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ABSTRACT 

This Plenary Paper on sea level is based on several 

Community White Papers submitted to OceanObs09. 

Considerable progress has been realized during the past 

decade in measuring sea level change globally and 

regionally, and in understanding the climate-related 

causes of observed changes. We first review current 

knowledge about sea level change, globally and 

regionally. We summarize recent results from the 2007 

IPCC 4
th

 Assessment Report (AR4), as well as post-

IPCC results relevant to sea level observations, causes 

and projections. New challenges are identified for the 

coming decade in terms of observations, modelling and 

impact studies. From these challenges, a number of 

recommendations emerge, which are listed below:  

a) An accurate (at the <0.3 mm/yr level uncertainty), 

multi-decade-long sea level record by altimeter 

satellites of the T/P- Jason class is essential, as is 

continued funding of the altimeter science team to 

provide leadership. To meet the goal of 0.3 mm/yr or 

better in sea level rate accuracy, the global geodetic 

infrastructure needs to be maintained on the long-term; 

the Terrestrial Reference Frame must be accurate and 

stable at the 1 mm and 0.5 mm/yr level; radiometers 

required for the correction of radar path delays must 

also be stable (or calibrated) at 0.1 mm/year. A 

network of tide gauges with precise positioning (GPS 

(Global Positioning System), or more general, GNSS 

(Global Navigation Satellite Systems)) should be 

maintained with an emphasis on long record lengths 

and global spatial coverage (e.g., the GLOSS (Global 

Sea Level Observing System) Core Network plus 

additional stations with especially long record lengths). 

b) Continuity of GRACE-type (Gravity Recovery and 

Climate Experiment) space gravimetry observations is 

critically needed. No other data exist to measure ocean 

mass changes directly. To avoid an undesirable gap in 

data record, a GRACE Stop-Gap mission should be 

undertaken by space agencies to continue the 

geophysical time series of the current GRACE mission. 

Meanwhile, new concept for improving precision and 

resolution need to be developed. 

c) Improved accuracy for the Glacial Isostatic 

Adjustment (GIA) forward modelling that are needed 

to provide corrections for GRACE, tide gauges and 

satellite altimetry observations over ocean, land and 

ice-sheets should be made available. Specifically, the 

GIA community should be encouraged to perform 

intercomparison studies of GIA modelling, similar to 

what has been done for coupled climate model outputs. 

The goal should be to produce a global, spatially 

varying, community wide best-estimate of GIA and its 

uncertainty that is appropriate for application to global 

sea level studies. 

d) Long-term maintenance of the Argo (Array for Real-

time Geostrophic Oceanography) network in its 

optimal configuration is imperative for measuring 

ocean temperature and salinity; development of a 

shipboard CTD (Conductivity-Temperature-Depth) 

measurement program for absolute calibration of other 

in situ hydrographic data is critical to maintain the 

fidelity of other networks; reanalyses of historical 

temperature and salinity is strongly recommended; 

development of new methods/systems to estimate deep 

changes in ocean heat content and thermal expansion is 

needed. 

e) High priority should be given to the development of 

integrated, multidisciplinary studies of present-day and 

last century sea level changes (global and regional), 

accounting for the various factors (climate change, 

ocean/atmosphere forcing, land hydrology change—

both natural and anthropogenic, solid Earth processes, 

etc.) that act on a large variety of spatio-temporal 

scales. Improvement and validation of 2-dimensional 
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past sea level reconstructions is also important, as well 

as development of attribution studies for 

global/regional sea level variations using ocean 

reanalyses.  

f) Inter comparison of sea level projections from 

climate models need to be developed to assess 

uncertainty. Projections need to include regional and 

decadal variability. Development and inclusion of 

realistic ice sheet dynamics in coupled climate models 

is a key issue for projecting sea level change, as the 

potential contribution from ice sheets like Greenland 

and Antarctica is much larger than any other source.  

Finally, as local (relative) sea level rise is among the 

major threats of future global warming, it is both of 

primary importance and urgence to: 

g) develop multidisciplinary studies to understand and 

discriminate causes of current sea level changes in 

some key coastal regions, integrating the various 

factors that are important at local scales (climate 

component, oceanographic processes, sediment supply, 

ground subsidence, anthropogenic forcing, etc.) 

h) implement additional in situ observing systems in 

vulnerable coastal areas, in particular, tide gauges co-

located with GNSS stations for measuring (mainly 

vertical) ground motions, 

i) improve current altimetry-based sea level 

observations in coastal zones and continue to develop 

SWOT (Surface Water and Ocean Topography) 

satellite mission, a wide-swath altimeter, for accurate 

future monitoring of local sea level changes at the 

land-sea interface.  SWOT is able to measure sea 

surface height in the presence of sea ice and is thus 

able to provide information on ocean circulation near 

ice shelves for studying the process of the breakup of 

ice shelves that buttress ice sheets. 

j) for decision support, provide reliable local sea level 

forecasts on time scales of decades. Improved sea level 

(global and regional) projections at centennial time 

scales are also desired. 

This long list of recommendations results from the 

interdisciplinary nature of sea level studies. 

Recommendations a, b and d rely on the continuity of 

observing systems and are directed towards space 

agencies and international organizations. No priority 

can be given as satellite altimetry, space 

gravimetry and Argo are all complementary and 

critically needed to observe and understand sea level. 

Recommendations c, e and f concern the sea level 

community itself and ask for better organisation and 

closer collaboration between data analysists and 

modellers. Finally, recommendations g to j call for 

better understanding of coastal impacts and call for 

wider collaboration between Earth science researchers.  

1. INTRODUCTION 

Sea level rise is a global phenomenon involving both 

natural and man-made changes in the climate system as 

well as the response of the Earth to the changes. The 

impact of sea level rise to our society is felt regionally 

with a high degree of variability. Sea level rose at a 

mean rate less than 2 mm/yr during the 20
th

 century, 

but has increased to greater than 3 mm/yr since the 

early 1990s based on satellite records. However, the 

rate is highly variable geographically. Global mean sea 

level rise will likely accelerate in the coming decades 

resulting from accelerated ocean warming and the 

melting of the massive ice sheets of Greenland and 

Antarctica. Unfortunately, long-term projections of sea 

level rise from coupled climate models are still very 

uncertain, both in terms of global mean and regional 

variability. This is due, in particular, to poor modelling 

of ice-sheet dynamics and inadequate accounting for 

decadal variability. Improving our ability to project 

future sea level rise, globally and regionally, implies 

developments in both observing systems and modelling 

in various disciplines at different spatial and temporal 

scales. Although significant progress has been made in 

the past decade, it appears timely to establish a long-

term international program for sustaining and 

improving all observing systems needed to measure 

and interpret sea level change as well as improving 

future projections of global sea level rise and its 

regional impacts. Despite improvements in 

understanding, however, it is likely that some 

limitations to prediction of future sea level will remain. 

In light of this, it is of paramount importance to 

maintain a detailed monitoring system for observing 

both sea level rise and the processes that drive it.  In 

this plenary paper we first review current knowledge 

about sea level change, globally and regionally. We 

then summarize recent results from the 2007 IPCC 

(Intergovernmental Panel on Climate Change) Fourth 

Assessment Report (AR4), as well as post-AR4 results 

relevant to sea level observations, causes and 



projections. We also discuss new challenges for the 

coming decade in terms of observations, modelling and 

impact studies.  

2. DECADE-LONG SEA LEVEL 

OBSERVATIONS FROM SPACE: RESULTS 

FROM SATELLITE ALTIMETRY 

2.1. Observations of the global and regional sea 

level rates 

Although it is sometimes poorly documented in the 

scientific literature, estimates of modern day increases 

in global mean sea level (GMSL) based on tide gauges 

and satellite data are usually intended to represent 

changes in the total volume of the oceans due to 

density and water mass modifications. This means that 

observations have been corrected to account for GIA 

effects (i.e., both local and global deformations of the 

Earth‘s crust in response to last deglaciation, as well as 

self-gravitational changes due to corresponding large-

scale mass redistribution). The importance of GIA 

(Glacial-Isostatic Adjustment) effects are discussed 

below in greater detail, but for the remainder of the 

document we will adopt the convention that estimates 

of changes in GMSL refer to changes in ocean volume. 

Until the early 1990s, sea level change was measured 

by tide gauges along continental coastlines and mid-

ocean islandstide gauges along continental coastlines 

and mid-ocean islands measured sea level change. 

From these observations, a mean rate of 1.7 to 1.8 

mm/yr has been reported for the 20
th

 century, in 

particular for the past 60 years [1-5]. These studies also 

showed that sea level rise was not linear during the past 

century but rather subject to decadal to multidecadal 

variability. This is illustrated in Fig. 1 which shows 

20
th

 century mean sea level evolution estimated from 

tide gauges (data from [2] and [5] are superimposed). 

Non-linear long-term trends are clearly visible.  

The launch of TOPEX/Poseidon (T/P) in 1992 ushered 

in a new era in measuring sea level change. T/P and its 

successors Jason-1 (2001- ) and Jason-2 (2008- ) have 

a number of improvements over previous radar 

altimeters specifically designed to improve the 

measurement of sea level (e.g., [6]). Computing spatio-

temporal variations in GMSL from altimetry is 

relatively straightforward, and most analyses use a 

procedure similar to that described in more detail by 

Nerem [7] with only a few modifications. Essentially, 

the sea surface height (SSH) along each ground track 

pass are reduced to SSH anomalies (SSHAs) about the 

mean SSH using either a mean profile or a global map. 

The SSHAs for each repeat cycle are then averaged, 

accounting for the fact that there are more observations 

in the high-latitudes because of the ground track 

spacing. From this, one obtains a number representing 

the GMSL for each repeat period, which in the case of 

T/P and Jason-1/2 is 10 days. Numerous authors have 

used altimetry to estimate present-day GMSL from 

altimetry. The most recent estimated linear trends 

generally agree that sea level has been rising at a rate 

in the range 3.0 to 3.5 mm/yr since 1992 (e.g., [8-10]). 

Differences are generally due to the time-span used to 

estimate the linear trend, and to differences in satellite 

orbits and geophysical corrections applied to the data. 

Fig. 2 compares T/P and Jason altimetry-derived sea 

level curves from two groups (seasonal signal 

removed; inverted barometer correction and 60-day 

smoothing applied). The trend over the 1993-2008 time 

span is similar for the two curves and amounts to 3.3 ± 

0.4 mm/year (after correcting for the -0.3 mm/yr 

glacial isostatic adjustment or GIA effect, [11]). Some 

differences are noticed at sub-annual and interannual 

time scale.  

It is worth noting that other altimetry missions like 

GFO (Geosat (Geophysical/Geodetic Satellite) Follow-

On), ERS-1/2 (European Remote Sensing satellite) and 

ENVISAT (Environmental Satellite) are also useful for 

estimating sea level change when state-of-the art 

corrections are applied (e.g., [12-14]). In addition, the 

ERS and ENVISAT satellites allow mapping a large 

portion of the Arctic Ocean, unlike T/P and Jason.  

2.2. Error budget in global mean sea level 

The main difficulty with determining accurate GMSL 

rise from altimetry is the possibility of drifts and bias 

changes in the instruments and geophysical 

corrections. It is not a trivial matter to determine such 

changes. However, significant work has been done by 

Mitchum [15 and 16] to devise methods to accurately 

calibrate altimeter measurements against a global 

network of tide gauges in order to detect such bias 

drifts and/or jumps. Because of such calibration efforts, 

a large number of drifts and bias changes have been 

discovered in altimetry data, ranging from an early 

error in the T/P oscillator correction that caused the 

estimate to be nearly 7 mm/year too high [17] to drifts 

in the water vapour correction from the microwave 

radiometers of T/P and Jason-1 [12, 18 and 19], to 

changes in the sea state bias model [20] and orbit 

stability [9]. A recent re-evaluation by Ablain et al. 

[10] of the total error budget due to orbit, geophysical 

corrections and instrumental drifts and bias, estimates a 

global mean sea level trend uncertainty of ~0.5 mm/yr, 

in good agreement with the external tide gauge 

calibration. Nevertheless, the possibility of systematic 

errors affecting both altimeter and tide-gauge based 

estimates of sea level rise remains. For this reason, 

more work is needed to quantify potential error sources 

such as scale errors in the reference frame or inaccurate 

models of other geophysical processes such as GIA.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Evolution of the mean sea level estimated from tide gauges. Red/blue dots correspond to Church et al. [2] and 

Jevrejeva et al. [5] estimates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Comparison of altimetry-derived sea level curve for 1993-2008 from two groups. Upper curve (blue dots are 

smoothed 10-day data): CLS/AVISO; lower curve (blue dots are raw 10-day data): University of Colorado. The 

seasonal signal has been removed. The inverted barometer correction and the GIA (-0.3 mm/yr) corrections have been 

applied. The solid red curves correspond to 6-month smoothing. 



2.3. Error budget in global mean sea level 

The main difficulty with determining accurate GMSL 

rise from altimetry is the possibility of drifts and bias 

changes in the instruments and geophysical 

corrections. It is not a trivial matter to determine such 

changes. However, significant work has been done by 

Mitchum [15 and 16] to devise methods to accurately 

calibrate altimeter measurements against a global 

network of tide gauges in order to detect such bias 

drifts and/or jumps. Because of such calibration efforts, 

a large number of drifts and bias changes have been 

discovered in altimetry data, ranging from an early 

error in the T/P oscillator correction that caused the 

estimate to be nearly 7 mm/year too high [17] to drifts 

in the water vapour correction from the microwave 

radiometers of T/P and Jason-1 [12, 18 and 19], to 

changes in the sea state bias model [20] and orbit 

stability [9]. A recent re-evaluation by Ablain et al. 

[10] of the total error budget due to orbit, geophysical 

corrections and instrumental drifts and bias, estimates a 

global mean sea level trend uncertainty of ~0.5 mm/yr, 

in good agreement with the external tide gauge 

calibration. Nevertheless, the possibility of systematic 

errors affecting both altimeter and tide-gauge based 

estimates of sea level rise remains. For this reason, 

more work is needed to quantify potential error sources 

such as scale errors in the reference frame or inaccurate 

models of other geophysical processes such as GIA.  

2.4. Regional variability (altimetry era and 

previous decades) 

Satellite altimetry has revealed that sea level is not 

rising uniformly (Fig. 3) during the satellite period. In 

some regions (e.g., western Pacific), rates of sea level 

rise are faster by a factor up to 3 than the global mean 

rate. In other regions rates are slower than the global 

mean or even negative (e.g., eastern Pacific). Spatial 

patterns in sea level trends mainly result from ocean 

temperature and salinity changes reflecting changes in 

circulation (e.g., [21 and 22]). Gravitational and 

deformational effects associated with last deglaciation 

and ongoing land ice melting (e.g., [23-26]) also cause 

regional variability in rates of sea level change. While 

the latter effects remain small, they will eventually 

become substantial as the contribution from ice sheet 

loss grows. 

Observations of ocean heat content and thermal 

expansion over the past few decades show that spatial 

patterns are not stationary but fluctuate both in space 

and time in response to natural perturbations of the 

climate system such as ENSO (El Niño Southern 

Oscillation), NAO (North Atlantic Oscillation) and the 

PDO (Pacific Decadal Oscillation) [21]. As a result, 

sea level trend patterns over the last 50 years are 

expected to be different from those observed by 

satellite altimetry over the last 15+ years.  This is 

indeed what reconstructions of 2-dimensional sea level 

during past decades have confirmed (e.g., [2 and 27]). 

These studies combine long tide gauge records of 

limited spatial coverage with short, global gridded sea 

level data, either from satellite altimetry or Ocean 

General Circulation Models (OGCMs), and provide 

information on regional sea level variability for those 

decades before the altimetry era. Fig.4ab shows spatial 

patterns in sea level trends for the 1950-2000 period, 

from two different reconstructions. Differences with 

Fig. 3 (altimetry period) are clearly visible. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Spatial patterns in sea level trends (1993-2008) from T/P and Jason-1 satellite altimetry. The seasonal signal 

has been removed, and the inverted barometer correction applied. Source: University of Colorado 



 

 

 

 

 

 

 

 

 

 

 

Figure 4: Reconstructed (observed) spatial patterns in sea level trends (from tide gauges and 2-D sea level data) over 

1950-2000. (a) from Church et al. [2]; (b) updated from Llovel et al. [27].  A uniform trend has been removed to each 

grid. 

 

3. CAUSES OF SEA LEVEL CHANGE AT 

GLOBAL AND REGIONAL SCALES 

Owing to various satellite and in situ data sets made 

available during the last decade, considerable progress 

has been realized recently in quantifying the various 

causes of present-day global mean sea level rise (ocean 

temperature and salinity changes, glaciers melting, ice 

sheet mass loss and land water storage change). We 

examine each of these contributions below. 

3.1. Ocean temperature and salinity measurements 

In situ observations of temperature and salinity provide 

important information about one of the causes of 

regional and global sea level change. From the late 

1960s until recently, ocean temperature has been 

essentially measured with expandable 

bathythermographs (XBT) predominantly along 

shipping routes, complemented by mechanical 

bathythermographs (MBT) and Conductivity-

Temperature-Depth (CTD) systems in a few limited 

areas. In recent years, an international program of 

profiling floats, Argo (Array for Real-time Geostrophic 

Oceanography) ([28], http://www.argo.ucsd.edu/ ,has 

been initiated, providing temperature and salinity 

measurements globally at approximately 3° resolution. 

The floats go down to 2000 m with a revisit time of ~ 

10 days. In late 2007, the Argo project reached its 

target size of 3000 profiling floats in the global ocean. 

Although the array density is not sufficient to resolve 

small-scale features such as fronts and eddies, Argo 

provides a comprehensive system for estimating 

regional and global steric sea level changes attributable 

to temperature and salinity variations in the upper 2000 

m of the ocean. Calibration of the temperature and 

salinity data is critical. Recent evaluations of the older 

XBT-based thermal data have found significant, depth-

varying biases [29 and 30]. While these corrections 

have only slightly changed the thermal expansion 

contribution to the sea level trend over the last 50 

years, they led to substantial reduction of spurious 

interannual/decadal anomalies in ocean heat content 

and thermal expansion. Recent re-evaluations of the 

trend in thermal expansion over the past 4-5 decades 

[31-33] range from 0.3 ± 0.01 mm/yr to 0.5 ± 0.08 

mm/yr, noting that the uncertainties are formal errors 

based on sampling and do not reflect any remaining 

depth-dependent temperature bias. During the 1993-

2003 decade (considered in IPCC AR4), the thermal 

expansion rate was significantly larger (about 1.5 

mm/yr) (e.g., [34] and results in Bindoff et al., [21]). 

Since 2003, this rate has significantly decreased, likely 

a result of short-term natural variability of the coupled 

ocean-atmosphere system. Recent results based on 

Argo range from -0.5 mm/yr [36] for 2003-2007 to 0.8 

± 0.8 mm/yr [37] for 2004-2007.   

3.2. Ocean mass change from GRACE 

Net water flux into and out of the ocean causes its mass 

to change. Such changes in ocean mass give rise to 

gravitational variations that are detectable by the 

Gravity Recovery and Climate Experiment (GRACE) 

[38]. This has allowed, for the first time, direct 

estimates of the global ocean mass contribution to sea 

level change [36-41]. Recently, published trends in 

global ocean mass range from a low value of 0.8 

mm/year [36] to a high value of 1.7 to 1.9 mm/year 

[40, 41]. Most of this difference is due to the choice of 

the GIA model used in the processing of the GRACE 

data. To GRACE, the GIA signal appears as a secular 

trend in the gravity field that must be removed. This 

correction is roughly of the same order of magnitude as 

http://www.argo.ucsd.edu/


the expected ocean mass trend. Unfortunately, there is 

disagreement between GIA models for this particular 

correction. The GIA correction used by Willis et al. 

[36]) and Leuliette and Miller [37]) is based on 

Paulson et al. [42]‘s model, and results in a ~1 

mm/year increase in ocean mass between mid-2003 

and mid-2007. Cazenave et al. [41] used Peltier [43]‘s 

model, which results in an ocean mass increase of 

nearly 2 mm/yr between 2003 and 2008. According to 

[43], this difference results almost entirely from 

including a model of Earth‘s rotational feedback or not. 

Unfortunately, there is still significant disagreement 

among the GIA community over the appropriate 

rotational feedback effect. Although all authors do 

agree that ocean mass is rising since 2002, we can only 

say with certainty that the rate is somewhere between 1 

to 2 mm/year. It is worth noting that the highest 

possible GRACE-based mass trend is compatible with 

recent estimations based only on contributions from 

land ice (e.g., [44-46]). However, because the 

uncertainty in the contribution from land ice is quite 

large, it is critical to understand the true GIA signal 

sensed by GRACE in order to constrain the GRACE-

based ocean mass component.  

3.3. Land ice loss (ice sheets and glaciers) 

3.3.1 Ice sheets 

During the past two decades, different remote sensing 

techniques have offered new insight on contemporary 

mass change of the ice sheets. Radar altimetry (e.g., 

ERS-1/2 and ENVISAT satellites) as well as airborne 

and satellite laser altimetry (IceSat since 2003) allow 

monitoring of ice sheet elevation change, a quantity 

that is used to infer ice volume change (e.g., [47-50]). 

The InSAR (Synthetic Aperture Radar Interferometry) 

technique provides measurements of glacier surface 

flow, hence ice discharge into the oceans if glacier 

thickness is known. When combined with other 

parameters of surface mass balance, the net ice sheet 

mass balance can then be derived [45, 46 and 51]. 

GRACE is also now routinely used to measure the total 

mass balance of the ice sheets directly [41, 43, 52-59]. 

Each technique has its own bias and limitations. 

GRACE, for instance, is sensitive to GIA: over 

Antarctica, the GIA effect is of the same order of 

magnitude as the ice mass effect. In spite of significant 

dispersion of the mass balance results from satellite-

based sensors, clear acceleration in ice mass loss from 

the ice sheets is noticed during the last decade [60]. 

This acceleration has been attributed to the dynamical 

response of the ice sheets to recent warming, with most 

of the ice sheet mass loss resulting from coastal glacier 

flow [61, 62]. Two main processes have been invoked: 

(1) lubrication of the ice-bedrock interface resulting 

from summer melt-water drainage through crevasses, 

and (2) weakening and break-up of the floating ice 

tongue or ice shelf that buttresses the ice stream. While 

the first mechanism may play some role in Greenland 

where substantial surface melting occurs in summer 

(e.g., [63]), glaciologists now favour the second 

mechanism as the main cause able to explain the recent 

dynamical changes affecting the ice sheets (e.g., 

[62,64]). Because the ice shelves are in contact with 

the sea, warming of seawater  (e.g., [64,65] and 

changes in ocean circulation can trigger basal melting 

and further break-up, allowing the ice flow to speed up 

[62]. However, observing ocean circulation near ice 

shelves is difficult. Conventional altimetry does not 

work near the ice edge due to contamination of sea ice. 

A challenge is to develop new technology for 

observing mesoscale ocean circulation at high 

latitudes. 

For the 1993-2003 decade, IPCC AR4 estimates nearly 

equivalent contributions from Greenland and 

Antarctica to sea level change (0.21 ± 0.035 mm/yr and 

0.21 ± 0.17 mm/yr respectively) [21]. Post-IPCC 

results report significant acceleration of ice mass loss 

for both ice sheets. For 2003-2008, the mean 

Greenland contribution has increased to ~0.5 mm/yr 

(e.g., [46]). Recent results for Antarctica also suggest 

that this contribution has doubled in the past 5 years 

(e.g., [45 and 66]). 

 

3.3.2 Glaciers 
 

Glaciers and ice caps (GIC) are very sensitive to global 

warming. Here we consider GIC to include all non-

seasonal land-ice apart from the Greenland and 

Antarctic ice sheets.  Observations indicate that since 

the 1970s most glaciers are retreating and thinning, 

with noticeable acceleration since the early 1990s. 

Mass balance estimates of GIC are based either on in 

situ measurements (monitoring of the annual mean 

snow accumulation and ice loss from melt) or on 

geodetic techniques (measurements of surface 

elevation and area change from airborne altimetry or 

digital elevation models). Since only a small number of 

the world‘s mountain glaciers are directly measured, 

the mass balance of glaciers in the same region is 

assumed to be similar in order to extrapolate to a global 

estimate. On the basis of published results, the IPCC 

AR4 estimated the GIC contribution to sea level rise to 

be 0.77 ± 0.22 mm/yr over 1993-2003 [21]. Since the 

IPCC AR4 publication, a few updated estimates of GIC 

loss have been proposed from traditional mass balance 

measurements and space-based observations (from 

GRACE, [67-69] and satellite imagery). For example, 

Kaser et al. [70] report a contribution to sea level rise 

of 0.98 ± 0.19 mm/yr for 2001 to 2004, while Meier et 

al. [44] find the GIC contribution to be 1.1 ± 0.24 

mm/yr for the year 2006. Recently, Cogley [71] 

provided an updated compilation of global average 

GIC mass balance up to 2005, indicating a 1.4 ± 0.2 

mm/yr contribution to sea level rise for 2001-2005, a 



value much larger than earlier estimates due to better 

representation of tidewaters glaciers. One should note, 

however, that all of these studies assume that the 

glacier melt water (even from inland glaciers) reaches 

the ocean immediately, which may not be true. 

However on interannual and longer time scales, such a 

hypothesis seems reasonable. 

3.4. Land waters 

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. However, until recently, this factor 

could hardly be estimated because global in situ data 

are lacking. 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 [72 and 73]. 

Direct human intervention on land water storage 

induces sea level changes. The largest contributions 

come from ground water pumping (either for 

agriculture, industrial and domestic use; [74] and 

reservoir filling (e.g., [75]). Chao et al. [75] suggest 

that dam building over the last 50 years has prevented a 

large amount of runoff from reaching the ocean, and 

thus has caused a lower rate of sea level change than 

expected without dams. Surface water depletion has 

only a small contribution (see Milly et al. [76] for a 

review). 

Since 2002, GRACE allows for determination of the 

total (i.e., due to climate variability and human 

activities) land water contribution to sea level. Over the 

short-record from GRACE, the land water signal (sum 

of surface, soil and underground reservoirs, plus snow 

pack where appropriate) is dominated by the 

interannual variability and has only a modest 

contribution (<10%) to the sea level trend over this 

period (e.g., [77-79]).  

To date, the evidence suggests that climate-driven 

change in land water storage mainly produces 

interannual to decadal fluctuations but (so far) no long-

term trend. This is in contrast with direct human-

induced change in land hydrology which clearly has 

led to a ‗secular‘ (either positive or negative) change in 

sea level over the past half-century.  

3.5. Sea level budget over the altimetry era 

For the 1993-2003 decade, the IPCC AR4 estimated 

that about 50% of the observed sea level rise was 

caused by thermal expansion, while glacier melting 

contributed ~ 30 % and ice sheet mass loss  ~15% [21]. 

The sea level budget was not far from being closed.  

For the post-AR4 period (i.e., since 2003), results 

report accelerated land ice shrinkage. Direct estimates 

of the total (glaciers plus ice sheets) land ice loss for 

the last 5 years (e.g., [62 and 71]) indicate a 

contribution as large as 75% to recent sea level rise, 

with a (presumably temporary) slow-down in thermal 

expansion, most likely related to interannual 

fluctuations in the Earth‘s radiative balance.  

4. GREAT CHALLENGES FOR SEA LEVEL 

STUDIES IN THE COMING DECADE 

A number of observational goals must be met in order 

to detect any acceleration in the rate of sea level rise 

(e.g., [80 and 81]), compare altimetry-based 

observations with estimates of natural and 

anthropogenic-related contributions, understand the 

causes of sea level change, map and understand 

regional variability for the recent years and decades, 

constrain coupled climate models used for sea level 

projections, and ultimately study coastal impacts of sea 

level rise. These are discussed below. 

4.1. Lengthening the observational time series 

(Altimetry, GRACE, Argo, Tide Gauges, air-sea 

fluxes) 

Sea level studies require long-term monitoring by 

altimeter satellites (for sea level), space gravimetry (for 

ocean mass change, ice sheet mass balance and land 

water storage change) and Argo (for 3-D temperature 

and salinity data). Observations of air-sea fluxes are 

also needed for running OGCMs. This is necessary 

because interannual fluctuations of 3- to 5-year periods 

in each of the components can be significantly large to 

mask secular or decadal to multi-decadal variability. 

Sustained geodetic infrastructures (tide gauges, GPS 

stations, etc.) are needed as well. 

 

4.1.1 Satellite altimetry 

Since the launch of T/P in 1992, the continuity of 

precise sea level observations has been insured by the 

successful launch of Jason-1 (2001) and Jason-2 (2008) 

and by continued funding of efforts by the altimeter 

science team to understand and remove systematic 

errors from these observations. Fortunately, plans for a 

Jason-3 mission (taking over Jason-2) are under 

discussion (the mission is now approved and funded 

both in the USA and Europe).  

A long, accurate sea level record is an essential climate 

observation. Sea level reflects the response of almost 

all components of the climate system to climate change 

and variability. It is a particularly useful indicator of 

global warming. Thus, having a long time series of 

measurements is critical for differentiating climate 

signals associated with global warming from natural 

variability. Even with 17 years of measurements from 

satellite altimetry, the record still contains significant 

variability related to ENSO, PDO, etc (e.g., [82]). 



Although there is strong evidence that the observed 

change in sea level rise since the beginning of the 

1990s is not related to the difference in sampling 

between tide gauges and altimetry and is unique in the 

tide gauge record [81], longer altimetry time-series are 

necessary to ensure detection and understanding of 

further changes and separation between decadal 

fluctuations and longer-term trends. 

Recommendation: 

 An accurate (at <0.3 mm/yr level uncertainty), 

multi-decade-long sea level record by altimeter 

satellites of the T/P- Jason class is essential, as is 

continued funding of the altimeter science team.  

4.1.2 Geodetic infrastructure requirements for long-

term sea level monitoring at the 0.3 mm/yr 

precision level –or better- by high-precision 

altimetry systems 

Long-term sea level monitoring from altimeter 

satellites with a rate precision of 0.3 mm/yr implies the 

following needs:  

Orbit accuracy at the 1 cm level. For this requirement 

to be met, good tracking networks, multiple tracking 

systems (e.g., SLR, GPS, DORIS) and accurate force 

models are needed. With improvements in the satellite 

tracking networks and the dynamical models for 

satellite orbital motion, orbit accuracies at the 1-cm 

level have already been achieved. This has been 

accomplished in large part due to the combination of 

multiple tracking techniques that support each other in 

the orbit determination component. The availability of 

multiple tracking techniques provides robustness in the 

event of the failure or degradation of one of the 

tracking methods and allows cross-validation through 

inter comparisons of the results based on individual 

techniques. For that purpose, the existing geodetic 

infrastructure needs to be maintained over the long 

term. 

Radiometer drift at less than 0.1 mm/year. It is vital to 

correct altimeter range measurements for path delay 

due to water vapour in the atmosphere. This is typically 

done with on-board radiometers. However, all 

radiometers that have been flown to date (including 

those on T/P and Jason-1) have drifted, by amounts as 

large as several mm/yr [83]. These drifts and bias 

changes have not been detected for years in previous 

missions. In order to reach a <0.3 mm/year goal for sea 

level rate accuracy from altimetry, it is vital to have a 

radiometer that is stable at better than 0.1 mm/year of 

water path delay, either through on-board calibration or 

reduced sensitivity to thermal shocks. 

1. Terrestrial Reference Frame (TRF) with 1 mm 

accuracy and 0.5 mm/yr stability. 

The TRF, to which altimetry and geodetic 

measurement are referred, must be accurate and stable 

over the long term (e.g., [84]). Precise knowledge of 

the position and velocity of the tracking stations is an 

inherent requirement for the satellite orbit 

determination, but as long as the errors are sufficiently 

random, averaging the orbit error over months or years 

provides the sub-mm/yr accuracy required for sea level 

monitoring. It is the systematic errors in the reference 

frame that are of particular concern. An erroneous drift 

in the TRF will be reflected in the satellite orbit, 

leading to implied global and regional sea level 

changes that are not real [9 and 85]. This erroneous 

trend is approximately 10% of the TRF drift in the 

measured global sea level and 50% or more regionally. 

For the objective of 0.3 mm/yr in global sea level 

accuracy to be met, the reference frame drift should 

ideally be kept below 1 mm/yr. A goal of 0.5 mm/yr 

stability seems appropriate. 

2. Dedicated tide gauge network with known vertical 

motions at the 0.1 mm/yr precision. To provide the 

long-term calibration required for altimeter systems, it 

is essential to maintain a dedicated tide gauge network 

(e.g., the GLOSS network), with accurate ground 

motion measurements. Currently, vertical ground 

motions are not being measured at many (perhaps 

most) of the tide gauges, and the altimeter calibration 

results rest upon the assumption that the various 

vertical motions average down. The vertical motion of 

a number of tide gauges must be monitored using 

precise positioning techniques (e.g., GNSS) and tied 

into the global reference frame. A high-quality tide 

gauge network is also important for long-term sea level 

studies at regional scale (see Sect. 4.5). 

Recommendation: 

 To meet the goal of 0.3 mm/yr or better in sea 

level rate accuracy, the global geodetic 

infrastructure needs to be maintained on the 

long-term. The dedicated tide gauge network 

(GLOSS) must also be equipped with precise 

positioning stations (GNSS). The TRF must be 

accurate and stable at the 1 mm and 0.5 mm/yr 

level (orbits must be accurate to better than 1 

cm RMS (root mean square); radiometers must 

be stable at better than 0.1 mm/yr of water path 

delay). 

 

4.1.3 Space gravimetry  

The GRACE satellites have been invaluable for 

measuring change in water mass storage across the 

Earth, but the time series is only 7 years in length.  In 

order to better understand the large-scale mass 



redistributions associated with climate change and 

variability, continuous, long-term measurements of 

gravity are necessary. Thus, an ongoing series of 

GRACE-type satellites is critically needed. Current 

estimates for the end of the GRACE mission are 2012. 

The U.S. NRC (National Research Council) Decadal 

Survey listed a GRACE follow-on mission with 

improved precision and resolution as one of its 

recommended missions for the next 15 years, but in the 

2017–2020 time frame or beyond. This would mean a 

gap of several years in time variable gravity with 

unacceptable negative impacts on all applications 

described above. However, recent developments allow 

the possibility of the launch of a GRACE Stop-Gap 

mission -similar to the current GRACE mission- 

around 2015.  

In 2007, a workshop [86] was held at the European 

Space Agency on the future of satellite gravimetry. In 

view of the unique science results from GRACE, the 

participants strongly supported the idea of a GRACE 

follow-on mission based on the present configuration, 

with emphasis on the uninterrupted continuation of 

time series of global gravity changes (short-term 

priority).  The medium-term priority should be focused 

on higher precision and higher resolution gravity in 

both space and time. This step requires (1) the 

reduction of the current level of aliasing of high-

frequency phenomena into the time series, and (2) the 

improvement of the separation of the observed 

geophysical signals. Elements of a strategy to address 

these include formation flights, multi-satellite systems, 

and improved and comprehensive Earth System 

modeling. This will open the door to an efficient use of 

improved sensor systems, such as optical ranging 

systems, quantum gravity sensors, and active angular 

and drag-free control. The long-term strategy should 

include the gravimetric use of advanced clocks (ground 

based and flying clocks), micro-satellite systems, and 

space-qualified quantum gravity sensors. In the future 

high precision clocks could be used for the global 

comparison at the cm-level of sea level (in conjunction 

with tide gauges). The required 10
-18

 relative precision 

is possible today in the laboratory for single optical 

clocks. For sea level research these clocks must 

become operational and clock synchronization has to 

reach similar precision. 

Note that the recently launched GOCE gravity mission 

(successfully launched in March 2009) will provide a 

high-precision, high-resolution mean geoid, of very 

high value for determining the ocean dynamic 

topography (when combined with satellite altimetry), 

hence the large-scale ocean circulation. The mission 

lifetime (at most 18 months, due to its low altitude of 

~250 km) will not permit directly measuring the long-

term change of the gravity field.  However, GOCE will 

contribute to, for the first time, the determination of the 

global gravity field at an unprecedented accuracy 

(several cm RMS in geoid height) and spatial 

resolution (~100 km). The combination of GOCE and 

GRACE data allows potentially a more accurate 

determination of the long-term change of the global 

gravity field. 

Recommendation:  

 Continuity of GRACE-type observations is 

critically needed: To avoid undesirable gap in 

the data record, a gap-filling mission is strongly 

recommended in the short term. 

4.1.4 In situ temperature and salinity 

measurements: Argo 

For ocean warming monitoring, sea level studies, 

ocean  reanalyses using OGCMs and initialisation of 

coupled climate models, long-term monitoring of 3-D 

ocean temperature and salinity is essential. The Argo 

measurements have provided good geographical 

coverage only since 2004. Although the temperature 

accuracy of Argo probes is adequate to detect global 

changes in Upper Ocean temperature, absolute 

calibration of Argo pressure observations remains an 

important issue. For example, an absolute pressure 

accuracy of 1 db for the global array corresponds to 

about 5 mm of global steric sea level change. Although 

small compared with seasonal variations in globally 

averaged steric sea level [36] or steric increases over a 

decade or more [33], such errors could obscure 

changes in globally-averaged steric sea level over 

periods of a few years. Maintaining the absolute 

calibration of the Argo array to such accuracy will 

require an ongoing program to collect and make 

quickly available high-quality shipboard CTD 

observations in a systematic and widespread way. 

Although a comprehensive program of shipboard CTD 

observations that provides adequate coverage for 

global sea level rise studies would be impractical, 

shipboard CTD data remain critical for absolute 

calibration of other data types. This was recently 

illustrated by the several studies that made use of CTD 

data to detect biases in and recalibrate the archives of 

historical XBT data. This underscores the need to 

continue to build programs to obtain repeat CTD 

observations and make them widely available for the 

purposes of climate-quality inter-calibration activities 

in near real time. In addition, efforts to accumulate and 

calibrate historical temperature and salinity 

observations must remain an important research 

priority so that present day steric changes can be 

placed in the appropriate historical context. Finally, a 

system must be devised to observe changes in 

temperature and salinity below 2000 m depth. Deep 

ocean temperature changes have been observed in 

every ocean basin, e.g., [87, 88], but the contribution of 



these deep steric changes to global sea level rise 

remains completely unqualified. 

Recommendations: 

 Maintain the Argo network in its optimal 

configuration for the next decade or longer 

 Develop a shipboard CTD measurement 

program for absolute calibration of other data 

 Continue to reanalyze historical temperature 

and salinity data  

 Develop methods/systems to estimate deep 

changes in ocean heat content and thermal 

expansion 

4.1.5 Maintenance of a global tide gauge network 

In addition to the role that tide gauges play for 

altimeter calibration, the maintenance of the tide gauge 

dataset is important for understanding the nature of 

decadal to centennial fluctuations in global and 

regional sea level. Sea level reconstructions based on 

tide gauge data have emphasized fluctuations on these 

time scales [2, 4, 5, 27, 81 and 90]. Additional studies 

are needed to understand the regional and global extent 

of these variations, which in turn will improve the 

ability to discern accelerations in global sea level rise 

from long-term fluctuations.  

Recommendation:  

 Extending the overlap of the tide gauge and 

satellite altimetry observing systems will help to 

establish the physical context of long-term tide 

gauge signals. A network of tide gauges should 

be maintained with an emphasis on long record 

lengths and global spatial coverage (e.g., the 

GLOSS Core Network plus additional stations 

with especially long record lengths).  

4.2. GIA modelling and development of consensus 

results by the community 

As discussed above, the GIA corrections applied to 

GRACE-based ocean mass data and ice sheet mass 

balance estimates are currently highly uncertain, and 

there are strong differences in the community 

regarding whether rotational feedback should be 

applied to the model or not. Furthermore, GIA 

corrections to altimeter observations could also 

introduce small, but important systematic errors in 

estimates of global sea level rise. However, with longer 

time-series and other geodetic measurements (e.g., 

GPS), the potential to improve GIA models are great. 

Since GIA corrections are quite large for GRACE but 

not for altimetry, long time-series of altimetry, 

GRACE, and Argo data can be used to evaluate 

different GIA models, since in terms of global mean 

sea level, altimetry minus Argo can be compared to 

GRACE ocean mass minus GIA. Similarly, it is also 

possible to compare GRACE-based ocean mass change 

(GIA corrected) to total land ice loss estimated by non 

gravimetric remote sensing techniques (InSAR, laser 

and radar altimetry). Finally, Antarctica mass balance 

from GRACE and other techniques will provide 

constraints on GIA in this region. Such cross validation 

using different approaches and techniques improves 

our ability to quantify the uncertainty of GIA models.  

Recommendation:  

 Improved results for the GIA corrections are 

needed to interpret GRACE and altimeter 

observations. The geodetic community should be 

encouraged and supported to produce an 

improved, consensus estimate of GIA and its 

uncertainty.  

4.3. Integrated sea level studies; Modeling regional 

sea level changes for the past decades; Past sea level 

reconstructions. 

As briefly mentioned above, patterns of local/regional 

sea level variability mainly result from: (1) warming 

and cooling of the ocean, (2) exchange of fresh water 

with the atmosphere and land through change of 

evaporation, precipitation and runoff, (3) changes in 

the ocean circulation, and (4) redistribution of water 

mass within the ocean. Using OGCMs constrained by 

observations or not , it has been shown that observed 

sea level trend patterns result from a complex 

dynamical response of the ocean, involving not only 

the forcing terms (e.g., air-sea fluxes) but also water 

movements associated with wind stress (e.g. [91-94]). 

Moreover, Wunsch et al. [91] stressed that given the 

long response time of the ocean, observed patterns only 

partly reflect forcing patterns over the period 

considered but also forcing and internal changes that 

occurred in the past. Other processes also give rise to 

regional sea level variations; for example, fresh water 

forcing associated with Greenland ice melting can 

produce significant sea level rise along the western 

coast of North Atlantic over a period of decades [22]. 

The solid Earth response to the last deglaciation and to 

ongoing melt of land ice in response to global 

warming, and induced gravitational deformations of 

the sea surface (e.g., [23-26]) are other causes of 

regional variability. Efforts devoted to modeling of the 

various sources of regional variability to provide 

spatial trend patterns for the 20
th

 century have already 

been attempted (e.g., Fig. 5). Such modeling results 

need to be validated, in particular by comparisons with 

past sea level reconstruction approaches (as discussed 

in Sect. 2.3). Such integrated studies (e.g., [13, 14, 23 

and 26]) that include steric, geophysical, geodetic, 

hydrological processes affecting sea level change at 

regional scales, and 2-dimensional sea level 

reconstructions based on observations are essential to 



constrain climate models used for projecting  future sea 

level changes (through comparisons with model 

hindcasts). Attribution studies of global mean sea level 

variations using ocean reanalyses would also be useful 

(e.g., [95]). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Model of past regional variability in sea level trends over the 20
th
 century (1900-2007) using thermal 

expansion, tide gauges, satellite altimetry and GIA. Estimated global mean sea level rise for 20
th

 century: 2.2 ± 0.57 

mm/yr. Source: Shum & Kuo [14] 

 

 

Recommendations:  

 Develop or improve integrated, multidisci-

plinary studies that account for the various 

sources of regional variability in sea level at 

decadal to secular time scales 

 Improve and validate 2-dimensional sea level 

reconstructions for the past decades 

 Develop attribution studies for global/regional 

sea level variations using ocean reanalyses 

4.4. Sea level projections from coupled climate 

projections (decadal/century time scale; global and 

regional variability) 

IPCC AR4 projections indicate that sea level will be 

higher than today‘s value by ~ 40 cm by 2100 (within a 

range of ± 20 cm due to model result dispersion and 

uncertainty on future greenhouse gases emissions) 

[96]. However this value is likely a lower bound 

because physically realistic behavior of the ice sheets 

was not taken into account. It is now known that a 

large proportion of current ice sheet mass loss results 

from coastal glacier flow into the ocean through 

dynamical instabilities. Such processes have only 

begun to be understood. Alternatives to coupled 

climate model projections have been proposed (e.g., 

[97-99]). Such studies provide empirical sea level 

projections based on simple relationships established 

for the 20
th

 century between global mean sea level rate 

and global mean surface temperature. Using mean 

temperature projections from climate models, they 

extrapolate future global mean sea levels. However, as 

pointed out by Harrison and Stainforth [100], 

atmospheric CO2 is today higher than during the last 

650,000 years, and, consequently, the past has only 

limited value for projections of the future. Therefore, 

extrapolating models calibrated using the last century 

could be misleading. Moreover, these extrapolations 

neglect the complex nature of sea level forcing, which 

is a composite of a number of processes with different 

responses to temperature changes. The relative 

contribution of the individual processes is likely to 

change over time, particularly if ice sheet dynamics 

plays a larger role in the future. For that reason, the 

development of community models for ice sheets is an 

urgent task that will improve sea level projections from 

climate models. Fig. 6 illustrates the evolution of the 

global mean sea level between 1500 and 2100 based on 

observations and future projections. 



As for the past decades, regional variability in sea level 

trends is expected to continue in the future. The mean 

regional sea level map for 2090-2100 provided by 

IPCC AR4 [96] shows higher than average sea level 

rise in the Arctic Ocean in response to increasing ocean 

temperature and decreasing salinity. These model-

based projections essentially reflect that part of the 

regional variability due to long-term climate signals 

but do not account for decadal/multidecadal natural 

variability. To evaluate future regional impacts, this 

information is of crucial importance. Thus decadal 

climate projections are also needed–in particular for 

sea level (e.g., [101]). Sea level projections at 10-20 

years interval should be proposed by climate models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Global mean sea level evolution between 1500 and 2100 based on observations (geology, tide gauges, 

altimetry) up to 2000 and model projections from coupled climate models and empirical methods for the 21
st
 century. 

Source: modified from Shum et al. [13]. 

 

Recommendations: 

 Improve sea level projections from coupled 

climate models by inclusion of realistic ice sheet 

dynamics 

 Set up model intercomparison programs for sea 

level projections 

 Develop sea level projections at regional and 

decadal scales, particularly as a basis for 

forecasting local coastal sea level in high-risk 

areas. 

4.5. Study coastal impacts through a 

multidisciplinary approach  

The main physical impacts of sea level rise on coastal 

areas are rather well known (e.g., [102,103]). These 

include: (1) inundation and recurrent flooding 

associated 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, the effects of rising sea level act 

in combination with other natural and/or anthropogenic 

factors, such as decreased rates of fluvial sediment 

deposition in deltaic areas, ground subsidence due to 

tectonic activity or ground water pumping and 

hydrocarbon extraction. Change in dominant wind, 

wave and coastal current patterns in response to local 

or regional climate change and variability may also 

impact shoreline equilibrium.  

Deltas are dynamical systems linking fluvial and 

coastal ocean processes [104]. Over the last two 

millennia, agriculture has accelerated the growth of 

many world deltas [105]. But in the recent decades, 

dam and reservoir construction as well as river 



diversion for irrigation has considerably decreased 

sediment supply along numerous world rivers, 

destroying the natural equilibrium of many deltas.   

Accelerated ground subsidence due to local 

groundwater withdrawal and hydrocarbon extraction is 

another problem that affects numerous coastal 

megacities. Hydrocarbon extraction in the Gulf of 

Mexico causes ground subsidence along the Gulf coast 

in the range of 5 to 10 mm/yr [104]. Whatever the 

causes, ground subsidence produces effective (relative) 

sea level rise that directly interacts with and amplifies 

climate-related sea level change (long-term rise plus 

regional variability). Implementation of regional high-

quality tide gauge networks complemented by other 

observing systems in coastal areas (e.g., GPS, 

dedicated coastal altimetry systems, etc.) is clearly an 

important issue for monitoring sea water level and 

ground motion changes, and discriminating between 

the various factors acting at local scales.  

Another important coastal process is the impact of 

coastal circulation near ice shelves affecting the 

breakup of the ice shelves and the ensuing speedup of 

the collapse of ice sheets (Sect. 3.3.1). Observing 

ocean circulation using altimetry near ice shelves is 

difficult due to the contamination of sea ice. A 

challenge is to develop new technology for making 

altimetry measurement that can differentiate sea ice 

from open water and allow the determination of ocean 

circulation near ice shelves. 

Recommendations: 

As local (relative) sea level rise is among the major 

threats of future global warming, it is of primary 

importance to urgently:  

 Develop multidisciplinary studies to understand 

and discriminate causes of current sea level 

changes in some key coastal regions, integrating 

the various factors that interfere at local scale 

(climatic component, atmospheric and 

oceanographic processes, sediment supply, 

ground subsidence, anthropogenic forcing, etc.), 

 Implement additional in situ observing systems 

in vulnerable coastal areas, in particular high-

quality tide gauges co-located with precise 

position GPS stations for measuring ground 

motions, 

 Improve current altimetry-based sea level 

observations in coastal zones and continue to 

develop SWOT (Surface Water and Ocean 

Topography) satellite mission, a wide-swath 

altimetry interferometer, for accurate future 

monitoring of local sea level changes at the land-

sea interface.  SWOT is able to measure sea 

surface height in the presence of sea ice and is 

thus able to provide information on ocean 

circulation near ice shelves for studying the 

process of the breakup of ice shelves that 

buttress ice sheets. 

 Provide local sea level projections at 

decadal/multidecadal/centennial time scales.  

The long list of recommendations made in Sect. 4 

results from the interdisciplinary nature of sea level 

studies. Some recommendations ask for continuity of 

observing systems and are directed towards space 

agencies and international organizations. No ranking 

can be given, as satellite altimetry, space gravimetry 

and Argo are all needed to observe and understand sea 

level. Other recommendations concern the sea level 

community itself and ask for better organisation and 

closer collaboration between observers and modellers. 

The last set of recommendations deal with better 

understanding of coastal impacts and call of wider 

collaboration of Earth science scientists.  

Such efforts are among the priorities of sea level 

studies. They will provide the necessary scientific 

background in support of political decisions for coastal 

management, mitigation and adaptation to rising sea 

level.   
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