment of observations and model output, (ii) sampling of the event evolution, and (iii) attribution of the 

observed signal to the relevant physical processes. 
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Temporal alignment is critical because extreme water level peaks depend on the timing of tides, surge, and waves (Sect. 2). 500 

For useful integration, simulation output times need to match observation times because differences in timing can lead to 

large apparent discrepancies, even when magnitudes are consistent (Ji & Li, 2020; Srinivasan & Tsontos, 2023). Apparent 

mismatches between observations and model output may reflect timing misalignment rather than deficiencies in the 

simulated dynamics. Integration approaches that rely on event-scale information are therefore only effective when 

observations constrain the evolving phase of the event, rather than background conditions (Slater et al., 2020; Umgiesser et 505 

al., 2022). 

 

 

Figure 3. Event-scale sampling of coastal extremes by satellite altimetry (from Johnson et al., 2026).  Spatial distribution of tide 

gauge identified extreme events coinciding with altimeter overpasses and the corresponding differences, illustrating the 510 
heterogeneous and episodic sampling of extremes rather than measurement accuracy. The upper panel depicts the distribution of 

tide gauges located within altimetry data regions with the number of surge events occurring during an altimetry overpass. The 

lower panel details the gauge distribution with the number of surge events per location computed from the tide gauge surge series. 

Event sampling concerns whether the event is observed at all. Since satellite altimetry provides intermittent observations 

along discrete ground tracks (Sect. 3), extreme coastal water-level events may not be sampled at their peak or may not be 515 

sampled at all. This can lead to biases in event-based validation and distortions in extreme-value estimates when unobserved 
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peaks are implicitly treated as model error (Ji & Li, 2020; Srinivasan & Tsontos, 2023). Events are often only partially 

sampled, for example offshore or during either the rising or falling limb, such that model–observation differences reflect 

sampling geometry rather than deficiencies in the simulated dynamics (Slater et al., 2020). Figure 3 illustrates these 

constraints, showing that coincidence between altimeter overpasses and extreme coastal events is spatially uneven and often 520 

sparse. 

Process attribution concerns which physical drivers are represented in the combined observation–model signal. For example, 

satellite altimetry primarily reflects sea-level contributions to water level while wave-driven processes remain unresolved 

(Sect. 3), and models represent these processes to varying degrees depending on their formulation (Sect. 4) (Zhang et al., 

2021; Xu et al., 2022b). As a result, agreement or mismatch between observations and models may reflect differences in the 525 

processes being represented rather than the full water-level signal. Consequently, integration during extremes must be 

interpreted in terms of which drivers are effectively constrained by the available observations (Sun et al., 2024; Umgiesser et 

al., 2022). 

These challenges highlight that integration during extremes depends not only on data availability but on careful 

consideration of timing, sampling, and process representation. 530 

The strategies described above are necessary but not sufficient for consistent estimation of extreme coastal water levels. 

Their outputs are only meaningful when satellite altimetry and model results are expressed relative to a consistent vertical 

reference, validated against independent observations, and accompanied by a coherent characterisation of their uncertainties. 

These cross-cutting requirements are addressed in the following section. 

6 Ensuring commensurability: vertical referencing, validation, and uncertainty 535 

Consistent estimation of extreme coastal water levels requires that satellite altimetry and model outputs be not only 

combined but rendered commensurable. Three requirements cut across the integration strategies of Sect. 5 and the observing 

and modelling systems of Sect.s 3 and 4: a consistent vertical reference surface, validation against independent observations, 

and a coherent treatment of uncertainty. Each is considered in turn below. 

6.1 Why vertical referencing is a cross-cutting problem 540 

An additional prerequisite for integrating EO- and modelling-derived extreme coastal water levels is that both are expressed 

relative to a consistent, well-defined vertical reference surface. Otherwise, differences exceeding several decimetres may 

arise, directly contaminating estimates of extreme water levels and flood depths. 

The model-derived coastal water levels are referenced to the model’s internal reference surface. This surface has often been 

identified as mean sea level (e.g., Mouthaan et al., 1994; Heemink et al., 2002; Iliffe et al., 2007; Dodd et al., 2010). 545 

However, as noted by Hughes and Bingham (2008) and Slobbe et al. (2013), the interpretation that a model’s internal 

reference surface represents mean sea level is incorrect. This follows directly from the fact that the dynamics of such models 
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typically assume zero horizontal gravity components, implying that the model’s vertical reference surface is an equipotential 

surface of the Earth’s gravity field (a so-called geopotential surface, or level surface) – a surface that is characterized by 

constant gravity potential. In contrast, the mean sea level is not an equipotential surface because of mean dynamic 550 

topography. 

The internal reference surface is therefore the same type of surface as the geoid, which, alongside ellipsoids, is commonly 

used to express elevations on land and water levels offshore (see Hofmann-Wellenhof and Moritz (2005) for a 

comprehensive introduction and Meyer et al. (2006) for a concise overview). The geoid, however, is merely one of an 

infinite number of possible geopotential surfaces, each of which is characterized by its own value of gravity potential.  In 555 

practice, the specific geopotential surface selected as the vertical reference surface varies between countries and regions. In 

global applications, the equipotential surface that best fits global mean sea level is typically selected (see Sánchez et al. 

(2016) for details). 

6.2 Vertical referencing workflow 

The sequence of steps required to replace the geopotential surface corresponding to the model’s reference surface with the 560 

one described by the geoid model is referred to as ‘vertical referencing’. At a minimum, these steps include (i) expressing the 

model bathymetry relative to the chosen geoid model, and (ii) prescribing water levels along the open-ocean boundaries 

relative to the same geoid model. It may also be necessary to express the overflow heights of special hydrodynamic features 

(such as barriers, weirs, and sluices) relative to the geoid. These practical implications for hydrodynamic modelling were 

explicitly discussed by Slobbe et al. (2013).  565 

The water levels prescribed as open boundary conditions should be total water levels. However, these refer to a geopotential 

surface that does not necessarily coincide with the one described by the chosen geoid model. The difference in gravity 

potential results in a geometric offset that can be assumed to be spatially constant for regional and local models (see Slobbe 

et al., 2013). Therefore, the required datum shift can be computed from the differences between observation- and model-

derived mean water levels over an arbitrary part of the model domain. The use of mean water levels is not strictly required 570 

for estimating the datum shift, but it reduces the influence of random and short-term variations, thereby providing a more 

robust estimate of the offset. Regions prone to errors in either of these estimates—such as coastal zones and areas along the 

open model boundaries—can be excluded from this analysis. 

Vertical referencing model bathymetry presents additional challenges. The main challenges are that (i) bathymetry is 

typically adjusted during model calibration and (ii) the vertical datum of the bathymetry is often unknown. Consequently, it 575 

is frequently unclear how the bathymetry should be transformed consistently. Assuming that the model bathymetry is 

referenced to mean sea level, Slobbe et al. (2013) found that, for the Wadden Sea, vertically transforming the bathymetry to 

the geoid had a significant impact (>6 cm) only in the intertidal regions. On average, however, the effect was negligible, with 

a mean impact on model-derived mean water levels of 0.01 cm. It should be noted, however, that modifying the bathymetry 

generally requires recalibration of the hydrodynamic model.  580 
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6.3 Uncertainty in vertical referencing 

6.3.1 Uncertainty in the datum shift 

Any error in the estimated datum shift propagates one-to-one into the model-derived (extreme) water levels. Systematic 

errors in the datum shift may originate from several sources. These include systematic errors in the observation-derived and 

model-derived mean water levels, as well as errors inherited from the geoid model to which the observation-derived water 585 

levels are referenced. A third source consists of inconsistencies between the observation-derived and model-derived mean 

water levels that are unrelated to differences in vertical reference. Examples of such inconsistencies are discussed in Sect. 

5.2. The impact of these errors and inconsistencies depends partly on the spatial domain over which the datum shift is 

estimated. If the domain chosen is too small, the estimate may become sensitive to local errors and representativeness issues.  

A detailed error budget for the model-derived and observation-derived water levels is beyond the scope of this review. 590 

Instead, the discussion below focuses on one of the key contributors to vertical-referencing uncertainty: the accuracy of 

contemporary geoid models. 

6.3.2 Uncertainty in geoid models 

Over the ocean, modern geoid models rely predominantly on satellite-altimetry-derived gravity information (e.g., Louis et 

al., 2010; Andersen, 2013). The spatial coverage and sampling density of altimetry-derived gravity field information over 595 

open ocean have improved substantially over recent decades through the accumulation of geodetic mission phases (e.g., 

Sandwell et al., 2021). Furthermore, unlike conventional nadir altimeters, which provide gravity-sensitive observations 

primarily in the along-track direction, SWOT's swath altimetry enables the recovery of both along- and cross-track geoid 

gradients (or deflections of the vertical), thereby providing access to the full gravity field signal (e.g., Li et al., 2025; Zhu et 

al., 2025).  600 

Nevertheless, altimetry-derived gravity field functionals remain less reliable in shallow-water and coastal regions (e.g., 

Andersen and Knudsen, 2000; Annan and Wan, 2021), mainly due to the reduced quality of altimetry data in coastal regions 

(Vignudelli et al., 2011) and uncertainties in the dynamic topography corrections (e.g., Slobbe and Klees, 2014). As a result, 

the quality of geoid models generally deteriorates towards the coast. 

In some regions, altimetry-derived gravity information is supplemented by shipborne gravimetry data. Although these 605 

measurements may provide valuable short-wavelength information, many datasets were acquired prior to the widespread 

availability of GNSS positioning and may therefore contain systematic errors (Wessel and Watts, 1988). Moreover, their 

spatial coverage is often highly inhomogeneous (e.g., Watts et al., 2020), with dense observations in offshore exploration 

areas and large gaps elsewhere. Such sampling characteristics complicate the consistent recovery of coastal gravity signals.  

The uncertainty of a geoid model is commonly interpreted as the combination of omission and commission errors (e.g., 610 

Losch et al., 2002). Omission errors arise because the available gravity observations do not fully resolve the short-
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wavelength structure of the gravity field. Commission errors originate from measurement noise and systematic errors in 

gravity observations and gravity field models used for geoid determination.  

The distinction between omission and commission errors is particularly relevant in coastal applications. Over the open 

ocean, gravity-field gradients are generally smooth and omission errors tend to remain limited, except near major 615 

bathymetric features such as continental shelf breaks, ocean trenches, and seamount chains. Along coastlines, however, both 

omission and commission errors typically increase because the gravity field varies more rapidly and because observation 

density and quality often deteriorate. Consequently, the uncertainty of a geoid model is inherently spatially variable and 

depends strongly on the density, distribution, and quality of the gravity observations available in a particular region. Farahani 

et al. (2017) provide empirical relationships that quantify the commission and omission errors as a function of data spacing 620 

and measurement precision. 

6.4 Validation  

For modelled and altimetry-derived sea-level and sea-state products, validation strategies generally rely on comparison with 

records from tide-gauges and buoys, using collocated time series and common geophysical corrections to ensure consistency 

(e.g., Cazenave et al., 2022; Dodet et al., 2020). Such validation is essential not only for establishing the standalone 625 

performance of EO products, but also for determining their suitability for constraining hydrodynamic model boundary 

conditions, assessing model skill across diverse coastal environments, and exposing uncertainties in observational and 

modelling datasets. 

For EO sea-level products derived from satellite altimetry, validation generally relies on comparisons with tide-gauge 

observations located as close as possible to the altimetry track. The evaluation is typically based on standard statistical 630 

metrics, such as the correlation coefficient, RMSE, and trend differences, and is meant to quantify the agreement between 

altimetry and in-situ measurements. In this context, ensuring consistency between tide-gauge and altimetry datasets in terms 

of geophysical components (tidal height, atmospheric contribution to the sea level) and reference surfaces is crucial, as 

discrepancies can introduce systematic centimeter-scale offsets in the coastal zone (e.g., Cazenave et al., 2022). In addition, 

at finer spatial scales, complementary validation approaches, such combining tide gauges with video monitoring systems, 635 

have been employed to investigate the influence of wave-related processes on altimetry-derived sea-level estimates 

(Abessolo et al., 2023). 

The commonly used metrics (e.g, correlation coefficient, RMSE, mean bias) are well suited in data-rich environments, such 

as the North Sea, where validation consists of pointwise comparisons with in-situ observations. It should be noted, though, 

that the performance metrics are generally selected according to the characteristics of available in-situ data. As such, in data-640 

sparse estuarine and deltaic settings, validation typically relies on multi-source consistency checks. This involves comparing 

models, EO, and available in-situ measurements during overlapping periods (e.g., Diouf et al., 2025), or for documented 

extreme events, such as Cyclone Idai (e.g., Probst and Annunziato, 2019).  
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6.5 Uncertainty sources 

Quantifying uncertainties in coastal water level estimates is important for interpreting EO products, assessing hydrodynamic 645 

model skill, and evaluating the robustness of extreme water-level statistics. Previous work has shown that uncertainties arise 

from multiple sources, including observational errors in satellite altimetry and in-situ observations, model structural and 

parametric choices, meteorological and oceanic forcing, and statistical estimation of extremes. Comprehensive coastal 

impact assessments therefore distinguish between different types of uncertainty (e.g., measurement, model, scenario, and 

sampling uncertainty) and aim to quantify their relative contributions to projected changes in sea level and extreme water 650 

levels (e.g., van de Wal et al., 2019). 

For EO-based coastal sea-level products, uncertainty might result from instrumental noise, retracking choices, geophysical 

corrections, orbit errors, and inter-mission biases (e.g., ESA, 2019). Within this context, in a recent round-robin analysis of 

multiple retracking and correction algorithms, Birol et al. (2025) show how the dispersion among solutions, and thus the 

uncertainty, increases toward the coast, and they validate the resulting sea-level anomalies against tide-gauge records, 655 

quantifying the uncertainty associated with each component.  

For altimetry-derived significant wave height, uncertainty quantification commonly relies on a combination of direct buoy-

satellite comparisons and triple-collocation analyses. These methods allow the partitioning of random errors among 

altimeters, buoys, and numerical wave models, and they provide variance estimates that depend on sea-state conditions and, 

in some studies, proximity to the coast (Caires and Sterl, 2003; Wang et al., 2014; Dodet et al., 2022). In light of that, the 660 

development of a multi-mission significant wave height climate data record is recommended to include a systematic error 

characterisation and inter-mission consistency assessments, as done, for example, within the ESA Sea-State CCI project 

(Dodet et al., 2020). 

Uncertainty quantification is equally important in hydrodynamic modelling of coastal water levels. Process-based models of 

tides and surge are sensitive to wind and pressure forcing, bottom friction, bathymetry, and open-boundary conditions; 665 

ensemble and sensitivity studies show that different plausible configurations can lead to centimetre- to decimetre-scale 

differences in simulated coastal water levels and extremes (e.g., Lyddon et al., 2020). A variance-based global sensitivity 

analysis has been used to decompose the contribution of different inputs, such as sea-level rise, astronomical tide, and surge, 

to variability in extreme coastal water levels, providing a quantitative ranking of key drivers and highlighting which 

parameters and forcings require tighter constraints (Dalinghaus et al., 2025). 670 

Based on these studies, it follows that robust coastal water-level estimation requires (i) explicit error budgets and validation-

based uncertainty estimates for EO sea-level and sea-state products, including their degradation near the coast, and (ii) 

ensemble or sensitivity-based assessments of hydrodynamic model uncertainty associated with forcings, parameterisations, 

and boundary conditions. 
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7 Synthesis: advances, limitations, and future directions 675 

The central challenge in combining satellite altimetry and hydrodynamic modelling is not simply how to merge two sources 

of coastal water-level information, but how to ensure that they represent commensurable quantities. Extreme coastal water 

levels arise from interacting processes that operate across a wide range of spatial and temporal scales, while satellite 

altimetry and hydrodynamic models each provide only partial, scale-dependent representations of the total signal. As a 

result, integration is only meaningful when differences in process representation, sampling, and vertical reference are treated 680 

explicitly rather than absorbed into residual error. 

Over the past decade, treatment of coastal water levels has evolved from linear superposition of components towards a more 

integrated understanding of non-linear interactions and compound effects involving tides, atmospheric pressure and winds, 

baroclinic and steric variability, and wave-driven processes. In parallel, improved retracking algorithms and geophysical 

corrections have extended altimetry closer to the coast, while global and regional hydrodynamic modelling frameworks have 685 

improved through unstructured grids, coherent large-scale boundary conditions, and downscaling approaches, as reviewed in 

Sect.s 2–4. These advances have expanded the information available for coastal water-level estimation, but they do not by 

themselves ensure that the resulting products are mutually comparable. 

Advances in satellite altimetry and hydrodynamic modelling have supported a growing range of EO–model integration 

strategies, spanning diagnostic comparison, boundary-condition constraints, data assimilation, and hybrid approaches, as 690 

reviewed in Sect. 5. No single integration strategy is universally optimal. Suitability depends on the dominant processes, the 

spatial and temporal scales at which they operate, the extent to which those processes are resolved by the observing and 

modelling systems, and the availability of validation data. 

Several barriers therefore continue to limit consistent estimation of extreme coastal water levels at regional to global scales. 

Satellite altimetry does not resolve wave-driven processes at the shoreline, while hydrodynamic models often omit or 695 

approximate wave effects, baroclinic contributions, and compound river–coastal interactions. Sparse along-track sampling, 

spatial offsets, and scale mismatches further complicate event-scale interpretation. Bathymetric uncertainty, complex 

coastline geometry, inconsistent vertical references, and fragmented treatment of observational, model, and statistical 

uncertainty remain major sources of non-comparability, as reviewed in Sect.s 3–6. 

Future progress requires a shift from combining datasets towards ensuring their commensurability. The meaningful fusion of 700 

satellite altimetry and hydrodynamic models rests on two conditions: the observation and the model must represent the same 

processes, and both must share the same vertical reference. Consistent vertical referencing should therefore be treated as a 

prerequisite rather than a post-processing step, and uncertainty frameworks need to propagate measurement error, model 

uncertainty, representativeness differences, and sampling limitations consistently from observations through modelling to 

extreme-value estimation. Both requirements, together with validation against independent observations, are addressed in 705 

Sect. 6. 
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Within this constraint, fusion can be understood as supplying the processes a model cannot itself resolve. Where a three-

dimensional model represents these processes internally, altimetry could be used to constrain the event-scale state; where a 

depth-averaged model omits baroclinic, low-frequency, and mean dynamic topography contributions, fusion serves to 

reintroduce them. These approaches are not mutually exclusive: once a depth-averaged model has been rendered process- 710 

and datum-commensurate, data assimilation and hybrid methods can be layered upon it to refine extremes, provided the 

resulting uncertainty is made explicit. The priority is therefore not only to combine satellite altimetry and hydrodynamic 

models more widely, but to define when such combinations are physically meaningful, vertically consistent, uncertainty-

aware, transferable across coastal regimes, and fit for purpose. 
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