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DRIVERS OF SEA LEVEL RISE  

T 
he main mechanisms driving increases in global sea level are: 1) expansion of sea water 

as it gets warmer (thermal expansion) and, 2) increases in the amount of water in the 

ocean from melting of land-based glaciers and ice sheets as well as human-induced 

changes in water storage and groundwater pumping (Chao et al. 2008; Wada et al. 2010; 

Konikow 2011).
1
 The reverse processes can cause global sea level to fall.  

Sea level at the regional and local levels often differs from the average global sea level.
2
 

Regional variability in sea level results from large-scale tectonics and ocean and atmospheric 

circulation patterns. The primary factors influencing local sea level include tides, waves, 

atmospheric pressure, winds, vertical land motion and short duration changes from seismic 

events, storms, and tsunamis. Other determinants of local sea level include changes in the ocean 

floor (Smith and Sandwell 1997), confluence of fresh and saltwater, and proximity to major ice 

sheets (Clark et al. 1978; Perette et al. 2013).  

Over the long-term, sea level trends in California have generally followed global trends (Cayan 

et al. 2009; Cayan et al. 2012). However, global projections do not account for California’s 

regional water levels or land level changes. California’s water levels are influenced by large-

scale oceanographic phenomena such as the El Niño Southern Oscillation (ENSO) and the 

Pacific Decadal Oscillation (PDO), which can increase or decrease coastal water levels for 

extended periods of time. Figure A-1 shows how El Niño and La Niña events have corresponded 

to mean sea level in California in the past. California’s land levels are also affected by plate 

tectonics and earthquakes. Changes to water as well as land levels are important factors in 

regionally down-scaled projections of future sea level. It follows that the sea level rise 

projections specific to California are more relevant to efforts in the coastal zone of California 

than projections of global mean sea level. 

                                                           
1
 Large movements of the tectonic plates have been a third major mechanism for changes in global sea level. The 

time periods for plate movements to significantly influence global sea level are beyond the time horizons used for 

even the most far-reaching land-use decisions. Plate dynamics will not be included in these discussions of changes 

to future sea level.  

2
 For further discussion of regional sea level variations and regional sea level rise projections, see Yin et al. 2010, 

Slangen et al. 2012, and Levermann et al. 2013, as examples. 



California Coastal Commission Sea Level Rise Policy Guidance   
Final Adopted Science Update | November 7, 2018 

        

Appendix A: Sea Level Rise Science and Projections For Future Change 205 

Figure A-1. Variations in monthly mean sea level at Fort Point, San Francisco, 1854 to 2013. Mean sea level heights 
(in ft) are relative to mean lower low water (MLLW). Purple line represents the 5-year running average. Note that 
the monthly mean sea level has varied greatly throughout the years and that several of the peaks occurred during 
strong El Niño events (red highlight). Periods of low sea level often occurred during strong La Niña events (blue 
highlight). The current “flat” sea level condition can also be seen in the 5-year running average. (Sources: NOAA 
CO-OPS data, Station 9414290, http://tidesandcurrents.noaa.gov/ (sea level); NOAA Climate Prediction Center, 
http://www.elnino.noaa.gov/ (ENSO data)) 

APPROACHES FOR PROJECTING FUTURE GLOBAL SEA LEVEL RISE  

This section provides an overview of some of the more well-known approaches that have been 

used to project sea level changes and their relevance to California. Appendix B will cover how 

these projections can be used to determine water conditions at the local scale. 

There is no single, well-accepted technique for projecting future sea level rise. Understanding 

future sea level rise involves projecting future changes in glaciers, ice sheets, and ice caps, as 

well as future groundwater and reservoir storage. Two subjects in particular present challenges in 

sea level rise modeling. First, future changes to glaciers, ice sheets, and ice caps are not well 

understood and, due to the potential for non-linear responses from climate change, they present 

many difficulties for climate models (Overpeck 2006; Pfeffer et al. 2008; van den Broecke et al. 

2011; Alley and Joughin 2012; Shepherd et al. 2012; Little et al. 2013). Second, the actual 

magnitudes of the two human-induced changes – pumping of groundwater and storage of water 

in reservoirs – are poorly quantified, but the effects of these activities are understood and can be 

modeled (Wada et al. 2010). Despite these challenges, sea level rise projections are needed for 

many coastal management efforts and scientists have employed a variety of techniques to model 

sea level rise, including: 

http://tidesandcurrents.noaa.gov/
http://www.elnino.noaa.gov/
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1. Extrapolation of historical trends;  

2. Modeling the physical conditions that cause changes in sea level;  

3. Empirical or semi-empirical methods; and 

4. Expert elicitations 

There are strengths and weaknesses to each approach, and users of any sea level rise projections 

should recognize that there is no perfect approach for anticipating future conditions. This section 

provides users of the Guidance document with a general understanding of several of the most 

widely used sea level rise projection methodologies and their respective advantages and 

disadvantages.
 
Figure A-2 provides a visual summary of several of the more commonly cited 

projections of future global and regional sea level rise. 

Figure A-2. Sea level rise projections for year 2100 from scientific literature. Graphic summary of the range of 
average sea level rise (SLR) projections by end of century (2090–2100) from the peer-reviewed literature as 
compared to the recent National Research Council report for California, Oregon and Washington. The light blue 
shaded boxes indicate projections for California. Ranges are based on the IPCC scenarios, with the low range 
represented by the B1 scenario (moderate growth and reliance in the future on technological innovation and low 
use of fossil fuels) and the high part of the range represented by the A1FI scenario (high growth and reliance in the 
future on fossil fuels). Details on the methods used and assumptions are provided in the original references. 

0

0.5

1

1.5

2

2.5

3

3.5

G
lo

b
al

 S
e

a 
Le

ve
l P

ro
je

ct
io

n
s 

(m
) 



California Coastal Commission Sea Level Rise Policy Guidance   
Final Adopted Science Update | November 7, 2018 

        

Appendix A: Sea Level Rise Science and Projections For Future Change 207 

Extrapolation of Historical Trends  

Extrapolation of historical trends in sea level has been used for many years to project future 

changes in sea level. The approach assumes that there will be no abrupt changes in the processes 

that drive the long-term trend, and that the driving forces will not change. However, drivers of 

climate change and sea level rise, such as radiative forcing, are known to be changing, and this 

method is no longer considered appropriate or viable in climate science. 

A recent modification to the historical trend method discussed above has been to estimate rates 

of sea level rise during the peak of the last interglacial (LIG) period (~125,000 years before 

present, when some drivers of sea level rise were similar to those today)
3
 and use these as proxy 

records to project sea level rise rates to the 21
st
 Century. For example, Katsman et al. (2011) and 

Vellinga et al. (2008) used the reconstructed LIG record of sea level change (from Rohling et al. 

2008) to reconstruct sea level rise rates during rapid climate warming, and applied these rates to 

estimate sea level at years 2100 and 2200. Similarly, Kopp et al. (2009) used sea level rise rates 

inferred from the LIG to estimate a range of sea level rise for Year 2100 between 1-3 ft (0.3-1 

m). Compared to traditional historical trend extrapolation, this modified approach has the 

advantage of including the dynamic responses of ice sheets and glaciers to past global climates 

that were significantly warmer than the present, but is limited by the large uncertainties 

associated with proxy reconstructions of past sea level. 

Physical Models  

Physical climate models use mathematical equations that integrate the basic laws of physics, 

thermodynamics, and fluid dynamics with chemical reactions to represent physical processes 

such as atmospheric circulation, transfers of heat (thermodynamics), development of 

precipitation patterns, ocean warming, and other aspects of climate. Some models represent only 

a few processes, such as the dynamics of ice sheets or cloud cover. Other models represent larger 

scale atmospheric or oceanic circulation, and some of the more complex General Climate Models 

(GCMs) include atmospheric and oceanic interactions.  

Physical models of sea level changes account for the thermal expansion of the ocean and the 

transfer of water currently stored on land, particularly from glaciers and ice sheets (Church et al. 

2011). Currently, coupled Atmosphere-Ocean General Circulation Models (AOGCMs) and ice 

sheet models are replacing energy-balance climate models as the primary techniques supporting 

sea level projections (IPCC 2013). Ocean density, circulation and sea level are dynamically 

connected in AOGCMs as critical components of the models include surface wind stress, heat 

transfer between air and sea, and freshwater fluxes. AOGCM climate simulations have recently 

been used as input for glacier models (Marzeion et al. 2012) which project land-water 

contributions to sea level. 

The Intergovernmental Panel on Climate Change (IPCC) is one of the main sources of peer-

reviewed, consensus-based modeling information on climate change. The IPCC does not 

undertake climate modeling, but uses the outputs from a group of climate models that project 

                                                           
3
 During the last interglacial, global mean temperature was 1-2ºC warmer than the pre-industrial era (Levermann et 

al. 2013), while global mean sea level was likely 16.4-29.5 ft (5-9 m) above present mean sea level (Kopp et al. 

2009; Dutton and Lambeck 2012; Levermann et al. 2013). 
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future temperature, precipitation patterns, and sea level rise, based on specific emission 

scenarios. Early in the 1990s, the IPCC developed basic model input conditions to ensure 

comparable outputs from the various models. The IPCC initially developed scenarios of future 

emissions, based on energy development, population and economic growth, and technological 

innovation. Four families of scenarios (A1, A2, B1, and B2) and subgroups (A1B, A1FI, A1T) 

were developed and used for climate and sea level rise projections for early IPCC reports (1990, 

1995, 2001, 2007). IPCC used 4 new scenarios for the 5
th

 Assessment Report (AR5) in 2013, 

based on Representative Concentration Pathways (RCPs) that are different greenhouse gas 

concentration trajectories. These trajectories bear similarities to, but are not directly comparable 

to the earlier emission scenarios. Projections in IPCC AR5 (2013) differ from the earlier IPCC 

projections due to improvements in climate science, changes due to the new scenarios, and 

changes in the models to accommodate the new inputs, with improvements in climate science 

and model capabilities driving the bulk of the changes.  

One finding of the earlier 2007 IPCC report called for improved modeling of ice dynamics. 

Focused research on ice dynamics to improve the ability of climate models to address the scale 

and dynamics of change to glaciers, ice sheets, and ice caps was subsequently undertaken (e.g., 

Price et al. 2011; Shepherd et al. 2012; Winkelman et al. 2012; Bassis and Jacobs 2013; Little et 

al. 2013). Recent modeling results presented in the AR5 (IPCC 2013) reflect the scientific 

community’s increased understanding in, as well as advances in modeling of the impacts of 

glacier melting and ocean thermal expansion on sea level change. AR5 scenarios reflect a greater 

range of global sea level rise (28-98 cm) based on improved modelling of land-ice contributions.  

Semi-Empirical Method 

The semi-empirical method for projecting sea level rise is based on developing a relationship 

between sea level and some factor (a proxy) – often atmospheric temperature or radiative forcing 

– and using this relationship to project changes to sea level. An important aspect for the proxy is 

that there is fairly high confidence in models of its future changes; a key assumption that is made 

by this method is that the historical relationship between sea level and the proxy will continue 

into the future. One of the first projections of this kind was based on the historical relationship 

between global temperature changes and sea level changes (Rahmstorf 2007). This semi-

empirical approach received widespread recognition for its inclusion of sea level rise projections. 

These projections looked at the temperature projections for two of the previous IPCC (2007) 

emission scenarios that span the likely future conditions within the report’s framework – B1, an 

optimistic, low-greenhouse gas emission future, and A1FI, a more “business-as-usual” fossil fuel 

intensive future.
4
 The Rahmstorf 2007 sea level rise projections were used in the California 2009 

Climate Change Scenarios Assessment (Cayan 2009). 

Since the initial semi-empirical projections for future sea level rise (Rahmstorf 2007), other 

researchers have published different projections based on the IPCC scenarios, using different 

                                                           
4
 When the IPCC began examining climate change, the available models used a broad range of inputs. In an attempt 

to evaluate the different model outputs based on the different model characteristics rather than the inputs, the IPCC 

developed a number of standard greenhouse gas emission scenarios. These scenarios are described in Response 

Strategies Working Group III (IPCC 1990). In general, the B1 scenario projects the lowest temperature and sea level 

increases and the A1FI projects the highest increases.  

http://www.ipcc.ch/report/ar5/
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data sets or best-fit relationships.
5
 Notably, Vermeer and Rahmstorf (2009) prepared a more 

detailed methodology that includes both short-term responses and longer-term responses between 

sea level rise and temperature. These 2009 projections of sea level rise were used in the Interim 

Guidance on Sea Level Rise (OPC 2010) and the California 2012 Vulnerability and Assessment 

Report (Cayan 2012).   

There are also several new semi-empirical sea level rise projections based on scenarios other 

than those developed by the IPCC. For instance, Katsman et al. (2011) use a “hybrid” approach 

that is based on one of the newer radiative forcing scenarios and empirical relationships between 

temperature change and sea level. Future projections were then modified to include contributions 

from the melting of major ice sheets based on expert judgment
6
. This yields what they call “high 

end” SLR projections for Years 2100 and 2200 under several emissions scenarios. 

Zecca and Chiari (2012) produced semi-empirical sea level rise projections based on their own 

scenarios of when fossil fuel resources would be economically exhausted. Though based on a 

different set of assumptions about human behavior/choices, in terms of global temperature and 

radiative forcing, the scenarios do not differ greatly from the IPCC scenarios. The results are 

identified as being “lower bound” sea level rise projections for high, medium, low fuel use 

scenarios, and “mitigation” (extreme and immediate action to replace fossil fuel use) scenarios. 

The report then provides projections for the 2000-2200 time period. 

Expert Elicitation 

Expert elicitation is one of the newer methods that have been used for projecting or narrowing 

ranges of future sea level rise. Using expert judgment has been an important aspect of scientific 

inquiry and the scientific method. The method of expert elicitation is a formalized use of experts 

in climate science and sea level change to help either narrow uncertainty for sea level 

projections, or to help with specifying extremes of a range. The elicitation method normally 

begins with experts refining model output information. One of the first attempts to use expert 

elicitation for sea level rise was a study by Titus and Narayanan (1996), when it was thought 

there was only 1% probability that sea level would exceed 3.3 ft (1 m) by Year 2100. In 2011, 

the Arctic Monitoring and Assessment Programme Report (AMAP 2011) surveyed the climate 

literature to construct a range of estimates of sea level rise by the year 2100, and then used a 

panel of experts to decide on a smaller, more plausible range. Not surprisingly, the projections 

supported by the AMAP experts fell right in the middle of the range shown in Figure A-2. 

Bamber and Aspinall (2013) used a statistical analysis of a large number of expert estimates to 

                                                           
5
 Semi-empirical projections of sea level rise using relationships between water level and radiative forcing such as 

those from Grinsted et al. (2009), Jevrejeva et al. (2010), Katsman et al. (2011), Meehl et al. (2012), Rahmstorf et 

al. (2012), Schaeffer et al. (2012), and Zecca and Chiari (2012) have shown general agreement with the projections 

by Vermeer and Rahmstorf (2009). The Grinsted et al. projections have a wider range than those of Vermeer and 

Rahmstorf, while the Jevrejeva et al. projections are slightly lower. All semi-empirical methods project that sea level 

in Year 2100 is likely to be much higher than linear projections of historical trends and the projections from the 

2007 IPCC.    

6
 Expert judgment has long been part of the scientific process. Expert elicitation, which is a formalized process for 

using expert judgment, has grown in importance and is discussed as a separate approach for projecting future sea 

level rise.  
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develop their projected range of future sea level, projecting sea level rise by 2100 ranging from 

1–4.3 ft (0.33–1.32 m), under one of the intermediate AR5 scenarios (RCP 4.5). 

Horton et al. (2014) surveyed experts in sea level science, based upon published papers, to 

develop a probabilistic assessment of long-term sea level rise (by the years 2100 and 2300), 

assuming two very different scenarios. Under one scenario, aggressive efforts would limit 

greenhouse gas concentrations that would cause global temperature to increase slightly until 

about 2050 when it would slowly drop (AR5’s RCP 3 scenario). Under the other scenario, 

temperatures would continue to increase through to 2300 (AR5’s RCP 8.5 scenario). Experts 

determined that it is likely that sea level rise could remain below 3.3 ft (1 m) for the low 

emission scenario (RCP 2.6), but that the likely range of future sea level rise for the high 

emission scenario (RCP 8.5) could be 6.6-9.8 ft (2-3 m).  

Kopp et al. (2014) have combined detailed process modeling, community assessments and expert 

elicitation to assign probability distributions of local sea level rise through 2200 for identified 

communities around the world. Under the high concentration scenario, RCP 8.5, Kopp et al. 

estimate the “maximum physically possible rate of sea level rise” to be 8.2 ft (2.5 m) for the year 

2100. This study also finds that sea level rise along the Pacific Coast of the US is close to the 

global average, and the likely range of sea level is 2-3.3 ft (0.6-1.0 m) by the year 2100 at San 

Francisco, under the high concentration scenario. In contrast, in areas of high subsidence such as 

Galveston, Texas, the likely range of sea level in by 2100 ranges from 3.3 to 5 ft (1.0-1.5 m). 

And, at many of the localities that were examined, including San Francisco, the current 1-in-10 

year flooding event is likely to occur every other year by 2100 (five times more frequently) due 

to sea level rise; the frequency of the 1-in-100 year event is expected to double by the year 2100 

with sea level rise.  

Coastal communities cannot ignore sea level rise in long-term planning, permitting and project 

design. The four different approaches to projecting future sea level rise all have varying strengths 

and weaknesses. As noted earlier in this section, projections, like models, will not be completely 

accurate, but they are important tools for evaluation nonetheless
7
. The most commonly cited 

projections provide future sea level as a range, as a way to allow for many of the uncertainties 

that are part of future climate change. Often, projections of sea level rise rely upon multiple 

approaches. For example, the 2012 National Research Council (NRC) report was developed 

through expert judgment that combined information from both physical models and semi-

empirical projections.  

                                                           
7
 George E.P. Box, mathematician and statistician is quoted as saying, “Essentially all models are wrong, but some 

are useful.”  
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BEST AVAILABLE SCIENCE ON SEA LEVEL RISE 

Global Projections of Sea Level Rise 

The best available science on global sea level rise projections is currently the IPCC Fifth 

Assessment Report: Climate Change 2013 (AR5) released in September 2013. The new report 

now projects a more rapid sea level rise than the Fourth Assessment (AR4) released in 2007. By 

Year 2100, the AR5 projects global sea level to be more than 50% higher (26-98 cm) than the 

old projections (18-59 cm) when comparing similar emission scenarios and time periods. The 

increase in AR5 sea level projections results from improved modelling of land-ice contributions. 

Substantial progress in the assessment of extreme weather and climate events has also been made 

since the AR4 as models now better reproduce phenomena like the El Niño-Southern Oscillation 

(ENSO; IPCC 2013). 

National Projections of Sea Level Rise 

The third National Climate Assessment (NCA) was released in May 2014 (Melillo et al.), and 

includes the current best-available science on climate change and sea level rise at the national 

scale.
8
 The sea level rise projections in the NCA were informed by the 2012 NOAA report titled 

Global Sea Level Rise Scenarios for the United States National Climate Assessment (Parris et 

al.). This report provides a set of four scenarios of future global sea level rise, as well as a 

synthesis of the scientific literature on global sea level rise. The NOAA Climate Program Office 

produced the report in collaboration with twelve contributing authors.
9
 The report includes the 

following description of the four scenarios of sea level rise by the year 2100:    

 Low scenario: The lowest sea level change scenario (a rise of 8 in (20 cm)) is based on 

historical rates of observed sea level change. 

 Intermediate-low scenario: The intermediate-low scenario (a rise of 1.6 ft (0.5 m) is 

based on projected ocean warming.

 Intermediate- high scenario: The intermediate-high scenario (a rise of 3.9 ft (1.2 m)) is 

based on projected ocean warming and recent ice sheet loss.

 High scenario: The highest sea level change scenario (a rise of 6.6 ft (2 m)) reflects ocean 

warming and the maximum plausible contribution of ice sheet loss and glacial melting. 

The Parris et al. (2012) report recommends that the highest scenario be considered in situations 

where there is little tolerance for risk. It also provides steps for planners and local officials to 

modify these scenarios to account for local conditions. These steps are intended for areas where 

local sea level rise projections have not been developed. For California, the 2018 OPC SLR 

Guidance report (below) provides scenarios that have been refined for use at the local level, and 

the Coastal Commission recommends using the OPC projections rather than the global or 

national scenarios.

                                                           
8 Note that the 4

th
 National Climate Assessment is due to be released in late 2018. https://www.globalchange.gov/nca4 

9
 Authors include NOAA, NASA, the US Geologic Survey, the Scripps Institution of Oceanography, the US 

Department of Defense, the US Army Corps of Engineers, Columbia University, the University of Maryland, the 

University of Florida, and the South Florida Water Management District. 

http://s3.amazonaws.com/nca2014/low/NCA3_Climate_Change_Impacts_in_the_United%20States_LowRes.pdf?download=1
http://scenarios.globalchange.gov/sites/default/files/NOAA_SLR_r3_0.pdf
https://www.globalchange.gov/nca4
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California-Specific Projections of Sea Level Rise and Best Available Science  

The State of California has long-supported the development of scientific information on climate 

change and sea level rise to help guide planning and decision-making. For example, the State 

helped support the development of the 2012 National Research Council (NRC) report, Sea-Level 

Rise for the Coasts of California, Oregon, and Washington: Past, Present, and Future, which 

provided an examination of global and regional sea level rise trends and projections of future sea 

level. This report was then incorporated into the Ocean Protection Council’s 2013 State Sea-

Level Rise Guidance, and was considered the best available science on sea level rise for 

California.  

More recently, and in response to the release of new scientific studies related to sea level rise, 

Governor Brown directed the OPC to synthesize recent science on sea level rise and incorporate 

findings into updates to the State Guidance. In April 2017, a working group of OPC’s Science 

Advisory team (comprised mainly of climate researchers at various academic institutions in 

California and throughout the country) released a report titled Rising Seas in California: An 

Update on Sea-Level Rise Science. The report highlighted seven key findings: 

1. Scientific understanding of sea level rise is advancing at a rapid pace. Sea level rise 

projections have increased substantially over the last few years, particularly for late in the 

21st century and under high emissions scenarios, due to our evolving understanding of 

the dynamics of ice sheet loss. However, there is still significant uncertainty regarding 

these processes.  

2. The direction of sea level change is clear. Coastal California is already experiencing the 

impacts of rising sea levels, and impacts will increase in the future. 

3. The rate of ice loss from the Greenland and Antarctic ice sheets is increasing. Ice sheet 

loss will soon overtake thermal expansion of seawater as the primary driver of rising sea 

levels. Due to a variety of ocean circulation dynamics, ice loss from Antarctica, and 

particularly West Antarctica, has an outsized impact on California compared to the rest of 

the world (Figure A-3). Continued research on this dynamic is critical for accurately 

projecting future sea level rise along our coast.  

4. New scientific evidence has highlighted the potential for extreme sea level rise. Recent 

research (e.g., DeConto and Pollard, 2016; Sweet et al., 2017) has found that, if 

greenhouse gas emissions are not curtailed, glaciological processes could cross thresholds 

that lead to rapidly accelerating and effectively irreversible ice loss. The probability of 

this extreme scenario is currently unknown, but its consideration is important. Significant 

reductions in greenhouse gas emissions may reduce the likelihood of this extreme 

scenario, but does not completely eliminate the risk. Importantly, it is difficult to 

determine if the world is on the track for extreme and irreversible ice loss for some time 

because the processes that drive extreme ice loss in the later part of the century or beyond 

are different than those that are driving ice loss now.  

http://www.nap.edu/catalog/13389/sea-level-rise-for-the-coasts-of-california-oregon-and-washington
http://www.nap.edu/catalog/13389/sea-level-rise-for-the-coasts-of-california-oregon-and-washington
http://www.opc.ca.gov/webmaster/ftp/pdf/docs/rising-seas-in-california-an-update-on-sea-level-rise-science.pdf
http://www.opc.ca.gov/webmaster/ftp/pdf/docs/rising-seas-in-california-an-update-on-sea-level-rise-science.pdf
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Figure A-3. Sea level ‘fingerprints’ resulting from the distribution of ice and water around the Earth and ensuing 
gravitational and rotational effects. The maps depict the relative response of sea-level to the loss of ice mass from 
(a) Greenland Ice Sheet (GIS) and (b) West Antarctic Ice Sheet (WAIS). The color bar represents the fractional 
departure of relative sea level rise from that expected given the ice contribution to global mean sea level. For 
example, when ice is lost from the Greenland Ice Sheet the relative effect on the US West Coast is 75% of the sea-
level rise expected from the water volume added to the ocean. By comparison, when ice is lost from the West 
Antarctic Ice Sheet the US West Coast experiences 125% of sea-level rise from that expected from the water 
volume added (from Griggs et al. 2017).   

5. Probabilities of specific sea-level increases can inform decisions. A probabilistic 

approach to sea level rise projections, combined with a clear articulation of the 

implications of uncertainty and the decision support needs of affected stakeholders, is the 

most appropriate approach for use in a policy setting. 

The OPC Scientific Working Group utilized a comprehensive probability approach based 

on Kopp et al. (2014) that estimates both a comprehensive probability distribution and the 

likelihood of extreme ‘tail’ outcomes. It is important to note that probabilistic projections 

do not provide probabilities of occurrence of sea level rise, but rather probabilities that 

the ensemble of climate models used to estimate contributions of sea level rise (from 

thermal expansion, ice sheet loss, oceanographic conditions etc.) will predict a certain 

amount of sea level rise.  

Note that the probabilistic projections do not consider the H++ extreme ice loss scenario. 

The extreme ice loss studies were not included in the inputs to the model ensemble, 

which means the probability distributions may be an underestimate.
10

  

6. Current greenhouse gas emissions policy decisions are shaping our coastal future. 

Before 2050, differences in SLR projections under different emissions scenarios are 

minor. After 2050, SLR projections increasingly depend on the trajectory of greenhouse 

                                                           
10 The 4th California Climate Assessment developed projections that present a broader range of SLR estimates than the Rising 

Seas science report and the 2018 OPC SLR Guidance. Both programs’ projections are based on estimates of contributions to SLR 

from primary sources using different methods, including model projections and expert input. However, the 4th Assessment 

incorporates the findings from the recent studies regarding the potential for rapid loss of Antarctic ice sheets (which results in the 

H++ scenario of about 10ft. of SLR by 2100) into its probabilistic projections whereas the OPC reports do NOT include this 

possibility in the probabilistic projections, as explained above. 
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gas emissions. If greenhouse gas emissions are not curtailed worldwide, we will see 

significantly higher rates of sea level rise during the second half of the century. 

7. Waiting for scientific certainty is neither a safe nor prudent option. Taking action today 

to assess vulnerabilities and identify and implement adaptation strategies will prevent 

much greater losses than will occur if action is not taken. Taking a precautionary 

approach that considers high and extreme scenarios is critical for safeguarding the people 

and resources of coastal California. 

This scientific information was incorporated into OPC’s State Sea-Level Rise Guidance: 2018 

Update. The OPC Guidance includes projection tables for 12 tide gauges along the California 

coast for each decade from 2030 to 2150. OPC further recommends utilizing three different 

projection scenarios to guide planning, permitting, investment, and other decisions based on the 

type of project, its ability to cope with or adapt to sea level rise, and the consequences to the 

environment and the project associated with sea level rise. The projection table for the San 

Francisco tide gauge is provided below (Table A-1), and tables for other California tide gauges 

are presented in Appendix G. The 2018 OPC SLR Guidance (along with the foundational Rising 

Seas science report) is currently considered best available science on sea level rise for the State 

of California.  

The Coastal Commission recommends that the low, medium-high, and extreme risk 
aversion scenarios from the OPC 2018 Sea-Level Rise Guidance be considered in all 
relevant local coastal planning and coastal development permitting decisions. 

http://www.opc.ca.gov/webmaster/ftp/pdf/agenda_items/20180314/Item3_Exhibit-A_OPC_SLR_Guidance-rd3.pdf
http://www.opc.ca.gov/webmaster/ftp/pdf/agenda_items/20180314/Item3_Exhibit-A_OPC_SLR_Guidance-rd3.pdf
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Table A-1. Sea Level Rise Projections for the San Francisco Tide Gauge11 (OPC 2018) 

*Most of the available climate model experiments do not extend beyond 2100. The resulting reduction in model 
availability causes a small dip in projections between 2100 and 2110, as well as a shift in uncertainty estimates (see 
Kopp et al., 2014). Use of 2110 projections should be done with caution and acknowledgement of increased 
uncertainty around these projections. 

                                                           
11

 Probabilistic projections for the height of sea level rise and the H++ scenario are presented. The H++ projection is 

a single scenario and does not have an associated likelihood of occurrence. Projections are with respect to a baseline 

year of 2000 (or more specifically, the average relative sea level over 1991-2009). Table is adapted from the 2018 

OPC SLR Guidance to present only the three scenarios OPC recommends evaluating. Additionally, while the OPC 

tables include low emissions scenarios, only high emissions scenarios, which represent RCP 8.5, are included here 

because global greenhouse gas emissions are currently tracking along this trajectory. The Coastal Commission will 

continue to update best available science as necessary, including if emissions trajectories change. 

H++ Scenario

(Sweet et al. 2017)

Low Risk Aversion
Medium-High 

Risk Aversion
Extreme Risk Aversion

Upper limit of "likely range" 

(~17% probability SLR exceeds...)

1-in-200 chance 

(0.5% probability SLR exceeds…)

Single scenario

(no associated probability)

2030 0.5 0.8 1.0

2040 0.8 1.3 1.8

2050 1.1 1.9 2.7

2060 1.5 2.6 3.9

2070 1.9 3.5 5.2

2080 2.4 4.5 6.6

2090 2.9 5.6 8.3

2100 3.4 6.9 10.2

2110* 3.5 7.3 11.9

2120 4.1 8.6 14.2

2130 4.6 10.0 16.6

2140 5.2 11.4 19.1

2150 5.8 13.0 21.9

Projected Sea Level Rise (in feet): San Francisco

Probabilistic Projections (in feet) 

(based on Kopp et al. 2014)



California Coastal Commission Sea Level Rise Policy Guidance   
Final Adopted Science Update | November 7, 2018 

        

Appendix A: Sea Level Rise Science and Projections For Future Change 216 

REFERENCES: APPENDIX A 

Alley RB, I Joughin. 2012. Modeling ice-sheet flow. Science 336(6081): 551-552. 

doi: 10.1126/science.1220530. 

Arctic Monitoring and Assessment Programme (AMAP). 2011. Snow, Water, Ice and Permafrost in 

the Arctic (SWIPA): Climate Change and the Cryosphere. Arctic Monitoring and Assessment 

Programme, Oslo, Norway, 538 pp. http://www.amap.no/. 

Bamber JL, WP Aspinall. 2013. An expert judgment assessment of future sea level rise from the ice 

sheets. Nature Climate Change 3: 424-427. doi:10.1038/nclimate1778. 

Bassis JN, S Jacobs. 2013. Diverse calving patterns linked to glacier geometry. Nature Geoscience 6: 

833-836. doi: 10.1038/ngeo1887. 

Bedsworth, L, D Cayan, G Franco, L Fisher, S Ziaja. (CA Governor’s Office of Planning and Research, 

Scripps Institution of Oceanography, CA Energy Commission, CA Public Utilities Commission). 

2018. Statewide Summary Report. California’s Fourth Climate Change Assessment. 

http://www.climateassessment.ca.gov/state/index.html  

California Natural Resources Agency (CNRA). 2009. California Climate Adaptation Strategy. 

http://resources.ca.gov/docs/climate/Statewide_Adaptation_Strategy.pdf. 

Cayan D, M Tyree, M Dettinger, H Hidalgo, T Das, E Maurer, P Bromirski, N Graham, R Flick. 

2009. Climate Change Scenarios and Sea Level Rise Estimates for the California 2009 

Climate Change Scenarios Assessment. California Climate Change Center, CEC-500-2009-

014-F. http://www.energy.ca.gov/2009publications/CEC-500-2009-014/CEC-500-2009-014-

F.PDF. 

Cayan D, M Tyree, D Pierce, T Das. 2012. Climate Change and Sea Level Rise Scenarios for 

California Vulnerability and Adaptation Assessment. A White Paper from the California 

Energy Commission’s California Climate Change Center, CEC-500-2012-008, 

http://www.energy.ca.gov/2012publications/CEC-500-2012-008/CEC-500-2012-008.pdf. 

Chao BF, YH Wu, YS Li. 2008. Impact of artificial reservoir water impoundment on global sea level. 

Science 320(5873): 212. doi: 10.1126/science.1154580. 

Church JA, NJ White, LF Konikow, CM Domingues, JG Cogley, E Rignot, JM Gregory, MR van der 

Broeke, AJ Monaghan, I Velicogna. 2011. Revisiting the Earth's sea-level and energy 

budgets from 1961 to 2008. Geophysical Research Letters 40(15): 4066. doi: 

10.1029/2011GL048794. 

Clark JA, WE Farrell, WR Peltier. 1978. Global changes in postglacial sea level: a numerical 

calculation. Quaternary Research 9(3): 265-287. doi:10.1016/0033-5894(78)90033-9.  

DeConto RM, Pollard D. 2016. Contribution of Antarctica to past and future sea-level rise. Nature 

531: 591-7 

Deltacommissie. 2008. Working together with water: A living land builds for its future. Findings of 

the Deltacommissie 2008. http://www.deltacommissie.com/doc/deltareport_summary.pdf.  

http://dx.doi.org/10.1126/science.1220530
http://www.amap.no/
http://www.climateassessment.ca.gov/state/index.html
http://resources.ca.gov/docs/climate/Statewide_Adaptation_Strategy.pdf
http://www.energy.ca.gov/2009publications/CEC-500-2009-014/CEC-500-2009-014-F.PDF
http://www.energy.ca.gov/2009publications/CEC-500-2009-014/CEC-500-2009-014-F.PDF
http://www.energy.ca.gov/2012publications/CEC-500-2012-008/CEC-500-2012-008.pdf
http://dx.doi.org/10.1126/science.1154580
http://dx.doi.org/10.1029/2011GL048794
http://dx.doi.org/10.1029/2011GL048794
http://dx.doi.org/10.1016/0033-5894(78)90033-9
http://www.deltacommissie.com/doc/deltareport_summary.pdf


California Coastal Commission Sea Level Rise Policy Guidance   
Final Adopted Science Update | November 7, 2018 

        

Appendix A: Sea Level Rise Science and Projections For Future Change 217 

Dutton A, K Lambeck. 2012. Ice volume and sea level during the last interglacial. Science 

337(6091): 216–219. doi: 10.1126/science.1205749. 

Griggs, G, Árvai, J, Cayan, D, DeConto, R, Fox, J, Fricker, HA, Kopp, RE, Tebaldi, C, Whiteman, 

EA (California Ocean Protection Council Science Advisory Team Working Group). Rising 

Seas in California: An Update on Sea-Level Rise Science. California Ocean Science Trust, 

April 2017. 

Grinsted A, J Moore, S Jevrejeva. 2009. Reconstructing sea level from paleo and projected 

temperatures 200 to 2100 AD. Climate Dynamics 34: 461- 472. doi:10.1007/s00382-008-

0507-2.  

Horton BP, S Rahmstorf, SE Engelhart, AC Kemp. 2014. Expert assessment of sea-level rise by AD 

2100 and AD 2300. Quaternary Science Review 84: 1-6. doi: 

10.1016/j.quascirev.2013.11.002. 

Horton R, C Herweijer, C Rosenzweig, J Liu, V Gomitz, AC Ruane. 2008. Sea level rise projections 

for current generation CGCMs based on the semi-empirical method. Geophysical Research 

Letters 35: L02715. doi: 10.1029/2007GL032486. 

Intergovernmental Panel on Climate Change (IPCC). 1990. IPCC First Assessment Report (FAR). 

Climate Change: The IPCC Response Strategies. Report prepared by Working Group III. 330 

pp. 

http://www.ipcc.ch/publications_and_data/publications_ipcc_first_assessment_1990_wg3.sht

ml.    

Intergovernmental Panel on Climate Change (IPCC). 1995. IPCC Second Assessment Report (SAR). 

Climate Change 1995: The Science of Climate Change. World Meteorological Organization 

(WMO) and United Nations Environment Programme (UNEP). 73pp. 

http://www.ipcc.ch/pdf/climate-changes-1995/ipcc-2nd-assessment/2nd-assessment-en.pdf.  

Intergovernmental Panel on Climate Change (IPCC). 2001. Climate Change 2001: The Scientific 

Basis. Contribution of Working Group I to the Third Assessment Report (TAR) of the 

Intergovernmental Panel on Climate Change. [JT Houghton, Y Ding, DJ Griggs, M Noguer, 

PJ van der Linden, X Dai, K Maskell, CA Johnson (eds.)], Cambridge University Press: 

Cambridge, UK, and New York, USA. 881pp. 

http://www.grida.no/publications/other/ipcc_tar/. 

Intergovernmental Panel on Climate Change (IPCC). 2007. Climate Change 2007: The Physical 

Science Basis. Contribution of Working Group I to the Fourth Assessment Report (AR4) of 

the Intergovernmental Panel on Climate Change. [S Solomon, D Qin, M Manning, M 

Marquis, K Averyt, MMB Tignor, HL Miller, Jr., Z Chen (eds.)], Cambridge University 

Press: Cambridge, UK and New York, NY, USA. 91 pp. https://www.ipcc.ch/report/ar4/.  

Intergovernmental Panel on Climate Change (IPCC). 2013. Climate Change 2013: The Physical 

Science Basis. Contribution of Working Group I to the Fifth Assessment Report (AR5) of the 

Intergovernmental Panel on Climate Change. [TF Stocker, D Qin, G Plattner, MMB Tignor, 

SK Allen, J Boschung, A Nauels, Y Xia, V Bex,  PM Midgley (eds.)], Cambridge University 

Press: Cambridge, UK and New York, NY, USA. 1535pp. https://www.ipcc.ch/report/ar5/.  

http://dx.doi.org/10.1126/science.1205749
http://www.opc.ca.gov/webmaster/ftp/pdf/docs/rising-seas-in-california-an-update-on-sea-level-rise-science.pdf
http://www.opc.ca.gov/webmaster/ftp/pdf/docs/rising-seas-in-california-an-update-on-sea-level-rise-science.pdf
http://dx.doi.org/10.1007/s00382-008-0507-2
http://dx.doi.org/10.1007/s00382-008-0507-2
http://dx.doi.org/10.1016/j.quascirev.2013.11.002
http://dx.doi.org/10.1016/j.quascirev.2013.11.002
http://dx.doi.org/10.1029/2007GL032486
http://www.ipcc.ch/publications_and_data/publications_ipcc_first_assessment_1990_wg3.shtml
http://www.ipcc.ch/publications_and_data/publications_ipcc_first_assessment_1990_wg3.shtml
http://www.ipcc.ch/pdf/climate-changes-1995/ipcc-2nd-assessment/2nd-assessment-en.pdf
http://www.grida.no/publications/other/ipcc_tar/
https://www.ipcc.ch/report/ar4/
https://www.ipcc.ch/report/ar5/


California Coastal Commission Sea Level Rise Policy Guidance   
Final Adopted Science Update | November 7, 2018 

        

Appendix A: Sea Level Rise Science and Projections For Future Change 218 

Jevrejeva S, JC Moore, A Grinsted. 2008. Relative importance of mass volume changes to global sea 

level rise. Journal of Geophysical Research 113: D08105. doi: 10.1029/2007JD009208. 

Jevrejeva S, JC Moore, A Grinsted. 2010. How will sea level respond to changes in natural and 

anthropogenic forcings by 2100? Geophysical Research Letters 37: L07703. 

doi: 10.1029/2010GL042947. 

Katsman CA, GJ van Oldenborgh. 2011. Tracing the upper ocean's “missing heat”. Geophysical 

Research Letters 38(14), L14610. doi: 10.1029/2011GL048417. 

Konikow LF. 2011. Contribution of global groundwater depletion since 1900. Geophysical Research 

Letters 38(14): L17401. doi:10.1029/2011GL048604. 

Kopp RE, RM Horton, CM Little, JX Mitrovica, M Oppenheimer, DJ Rassussen, BH Strauss, C 

Tebaldi. 2014. Probabilistic 21st and 22nd century sea-level projections at a global network of 

tide-gauge sites. Earth’s Future 2(8): 383-406. doi:10.1002/2014EF000239. 

Kopp R, F Simons, J Mitrovica, A Maloof, M Oppenheimer. 2009. Probabilistic assessment of sea 

level during the last interglacial stage. Nature 462: 863-867. doi:10.1038/nature08686. 

Levermann A, P Clark, B Marzeion, G Milne, D Pollard, V Radic, A Robinson. 2013. The 

multimillennial sea-level commitment of global warming. Proceedings of the National 

Academy of Sciences 110(34): 13745-13750. doi: 10.1073/pnas.1219414110. 

Little CM, NM Urban, M Oppenheimer. 2013. Probabilistic framework for assessing the ice sheet 

contribution to sea level change. Proceedings of the National Academy of Sciences 110(9): 

3264-3269. doi: 10.1073/pnas.1214457110. 

Marzeion B, AH Jarosch, M Hofer. 2012. Past and future sea-level changes from the surface mass 

balance of glaciers. The Cryosphere 6: 1295-1322. doi:10.5194/tc-6-1295-2012. 

Meehl GA, WM Washington, JM Arblaster, A Hu, H Teng, C Tebaldi, BN Sanderson, J Lamarque, 

A Conley, WG Strand, JB White III. 2012. Climate System Response to External Forcings 

and Climate Change Projections in CCSM4. Journal of Climate 25: 3661–3683. doi: 

10.1175/JCLI-D-11-00240.1. 

Melillo JM, TC Richmond, GW Yohe (eds). 2014. Climate Change Impacts in the United States: The 

Third National Climate Assessment. Report for the US Global Change Research Program, 

841 pp. doi:10.7930/J0Z31WJ2. 

National Research Council (NRC). 2012. Sea-Level Rise for the Coasts of California, Oregon, and 

Washington: Past, Present, and Future. Report by the Committee on Sea Level Rise in 

California, Oregon, and Washington. National Academies Press, Washington, DC. 250 pp. 

http://www.nap.edu/catalog/13389/sea-level-rise-for-the-coasts-of-california-oregon-and-

washington.  

http://dx.doi.org/10.1029/2007JD009208
http://dx.doi.org/10.1029/2010GL042947
http://dx.doi.org/10.1029/2011GL048417
http://dx.doi.org/10.1029/2011GL048604
http://dx.doi.org/10.1002/2014EF000239
http://dx.doi.org/10.1073/pnas.1219414110
http://dx.doi.org/10.1073/pnas.1214457110
http://dx.doi.org/10.5194/tc-6-1295-2012
http://dx.doi.org/10.1175/JCLI-D-11-00240.1
http://dx.doi.org/10.1175/JCLI-D-11-00240.1
http://dx.doi.org/10.7930/J0Z31WJ2
http://www.nap.edu/catalog/13389/sea-level-rise-for-the-coasts-of-california-oregon-and-washington
http://www.nap.edu/catalog/13389/sea-level-rise-for-the-coasts-of-california-oregon-and-washington


California Coastal Commission Sea Level Rise Policy Guidance   
Final Adopted Science Update | November 7, 2018 

        

Appendix A: Sea Level Rise Science and Projections For Future Change 219 

Ocean Protection Council (OPC). 2010. Interim Guidance: Coastal and Ocean Working Group of the 

California Climate Action Team (CO-CAT). 

http://opc.ca.gov/webmaster/ftp/pdf/agenda_items/20110311/12.SLR_Resolution/SLR-

Guidance-Document.pdf. 

Ocean Protection Council (OPC). 2018. State of California Sea-Level Rise Guidance: 2018 Update. 

http://www.opc.ca.gov/webmaster/ftp/pdf/agenda_items/20180314/Item3_Exhibit-

A_OPC_SLR_Guidance-rd3.pdf  

Ocean Protection Council (OPC). 2013. State of California Sea-Level Rise Guidance 

Document.http://www.opc.ca.gov/webmaster/ftp/pdf/docs/2013_SLR_Guidance_Update_FI

NAL1.pdf.   

Overpeck JT, BL Otto-Bliesner, GH Miller, DR Muhls, RB Alley, JT Kiehl. 2006. Paleoclimatic 

evidence for future ice-sheet instability and rapid sea-level rise. Science 311(5768): 1747-

1750. doi: 10.1126/science.1115159. 

Parris A, P Bromirski, V Burkett, D Cayan, M Culver, J Hall, R Horton, K Knuuti, R Moss, J 

Obeysekera, A Sallenger, J Weiss. 2012. Global Sea Level Rise Scenarios for the US 

National Climate Assessment. NOAA Tech Memo OAR CPO-1. 37 pp. 

http://scenarios.globalchange.gov/sites/default/files/NOAA_SLR_r3_0.pdf.  

Perrette M, F Landerer, R Riva, K Frieler, M Meinshausen. 2013. A scaling approach to project 

regional sea level rise and its uncertainties. Earth System Dynamics 4(1): 11-29. 

doi:10.5194/esd-4-11-2013. 

Pfeffer WT, JT Harper, S O'Neel. 2008. Kinematic constraints on glacier contributions to 21st century 

sea-level rise. Science 321(5894): 1340 -1343. doi:10.1126/science.1159099. 

Price SF, AJ Payne, IM Howat, BE Smith. 2011. Committed sea-level rise for the next century from 

Greenland ice sheet dynamics during the past decade. Proceedings of the National Academy 

of Sciences 108(22): 8978-8983. doi:10.1073/pnas.1017313108. 

Rahmstorf  S. 2007. A semi-empirical approach to projecting future sea-level rise. Science 

315(5810): 368-370. doi:10.1126/science.1135456. 

Rahmstorf S, G Foster, A Cazenave. 2012. Comparing climate projections to observations up to 

2011. Environmental Research Letters 7: 044035. doi:10.1088/1748-9326/7/4/044035. 

Rohling E, K Grant, C Hemleben, M Siddall, B Hoogakker, M Bolshaw, M Kucera. 2008. High rates 

of sea-level rise during the last interglacial period. Nature Geoscience 1: 38-42. 

doi:10.1038/ngeo.2007.28. 

Schaeffer M, W Hare, S Rahmstorf, M Vermeer. 2012. Long-term sea-level rise implied by 1.5˚C 

and 2˚C warming levels. Nature Climate Change 2: 867-870. doi:10.1038/nclimate1584. 

Shepherd A, ER Ivins, A Geruo, VR Barletta, MJ Bentley, S Bettadpur, KH Briggs, DH Bromwich, 

R Forsberg, N Galin, M Horwath, S Jacobs, I Joughin, MA King, JTM Lenaerts, J Li, SRM 

Ligtenberg, A Luckman, SB Luthcke, M McMillan, R Meister, G Milne, J Mouginot, A 

http://opc.ca.gov/webmaster/ftp/pdf/agenda_items/20110311/12.SLR_Resolution/SLR-Guidance-Document.pdf
http://opc.ca.gov/webmaster/ftp/pdf/agenda_items/20110311/12.SLR_Resolution/SLR-Guidance-Document.pdf
http://www.opc.ca.gov/webmaster/ftp/pdf/agenda_items/20180314/Item3_Exhibit-A_OPC_SLR_Guidance-rd3.pdf
http://www.opc.ca.gov/webmaster/ftp/pdf/agenda_items/20180314/Item3_Exhibit-A_OPC_SLR_Guidance-rd3.pdf
http://www.opc.ca.gov/webmaster/ftp/pdf/docs/2013_SLR_Guidance_Update_FINAL1.pdf
http://www.opc.ca.gov/webmaster/ftp/pdf/docs/2013_SLR_Guidance_Update_FINAL1.pdf
http://dx.doi.org/10.1126/science.1115159
http://scenarios.globalchange.gov/sites/default/files/NOAA_SLR_r3_0.pdf
http://dx.doi.org/10.5194/esd-4-11-2013
http://dx.doi.org/10.1126/science.1159099
http://dx.doi.org/10.1073/pnas.1017313108
http://dx.doi.org/10.1126/science.1135456
http://dx.doi.org/10.1088/1748-9326/7/4/044035
http://dx.doi.org/10.1038/ngeo.2007.28


California Coastal Commission Sea Level Rise Policy Guidance   
Final Adopted Science Update | November 7, 2018 

        

Appendix A: Sea Level Rise Science and Projections For Future Change 220 

Muir, JP Nicolas, J Paden, AJ Payne, H Pritchard, E Rignot, H Rott, LS Sorensen, TA 

Scambos, B Scheuchl, EJO Schrama, B Smith, AV Sundal, JH van Angelen, WJ van de Berg, 

MR van den Broeke, DG Vaughan, I Velicogno, J Wahr, PL Whitehouse, DJ Wingham, D 

Yi, D Young, HJ Zwally. 2012. A reconciled estimate of ice-sheet mass balance. Science 

338(6111): 1183-1189. doi: 10.1126/science.1228102. 

Slangen ABA, CA Katsman, RSW van de Wal, LLA Vermeersen, REM Riva. 2012. Towards 

regional projections of twenty-first century sea-level change based on IPCC SRES scenarios. 

Climate Dynamics 38: 1191-1209. doi: 10.1007/s00382-011-1057-6. 

Smith WH, DT Sandwell. 1997. Global sea floor topography from satellite altimetry and ship depth 

soundings. Science 277(5334): 1956-1962. doi: 10.1126/science.277.5334.1956. 

Sweet, W.V., R.E. Kopp, C.P. Weaver, J. Obeysekera, R.M. Horton, E.R. Thieler and CZ. Global 

and Regional Sea Level Rise Scenarios for the United States. 2017. 

Titus JG, V Narayanan. 1996. The risk of sea level rise. Climatic Change 33(2):151-212. doi: 

10.1007/BF00140246. 

Van den Broeke MR, J Bamber, J Lenaerts, E Rignot, 2011. Ice sheets and sea level: thinking outside 

the box. Surveys in Geophysics 32(4-5): 495-505. doi: 10.1007/s10712-011-9137-z. 

Vellinga P, C Katsman, A Sterl, J Beersma, W Hazeleger, J Church, R Kopp, D Kroon, M 

Oppenheimer, H Plag, S Rahmstorf, J Lowe, J Ridley, H von Storch, D Vaughan, R van de 

Wal, R Weisse, J Kwadijk, R Lammersen, N Marinova. 2009. Exploring high-end climate 

change scenarios for flood protection of the Netherlands. International Scientific Assessment, 

Prepared for the Delta Committee. Scientific Report WR-2009-05. KNMI, Alterra, The 

Netherlands. 150pp. http://edepot.wur.nl/191831.  

Vermeer M, S Rahmstorf. 2009. Global sea level linked to global temperature. Proceedings of the 

National Academy of Science 108: 21527-21532. doi:10.1073/pnas.0907765106. 

Wada Y, LPH van Beek, CM van Kempen, JWTM Reckman, S Vasak, MFP Bierkens. 2010. Global 

depletion of groundwater resources. Geophysical Research Letters 37: L20402. 

doi:10.1029/2010GL044571. 

Winkelman S, J Mueller, E Jue. 2012. Climate Adaptation & Transportation: Identifying Information 

and Assistance Needs. Summary of an Expert Workshop held November 2011, Center for 

Clean Air Policy & Environmental and Energy Study Institute. 

http://ccap.org/assets/Climate-Adaptation-and-Transportation_CCAP-EESI-May-2012.pdf.   

Yin J, SM Griffies, RJ Stouffer. 2010. Spatial variability of sea-level rise in the twenty-first century 

projections. Journal of Climate 23(17): 4585-4607. doi: 10.1175/2010JCLI3533.1. 

Zecca A, L Chiari. 2012. Lower bounds to future sea-level rise. Global and Planetary Change 98-99: 

1-5. doi:10.1016/j.gloplacha.2012.08.002.  

http://dx.doi.org/10.1126/science.1228102
http://dx.doi.org/10.1007/s00382-011-1057-6
http://dx.doi.org/10.1126/science.277.5334.1956
http://dx.doi.org/10.1007/BF00140246
http://dx.doi.org/10.1007/BF00140246
http://dx.doi.org/10.1007/s10712-011-9137-z
http://edepot.wur.nl/191831
http://dx.doi.org/10.1073/pnas.0907765106
http://dx.doi.org/10.1029/2010GL044571
http://ccap.org/assets/Climate-Adaptation-and-Transportation_CCAP-EESI-May-2012.pdf
http://dx.doi.org/10.1175/2010JCLI3533.1
http://dx.doi.org/10.1016/j.gloplacha.2012.08.002



