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A B S T R A C T   

Dynamic adaptation policy pathways provide a roadmap for coastal communities to establish a 
suite of sea level rise adaptation responses based on observation-driven signals of increasing risk. 
This adaptation approach relies heavily on iterative assessment of sea level rise observations and 
model projections. Remote sensing capabilities from satellites offer an opportunity to assess a 
consistent set of observational data indicators, around which adaptation pathways can be built. 
The large-scale nature and broad coverage of satellite observations provide the benefit of 
consistent monitoring capabilities across the globe, for regions with differing needs, resources, 
and monitoring capacities. In this study, we identify four categories of data indicators that can be 
monitored with satellites to support decision making in adaptation pathways: sea level rise, in
dividual processes contributing to sea level rise, impacts of sea level rise, and impacts on 
implemented adaptation strategies. We review these categories in relation to existing adaptation 
pathway signposts and the available satellite data. As we highlight the opportunities for satellite- 
based contributions to sea level adaptation pathways, we also outline potential limitations, op
portunities to overcome these limitations, and future steps that can be taken to integrate satellite 
observations into adaptation pathways.   

1. Introduction 

Sea level rise (SLR) is a present risk to many of the world’s coastal communities, and this risk is expected to increase in the coming 
decades (Fox-Kemper et al., 2021; Cooley et al., 2022). As a result, efforts are now underway for coastal communities to adapt to future 
sea level rise (Haasnoot et al., 2021). Such adaptation planning requires a foundation of scientific information about the timing and 
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magnitude of future sea level rise. Complicating this, however, are the uncertainty and ambiguity in future estimates of sea level rise 
(Kopp et al., 2017), which can serve to limit or paralyze decision-making (Haasnoot et al., 2019). The magnitude of this uncertainty 
varies with time horizon making a “wait and see” approach an attractive adaptation option (Klein et al., 2014). However, this approach 
can limit future adaptation options and ultimately prove more costly than acting in a timelier manner (Haasnoot, 2013; Haasnoot, 
2019; Haasnoot, 2021). 

As a solution to these challenges, dynamic adaptation policy pathways (DAPPs or adaptation pathways) have been developed 
(Ranger et al., 2013; Haasnoot, 2013; Haasnoot, 2019; Smallegan et al., 2017; Obeysekera et al., 2020). Consisting of a sequence of 
adaptation actions with different lead times, DAPPs offer a framework for policy planning in the face of changing and uncertain 
conditions. DAPPs can be planned well in advance and aligned with development priorities for a particular location, leading to more 
effective adaptation planning, implementation, and response (IPCC, 2022). Adopted by some sea level rise adaptation plans (Ranger 
et al., 2013; Zandvoort et al., 2017, Barnett et al., 2014; Delta Programme, 2015; Lawrence and Haasnoot, 2017; Ramm et al., 2018; 
Toimil et al., 2021), DAPPs use a series of short-term (<5–20 years), low-regret actions that keep options open for the future (Barnett 
et al., 2014; Haasnoot et al., 2019) and longer-term (50–100 years) alternatives that may be needed as options narrow (Haasnoot et al., 
2021). The dynamic aspect of this adaptive planning process is based on the evaluation of the plan’s progress and performance, to 
adjust the sequence of actions as necessary. Dynamic monitoring (Haasnoot et al., 2018) of current trends (Haasnoot et al., 2013; 
Haasnoot et al., 2019) provides critically-needed assessment of the assumptions underlying a plan and offers guidance for when to 
maintain current actions, implement different actions, and respond to new information. 

Underlying each DAPP, and its ability to inform the timely implementation or reassessment of adaptive plans, is a comprehensive 
monitoring system (Haasnoot et al., 2018, 2019; Stephens et al., 2018). At present, available resources and access to observations vary 
widely across the coastlines of the world, affecting the capacity of communities to effectively implement DAPPs. For example, in situ 
tide gauges can provide key data, and DAPPs developed to date (shown in Figure S1) have thus largely focused on locations that have 
tide gauges and detailed in situ observations. However, the temporal and spatial coverage of tide gauges is limited, especially in less 
developed regions (Hamlington and Thompson, 2015). By contrast, satellite observations of the land and ocean provide broad 
coverage that offers a potentially equitable complement to available in situ observations. The significant expansion of the satellite 
observational network over the past two decades (Ponte et al., 2019; Hamlington et al., 2020a; Melet et al., 2020; Laignel et al., 2023) 
creates an opportunity to develop a near-global, space-based monitoring system that meets the increasing interest in and reliance on 
DAPPs. With a range of measurement types (e.g. optical, radar, laser) and sampling capabilities in space and time, satellites can provide 
otherwise-missing data for a range of physical processes associated with rising sea levels and their coastal impacts. 

Our objective is to explore the potential integration of satellite observations into DAPP monitoring systems. A main step in creating 
these systems is determining which quantities to track over time, to provide appropriate indications of when to change adaptation 
strategy. Unlike recent studies of sea level rise and coastal flooding DAPPs (e.g. Stephens et al., 2018), we focus on the underlying 
physical measurements that indicate when action is needed - hereafter referred to as data indicators (described in Section 2). To 
articulate how satellite observations can contribute to DAPP monitoring systems, we identify four categories of data indicators that can 
benefit from satellite observations: changes in sea level, changes in the processes contributing to sea level rise, observed impacts to 
natural and anthropogenic systems, and landscape changes resulting from adopted adaptation strategies. In Section 3, we describe 
these data indicators and the satellites that can provide key inputs. In Section 4, we conclude with a discussion of the limitations and 
opportunities for integrating satellite-based observations into DAPPs. 

Fig. 1. DAPP Monitoring System Schematic. Upper: A signpost or data indicator can generate a signal to shift from a current action, with enough 
lead time to implement a new path, before the current action fails at the tipping point. Lower: A simplified adaptation pathways map, showing how a 
signal and tipping point translate into the adaptation pathway chosen. 
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2. Effective monitoring systems for dynamic adaptation policy pathways 

2.1. Data indicators 

Past studies (Haasnoot et al., 2013; 2018) have framed DAPP monitoring in terms of signposts, which track shifts in current and 
underlying physical conditions (environmental signposts) or in the performance of the current adaptation strategy (performance 
signposts) (Haasnoot et al., 2018). Regular monitoring of each signpost is essential to determine when it reaches a critical value, which 
generates a signal to change plans or to conduct more research to improve understanding. These signals must be generated with 
sufficient lead-time to augment an existing strategy or implement a different one. If this does not happen, a signpost can cross a 
threshold value, triggering an adaptation tipping point. Referred to as the “sell-by” date of actions (Haasnoot et al., 2013), an 
adaptation tipping point represents a breakdown in an adaptation pathway, when a current action is no longer sufficient to meet 
objectives (Kwadijk et al., 2010), necessitating revised adaptation pathways. The importance of tipping points is highlighted in the 
classification of signals as strong or weak (Haasnoot et al., 2018). Weak signals indicate that an adaptation tipping point may be 
approaching, while a strong signal indicates that a tipping point is likely to occur and action needs to be taken. As shown in Fig. 1, 
signals and tipping points correspond to the times for changing adaptation pathways, whereas critical and threshold values correspond 
to the conditions that prompt such change. 

While decisions in a DAPP are guided by signpost values, what constitutes a signpost varies widely. A signpost like the number of 
flood days can be directly observed, whereas a signpost like future sea level relies on projections, shaped by current data and models. 
Based on the range of signposts needed for coastal adaptation planning, we adopt the DAPP monitoring system terminology of 
Haasnoot et al., 2018, and we introduce a new term, data indicator, to describe a measurable quantity that serves as the underlying data 
of a signpost. Better suited to available satellite observations, data indicators are the measurements of current conditions that feed into 
signposts - rather than the signposts themselves. Signposts may be more familiar to planners, whereas data indicators may be a step 
closer to the raw scientific data. The difference comes when describing a derived signpost like future sea level, which relies on data 
indicators such as the current rate of ice mass loss. By standardizing our starting point to be the observed data, we clarify the machinery 
underlying derived signposts and what physical changes are taking place. The value of data indicators is that they decompose signposts 
into foundational measurements that can be clearly tracked. Tracking changes in the data indicators can reduce uncertainties in the 
timing of adaptation pathway signals and improve responsiveness. 

2.2. Satellite data as effective inputs 

To serve as effective inputs for policy, signposts and data indicators must meet three criteria: salience, credibility, and legitimacy 
(Cash et al., 2003). Salient, or relevant, inputs are measurable, timely, reliable, and ideally, affordable (Haasnoot et al., 2018). 
Measurable inputs are sensitive enough to determine when a signal for action is generated, with sufficient location-specific infor
mation. Timely inputs provide information with enough lead time to respond to conditions and implement appropriate adaptation 
actions. Reliable inputs offer a low false alarm probability and continuity of accessible data because a system that goes offline may miss 
information and undermine credibility. Even when salient, a monitoring system’s utility depends on how widely accepted the system 
is. Credible inputs match expectations and are derived from a trusted, authoritative source (Haasnoot et al., 2018). Legitimacy extends 
the notion of credibility to incorporate larger matters of perceived fairness and acceptability by stakeholders. 

On the basis of these criteria, satellite-based observations are well-suited inputs for DAPP monitoring systems. Satellite-based data 
indicators provide measurable indicators of change over time. The near constant flow of data, with records spanning decades, makes 
these observations a timely source of information, even considering acquisition and processing times. With publicly available data, 

Fig. 2. (A) Satellite sea level observations (blue tracks) extend worldwide, beyond coastal tide gauge coverage (red circles). The sampling of global 
water bodies is shown as of July 2023 and includes the sampling of the SWOT mission. (B) Sea level trends computed from satellite sea level 
observations are shown with estimates from available tide gauges (circles), for the United States region. 

B.D. Hamlington et al.                                                                                                                                                                                                



Climate Risk Management 42 (2023) 100555

4

satellite observations can also meet the affordability criterion. These satellite-based data are the product of international research 
collaborations, providing a neutral, trusted source of information, scoring high on both credibility and legitimacy metrics. Addi
tionally, satellite-based systems have relatively no preference in terms of the location of measurements, as shown in Fig. 2A, and thus 
provide more equitable data access for communities, regardless of resources. 

3. Satellite-based data indicators for sea level rise DAPPs 

In recent decades, the satellite observing network of the coastal zone and processes relevant for changes at the coast has expanded. 
Reviewing the data available to coastal communities for monitoring, analysis, and evaluation of sea level rise, we identify four cat
egories of satellite-based data indicators, shown in Fig. 3. The first two - sea level rise and the processes contributing to sea level rise - 
are connected to the physical changes of sea level. The second two - impacts of sea level rise and the impacts on implemented 
adaptation strategies - are grouped given their relation to the performance of a particular DAPP over time. Table 1 connects the data 
indicators that we discuss in subsequent sections to the associated satellites, both on-orbit now and planned in the near future. 

3.1. Indicators of sea level rise 

The amount and rate of future sea level rise are central to coastal management and planning, but uncertainty in these values leads to 
a range of possibilities for decision-makers (Garner et al., 2023). Available projections of sea level rise are tied to future shared so
cioeconomic pathways (SSPs, e.g. Fox-Kemper et al., 2021), which impart an uncertainty and ambiguity in future sea level rise. 
Alternatively, sea level scenarios are defined by targeted amounts of sea level rise in the future that span a scientifically plausible 
range, providing an alternative risk-based framing (e.g. Sweet et al., 2022; see Kopp et al., 2019 for explanation of projections vs. 
scenarios). In the near-term, there is relatively little divergence in different projections or scenarios. The range of plausible sea level 
rise in 2050 has narrowed in recent years as scientific understanding has evolved (IPCC AR5 vs. AR6; Slangen et al., 2023; Sweet et al., 
2017 vs. Sweet et al., 2022). Beyond 2050, ambiguous information on future emissions and the processes causing sea level rise leads to 
a significant range of possible sea level rise, which can expand to multiple meters beyond 2100. As shown in Fig. 4, Sweet et al. (2022) 
found that future sea level scenarios will diverge and be statistically distinguishable from neighboring scenarios, with global mean sea 
level (GMSL) rise in 2100 ranging from 0.3 m to 2 m. 

Planners must choose from projections and scenarios according to their planning horizon and risk tolerance. Low-regret adaptation 
strategies can be integrated into DAPPs with confidence and be supported by near-term (pre-2050) signals. Conversely, long-term 
projections can benefit from additional time, model advances, and accompanying observations to refine the relevant signals. Obser
vations play a key role in targeting the sources of uncertainty and providing early indications that a shift may be occurring. For coastal 
adaptation DAPPs, the satellite record of GMSL can serve as a highly informative data indicator for future sea level rise. On both global 
and regional scales, satellite observations provide a comparison for projections and place in situ observations in context. Beyond 
informing the amount of future sea level rise, comparing observations of recent sea level to changes that have occurred in the past, or 
trends in physical processes affecting sea level, can be helpful in anticipating shifts in the rate of sea level rise. 

3.1.1. Total sea level change 
Beginning with the TOPEX/Poseidon satellite in 1992, satellite radar altimeters have provided a continuous record of high accuracy 

and near-global measurements of sea level. Continued by the Jason-1 (2001), Jason-2 (2008), Jason-3 (2016), and Sentinel-6A/ 
Michael Freilich (2020; Donlon et al., 2021) satellites, conventional altimeters (e.g. Stammer and Cazenave, 2017) have enabled 
wide-ranging advances in our understanding of sea level change. This record of reference missions has been augmented by several 

Fig. 3. Framework for integrating satellite-based data indicators into a DAPP monitoring system. The upper arrow represents iterative monitoring 
and assessment for dynamically choosing adaptation pathways. 
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other altimeters, including Envisat, SARAL/AltiKa, and Sentinel-3A/3B, to name just a few. The length of this observing record has 
allowed for an understanding of how GMSL is evolving as the climate warms, linking past and present sea level rise to inferences about 
the future. Year-to-year variations in GMSL are linked to changes in the global water cycle and large-scale natural variability like the El 
Niño-Southern Oscillation (ENSO). Over longer periods, however, rising GMSL is an integrative measure of warming oceans and 
melting ice. Changes in GMSL and in the rate of GMSL rise, or acceleration, provide the trajectory of ongoing sea level rise, and 
consequently, GMSL features in most coastal adaptation DAPPs through the choice of the ‘current best’ GMSL projection or scenario. 

Satellite altimeters have revealed an increase in GMSL of 3.4 +/- 0.4 mm/year since 1992 (Beckley et al., 2017; Guérou et al., 
2023), with indications of an increase in the acceleration of 0.08 +/- 0.025 mm/year^2 (Nerem et al., 2018; Nerem et al., 2022; Guérou 
et al., 2023). Using the observed rate and acceleration as DAPP data indicators can provide key inputs driving reassessment of current 
plans and signposts. Consistency with a projected trajectory tied to a particular climate scenario can suggest that the current state of a 

Table 1 
Examples of satellite data that can serve as data indicators for sea level DAPPs.  

Data Indicator Satellite (Current) Satellite (Future) Technique Category 

Global Mean Sea Level 
Change 

Sentinel-6/MF, Jason-3, SWOT, 
SARAL, Sentinel-3A/3B 

Sentinel-6B, Sentinel-6C Radar Altimetry Changes in SLR 

Regional Sea Level 
Change 

Sentinel-6/MF, Jason-3, SWOT, 
SARAL, Sentinel-3A/3B 

Sentinel-6B, Sentinel-6C Radar Altimetry Changes in SLR 

Ice Sheet and Glacier 
Change 

GRACE-FO, ICESat-2, CryoSat-2 Mass Change (MC), CIMR, 
CRISTAL 

Gravimetry, Laser Altimetry, 
SAR Altimetry 

Changes in Processes 
Contributing to SLR 

Sterodynamic Sea 
Level Change 

Sentinel-6/MF, Jason-3, SWOT Sentinel-6B, Sentinel-6C, 
CIMR, CRISTAL 

Radar Altimetry, SAR 
Altimetry 

Changes in Processes 
Contributing to SLR 

Vertical Land Motion Sentinel-1 NISAR, Surface Deformation 
and Change (SDC) 

SAR Changes in Processes 
Contributing to SLR 

Flood Extent Sentinel-1, Sentinel-2, Landsat-8, 
SWOT 

NISAR Optical, SAR, SAR Altimetry Impacts of SLR 

Flood Frequency Sentinel-1, Sentinel-2, Landsat-8, 
SWOT 

NISAR Optical, SAR, SAR Altimetry Impacts of SLR 

Saltwater Intrusion ECOSTRESS, MODIS, Landsat-9 Landsat-10, Surface Biology 
and Geology (SBG) 

Radiometry, Optical Impacts of SLR 

Coastal Erosion Landsat-8, Landsat-9, Sentinel-1, 
Sentinel-2 

Landsat-10 Optical, SAR Impacts of SLR 

Groundwater 
Reinjection 

Sentinel-1 NISAR, SDC SAR Impacts on Implemented 
Adaptation Strategies 

Levee Monitoring Sentinel-1 NISAR, SDC SAR Impacts on Implemented 
Adaptation Strategies 

Beach Nourishment Landsat-8, Landsat-9, Sentinel-2 Landsat-10 Optical Impacts on Implemented 
Adaptation Strategies 

Coastal Ecosystems Landsat-8, Sentinel-2, ICESat-2, 
ECOSTRESS Landsat-9 

Landsat-10, SBG Optical, LiDAR, 
Hyperspectral 

Impacts on Implemented 
Adaptation Strategies  

Fig. 4. Divergence of global mean sea level (GMSL) trajectory and scenarios from Sweet et al. (2022). The time series shows the observations 
(black), observation-based trajectory (green) and GMSL scenarios to 2100. Dots denote where each scenario deviates significantly (2 sigma) from the 
observation-based trajectory. Figure 
adapted from Sweet et al. (2022) 
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DAPP is still appropriate. However, if recent acceleration (computed over a predefined length of time) exceeds a value expected from a 
chosen projection, then the GMSL data indicator will signal a need to shift to a new adaptation strategy, conduct more research, or 
update the choice of sea level rise scenario that underlies the DAPP. 

A preliminary example of this assessment is provided in Nerem et al. (2022), who extrapolated the rate and acceleration of GMSL to 
2050 and compared them to modeled results. The conclusion was that the satellite observations are currently tracking near the IPCC 
AR6 SSP2-4.5 projection and between the Intermediate-Low and Intermediate scenarios from Sweet et al. (2022), although with 
significant overlap across all scenarios. An example of this type of analysis was conducted in Sweet et al. (2022) with results repro
duced here in Fig. 4. Similar comparisons have been made in Slater et al. (2020) and Hamlington et al. (2022). Performing these 
comparisons regularly could enable policymakers to identify when observations are statistically different from the chosen ‘current 
best’ scenario and motivate an update to the assumptions associated with the DAPP. 

3.1.2. Regional sea level change 
Relevant to individual coastal communities and evident from the satellite altimetry observations are regional variations in the rate 

and acceleration of sea level rise, shown in Fig. 2B. Satellites offer near-global coverage of local sea level change, while tide gauges 
remain sparsely located along the coastlines of the world (Fig. 2A) but offer longer records than satellites. However, the dominant 
causes of sea level change shift over time (e.g. Frederikse et al., 2020), which result in the rate and acceleration computed over the full 
tide gauge record being unrepresentative of the changes occurring more recently. While the processes that lead to the regional pattern 
are generally known (see Hamlington et al., 2020a), there is uncertainty in the rates and acceleration, due to the presence of internal 
variability which can be substantial on regional levels (Hamlington et al., 2019; Hamlington et al., 2020b; Hamlington et al., 2022; 
Royston et al., 2018; Royston et al., 2022). Separating the contributions of forced climate-change drivers, which may persist into the 
future, from the contributions of internal variability, which impart an apparent rate or acceleration in short records, is a topic of 
ongoing research (e.g. Fasullo and Nerem, 2018; Richter et al., 2020; Royston et al., 2018; Royston et al., 2022; Hamlington et al., 
2019; Hamlington et al., 2020b; Hamlington et al., 2021). 

Recent studies have begun using regional observations to assess the near-term trajectory of sea level rise and subsequently compare 
them to modeled projections (Wang et al., 2021; Sweet et al., 2022; Hamlington et al., 2022). Similar to the analysis for GMSL data, 
these trajectories can provide an indication of how quickly sea level may rise and how appropriate a selected scenario might be at a 
given location. Sweet et al. (2022) used tide gauges to assess the near-term trajectory of sea level rise and compare to sea level sce
narios for U.S. coastlines. For most regions, the observational trajectory to 2050 tracked the Intermediate-Low or Intermediate scenario 
for sea level rise, but the Eastern Gulf of Mexico region tracked the Intermediate-High to High scenarios. This information is important 
for decision-makers in the Eastern Gulf to reassess the assumptions in their adaptation plans and for researchers to improve their 
understanding of sea level rise and the processes contributing to it in the region. 

Satellite observations of regional variations provide a complement to tide gauges that can be used as ongoing, near-global data 
indicators for local sea level rise. Through reprocessing of past observations (e.g. Cazenave et al. 2022) and launching new mea
surement capabilities, like the Surface Water and Ocean Topography (SWOT) mission, information on sea level change is also being 
provided closer to the coast than ever before. As a result, the utility of satellite observations for regional and local sea level change is 
expected to grow in the future. 

3.2. Indicators of the processes contributing to sea level rise 

Driven by an increase in satellite observations of the individual processes contributing to sea level change, recent studies have 
demonstrated the ability to fully explain – within uncertainty bounds – sea level change on both global and local scales (e.g. Harvey 
et al., 2021; Camargo et al., 2023). Contributing processes derive from changes in the cryosphere, ocean, and land. A new under
standing of how individual processes may evolve can have direct consequences for both near-term and long-term sea level projections. 
These contributing processes have not traditionally been considered in adaptation planning. The availability of consistent satellite 
monitoring of these processes, which can occur locally or in remote parts of the Earth, makes it a source of valuable data indicators for 
capturing early warning of trends in the rate of sea level change and for fine tuning DAPPs. 

3.2.1. Ice sheet and glacier change 
Ice mass loss is a major contributor to sea level rise. Satellites have provided critical data for understanding ice sheet changes and 

how they may progress in the future (e.g. Aschwanden and Brinkerhoff, 2022; Box et al., 2022; Greene et al., 2022). Observations of ice 
sheets and glaciers have expanded in recent years, due to satellite missions like Gravity Recovery and Climate Experiment Follow-On 
(GRACE-FO), the Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2), and CryoSat-2. These observations and efforts like the Ice Sheet 
Mass Balance Intercomparison Exercise (IMBIE; The IMBIE Team, 2020) provide clear evidence of mass loss of mountain glaciers and 
ice sheets in recent decades, with rates of mass loss increasing (Hugonnet et al., 2021). There is also increased consensus regarding the 
behavior of many ice sheet processes. 

As the climate warms, the future response of the ice sheets and some associated processes is still ambiguous (Fox-Kemper et al., 
2021). Two specific processes, marine ice cliff instability (Deconto and Pollard 2016; Deconto et al., 2021) and marine ice sheet 
instability (Joughin et al., 2014; Waibel et al., 2018; Hoffman et al., 2019; Robel et al., 2019; Morlighem et al., 2020), could lead to 
rapid ice sheet loss over several decades, but when and if these instabilities could be triggered and how they would progress remain 
difficult to establish. These uncertainties and ambiguities have a direct impact on the range of land ice’s contribution to sea level rise 
across a set of projections or uncertainties. This is especially true for long-term (2100 + ) projections, since the potential for rapid ice 
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sheet loss was assessed to occur further in the future than previously thought (Deconto et al., 2021). For example, AR6 dealt with these 
possibilities by introducing a “Low Confidence” scenario and assessed that while high amounts of warming would be needed to trigger 
rapid ice sheet loss, the specific amount of warming remains unknown as does how sea level would respond should such a trigger 
happen. Sweet et al. (2022) similarly accounted for these processes in the updated sea level scenarios, with the Intermediate, 
Intermediate-High and High Scenarios all requiring contributions from this Low Confidence scenario to be constructed. 

The wide range of projections for sea level rise at 2100 and beyond are heavily driven by process-based uncertainty with the ice 
sheets. This uncertainty represents one of the primary drivers of possible changes in projections in the future. Should a modeling 
advance or observational evidence emerge of a shift being triggered, the range across projections could be refined. The change from 
Sweet et al. (2017) to Sweet et al. (2022) provides an example of this. Because of the shift in timing of the potential for rapid ice sheet 
loss, the Extreme (2.5 m of GMSL rise by 2100) scenario was no longer viewed as plausible. Additionally, the range across the 
remaining five scenarios was assessed to be narrower in the near-term than in the previous report. 

Ongoing monitoring of the ice sheets and glaciers is thus a critical data indicator for sea level DAPPs. GRACE-FO provides a measure 
of mass loss from the ice sheets and glaciers, indicating not just total mass loss but also which regions of the ice sheets and glaciers are 
losing ice most rapidly. GRACE-FO also provides a measure of changes in ocean mass, which represents the integrated contribution of 
all ice-mass loss to the ocean and thus is most directly tied to sea level rise. ICESat-2 measures ice loss and velocity changes through 
elevation data of ice-covered regions of the Earth. Cryosat-2 uses synthetic aperture radar (SAR) to monitor ice thickness changes on 
the ice sheets and mountain glaciers. Taken together, these and future satellites, like the Mass Change (MC) mission (Wiese et al., 
2022), provide important information on how the ice sheets and glaciers are evolving and can be used to identify the onset of processes 
that could lead to a rapid increase in sea level rise, and thus trigger a change within a DAPP. The signal would be generated when either 
the projections have significantly changed due to an advance in the understanding of the processes driving change (e.g., instabilities of 
the ice sheets) or when the observation-based trajectory differs by more than some predetermined amount from the chosen scenario. 

3.2.2. Sterodynamic sea level change 
Essential to sea level rise and projections on regional scales are sterodynamic sea level changes, which arise from changes in the 

ocean’s circulation (currents) and its density (temperature and salinity). Sea level rise associated with sterodynamic sea level change is 
the combination of global mean thermosteric rise associated with global ocean warming and local deviations from the global mean due 
to ocean dynamic processes. These processes can be small scale, particularly near the coast (Woodworth et al., 2019). On short 
timescales (annual to decadal), ocean dynamics dominate the pattern of sea level change, as has been visible over the course of the 
satellite altimeter record. While the spatial variability in the altimeter-derived sea level pattern has decreased as the record has 
lengthened, the pattern is still influenced by internal variability on interannual to decadal timescales, and these fluctuations are the 
dominant driver of decadal trend variations within the satellite record. Monitoring these shifts associated with internal variability can 
be relevant when planning horizons are short or when sea level rise is nearing a level that would trigger action within an adaptation 
pathway. This is connected to the example in Section 3.1.2 regarding sea level rise in the Eastern Gulf of Mexico region. While it is 
possible that the high rate and acceleration are driven by naturally occurring ocean variability, observations of the ocean provide some 
insight into how sea level may continue to rise at a high rate in the near-term. Another example of this is seen for the west coast of the 
United States, where the recent rate of sea level rise, as measured by satellite altimeters, has shifted over the past two decades 
(Hamlington et al., 2021). Monitoring as close as possible to the coast is critical to capture the small scale features and shifts that can 
directly influence the risk of flooding. 

Ocean dynamics are a leading contributor to possible sea level change on longer timescales, in certain regions of the ocean. As an 
example, the Atlantic Meridional Overturning Circulation (AMOC) is an important component of global ocean circulation, transporting 
heat and carbon and affecting hydroclimate, hurricane activity, and coastal sea level. It is hypothesized from some proxy evidence that 
the AMOC has declined since the Industrial Revolution (Caesar et al., 2018). It remains uncertain whether observations support the 
anthropogenically forced weakening of the AMOC during the past four decades predicted by climate models (Jackson and Wood, 
2020). Focusing on possible causes of long-term sterodynamic sea level changes for the coastlines of the United States, future changes 
in the AMOC are particularly relevant. A weakening AMOC will lead to an increase in sea level along the coastal Northeast and 
Southeast regions (Yin et al., 2009; Krasting et al., 2016). The IPCC AR6 (Fox-Kemper et al., 2021) determined that the AMOC is very 
likely to decline in the future, although there is still disagreement as to the extent of this decline. 

Similar to monitoring of the cryosphere, consistent monitoring of the AMOC and other ocean dynamic signals is an important data 
indicator that can provide a constraint on the range of future sea level rise indicated by current projections and scenarios. McCarthy 
et al. (2020) discussed sustained observations of the AMOC, highlighting satellite altimetry along with complementary measurements 
of temperature and salinity, as important components of an AMOC observing system. If such observations could identify a clear slow- 
down in the AMOC, they could be immediately connected to projections of sea level in coastal regions of the Atlantic, serving as data 
indicators within a DAPP. Changes to the AMOC potentially have far broader impacts; Orihuela-Pinto et al. (2022) connected a 
slowdown in the AMOC to a nearer-term increase in La Niña-like conditions in the Pacific Ocean. La Niña is associated with lower sea 
levels in the eastern Pacific but dramatically higher sea levels in the western tropical Pacific, a region of the ocean that has experienced 
high rates of sea level rise during the past three decades (e.g. Hamlington et al., 2021). 

3.2.3. Vertical land motion 
Vertical land motion (VLM) is an important component of relative sea level rise because changes in surface elevation lead to 

changes in the height of the ocean relative to land (e.g. Nicholls et al., 2021). VLM is not a singular phenomenon but results from 
various processes that display different patterns in space and time. VLM in coastal settings is often complicated as these processes can 
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operate at the same time and can serve to either increase relative sea level (subsidence) or decrease relative sea level (uplift). VLM is 
driven on local scales by both natural processes, such as compaction of river sediments, and anthropogenic processes, such as 
groundwater and fossil fuel withdrawal. On larger scales, subsidence is driven by tectonics and glacial isostatic adjustment (GIA). 

VLM’s contribution to relative sea level projections has typically been inferred from long-term tide gauge observations (e.g. Kopp 
et al., 2017; Fox-Kemper et al., 2021; Sweet et al., 2017; Sweet et al., 2022). In these projections, the assumption has been made that 
past estimates of VLM will persist linearly into the future – a reasonable assumption for long-term geological processes like sediment 
compaction and GIA, but less so for tectonic and anthropogenic processes. More accurate future projections of VLM could come from 
an understanding of and accounting for the underlying processes and the temporal and spatial scales on which they vary (Shirzaei 
et al., 2021; Fang et al., 2022). 

Direct observations of VLM and how rates change over time could improve the information used in projections or provide an 
opportunity to assess assumptions made in these projections. One approach is to difference relative sea level measurements of tide 
gauges and sea level measurements from the nearest satellite altimetry data point (e.g. Wöppelmann and Marcos, 2016). In recent 
decades, GPS stations have provided estimates of VLM in coastal areas across the globe. While there is dense coverage along certain 
coastlines (e.g. Europe, North America, Japan), other areas that are vulnerable to sea level rise have little coverage. Moreover, sub
sidence can vary on small spatial scales in coastal regions, making it difficult to fully assess the rate of subsidence even in areas with 
good GPS coverage. Calibrated to land GPS station estimates, airborne and satellite-based interferometric synthetic aperture radar 
(InSAR) measurements of land elevation over time can provide higher spatial resolution measurements of VLM rates, for large swaths 
of coastlines (e.g., Blackwell et al., 2020; Shirzaei et al., 2021, Bekaert et al., 2017; Buzzanga et al., 2020). These higher-resolution 
assessments of VLM rates can help communities understand present-day VLM at fine scales (e.g., street block level) and provide 
guidance for how continued VLM will contribute to relative sea level projections. 

The importance of ongoing monitoring for VLM is highlighted by cases where the rate of VLM has shifted, profoundly impacting 
projections of sea level rise. Tectonically active areas, like American Samoa, provide prime examples of VLM’s impact on the future 
trajectory of sea level rise (Sweet et al., 2022). In 2009, the Samoa-Tonga Earthquake caused subsequent viscoelastic relaxation and 
subsidence that dramatically increased the rate of relative sea level rise in American Samoa (Han et al., 2019). Comparing the 
observation-based trajectory to modeled scenarios for the Pago Pago, American Samoa tide gauge reveals a clear mismatch that can be 
traced to an inadequate representation of the ongoing rate of subsidence within the model framework (Fig. 5A). Investigation of the 
nearby ASPA GPS station shows a dramatic shift in the VLM after 2009/2010 (Fig. 5B). The relaxation and related subsidence is 
expected to continue for decades. If the VLM shift is not accounted for, the projected sea level rise over the next several decades will be 
a significant underestimate. By using VLM as a data indicator, it can generate a signal to reassess and modify DAPP actions when a 
significant deviation is found, possibly earlier than a projection-based signpost. 

3.3. Indicators of the impacts of sea level rise 

The DAPP framework relies on consistent monitoring, but the impacts of sea level rise can be difficult to measure over large scales 
and to track effectively over time. Changes in experienced impacts can be anecdotal or hyper-local (e.g. at the location of a tide gauge). 
Compared to tracking sea level rise and its contributing processes, observing impacts directly may increase credibility since impacts are 
more consistent with perceived changes. Moreover, they can provide an assessment of the degree to which employed adaptation 
strategies are still effective. 

Satellites can provide monitoring across entire regions, with broad coverage of global coastlines. The relative continuity of satellite 
and remote sensing data can provide longer lead times for action than might be possible with in situ monitoring. Observations can 

Fig. 5. Tide gauge measurements of relative sea level (A) and GPS measurements of vertical land motion (B) in Pago Pago, American Samoa reveal 
the 2009 Tonga earthquake’s effect on sea level rise and the divergence from future sea level scenarios, from Sweet et al. (2022). 
Adapted from Collini et al. (2022) 
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serve as performance-based data indicators for the impacts of sea level rise, illuminating both environmental effects and how well 
selected adaptation strategies are limiting undesired impacts. 

3.3.1. Flood extent and frequency 
As sea levels continue to rise across the globe, so does the severity and frequency of coastal flooding. Flooding at the coast can be 

driven by different factors. Storms can drive catastrophic flooding with storm surge that is exacerbated by increasing sea levels. High- 
tide flooding, on the other hand, is a more direct consequence of sea level rise. The combination of tides, naturally occurring sea level 
variability, and relative sea level rise can lead to flooding conditions (e.g. Sweet et al., 2022; Thompson et al., 2021) that may not be 
particularly damaging for any single event but can have a significant impact as the frequency and severity of the flooding builds over 
time. These higher frequency flood events may provide support for monitoring and projecting potential flooding events that are 
inherently less likely to occur (Stephens et al., 2018). In many coastal regions, compound flooding can arise from the concurrent 
contributions of precipitation, riverine flooding, and inundation from the ocean. Compound flooding can be longer in duration with 
impacts more widespread than flooding driven by the ocean alone. 

Adaptation strategies are employed to account for all types of flooding, but determining the extent to which these strategies are 
effective on a regional level is challenging due to a lack of observations. Tracking the performance of these strategies over time can be 
difficult as in situ monitoring or anecdotal evidence is typically relied on, which can miss the full extent of flooding that has taken 
place. There are efforts to densely sample coastal regions with low-cost in situ networks, but they are limited to geographies with the 
capacity to install such networks. 

Satellite monitoring of flood extent and frequency has been demonstrated over the past two decades (Laignel et al., 2023 for 
summary), and with additions to the satellite observing network, opportunities for such monitoring have increased in recent years. 
Optical satellite imagery from Landsat has formed the backbone of this monitoring for decades, continuing with the launch of Landsat 9 
in 2021. Sentinel-2 also provides optical imagery from which water extent in coastal regions can be derived. While these optical 
satellites can be impeded by cloud cover, which is problematic for flood events that arise from storms or compound flooding, airborne 
and space-based synthetic aperture radar (SAR) platforms offer complementary monitoring that can penetrate cloud cover. Sentinel-1 
has been collecting SAR data since 2014, and the SWOT mission launched in 2022. Future SAR missions include the NASA-ISRO SAR 
(NISAR) mission, launching in 2024, followed by the Surface Deformation and Change (SDC) mission, part of NASA’s Earth System 
Observatory (ESO). Generating flood extent and frequency from these satellites can be expensive and labor-intensive. NASA’s 
Observational Products for End-Users from Remote Sensing Analysis (OPERA) project provides an example of how to integrate 
available satellite data and generate timely surface water extent maps for planning and response. 

Data indicators developed around flood extent and frequency would be based on monitoring the occurrence and prevalence of 
flooding in a particular region and assessing the degree to which those are evolving over time (e.g., Stephens et al., 2018). If a location 
is newly flooding or flooding more than anticipated or beyond a pre-assigned critical value, a shift in the DAPP could be necessary. This 
information would not replace on-the-ground metrics for tracking flood extent and frequency at specific locations, but understanding 
how flooding is changing over a larger region, covered by satellites, would be informative about persistent and larger-scale changes 
that are taking place and could be directly linked to increases in sea level rise. 

3.3.2. Coastal erosion 
A leading concern in many coastal regions is erosion, which threatens livelihoods and infrastructure, and is anticipated to increase 

in the future (Mentaschi et al., 2018). Coastlines around the world undergo constant changes caused by rivers, waves and nearshore 
currents. Sea level rise is increasingly contributing to coastal erosion in low-lying areas and indirectly exacerbating the other drivers of 
coastal erosion (Nicholls et al., 2010; Pilkey and Cooper, 2004). Because these changes can be gradual or more dramatic, due to 
extreme events like storms (Barnard et al., 2017; Borrero, 2005), shorelines must be monitored over time. 

Coastal erosion can be highly local, so broad-scale, regional monitoring is critical. In situ or aerial observations, with cameras or 
lasers, have been relied upon to provide high-resolution data on coastal erosion over relatively small areas. Such observations can have 
limited spatial coverage or be inconsistent in time, in part due to the cost of maintaining these systems. As a solution, several studies 
have detailed the use of satellite imagery for surveying and monitoring changes in coastal erosion (Mentaschi et al., 2018; Borrero et al; 
2005; Anthony et al., 2015; Luijendijk et al., 2020). Mentaschi et al. (2018) provides a detailed overview of monitoring coastal erosion 
on global scales, while Luijendijk et al. (2020) surveyed and classified the world’s beaches with satellite observations. These studies 
have generally relied on optical remote sensing from Landsat and, more recently, Sentinel-2. Comparisons of observations can be made 
to assess changes occurring in one location relative to another and trends over time. A data indicator for DAPPs can be built around this 
monitoring of coastline changes and provide early identification of increasing coastal erosion that may trigger additional adaptation. 

3.3.3. Saltwater intrusion 
Coastal populations are supported by underground infrastructure and fresh groundwater resources that flow through coastal 

aquifers, which host complex interactions between fresh groundwater and saline seawater. As sea level rises, the freshwater-saltwater 
interface moves inland and can lead to saltwater intrusion. While saltwater intrusion driven by sea level rise is expected to occur over 
several decades (Michael et al., 2013), it can also be driven by episodic high-tide or storm events (Yu et al., 2016; Cantelon et al., 2022) 
or coastal groundwater pumping (Michael et al., 2017). Saltwater intrusion can impact coastal populations through salt-damaging of 
essential infrastructure (Tansel and Zhang, 2022), by displacing terrestrial groundwater and causing inland groundwater flooding (e.g. 
McKenzie et al., 2021; Befus et al., 2020), or by altering the flux of groundwater discharge that influences coastal environments (Kim 
et al., 2011; Kim et al., 2017; Luijendijk et al., 2020; Correa et al., 2021). Saltwater intrusion is also a problem for fresh groundwater 
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management, as freshwater is generally deemed non-potable even with ~ 2% salinization (Environmental Protection Agency, 1979). 
Salinization of freshwater can occur instantaneously, but recovery to fresh conditions can take months (Chui et al., 2011) to decades 
(Yang et al., 2015). With increasing sea levels and associated increases in high-tide flooding events, the saltwater intrusion problem is 
expected to increase in severity and rate. 

In situ monitoring of subsurface salinity patterns is possible but difficult to conduct on large scales, and numerical models are 
difficult, if not impossible, to implement over continental scales (e.g., Befus et al., 2020). Satellite remote sensing does not provide an 
obvious solution to monitoring saltwater intrusion that is occurring subsurface. However, indicators and impacts of saltwater intrusion 
may be visible at the surface through vegetation and changes related to coastal freshwater processes. Studies have shown that saltwater 
intrusion impacts plant productivity and elevation gain in coastal wetlands and marshes (DeLaune and Pezeshki, 1994; Sutter et al., 
2014; Tully et al., 2019; Charles et al. 2019; Solohin et al. 2020). Vegetation changes can be visible in optical satellite imagery through 
shifts in color (e.g., measured by the MODerate resolution Imaging Spectrometer (MODIS) aboard the Terra and Aqua satellites), and 
monitoring of coastal floodplain EVI (Enhanced Vegetation Index) has been shown to be useful in identifying regions undergoing long- 
term, low-level saltwater intrusion (White and Kaplan, 2021). Vegetation stress can also be measured using thermal imagery through 
temperature shifts related to water stress (e.g., measured by ECOSTRESS on the International Space Station and NASA’s future Surface 
Biology and Geology (SBG) satellite). Monitoring coastal wetland elevation, inland groundwater flooding, or nearshore groundwater 
discharge variability using a combination of approaches and datasets (sea level, vegetation index, inundation extent, thermal imagery) 
could also provide useful ways to assess saltwater intrusion. These indirect observations of saltwater intrusion proxies have limited 
cases of demonstration to date but could serve as important signposts in a monitoring system. Data from such approaches may not be 
able to serve as early indicators but could inform when and where impacts associated with saltwater intrusion may be underway and 
subsequently increasing. 

3.4. Indicators of the impacts on implemented adaptation strategies 

Monitoring the performance of a DAPP requires measuring the impacts of sea level rise, as well as the changes and impacts on 
implemented adaptation strategies. Here we explore the natural continuation of the monitoring in the previous section – from flooding 
to levees, coastal erosion to beach nourishment, and saltwater intrusion to groundwater reinjection. While more commonly considered 
in the planning community, these data indicators involve less familiar uses of satellite capabilities. 

3.4.1. Groundwater reinjection 
Monitoring subsidence can be useful for understanding how implemented adaptation and mitigation strategies are evolving. Just as 

a reduction of groundwater pumping can serve to alleviate the subsidence being experienced at a particular location (e.g. Fang et al., 
2022), so too can groundwater reinjection. One such effort, headed by the Hampton Roads Sanitation District, is the Sustainable Water 
Initiative for Tomorrow (SWIFT; https://swiftva.com), which aims to inject 90% (i.e., 135 MGD) of reclaimed wastewater, treated to 
potable quality, directly into the Potomac aquifer instead of releasing it downstream by 2030. This project aims to increase fresh 
groundwater availability, reduce or reverse saltwater intrusion, and contribute to a partial elastic rebound of the aquifer, thereby 
reducing the rate of land subsidence and the corresponding rate of relative sea level rise. Reinjection activities commenced in 2018, 
and it is anticipated that the rate of reinjection will continue to increase over the coming decade. 

The monitoring plan for this effort involves a network of in situ systems that are designed to capture changes near the injection sites 
and also changes occurring farther afield with support from InSAR data. In Buzzanga et al. (2020), the use of InSAR was proposed to 
provide a wider view of the response to the reinjection and to detect a shift in subsidence from the other processes taking place. For the 

Fig. 6. (A) Map of vertical land displacement rates from InSAR data, used to assess the impact of wastewater reinjection in Hampton Roads, VA at 
its injection site (within magenta circle) relative to the surrounding area (cyan torus). (B) The vertical displacement history shows individual InSAR 
observations (black circles) and a linear fit to displacement rate (red dashed line), with reinjection effects on subsidence not yet detected. Vertical 
lines indicate the injection start time (green dashed line) and groundwater withdrawal period (gray region). From Buzzanga et al. (2020). 

B.D. Hamlington et al.                                                                                                                                                                                                

https://swiftva.com


Climate Risk Management 42 (2023) 100555

11

objective of alleviating subsidence, this monitoring could then be used to determine whether additional pumping is needed either by 
increasing the rates or adding additional injection sites. The data could also be used to determine how and if the reinjection affects the 
rate of subsidence. As seen in Fig. 6, there is no reduction in the rate of subsidence detected in the InSAR results, but this could change 
once reinjection rates increase. While this is a specific case, InSAR analysis can support a data indicator across any coastline and thus 
support monitoring of any similar efforts that may be undertaken. 

3.4.2. Levees 
Levees protect coastal populations and infrastructure from floods in many coastal regions worldwide. As sea level increases, a levee 

can become less effective, but if the levee itself degrades, this can accelerate the loss of performance and trigger the need for additional 
adaptation. Failure of a levee can lead to catastrophic flooding, and the potential impacts associated with levee failure have increased 
over time as a result of economic and demographic growth. Consequently, monitoring data indicators for levees is critical to ensuring 
adequate future performance. This monitoring has historically been done by visual inspection, which may not provide a clear picture of 
emerging problems and is difficult to conduct consistently over large scales. Studies have shown that monitoring through periodic 
inspection has not identified past levee failures in advance (Heyer, 2016). Additional monitoring techniques could be helpful in 
quantifying the changes that may be occurring and identifying problems before they lead to failure. 

InSAR data may support the monitoring of flooding adaptation strategies such as levees. Airborne and space-based InSAR analysis 
can not only illuminate critical changes in the deformation of the levee over time, but also changes in land subsidence, which threatens 
levee stability. InSAR monitoring of levees has been demonstrated in a variety of locations, including the Netherlands (Özer et al., 
2019) and New Orleans (Chung Nguyen et al., 2018), and can generally be used anywhere in the world, supported by coverage from 
Sentinel-1 and, in the future, NISAR. Monitoring of levees is a complementary signpost to that of VLM and flooding. As in the example 
of subsidence, it demonstrates the utility of satellite monitoring for multiple related data indicators. 

3.4.3. Beach nourishment 
Beach nourishment has been widely used as a management technique to combat coastal erosion. Off-site sand is used to increase the 

sand volume or width of the above-water beach (Dean, 2003; de Schipper et al., 2021). The ability to conduct beach nourishment 
varies by location and can be dictated by the availability of sand. The range of complexities associated with beach nourishment is 
detailed in de Schipper et al. (2021). Once completed, monitoring becomes important to track dispersed sand and evaluate the project 
performance and impacts, ideally encompassing changes both above and below the water, as well as neighboring coastal areas. de 
Schipper et al. (2021) recommend monitoring at least 500 m of adjacent coastline but suggest that more may be needed for larger 
projects and in areas with more complex coastal dynamics. They also note that monitoring needs to be consistent and with relatively 
short time gaps between observations, particularly following a storm. Similar to other performance signposts, monitoring is typically 
done in situ, which can be both labor intensive and expensive to perform consistently. 

As noted in de Schipper et al. (2020), satellites have the potential to be “transformative” in the field of beach nourishment by 
providing continuous near-global coverage of sand. Satellites can be used to measure both the surface and subsurface that are relevant 
for ongoing beach nourishment efforts, with the accuracy required to evaluate performance. Optical imagery from Landsat can be used 
to measure changes occurring above the water, while laser altimetry from ICESat-2 can measure bathymetry near-shore. These 
complementary techniques can track the time evolution of beach nourishment and dictate when additional adaptation may be 
required. 

3.4.4. Coastal ecosystems 
Coastal ecosystems offer a range of ecosystem services such as wildlife habitat, carbon capture, and protection from coastal storms 

and erosion that are amplified by sea level rise (Buchanan et al., 2022). For example, salt marshes, mangroves, oyster beds, or coral 
reefs serve as natural barriers providing protection from flooding and erosion (Bongarts Lebbe et al., 2021; Mi et al., 2022). The active 
protection and restoration of coastal ecosystems are considered in the development of adaptation pathways for mitigating the impacts 
of sea level rise (Haasnoot et al., 2019, Powell et al., 2019). To assess the effectiveness of coastal ecosystems as protection from 
flooding and erosion, precise lidar measurements have been used to quantify their horizontal and vertical extent and general land 
classification (Buchanan et al., 2022), starting with 90-m resolution Shuttle Radar Topography Mission (SRTM) data (Schuerch et al., 
2018) to more recent higher resolution NOAA coastal lidar data (https://coast.noaa.gov/digitalcoast/data/coastallidar.html). Using 
these data in combination with sea level rise projections, models allow for evaluating the long-term sustainability and effectiveness of 
proposed management solutions under different climate change scenarios. 

Similar to monitoring beach nourishment efforts, satellite optical imagery from Landsat and laser altimetry from ICESat-2 can 
further enhance studies to monitor and evaluate the use of coastal ecosystem management and provide long-term consistency in the 
data record. At the same time, as more vegetation-monitoring instruments, such as ECOSTRESS, and satellites, such as the future SBG 
mission, come online, they will allow for not only evaluating the physical extent but also the overall ecosystem health of these coastal 
environments, which can influence the planning and adjustment of future adaptation pathways. 

4. Discussion and conclusion 

DAPPs offer coastal communities a roadmap to develop resilience to rising sea levels. To date, sea level DAPPs have been proposed 
or implemented for a handful of locations, as shown in Figure S1 and summarized in Table S1. Most of these are for areas with good 
coverage from in situ observations. Within these DAPPs, there are few examples of monitoring using satellite-based signposts, but 
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many of the examples’ signposts rely on data indicators that are the same as those covered in Section 3. Specifically, the vast majority 
of these DAPPs use sea level rise as an indicator, which is expected as projections for future sea level rise sit at the foundation of coastal 
planning. Other examples of overlap with the satellite-based indicators include flood frequency, subsidence, coastal erosion, beach 
width, and performance of implemented adaptation strategies. The lack of overlap with the other data indicators discussed is not 
surprising. For example, flood extent is difficult to monitor regularly using in situ observations. Similarly, monitoring the processes 
that are most relevant for future sea level change cannot be done locally in most cases due to the large-scale, global nature of those 
processes. 

With the expanding satellite network, observations are available for many of the relevant parameters that could serve as data 
indicators within sea level DAPPs. While the preceding sections have explored which satellite observations are suited to DAPPs, it is 
important to understand the limitations and opportunities afforded by these data. We consider the criteria for effective inputs, 
described in Section 2.2, to evaluate the potential of these satellite-based indicators. Based on this evaluation, we recommend steps to 
integrate satellite data into monitoring systems for sea level DAPPs. 

4.1. Limitations 

Satellites enable observations of coastlines across the globe, but their spatial coverage can affect their effectiveness and require 
further solutions. One challenge is the inability of radar altimeters to measure at the coast. Traditionally, they have been unable to 
provide useful measurements within 20 km of the coastline due to the presence of land in the altimeter and radiometer footprint. Other 
sensors are capable of coastal measurements, but, as in the case of optical imaging, some can be limited by cloud cover. To overcome 
these limitations, there are dedicated efforts to reprocess the along-track altimeter measurements near the coast. This effort has shown 
great promise in connecting open ocean sea level change to that occurring at the coast. Moreover, new satellite technologies have been 
developed and deployed to fill the coastal gap, including the radar interferometer launched on the 2022 SWOT mission. SWOT is 
providing high-resolution measurements of sea level within hundreds of meters of the coast, closer than any altimetry satellite to date, 
offering the potential to shift the paradigm in terms of coastal sea level monitoring. Both reprocessing and technology developments 
must continue in the future to generate usable satellite-based information at the coast. 

Another challenge can come from satellite sampling times. The frequency of observations for a given location is determined by the 
satellite’s orbit, and return times can range from a few days to months. Even with increasing observations, gaps can still persist and are 
compounded by the finite lifetime of satellites, which are usually designed with a lifespan of a few years, although some will continue 
to function for years beyond. Every Earth-observing satellite will eventually stop collecting data, and this can be problematic for 
reliable monitoring within a DAPP, as a signpost that is reliant on satellite observations could become obsolete when the satellite fails. 
Efforts have been made to ensure continuity in some satellite records (e.g. the satellite altimeter reference mission), but this is not a 
given. Even if continuity is planned or intended, gaps may occur between records (e.g. GRACE and GRACE-FO). Relatedly, for short 
observational records, detecting relevant signals through the variability occurring across a range of timescales can be challenging and 
often only remedied through lengthening of the record. Strategies and approaches must be devised to overcome such signal-to-noise 
challenges. 

A fundamental challenge for satellite observations is that the data are not in a form that is immediately usable for monitoring by 
planners. In many cases, additional analysis needs to be done. Relatedly, some of the most needed information to support adaptation 
lies at the intersection of different satellite observations and requires dedicated effort to synthesize useful information. This analysis is 
done ad hoc in many cases, but there are still relatively few formal efforts to do so in a systematic way. Most coastal communities and 
stakeholders will not have the technical capacity to convert raw satellite observations into a usable form for monitoring within a DAPP. 
Projects like OPERA, based in the United States, and Copernicus Services, in Europe, provide a solution to this challenge by providing 
equal access to derived satellite observational products to all communities, but similar projects are not widespread and may not span 
the full extent of what is ultimately needed by coastal communities. As the need continues to grow, focused effort will be critical to 
build capacity for transitioning satellite observations into useful information to support planning. 

4.2. Opportunities 

Some of the limitations associated with satellite support of DAPPs have been and will increasingly be overcome based on future 
plans (Ponte et al. 2019). The reference altimeter mission is a programmatic success story as the satellite record of sea level has now 
surpassed 30 years in length. With Sentinel-6B planned for launch in the coming years, this record should extend beyond four decades. 
The series of Landsat satellites extends back even further, continued most recently by Landsat-9. Other satellite missions relevant to sea 
level and coastal zones, such as ICESat-2, GRACE-FO, and SWOT, have lengthened temporal records and spatial coverage in recent 
years, albeit with gaps. With a growing need to maintain these critical records, continuity is a focus of new satellites and future 
missions, such as NISAR, MC, SDC and SBG, which are expected to fill gaps in the observational network. NISAR will complement and 
extend SAR observations currently being made by Sentinel-1 and enable accompanying InSAR analyses. As a general statement, 
significant investment is being made on an international scale to continue and expand upon the available satellite network of relevant 
land and ocean observations (Ponte et al., 2019). Critically for coastal communities and planners, these observations are publicly 
available and thus more affordable than the extensive in situ monitoring that is currently relied upon in some locations. 

As discussed for some of the data indicators in this study, observations have the potential to provide key information for evaluating 
and improving model-based projections. Observations can be used directly to constrain projections (e.g. Aschwanden and Brinkerhoff, 
2022) or can be used alongside projections to assess whether physical processes are being adequately captured and represented in the 

B.D. Hamlington et al.                                                                                                                                                                                                



Climate Risk Management 42 (2023) 100555

13

future (e.g. Sweet et al., 2022; Hamlington et al., 2022). Satellite observations, in particular, have the potential to assess large-scale 
variability and signals in a way that is challenging for in situ observations. 

4.3. Steps to integration for satellite data and coastal monitoring for DAPPs 

Building off of recent discussions (e.g. Benveniste et al., 2019), a goal of this study was to outline how satellites can provide an 
observational backbone enabling DAPPs to be used at any location across the globe. We did not, however, define the details of 
implementing such integrated monitoring systems. It can be difficult to determine how to select and establish satellite observations as 
DAPP monitoring components, in part because needs and resources to undertake adaptation can vary dramatically across the globe. 
Nevertheless, we offer two suggestions to build capacity for satellite-based DAPP monitoring. 

First, similar to the Delta Programme in the Netherlands (Haasnoot et al. , 2018), signal groups should be established, where the 
capacity exists. Each signal group would consist of a group of technical experts, who initially identify a suite of relevant data indicators 
and then monitor and interpret them to issue signal alerts when adaptation actions are needed. This human-powered monitoring 
system depends on available expertise, so initial signal groups could be considered for larger, regional scales, rather than individual 
communities. On these scales, these signal groups would track indicators that are consistent across different DAPP implementations, 
such as changes in sea level and the underlying processes that contribute to these changes. For the United States, this signal group could 
be composed of members from the relevant federal agencies and coupled to the in situ observations that are abundantly available along 
U.S. coastlines. Given the global scope of satellite observations, something similar could be established on an international basis, 
convened by organizations with a global purview. As with the DAPP monitoring framework, signal groups would need to output 
regular assessments, to be utilized in dynamic adaptation planning. 

Second, investment should continue to be made in progressing satellite observations beyond initial stages and into forms that are 
more immediately useful for stakeholders and coastal communities, rather than technical experts only. For signposts that may pull 
from multiple satellites, this translation is particularly important and needed. OPERA and Copernicus Services are specifically designed 
to provide a significant push to get over the first hurdle of working with low-level satellite data and deliver products derived from this 
data those that need it. These projects are making strides in transitioning satellite observations into information that is useful for 
coastal stakeholders, indicating a promising future for the use of satellite data in coastal management. 
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Hugonnet, R., McNabb, R., Berthier, E., Menounos, B., Nuth, C., Girod, L., Kääb, A., 2021. Accelerated global glacier mass loss in the early twenty-first century. Nature 

592 (7856), 726–731. 
IPCC, 2022: Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of the Intergovernmental 
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Özer, I.E., van Leijen, F.J., Jonkman, S.N., Hanssen, R.F., 2019. Applicability of satellite radar imaging to monitor the conditions of levees. J. Flood Risk Manage. 12 

(S2), e12509. 
Pilkey, O.H., Cooper, J.A.G., 2004. Society and sea level rise. Science 303 (5665), 1781–1782. 
Ponte, R.M., Carson, M., Cirano, M., Domingues, C.M., Jevrejeva, S., Marcos, M., Zhang, X., 2019. Towards comprehensive observing and modeling systems for 

monitoring and predicting regional to coastal sea level. Front. Mar. Sci. 6, 437. 
Powell, E.J., Tyrrell, M.C., Milliken, A., Tirpak, J.M., Staudinger, M.D., 2019. A review of coastal management approaches to support the integration of ecological and 

human community planning for climate change. J. Coast. Conserv. 23 (1), 1–18. 
Ramm, T.D., Watson, C.S., White, C.J., 2018. Strategic adaptation pathway planning to manage sea-level rise and changing coastal flood risk. Environ Sci Policy 87, 

92–101. 
Ranger, N., Reeder, T., Lowe, J., 2013. Addressing ‘deep’uncertainty over long-term climate in major infrastructure projects: four innovations of the Thames Estuary 

2100 Project. EURO Journal on Decision Processes 1 (3–4), 233–262. 
Richter, K., Meyssignac, B., Slangen, A.B.A., Melet, A., Church, J.A., Fettweis, X., Marzeion, B., Agosta, C., Ligtenberg, S.R.M., Spada, G., 2020. Detecting a forced 

signal in satellite-era sea level change. Environ. Res. Lett. 15 (9), 094079. 
Robel, A.A., Seroussi, H., Roe, G.H., 2019. Marine ice sheet instability amplifies and skews uncertainty in projections of future sea level rise. Proc. Natl. Acad. Sci. 116 

(30), 14887–14892. 

B.D. Hamlington et al.                                                                                                                                                                                                

http://refhub.elsevier.com/S2212-0963(23)00081-5/h0240
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0240
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0245
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0245
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0250
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0250
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0255
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0255
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0260
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0265
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0265
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0270
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0270
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0285
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0290
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0290
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0295
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0295
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0300
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0300
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0305
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0305
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0310
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0310
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0315
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0315
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0320
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0320
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0325
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0325
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0325
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0330
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0330
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0335
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0335
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0340
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0340
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0345
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0345
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0350
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0355
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0355
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0360
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0365
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0365
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0370
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0370
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0375
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0380
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0380
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0385
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0385
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0390
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0390
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0395
https://doi.org/10.1038/s41558-021-00993-z
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0405
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0405
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0410
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0410
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0415
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0415
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0420
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0425
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0425
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0430
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0430
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0440
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0440
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0445
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0445
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0450
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0450
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0455
http://refhub.elsevier.com/S2212-0963(23)00081-5/h0455


Climate Risk Management 42 (2023) 100555

16

Royston, S., Watson, C.S., Legrésy, B., King, M.A., Church, J.A., Bos, M.S., 2018. Sea-level trend uncertainty with Pacific climatic variability and temporally-correlated 
noise. J. Geophys. Res. Oceans 123 (3), 1978–1993. 

Royston, S., Bingham, R.J., Bamber, J.L., 2022. Attributing decadal climate variability in coastal sea level trends. Ocean Sci. Discuss. 1–21. 
Schuerch, M., Spencer, T., Temmerman, S., Kirwan, M.L., Wolff, C., Lincke, D., Brown, S., 2018. Future response of global coastal wetlands to sea-level rise. Nature 

561 (7722), 231–234. 
Shirzaei, M., Freymueller, J., Törnqvist, T.E., Galloway, D.L., Dura, T., Minderhoud, P.S.J., 2021. Measuring, modelling and projecting coastal land subsidence. Nature 

Reviews Earth & Environment 2 (1), 40–58. 
Slangen, A.B., Palmer, M.D., Camargo, C.M., Church, J.A., Edwards, T.L., Hermans, T.H., van de Wal, R.S., 2023. The evolution of 21st century sea-level projections 

from IPCC AR5 to AR6 and beyond. Cambridge Prisms: Coastal Futures 1, e7. 
Slater, T., Hogg, A.E., Mottram, R., 2020. Ice-sheet losses track high-end sea-level rise projections. Nat. Clim. Chang. 10 (10), 879–881. 
Smallegan, S.M., Irish, J.L., van Dongeren, A.R., 2017. Developed barrier island adaptation strategies to hurricane forcing under rising sea levels. Clim. Change 143 

(1), 173–184. 
Solohin, E., Widney, S.E., Craft, C.B., 2020. Declines in plant productivity drive loss of soil elevation in a tidal freshwater marsh exposed to saltwater intrusion. 

Ecology 101 (12), e03148. 
Stammer, D., Cazenave, A. (Eds.), 2017. Satellite altimetry over oceans and land surfaces. CRC Press. 
Stephens, S.A., Bell, R.G., Lawrence, J., 2018. Developing signals to trigger adaptation to sea-level rise. Environ. Res. Lett. 13 (10), 104004. 
Sutter, L.A., Perry, J.E., Chambers, R.M., 2014. Tidal freshwater marsh plant responses to low level salinity increases. Wetlands 34 (1), 167–175. 
Sweet, W.V., Hamlington, B.D., Kopp, R.E., Weaver, C.P., Barnard, P.L., Bekaert, D., Brooks, W., Craghan, M., Dusek, G., Frederikse, T., 2022. Global and regional sea 

level rise scenarios for the United States: Updated mean projections and extreme water level probabilities along US coastlines. NOAA Technical Report. 
Tansel, B., Zhang, K., 2022. Effects of saltwater intrusion and sea level rise on aging and corrosion rates of iron pipes in water distribution and wastewater collection 

systems in coastal areas. J. Environ. Manage. 315, 115153. 
The IMBIE Team, 2020. Mass balance of the Greenland Ice Sheet from 1992 to 2018. Nature 579 (7798), 233–239. https://doi.org/10.1038/s41586-019-1855-2. 
Thompson, P.R., Widlansky, M.J., Hamlington, B.D., Merrifield, M.A., Marra, J.J., Mitchum, G.T., Sweet, W., 2021. Rapid increases and extreme months in projections 

of United States high-tide flooding. Nat. Clim. Chang. 11 (7), 584–590. 
Toimil, A., Losada, I.J., Hinkel, J., Nicholls, R.J., 2021. Using quantitative dynamic adaptive policy pathways to manage climate change-induced coastal erosion. Clim. 

Risk Manag. 33, 100342. 
Tully, K., Gedan, K., Epanchin-Niell, R., Strong, A., Bernhardt, E.S., BenDor, T., Mitchell, M., Kominoski, J., Jordan, T.E., Neubauer, S.C., 2019. The invisible flood: 

The chemistry, ecology, and social implications of coastal saltwater intrusion. Bioscience 69 (5), 368–378. 
Waibel, M.S., Hulbe, C.L., Jackson, C.S., Martin, D.F., 2018. Rate of mass loss across the instability threshold for thwaites glacier determines rate of mass loss for entire 

basin. Geophys. Res. Lett. 45 (2), 809–816. 
Wang, J., Church, J.A., Zhang, X., Chen, X., 2021. Reconciling global mean and regional sea level change in projections and observations. Nat. Commun. 12 (1), 1–12. 
White Jr, E., Kaplan, D., 2021. Identifying the effects of chronic saltwater intrusion in coastal floodplain swamps using remote sensing. Remote Sens. Environ. 258, 

112385. 
Wiese, D.N., Bienstock, B., Blackwood, C., Chrone, J., Loomis, B.D., Sauber, J., Zlotnicki, V., 2022. The mass change designated observable study: overview and 

results. Earth Space Sci. 9 (8) e2022EA002311.  
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