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Summary

Sea level rise is a major consequence of global warming. It has already threatened many low-lying, highly populated coastal regions. In such regions, sea level rise amplifies other stresses due to natural phenomena (e.g., sediment load-induced ground subsidence in deltaic areas, increased frequency of extreme events like storm surges, etc.) or human activities (e.g., ground subsidence due to ground water pumping and/or oil extraction, urbanisation, etc.). Besides the long-term climate-related sea level rise, sea level observations by space systems has revealed important regional variability in rates of sea level change, with some regions experiencing rise up to 3 times the global mean over the past 16 years. Corresponding spatial patterns in sea level trends mostly result from natural (decadal) variability of the coupled ocean-atmosphere system (e.g., El Nino-Southern Oscillation or North Atlantic Oscillation).  On time scales of multiple decades,  the spatial patterns of sea level rise from the melting of the massive ice sheets are affected by the corresponding change of the solid earth (e.g., Mitrovica et al., 2001, 2009). Thus in some coastal areas, several factors of different origin interact positively and increase the risk of flooding and permanent submergence due to rising sea level. In recent years, availability of global space and in situ observations has considerably increased our understanding of sea level rise and variability, including the main climatic causes. However, multi-disciplinary studies of sea level rise that take an integrated approach involving all factors (climate change, anthropogenic forcing, solid Earth processes, etc.) are still  limited. This situation is largely responsible of the lack of skills in the projection of long-term sea level rise and its regional impacts. The motivation for organizing a Chapman conference is to bring together scientists from different fields (climate research, oceanography, glaciology, hydrology, geodesy, geology, etc.) to address the various interdisciplinary aspects of  global sea level rise and its regional impacts.  The goal is to discuss the prospects of establishing an international program for improving future projection of global sea level rise and regional impacts on all time scales.  

Background on sea level

Sea level is a very sensitive index of climate change and variability. In effect, sea level responds to change of several components of the climate system. For example, as the ocean warms in response to global warming, sea waters expand, and thus sea level rises. Coupled atmosphere-ocean perturbations, like El Nino-Southern Oscillation, affect sea level in a rather complex manner. As mountain glaciers melt in response to increasing air temperature, sea level rises because of fresh water mass input to the oceans. Change in the mass balance of the ice sheets also has direct effect on sea level. The resulting change in ocean salinity from the melting of mountain glaciers and ice sheets has effects on sea water density as well as ocean circulation that in turn affects sea level change and its spatial variability. Modification of the land hydrological cycle due to climate variability and anthropogenic forcing leads to increased or decreased runoff, hence ultimately to sea level change. Even the solid Earth affects sea level through small changes of the shape of ocean basins (such an example is post-glacial rebound, the visco-elastic Earth mantle and crust response to last deglaciation).  The resulting change in the geoid will have significant effects on the change of regional sea level and coastalines.

Observations of sea level rise 

While the mean sea level had remained almost stable during the last three millennia (following the ~120 m sea level rise associated with the last deglaciation), tide gauge measurements available since the late 19th century have indicated significant sea level rise during the 20th century, at a rate of ~1.7 mm/yr (Church et al., 2004, 2006; Holgate and Woodworth, 2004; Holgate, 2007; Jevrejeva et al., 2006 ). Since early 1993, sea level variations are accurately measured by satellite altimetry (Topex/Poseidon, Jason-1 and Jason-2 missions). This 16 year-long data set shows that, in terms of global mean, sea level is currently rising at a rate of ~ 3.3 +/- 0.4 mm/yr (Cazenave and Nerem, 2004; Leuliette et al., 2004,  Nerem et al., 2006; Beckley et al., 2007, Prandi et al., 2009), a value significantly higher than the mean rate recorded by tide gauges over the past decades. Owing to its global coverage, altimetry also reveals high regional variability in rates of sea level change. In some regions, such as the western Pacific or north Atlantic around Greenland, sea level rates are several times faster than the global mean. In contrast, in other regions sea level has been falling during the past 16 years, e.g., eastern Pacific. 

Causes of sea level rise

The two main factors that contribute to sea level rise are (1) the thermal expansion of sea water due to ocean warming and (2) the water mass input from land ice melt and land water reservoirs. 

Analyses of in situ ocean temperature data collected over the past 50 years indicate that ocean heat content, and hence thermal expansion, has significantly  increased since 1950. Ocean warming may explain about 25% of the observed sea level rise of the last few decades (Antonov et al., 2005; Ishi and Kimoto, 2008). This number is likely a lower bound, due to the lack of hydrographic data in remote regions of the southern hemisphere and in the deep ocean (below 1000 m) (Dominguez et al., 2008). For the decade 1993-2003 (considered in IPCC AR4), the thermal expansion contribution has increased and accounted for about half of  the observed rate of sea level rise (Willis et al., 2004; Guinehut et al., 2004; Bindoff et al., 2007), leaving the other half to the contribution of ocean mass change over that period. Like observed sea level trends, thermal expansion is not spatially uniform. Comparing spatial trend patterns in thermal expansion with observed sea level trends shows striking agreement over the altimetry observation period, indicating that non-uniform ocean warming is the main cause for the regional variability in observed sea level (Lombard et al., 2005; Wunsch et al., 2007). 

Being very sensitive to global warming, mountain glaciers and small ice caps have retreated worldwide in recent decades, with significant acceleration during the 1990s. From mass balance studies of a large number of glaciers, estimates have been made of the contribution of glacier’s ice melt to sea level (e.g., Duygerov and Mzeier, 2005;  Lemke et al., 2007, Kaser et al., 2006). For the decade of 1993-2003, glaciers and ice caps have accounted for ~ 30% of sea level rise.  Since the early 1990s, different remote sensing observations based on airborne laser and satellite altimetry, as well as Synthetic Aperture Radar Interferometry (InSAR) technique and space gravimetry (GRACE space mission), have provided important observations of the mass balance of the ice sheets. These indicate accelerated ice mass loss in coastal regions of Greenland and West Antarctica (see for example Lemke et al., 2007 and references herein; Rignot et al. 2008; Alley, 2008). For 1993-2003, <15% of the rate of global sea level rise was due to the mass loss of the ice sheets of Greenland and Antarctica, but  this contribution is clearly increasing after 2003.
Change in land water storage, due to natural climate variability and human activities (i.e., anthropogenic changes in the amount of water stored in soils, reservoirs and aquifers as a result from dam building, underground water mining, irrigation, urbanization, deforestation, etc.) is another potential contribution to sea level change. Model-based estimates of land water storage change caused by natural climate variability suggest no long-term contribution to sea level for the past few decades, although interannual/decadal fluctuations may have been significant. Space gravimetry observations from GRACE can be used to estimate the total (i.e., due to climate variability and human activities) land water contribution to sea level. For the recent years, this contribution is modest (<10%) (Ramillien et al., 2008). 

 Recent developments (post-2003)

 In situ hydrographic (i.e., temperature and salinity) measurements available from the newly deployed Argo system indicate that since 2003 ocean thermal expansion has increased less rapidly than during the previous decade, although sea level has continued to rise (Willis et al., 2008). From the latter observation one concludes that ocean mass increase should be the dominant factor in recent sea level rise after 2003. Recent published studies suggest that this is indeed the case (e.g., Cazenave et al., 2008, Leuliette and Miller, 2009). Accelerated glacier melting in recent years has been reported (Meier et al., 2007). Similarly, new estimates of the mass balance of the ice sheets based on InSAR and GRACE indicate accelerated ice mass loss from these regions (Rignot et al., 2008). While for the 1993-2003 decade, total land ice contributed by ~50% to the rate of sea level rise (IPCC AR4),  this contribution is now estimated to have increased to 80%! 

Modelling of  present-day sea level

The emergence of large amount of in-situ and space observations of the global oceans in the past 15 years has motivated the development of optimal estimation of the global state of the ocean using ocean general circulation models and data assimilation techniques.  For the first time estimates of the global sea level change and spatial patterns and attributions to various factors can be made with models constrained by observations (Wunsch et al., 2007; Vinogradov et al, 2008, Lombard et al., 2009).  Such efforts have led to rigorous examinations of the various sources of errors in the difficult task of determining the small trends of the global mean sea level rise imbedded in large spatial and temporal variability.  They will also allow a rigorous approach to early detection of the fingerprints of the melting of massive ice sheets that casts the ultimate threat to the world’s coastal zones.  Only when such efforts are extended to include other factors of sea level change from hydrological cycles, geophysical and geodetic processes, etc. can projection of future changes become useful for assessing societal impacts.

 Future sea level rise

 IPCC AR4 projections indicate that sea level should be higher than today’s value by ~ 40 cm by 2100 (with an uncertainty of +/- 20 cm). However this value is likely a lower bound because physically realistic behaviour of the ice sheets was not taken into account. Recent remote sensing observations  of the ice sheets of Greenland and Antarctica indicated that a large portion of the observed ice mass loss during the past decade was due to coastal glacier flow into the ocean through dynamical instability, with significant acceleration in recent years. Such processes are not yet fully understood and thus were not taken into account in the IPCC AR4  projections. Recently some studies (e.g., Rahmstorf, 2007) have provided empirical sea level projections based on simple relationship between sea level and global mean temperature, suggesting a rise above 1 m in 2100, i.e., more than twice the IPCC AR4 value.  Whether such high sea level values are realistic or not is presently unclear. Besides, significant regional variability around the global mean rise is expected. Maps for 2090-2100 provided by IPCC AR4  suggest higher  than average sea level rise in the Arctic ocean in response to increasing ocean temperature and decreasing salinity. These projections  essentially reflect the long term climate warming but do not account for the decadal/multidecadal natural variability (both oceanographic and geophysical) which will be superimposed to the long-term spatial patterns.  These spatial patterns can have variability of up to 25% of the global mean sea level rise, causing non-uniform regional impacts around the world.

Regional Impacts

Physical impacts of sea level rise

The main physical impacts of sea level rise are well known (e.g., Nicholls, 2002; Nicholls and Tol., 2006 + many other references from the same author). These include : (1) inundation and recurrent flooding in association with storm surges, (2) wetland loss, (3) shoreline erosion,  (4) saltwater intrusion in surface water bodies and aquifers, and (5) rising water tables. 
In many coastal regions of the world, the effects of rising sea level  act in combination with other natural and/or anthropogenic factors, such as decreased rate of fluvial sediment deposition in deltaic areas, ground subsidence due to tectonic activity and/or ground water pumping and hydrocarbon extraction.  Relative sea-level rise due to subsidence is certainly causing all the above impacts on some coasts (e.g. Louisiana and eastern Texas), but it is currently difficult to see the impacts of present rates of sea-level rise due to the other drivers of change. If sea level continues at recent rates and more likely accelerates, then the climate change impacts will become more apparent. Change in dominant wind, wave and coastal current patterns in response to local or regional climate change and variability may also impact shoreline equilibrium (Nicholls et al., 2007). 

Sediment supply in deltaic regions

Deltas are dynamical systems linking fluvial and coastal ocean processes (Ericson et al., 2006). Over the last 2 millenia, agriculture has accelerated the growth of many world deltas (MacManus, 2002). But in recent decades dam and reservoir construction as well as river diversion for irrigation  had considerably decreased sediment supply along numerous world rivers,  destroying natural equilibrium of  many deltas (Vorosmarty, 2003).  Deltas are home to hundreds of millions of people and they are subject to rapid change, most especially where there are large populations (Woodroffe et al., 2007; Syvitski, 2008). Global-induced sea-level rise will exacerbate these challenges and responding to sea-level rise will be  a difficult and ongoing challenge in these low-lying environments.

Ground subsidence

Accelerated ground subsidence due to local groundwater withdrawal and hydrocarbon extraction  is another  probem which affects numerous coastal megacities. For example over the 20th century, Tokyo subsided by up to 5 m, Shanghai by up to 3 m and Bangkok by up to 2 m (Nicholls, 2007). Iconic coastal areas such as the World Heritage site of Venice also subsided due to groundwater withdrawal, increasing the risk of flooding. Hydrocarbon extraction in the Gulf of Mexico causes ground subsidence along the Gulf coast in the range 5-10 mm/yr (Ericson et al., 2006). Many coastal lowlands have also lost elevation due to drainage and oxidation of susceptible soils as occurred in New Orleans, the Fens, UK and the Netherlands. These processes have transformed areas at or near sea level into areas below sea level requiring artificial defence and drainage. Whatever the causes,  ground subsidence and other processes causing loss of elevation produces effective (relative) sea level  rise that directly interacts with  and amplifies climate-related sea level rise (long-term trend plus regional variability). 

Change in shoreline  morphology

 Other factors linked to change in shoreline morphology in response to change in coastal waves and currents, etc. represent additional stresses to these regions. The coast is a response to the total sediment budget that is available, and sea-level rise is an important determinant of the overall sediment budget (Stive et al., 2009). On open coasts, adjustment of the profile to rising sea levels causes erosion and this is termed the Bruun or the direct effect of sea-level rise. In and around inlets, sea-level rise causes sediment to be trapped in the estuaries and lagoons as they try to keep pace with rising sea levels: this is termed the indirect effect of sea-level rise. For estuaries and lagoons over 10 km2, the indirect effect of sea-level rise dominates over the direct effect of sea-level rise. Globally, sandy coasts appear to be mainly eroding, and an acceleration of sea-level rise can only exacerbate these trends.

Objectives of the conference

Sea level rise is a global problem involving both natural and man-made changes in the climate system as well as the response of the solid earth to the changes.  The impact of sea level rise to our society is felt regionally with a high degree of variability.  On multi-deacadal scales, the largest potential impact is from the melting of the massive ice sheets of Greenland and Antarctica.  Recent studies suggest that the impact may be highly variable geographically around the world caused mainly by geophysical effects of the mass change and redistribution.   Long-term projection of sea level rise and its regional impact must take this factor into consideration.  On yearly to decadal scales, the variability of the state of the ocean (temperature and salinity), wind, waves, and land hydrological cycle play key roles in determining regional patterns and impacts.  To make improvements in our ability to project future sea level rise and regional impacts is thus a multi-scale and multi-disciplinary problem.  Developments in both observing systems and modelling in various disciplines involved in the problem have made significant progress in the past decade.  We feel it is timely to bring together scientists from different fields to discuss the prospects of establishing a long-term international program for improving future projecton of global sea level rise and its regional impacts on all time scales. The main topics to be addressed in the conference will be:

· Review of current sea level rise and its regional variability

· Review of the current observing systems

· Review of the current capability of modeling, data assimilation, and state estimation (in oceanography, glaciology, geodesy, etc.)

· Strategies of integrating modeling systems for creating earth system models capable of describing sea level change on multiple space and time scales

· Approach to implementation and establishment of an international program for systematic progress

· Physical impacts of sea level rise (beach erosion processes, flooding, salt intrusion, wetland loss, etc.)

· Ground subsidence processes (natural and anthropogenic)

· Specific processes in deltaic regions

· Coastal oceanography processes and extreme events (storm surges, etc.)

· Specific case regions (e.g., Gulf Coast, Northeast America, south and south-east Asia -e.g., Bangladesh, Mekong Delta-, Pacific and Indian Ocean atolls, Western Africa, Arctic coasts, etc.)

· Societal consequences of sea-level rise and coastal change

· Adaptation responses to sea-level rise and coastal change

· Relevant interdisciplinary studies to be conducted in the future

· Identify new observing systems that are required in selected coastal regions (tide gauges, GPS, etc.)

Potential Participants

· Highly interdisciplinary audience  with experts in : climate modelling;  sea level observation from space and in situ; oceanography (open ocean and coastal circulation); ice sheet dynamics and modelling; shoreline dynamics; hydrology and fluvial sediment transport, geology and coastal morphology;  geodesy (crustal motions, GIA, enhanced subsidence); paleooceanography; civil engineering; social sciences;

· About 100 scientists (including 15-20 graduate students); 

       Time and Schedule

· Spring 2010?
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