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Table 1. TOPEX-A GMSL drift corrections proposed by different studies.

TOPEX-A drift correction to be subtracted from the first 6 years (Jan 1993
to Feb 1999) of the uncorrected GMSL record

Watson et al. (2015) 1.5 ± 0.5 mm yr�1 over Jan 1993–Feb 1999

X. Chen et al. (2017),
Dieng et al. (2017)

1.5 ± 0.5 mm yr�1 over Jan 1993–Feb 1999

Beckley et al. (2017) No onboard calibration applied

Ablain et al. (2017b) �1.0 ± 1.0 mm yr�1 over Jan 1993–Jul 1995
+3.0 ± 1.0 mm yr�1 over Aug 1995–Feb 1999

Figure 2. Evolution of ensemble mean GMSL time series (aver-
age of the six GMSL products from AVISO/CNES, SL_cci/ESA,
University of Colorado, CSIRO, NASA/GSFC and NOAA). On
the black, red and green curves, the TOPEX-A drift correction
is applied respectively based on Ablain et al. (2017b), Watson et
al. (2015) and Dieng et al. (2017), and Beckley et al. (2017). An-
nual signal removed and 6-month smoothing applied; GIA correc-
tion also applied. Uncertainties (90 % confidence interval) of corre-
lated errors over a 1-year period are superimposed for each individ-
ual measurement (shaded area).

these reconstructions rely on tide gauge data only (Jevre-
jeva et al., 2006, 2014; Merrifield et al., 2009; Wenzel and
Schroter, 2010; Ray and Douglas, 2011; Hamlington et al.,
2011; Spada and Galassi, 2012; Thompson and Merrifield,
2014; Dangendorf et al., 2017; Frederikse et al., 2017). In
addition, there are reconstructions that jointly use satellite al-
timetry, tide gauge records (Church and White, 2006, 2011)
and reconstructions, which combine tide gauge records with
ocean models (Meyssignac et al., 2011) or physics-based and
model-derived geometries of the contributing processes (Hay
et al., 2015).

For the period since 1993, with most of the world coast-
lines densely sampled, the rates of sea-level rise from
all tide-gauge-based reconstructions and estimates from
satellite altimetry agree within their specific uncertainties,

Figure 3. Ensemble mean GMSL trends calculated over 10-year
moving windows. On the black, red and green curves, the TOPEX-
A drift correction is applied respectively based on Ablain et
al. (2017b), Watson et al. (2015) and Dieng et al. (2017), and Beck-
ley et al. (2017). Uncorrected GMSL trends are shown by the blue
curve. The shaded area represents trend uncertainty over 10-year
periods (90 % confidence interval).

e.g., rates of 3.0 ± 0.7 mm yr�1 (Hay et al. 2015), 2.8 ±
0.5 mm yr�1 (Church and White, 2011; Rhein et al., 2013),
3.1±0.6 mm yr�1 (Jevrejeva et al., 2014), 3.1±1.4 mm yr�1

(Dangendorf et al., 2017) and the estimate from satellite al-
timetry 3.2 ± 0.4 mm yr�1 (Nerem et al., 2010; Rhein et al.,
2013). However, classical tide-gauge-based reconstructions
still tend to overestimate the interannual to decadal variabil-
ity of global mean sea level (e.g., Calafat et al., 2014; Dan-
gendorf et al., 2015; Natarov et al., 2017) compared to global
mean sea level from satellite altimetry, due to limited and
uneven spatial sampling of the global ocean afforded by the
tide gauge network. Sea-level rise being non uniform, spatial
variability of sea-level measured at tide gauges is evidenced
by 2-D reconstruction methods. The most widely used ap-
proach is the use of empirical orthogonal functions (EOFs)
calibrated with the satellite altimetry data (e.g., Church and

www.earth-syst-sci-data.net/10/1551/2018/ Earth Syst. Sci. Data, 10, 1551–1590, 2018
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Global average sea level is rising at an accelerating rate.
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Using statistical and physical models, we can piece together geological 
records and tide gauges from around the world.
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Using statistical and physical models, we can piece together geological 
records and tide gauges from around the world.

Kopp et al. (2016); Kemp et al. (2018); instrumental data from Hay et al. (2015) and Nerem et al. (2018)
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Using statistical and physical models, we can piece together geological 
records and tide gauges from around the world.

Kopp et al. (2016); Kemp et al. (2018); instrumental data from Hay et al. (2015) and Nerem et al. (2018)
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The ocean is rising even faster in the mid-Atlantic 
than in the global average.

Since 1911, sea level in coastal New Jersey has risen by about 18 inches, compared to about 8 
inches in the global average. The difference is largely due to natural land subsidence (about 
7 inches), enhanced by groundwater withdrawal (about 3 inches). 

 

  

 

Figure 2. a) Comparison of coastal ‘New Jersey’ with New York, NY (The Battery). The 'New Jersey’ curve is 
the average of Sandy Hook, Atlantic City, and Cape May. The zero sea-level datum on the upper graph is the 
estimated mean sea-level over 1911-1929. Individual lines represent annual averages of sea-level along the 
New Jersey coast and New York, NY (The Battery), based on tide gauge data. The global curve is based on 
Dangendorf et al. (2019). b) Comparison of coastal ‘New Jersey’ rate of change with New York, NY (The 
Battery), and global mean sea-level. Individual lines represent the rate of sea-level change over 20-year 
periods based on the linear trends. 
  

Source: New Jersey’s Rising Sea STAP Report (2019)
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Ventor, NJ 
Nov. 5, 2017

Sea-level rise is making 
high-tide flooding 
more common.

Sweet and Park (2014) 
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The number of high-tide 
flooding days in Atlantic City 
have increased from less than 1/
year in the 1950s to an average 
of 8/year over the last decade – 
a period over which sea level 
rose by about 9 inches.

Ventor, NJ 
Nov. 5, 2017

Sea-level rise is making 
high-tide flooding 
more common.

Sweet and Park (2014) 
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Sea-level rise is enhancing storm-driven flooding.

Sea-level rise is enhancing 
storm-driven flooding.

David Shankbone / WikiCommons ; Strauss et al. (ju rev.)

FDR Drive, Manhattan 
October 30, 2012
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Sea-level rise is enhancing storm-driven flooding.

Sea-level rise is enhancing 
storm-driven flooding.

David Shankbone / WikiCommons ; Strauss et al. (ju rev.)

FDR Drive, Manhattan 
October 30, 2012

Human-caused sea-level 
rise was responsible for 

about 18% ($11 billion) of 
the Sandy recovery costs in 
New York and New Jersey 

and exposed about 100 
thousand people to Sandy’s 

flooding.
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So what’s driving sea-level rise?
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So what’s driving this rise?

(photo: Knut Christianson)

Shrinking ice sheets and glaciers are responsible for a majority of 
the 3 inches of global average sea-level rise from 1993-2017.
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Shrinking ice sheets and glaciers are responsible for a majority of global average sea-level rise.

Greenland: 
About 0.5 inches since 1993 

Antarctica: 
About 0.3 inches since 1993 

Harig et al. (2015, 2016); WCRP (2018); Rignot et al. (2019)

Mountain glaciers: 
About 0.7 inches since 1993 
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And the potential for sea-level rise from land-ice loss is much larger.

Lemke et al. (2007); Bamber et al. (2001); Lythe et al. (2001)
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Shrinking ice sheets and glaciers are responsible for a majority of global average sea-level rise.

Milne et al. 2009

Contributions over 1993–2017
out of about 3 inches total

50%
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Most of the rest of global rise is due to the ocean expanding in volume as it warms.

Milne et al. 2009

40%

50%

Contributions over 1993–2017
out of about 3 inches total
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Changes in the water stored on land (e.g., in groundwater) accounts for  a small amount.

Milne et al. 2009; budget based on WCRP Global Sea Level Budget Group (2018)) and Rignot et al. (2019)

40% 10%

50%

Contributions over 1993–2017
out of about 3 inches total
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The story becomes more complex when you start looking at specific places!

Milne et al. 2009
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Milne et al. 2009

Contributions over 1993–2017
out of about 4.8 inches total in New Jersey
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Milne et al. 2009

Contributions over 1993–2017
out of about 4.8 inches total in New Jersey

1.3”
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In New Jersey, the land is sinking due to both natural and human processes.

472 NATURE GEOSCIENCE | VOL 2 | JULY 2009 | www.nature.com/naturegeoscience

REVIEW ARTICLE NATURE GEOSCIENCE DOI: 10.1038/NGEO544

each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
di!erent time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a signi"cant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insu#cient before 2004 (refs 15 
and 16). $e development of innovative ways to reduce sampling 
bias17 is important. $e GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
"gure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
di#cult to obtain21. Finally, vertical motion of the ocean %oor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean %oor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are a!ected by a wide variety of processes (panel a). 
Note that absolute sea level is a!ected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
"eld and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). $e spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is o&en stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. $e predicted response departs signi"cantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an ampli"ed rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change re%ect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).

Box 1 | Processes a!ecting sea level.
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Vertical land
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c
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Shrinking land ice does not cause the same amount of sea-level rise everywhere.

472 NATURE GEOSCIENCE | VOL 2 | JULY 2009 | www.nature.com/naturegeoscience
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Changes in winds and currents also contribute to regional sea-level rise.
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each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
di!erent time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a signi"cant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insu#cient before 2004 (refs 15 
and 16). $e development of innovative ways to reduce sampling 
bias17 is important. $e GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
"gure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
di#cult to obtain21. Finally, vertical motion of the ocean %oor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean %oor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are a!ected by a wide variety of processes (panel a). 
Note that absolute sea level is a!ected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
"eld and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). $e spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is o&en stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. $e predicted response departs signi"cantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an ampli"ed rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change re%ect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).
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What sea-level rise can we anticipate in the future?
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To project future changes, we need to project all these processes.
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each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
di!erent time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a signi"cant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insu#cient before 2004 (refs 15 
and 16). $e development of innovative ways to reduce sampling 
bias17 is important. $e GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
"gure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
di#cult to obtain21. Finally, vertical motion of the ocean %oor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean %oor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are a!ected by a wide variety of processes (panel a). 
Note that absolute sea level is a!ected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
"eld and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). $e spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is o&en stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. $e predicted response departs signi"cantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an ampli"ed rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change re%ect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).
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To project future changes, we need to project all these processes.
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each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
di!erent time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a signi"cant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insu#cient before 2004 (refs 15 
and 16). $e development of innovative ways to reduce sampling 
bias17 is important. $e GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
"gure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
di#cult to obtain21. Finally, vertical motion of the ocean %oor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean %oor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are a!ected by a wide variety of processes (panel a). 
Note that absolute sea level is a!ected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
"eld and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). $e spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is o&en stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. $e predicted response departs signi"cantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an ampli"ed rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change re%ect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).
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To project future changes, we need to project all these processes.
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each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
di!erent time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a signi"cant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insu#cient before 2004 (refs 15 
and 16). $e development of innovative ways to reduce sampling 
bias17 is important. $e GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
"gure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
di#cult to obtain21. Finally, vertical motion of the ocean %oor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean %oor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are a!ected by a wide variety of processes (panel a). 
Note that absolute sea level is a!ected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
"eld and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). $e spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is o&en stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. $e predicted response departs signi"cantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an ampli"ed rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change re%ect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).

Box 1 | Processes a!ecting sea level.

Ocean–atmosphere
interaction

Terrestrial water
storage

Ice 
melting

Vertical land
motion

Vertical land
motion

Density 
changes

Ocean circulation

0.0 0.2 0.4 0.6 0.8 1.0 1.1 1.2 1.3 1.4

mm yr–1mm yr–1
–2.0 –1.5 –1.0 –0.5 0.0 0.5 1.0 1.5 2.0

a b

c

ngeo_544_JUL09.indd   472 18/6/09   12:47:27

��)''0�DXZd`ccXe�GlYc`j_\ij�C`d`k\[%�8cc�i`^_kj�i\j\im\[

Framework of Kopp et al. (2014)

modulated by gravitational + 
rotational effects

Historical trends

Historical demand/
population relationship



20

To project future changes, we need to project all these processes.

472 NATURE GEOSCIENCE | VOL 2 | JULY 2009 | www.nature.com/naturegeoscience

REVIEW ARTICLE NATURE GEOSCIENCE DOI: 10.1038/NGEO544

each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
di!erent time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a signi"cant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insu#cient before 2004 (refs 15 
and 16). $e development of innovative ways to reduce sampling 
bias17 is important. $e GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
"gure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
di#cult to obtain21. Finally, vertical motion of the ocean %oor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean %oor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are a!ected by a wide variety of processes (panel a). 
Note that absolute sea level is a!ected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
"eld and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). $e spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is o&en stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. $e predicted response departs signi"cantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an ampli"ed rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change re%ect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).
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each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
di!erent time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a signi"cant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insu#cient before 2004 (refs 15 
and 16). $e development of innovative ways to reduce sampling 
bias17 is important. $e GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
"gure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
di#cult to obtain21. Finally, vertical motion of the ocean %oor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean %oor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are a!ected by a wide variety of processes (panel a). 
Note that absolute sea level is a!ected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
"eld and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). $e spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is o&en stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. $e predicted response departs signi"cantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an ampli"ed rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change re%ect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).

Box 1 | Processes a!ecting sea level.
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Our open-source framework (± modifications) has been 
widely used in US stakeholder-driven assessments

" github.com/bobkopp/LocalizeSL 
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A key driver of the range of possible futures is the range of possible human emissions.



(photo: Knut Christianson)
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Another key driver of the range of projections is the incomplete, rapidly 
evolving scientific understanding of how  ice sheets and the ocean interact.
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Through 2050, we are likely looking at 0.7-2 feet of  rise 
in the Delaware River Basin, regardless of  emissions.

Projected sea-level rise at Philadelphia 
Feet above year 2000 baseline

*2010 (2001-2019 average) Observed = 0.15 ft at Philadelphia, 0.18 ft at Cape May

4 6 13 44 17 48 22 53

2030 2050

Chance SLR 
Exceeds Low Mod. High Low Mod. High Low Mod. High

2 Low End > 95% chance 0.3 0.5 0.6 0.7 0.7 0.8 1.0 1.2 0.8 1.6 2.4

3 > 83% chance 0.4 0.7 0.9 1.0 1.1 1.4 1.7 2.0 1.8 2.5 3.2
4 ~50 % chance 0.7 1.2 1.4 1.6 1.7 2.4 3.0 3.6 3.6 4.6 5.6
5 <17% chance 1.0 1.9 1.9 2.2 2.5 3.6 4.8 5.9 5.7 7.8 9.8
6 High End < 5% chance 1.2 2.4 2.4 2.8 3.2 4.6 6.6 8.5 7.5 13.3 19.0

City code: PHI

*2010 (2001-2019 average) Observed = 0.2 ft on Jersey Shore
Notes: All values are 19-year means of sea-level measured with respect to a 1991-2009 baseline centered 
on the year indicated in the top row of the table. Projections are based on Kopp et al. (2014), Rasmussen et 
al. (2018), and Bamber et al. (2019). Near-term projections (through 2050) exhibit only minor sensitivity to 
different emissions scenarios (<0.1 feet). Low and high emissions scenarios correspond to global-mean 
warming by 2100 of 2°C and 5°C above early Industrial (1850-1900) levels, respectively, or equivalently, 
about 1°C and 4°C above the current global-mean temperature. Moderate (Mod.) emissions are 
interpolated as the midpoint between the high- and low- emissions scenarios and approximately 
correspond to the warming expected under current global policies. Rows correspond to different projection 
probabilities. There is at least a 95% chance of SLR exceeding the values in the ‘Low End’ row, while there is 
less than a 5% chance of exceeding the values in the ‘High End’ row.  There is at least a 66% chance that SLR 
will fall within the values in the ‘Likely Range’. Note that alternative methods may yield higher or lower 
estimates of the chance of low-end and high-end outcomes.

Likely Range

2060 2100 2150
Emissions

4 6 13 44 17 48 22 53

2030 2050

Chance SLR 
Exceeds Low Mod. High Low Mod. High Low Mod. High

2 Low End > 95% chance 0.4 0.7 0.8 0.9 0.9 1.0 1.3 1.5 1.2 2.0 2.8

3 > 83% chance 0.5 0.9 1.1 1.2 1.2 1.6 2.0 2.3 2.2 2.9 3.6
4 ~50 % chance 0.7 1.3 1.5 1.7 1.9 2.7 3.3 3.8 4.1 5.1 6.1
5 <17% chance 1.0 2.0 2.1 2.4 2.7 3.9 5.1 6.2 6.2 8.3 10.3
6 High End < 5% chance 1.2 2.5 2.6 3.0 3.3 5.0 6.9 8.8 8.0 13.8 19.6

City code: CAP

*2010 (2001-2019 average) Observed = 0.2 ft on Jersey Shore
Notes: All values are 19-year means of sea-level measured with respect to a 1991-2009 baseline centered 
on the year indicated in the top row of the table. Projections are based on Kopp et al. (2014), Rasmussen et 
al. (2018), and Bamber et al. (2019). Near-term projections (through 2050) exhibit only minor sensitivity to 
different emissions scenarios (<0.1 feet). Low and high emissions scenarios correspond to global-mean 
warming by 2100 of 2°C and 5°C above early Industrial (1850-1900) levels, respectively, or equivalently, 
about 1°C and 4°C above the current global-mean temperature. Moderate (Mod.) emissions are 
interpolated as the midpoint between the high- and low- emissions scenarios and approximately 
correspond to the warming expected under current global policies. Rows correspond to different projection 
probabilities. There is at least a 95% chance of SLR exceeding the values in the ‘Low End’ row, while there is 
less than a 5% chance of exceeding the values in the ‘High End’ row.  There is at least a 66% chance that SLR 
will fall within the values in the ‘Likely Range’. Note that alternative methods may yield higher or lower 
estimates of the chance of low-end and high-end outcomes.

Likely Range

2060 2100 2150
Emissions

Projected sea-level rise at Cape May 
Feet above year 2000 baseline
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Beyond 2050, projected rise is increasingly sensitive to 
level of  emissions – especially for high-end risks.

Projected sea-level rise at Philadelphia 
Feet above year 2000 baseline

4 6 13 44 17 48 22 53

2030 2050

Chance SLR 
Exceeds Low Mod. High Low Mod. High Low Mod. High

2 Low End > 95% chance 0.3 0.5 0.6 0.7 0.7 0.8 1.0 1.2 0.8 1.6 2.4

3 > 83% chance 0.4 0.7 0.9 1.0 1.1 1.4 1.7 2.0 1.8 2.5 3.2
4 ~50 % chance 0.7 1.2 1.4 1.6 1.7 2.4 3.0 3.6 3.6 4.6 5.6
5 <17% chance 1.0 1.9 1.9 2.2 2.5 3.6 4.8 5.9 5.7 7.8 9.8
6 High End < 5% chance 1.2 2.4 2.4 2.8 3.2 4.6 6.6 8.5 7.5 13.3 19.0

City code: PHI

*2010 (2001-2019 average) Observed = 0.2 ft on Jersey Shore
Notes: All values are 19-year means of sea-level measured with respect to a 1991-2009 baseline centered 
on the year indicated in the top row of the table. Projections are based on Kopp et al. (2014), Rasmussen et 
al. (2018), and Bamber et al. (2019). Near-term projections (through 2050) exhibit only minor sensitivity to 
different emissions scenarios (<0.1 feet). Low and high emissions scenarios correspond to global-mean 
warming by 2100 of 2°C and 5°C above early Industrial (1850-1900) levels, respectively, or equivalently, 
about 1°C and 4°C above the current global-mean temperature. Moderate (Mod.) emissions are 
interpolated as the midpoint between the high- and low- emissions scenarios and approximately 
correspond to the warming expected under current global policies. Rows correspond to different projection 
probabilities. There is at least a 95% chance of SLR exceeding the values in the ‘Low End’ row, while there is 
less than a 5% chance of exceeding the values in the ‘High End’ row.  There is at least a 66% chance that SLR 
will fall within the values in the ‘Likely Range’. Note that alternative methods may yield higher or lower 
estimates of the chance of low-end and high-end outcomes.

Likely Range

2060 2100 2150
Emissions

*2010 (2001-2019 average) Observed = 0.15 ft at Philadelphia, 0.18 ft at Cape May
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Beyond 2050, projected rise is increasingly sensitive to 
level of  emissions – especially for high-end risks.

Projected sea-level rise at Cape May 
Feet above year 2000 baseline

4 6 13 44 17 48 22 53

2030 2050

Chance SLR 
Exceeds Low Mod. High Low Mod. High Low Mod. High

2 Low End > 95% chance 0.4 0.7 0.8 0.9 0.9 1.0 1.3 1.5 1.2 2.0 2.8

3 > 83% chance 0.5 0.9 1.1 1.2 1.2 1.6 2.0 2.3 2.2 2.9 3.6
4 ~50 % chance 0.7 1.3 1.5 1.7 1.9 2.7 3.3 3.8 4.1 5.1 6.1
5 <17% chance 1.0 2.0 2.1 2.4 2.7 3.9 5.1 6.2 6.2 8.3 10.3
6 High End < 5% chance 1.2 2.5 2.6 3.0 3.3 5.0 6.9 8.8 8.0 13.8 19.6

City code: CAP

*2010 (2001-2019 average) Observed = 0.2 ft on Jersey Shore
Notes: All values are 19-year means of sea-level measured with respect to a 1991-2009 baseline centered 
on the year indicated in the top row of the table. Projections are based on Kopp et al. (2014), Rasmussen et 
al. (2018), and Bamber et al. (2019). Near-term projections (through 2050) exhibit only minor sensitivity to 
different emissions scenarios (<0.1 feet). Low and high emissions scenarios correspond to global-mean 
warming by 2100 of 2°C and 5°C above early Industrial (1850-1900) levels, respectively, or equivalently, 
about 1°C and 4°C above the current global-mean temperature. Moderate (Mod.) emissions are 
interpolated as the midpoint between the high- and low- emissions scenarios and approximately 
correspond to the warming expected under current global policies. Rows correspond to different projection 
probabilities. There is at least a 95% chance of SLR exceeding the values in the ‘Low End’ row, while there is 
less than a 5% chance of exceeding the values in the ‘High End’ row.  There is at least a 66% chance that SLR 
will fall within the values in the ‘Likely Range’. Note that alternative methods may yield higher or lower 
estimates of the chance of low-end and high-end outcomes.

Likely Range

2060 2100 2150
Emissions

*2010 (2001-2019 average) Observed = 0.15 ft at Philadelphia, 0.18 ft at Cape May
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Expected number of flood events increases significantly with sea-level rise.
Expected number of extreme sea level events at Atlantic City 
Water level: Historic 10% probability extreme sea level events (3.3’ above high tide line)

2000: 
10% chance per year

Moderate emissions, likely rise (1.4’ by 2050, 3.3’ by 2100)
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Expected number of flood events increases significantly with sea-level rise.
Expected number of extreme sea level events at Atlantic City 
Water level: Historic 10% probability extreme sea level events (3.3’ above high tide line)

2000: 
10% chance per year

2030: 
Annual maximum 

high water

Moderate emissions, likely rise (1.4’ by 2050, 3.3’ by 2100)
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Expected number of flood events increases significantly with sea-level rise.
Expected number of extreme sea level events at Atlantic City 
Water level: Historic 10% probability extreme sea level events (3.3’ above high tide line)

2000: 
10% chance per year

2030: 
Annual maximum 

high water

2055: 
Minor tidal flooding level 

(~5-10 days/yr)

Moderate emissions, likely rise (1.4’ by 2050, 3.3’ by 2100)
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Expected number of flood events increases significantly with sea-level rise.
Expected number of extreme sea level events at Atlantic City 
Water level: Historic 10% probability extreme sea level events (3.3’ above high tide line)

2000: 
10% chance per year

2030: 
Annual maximum 

high water

2055: 
Minor tidal flooding level 

(~5-10 days/yr)

2100: 
Permanent flooding

Moderate emissions, likely rise (1.4’ by 2050, 3.3’ by 2100)
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Expected number of flood events increases significantly with sea-level rise.
Expected number of extreme sea level events at Atlantic City 
Water level: Historic 10% probability extreme sea level events (6.9’ above high tide line) 

2000: 
10% chance per year

2020: 
Annual maximum 

high water

2035: 
Minor tidal flooding level 

(~5-10 days/yr)

2065: 
Permanent flooding

Moderate emissions, high-end rise (2.6’ by 2050, 6.9’ by 2100)
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