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A submerged burial ground in Fiji’s 
Togoru village. Five seawalls built to 
protect it have been knocked down by 
rising waters.

St Mark’s square in Venice on 
Nov 13, 2019. sea level rise of 
1.87 m, highest in more than 50 
yrs, flooding over 85% of the city https://www.theguardian.com/environment/2019/dec/10/venice-floods-sea-level-rise-mose-project

https://www.nytimes.com/interactive/
2014/03/27/world/climate-rising-seas.html 

Sea level rise in the news

https://www.theguardian.com/environment/2019/dec/10/venice-floods-sea-level-rise-mose-project
https://www.nytimes.com/interactive/2014/03/27/world/climate-rising-seas.html
https://www.nytimes.com/interactive/2014/03/27/world/climate-rising-seas.html
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“Mokbul Ahmed, standing on a Kutubdia beach fortified by 
concrete blocks, points to where he had lived and farmed. 
… much of Kutubdia has been swallowed by rising seas”

Sea level rise in the news

Opinion 

Swallowed by the Sea 

You doubt climate change? Come to this island  

— but hurry, before it disappears. 
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“Mokbul Ahmed, standing on a Kutubdia beach fortified by 
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… much of Kutubdia has been swallowed by rising seas”

Sea level rise in the news

Opinion 

Swallowed by the Sea 

You doubt climate change? Come to this island  

— but hurry, before it disappears. 

Current sea level rise is 
~3.5 mm/year…
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“As Sea Levels Rise, Scientists Offer a Bold Idea: Dam the North Sea”

Groeskamp and 
Kjellsson, BAMS 2020

A proposal to build two huge barriers — one that would connect Norway to Scotland, the 
other France to England — was described as a warning about the urgency of the climate 
crisis. (NYTimes, Feb 2020)
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Saemangeum Seawall in South Korea and the Afsluitdijk in the Netherlands 

Groeskamp and 
Kjellsson, BAMS 2020



Global Warming Science 101, Sea level, Xiaoting Yang and Eli Tziperman

Saving Boston!

https://www.greenribboncommission.org/wp-content/uploads/2018/05/Feasibility-of-Harbor-wide-Barriers-Report.pdf 

A report: “Feasibility of Harbor-wide Barrier Systems”

https://www.greenribboncommission.org/wp-content/uploads/2018/05/Feasibility-of-Harbor-wide-Barriers-Report.pdf
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Sea level: definitions
• Relative sea level (RSL): the local height of the sea surface above the solid Earth. Can 

change due to ground uplift or coastal erosion. The global integral of RSL is the total water 
volume in the oceans. 
• Global mean sea level: mean distance from Earth's center, reflects ocean volume. 
• Thermosteric sea level change - Due to thermal expansion of seawater with warming.
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Chapter 13 Sea Level Change

13

Frequently Asked Questions  
FAQ 13.1 |  Why Does Local Sea Level Change Differ from the Global Average?

Shifting surface winds, the expansion of warming ocean water, and the addition of melting ice can alter ocean cur-
rents which, in turn, lead to changes in sea level that vary from place to place. Past and present variations in the 
distribution of land ice affect the shape and gravitational field of the Earth, which also cause regional fluctuations 
in sea level. Additional variations in sea level are caused by the influence of more localized processes such as sedi-
ment compaction and tectonics.

Along any coast, vertical motion of either the sea or land surface can cause changes in sea level relative to the land 
(known as relative sea level). For example, a local change can be caused by an increase in sea surface height, or by a 
decrease in land height. Over relatively short time spans (hours to years), the influence of tides, storms and climatic 
variability—such as El Niño—dominates sea level variations. Earthquakes and landslides can also have an effect by 
causing changes in land height and, sometimes, tsunamis. Over longer time spans (decades to centuries), the influ-
ence of climate change—with consequent changes in volume of ocean water and land ice—is the main contributor 
to sea level change in most regions. Over these longer time scales, various processes may also cause vertical motion 
of the land surface, which can also result in substantial changes in relative sea level.

Since the late 20th century, satellite measurements of the height of the ocean surface relative to the center of the 
Earth (known as geocentric sea level) show differing rates of geocentric sea level change around the world (see 
FAQ 13.1, Figure 1). For example, in the western Pacific Ocean, rates were about three times greater than the global 
mean value of about 3 mm per year from 1993 to 2012. In contrast, those in the eastern Pacific Ocean are lower 
than the global mean value, with much of the west coast of the Americas experiencing a fall in sea surface height 
over the same period. (continued on next page)
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FAQ13.1, Figure 1 |  Map of rates of change in sea surface height (geocentric sea level) for the period 1993–2012 from satellite altimetry. Also shown are relative 
sea level changes (grey lines) from selected tide gauge stations for the period 1950–2012. For comparison, an estimate of global mean sea level change is also shown 
(red lines) with each tide gauge time series. The relatively large, short-term oscillations in local sea level (grey lines) are due to the natural climate variability described 
in the main text. For example, the large, regular deviations at Pago Pago are associated with the El Niño-Southern Oscillation.

IPCC AR5, 2013

FAQ13.1, Figure 1 | Map of rates of change in sea surface height (geocentric sea level) for the 
period 1993–2012 from satellite altimetry.

Sea level: definitions
• Relative sea level (RSL): the local height of the sea surface above the solid Earth. Can 

change due to ground uplift or coastal erosion. The global integral of RSL is the total water 
volume in the oceans. 
• Global mean sea level: mean distance from Earth's center, reflects ocean volume. 
• Thermosteric sea level change - Due to thermal expansion of seawater with warming.
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https://oceanservice.noaa.gov/facts/tide-gauge.html

Old

analog data recorder with a float

Sea level: observation methods
• Tide gauges 
• Seafloor pressure 

sensors 
• Satellite altimeters 
• Paleo proxies: corals, 

ancient sea shores

https://oceanservice.noaa.gov/facts/tide-gauge.html
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https://earth.esa.int/web/eoportal/satellite-missions/j/jason-1

Noor Nabilah Abdullah thesis 2018

Sea level: observation methods
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https://en.wikipedia.org/wiki/Bathurst_Inlet 

Ancient shorelines, Bathurst Inlet,  
Arctic Canada

https://earth.esa.int/web/eoportal/satellite-missions/j/jason-1

Noor Nabilah Abdullah thesis 2018

Sea level: observation methods
• Tide gauges
• Seafloor pressure 

sensors
• Satellite altimeters
• Paleo proxies: corals, 

ancient sea shores

https://en.wikipedia.org/wiki/Bathurst_Inlet
https://earth.esa.int/web/eoportal/satellite-missions/j/jason-1
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workshop 1 a,b:  
characterize sea level rise in time and space
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workshop 1 a,b:  
characterize sea level rise in time and space

discussion:
XX

1b) Spatial structure sea level rise: contour the spatial structure of sea level rise across the
historical period and across the RCP8.5 period, explain your results, in particular discuss the
region of the Southern Ocean. Read carefully the information about the workshop variables.

[3]: # contour sea level changes across historical and rcp85 periods:
# preliminaries, defining configuration of subplots:
projection=ccrs.PlateCarree()
fig,axes=plt.subplots(1,2,figsize=(12,6)\

,subplot_kw={'projection': projection},dpi=200)
cmap = plt.get_cmap('jet')

# plot historical GMSL:
axes[0].set_extent([0, 359.999, -90, 90], crs=ccrs.PlateCarree())
axes[0].coastlines(resolution='110m')
axes[0].gridlines()
c=axes[0].pcolormesh(sealevel_lon,sealevel_lat\

,(sealevel_historical[-1,:,:]-sealevel_historical[0,:,:])\
+(GMSL_thermosteric_historical[-1]-GMSL_thermosteric_historical[0]) \
,vmin=-0.4,vmax=0.4\

,cmap="bwr"\
,transform=ccrs.PlateCarree())

clb=plt.colorbar(c, shrink=0.45, pad=0.02,ax=axes[0],label="meter")
axes[0].set_title("sealevel rise over years "+repr(sealevel_historical_years[-1])

+"-"+repr(sealevel_historical_years[0]))

# plot rcp8.5 GMSL:
axes[1].set_extent([0, 359.999, -90, 90], crs=ccrs.PlateCarree())
axes[1].coastlines(resolution='110m')
axes[1].gridlines()
c=axes[1].pcolormesh(sealevel_lon,sealevel_lat\

,(sealevel_rcp85[-1,:,:]-sealevel_rcp85[0,:,:]) \
+(GMSL_thermosteric_rcp85[-1]-GMSL_thermosteric_rcp85[0]) \
,vmin=-1.2,vmax=1.2\

,cmap="bwr"\
,transform=ccrs.PlateCarree())

clb=plt.colorbar(c, shrink=0.45, pad=0.02,ax=axes[1],label="meter")
axes[1].set_title("sealevel rise over years "+repr(sealevel_rcp85_years[-1])

+"-"+repr(sealevel_rcp85_years[0]))

plt.subplots_adjust(top=0.92, bottom=0.08, left=0.01, right=0.95 \
,hspace=0.15,wspace=0.1)

plt.show();

2) Temperature, density and sea level rise.
2a) Plot ocean water density as function of temperature for 𝑇 = −2, … , 30 °C. Plot the expansion
coefficient 𝛼 (∘C−1) for the same temperature range. Discuss the implications on sea level rise
of the dependence of the expansion coefficient on temperature.

[4]: T=np.arange(-2,30,0.1)
S=T*0+35
P=T*0
rho=gsw.rho(S,T,P)
alpha=gsw.alpha(S,T,P)

print("alpha(2,10)=",gsw.alpha(35,2,0),gsw.alpha(35,10,0)
,"rho(3-2,11-10)=",gsw.rho(35,3,0)-gsw.rho(35,2,0),gsw.rho(35,11,0)-gsw.↪rho(35,10,0))

plt.figure(figsize=(8,4),dpi=150)
plt.subplot(1,2,1)
plt.plot(T,rho)
plt.xlabel("Temperature (C)")
plt.ylabel("density (kg/m$^3$)")

plt.subplot(1,2,2)
plt.plot(T,alpha)
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variable trend and examine temporal variability in acceler-
ation in global sea level during the past 300 years.

3. Results

[7] We first estimate acceleration by the conventional
method used in previous studies [Woodworth, 1990;
Douglas, 1992; Church and White, 2006], defining the
acceleration as the second derivative of sea level with time,
measured in mm/yr2. We calculate an acceleration of
0.01 mm/yr2 (twice the quadratic coefficient) by fitting a
second order polynomial fit to the extended GSL (Figure 1)
for the period 1700–2003. The sea level acceleration of
0.01 mm/yr2 appears to have started at the end of the 18th
century, although a significant increase does not occur until
much later in the 19th century. Figure 1 strongly suggests
that during the last 300 years there have been periods with
faster and slower GSL rise, as mentioned in previous studies
[Jevrejeva et al., 2006; Church and White, 2006;Woodworth
et al., 2008]. The fitted curve smooths short term changes of
sea level, although it is sufficient to reflect the longer-term
changes. Furthermore, we calculate quadratic coefficients
using variable windows (from 10 to 290 years), starting
from 1700 and sliding the windows year –by -year along
the observation period, in order to see the evolution of
acceleration depending on the data span and size of the
window. Figure 2 reveals that during the past 300 years
there are several time periods with positive and negative sea
level acceleration, suggesting that a wide spectrum (from 10
to 100 years) of variability influences estimates of sea level
acceleration, and this leads to ambiguity in the quadratic
fitting of the GSL depending on the time period selected.
This motivated us to use an alternative approach. To
challenge the existence of acceleration in sea level we apply
a method based on MC-SSA [Moore et al., 2005; Jevrejeva
et al., 2006] to estimate the time variable trend in global sea
level and its changes over time. The main advantage of the
method is that we remove 2–30 year variability from the
time series, which is the main difficulty for robust acceler-
ation estimation [Douglas, 1992]. In addition, the instanta-
neous rate of the time variable trend is not very sensitive to
the length of time series.

[8] The time variable trend (Figure 3, top), detected by
the method based on the MC-SSA with a 30-year window
(variability <30 years has been removed), provides im-
proved fitting for the GSL compared with the second order
polynomial curve (Figure 1). Figure 3 (bottom) shows the
evolution of the rate of GSL change, indicating several time
periods of faster and slower sea level rise associated with a
60–70 year variability. The fastest sea level rise, estimated
from the time variable trend with decadal variability re-
moved, during the past 300 years was observed between
1920–1950 with maximum of 2.5 mm/yr. Figure 4 presents
the 20th century time variable GSL trend, calculated with
10-year window, which shows more variability than in
Figure 3. GSL rise during 1992–2002 is 3.4 mm/yr, which
is good agreement with estimates of sea level rise during the
period 1993–2003 from TOPEX/Poseidon satellite altime-
ter measurements (3.1 mm/yr) [Bindoff et al., 2007], pro-
viding an indication of the large contribution from decadal
variability in estimation of sea level rise during short time
periods.
[9] The evolution of the time dependent trend (Figure 3)

shows that dramatic changes in the rate of sea level rise
occurred since the 1780s. The calculated acceleration of
0.01 mm/yr2 using the 300 year long GSL accounts for 6 cm
sea level rise in the 19th century, about 19 cm during the
20th century and will contribute 34 cm sea level rise during
the 21st century. This estimate assumes that the conditions
that produce the present day evolution of sea level will
continue into the future–though the acceleration will de-
pend on the actual rate of temperature increase in the 21st
Century.

4. Discussion

[10] Utilization of time variable trends provides valuable
information about the evolution of sea level rise since 1700,
identifying the periods with faster and slower sea level rise.
Figure 3 provides observational evidence of continuous
increase in the rate of sea level rise during the past 300 years
masked by the substantial influence of low-frequency var-
iability, raising the question of the role of low-frequency
variability in trend and acceleration determination.
[11] The pattern of 60–65 years periodicity of acceleration/

deceleration for the pre-industrial 18th–19th centuries
(Figure 3) suggests a natural source for the long-term

Figure 1. Sea level reconstruction since 1700, the shadow
represents the errors of the reconstruction. The fitted curve
is a second order polynomial fit.

Figure 2. Acceleration (mm/yr2) calculated using moving
windows (10–290 years).

L08715 JEVREJEVA ET AL.: SEA LEVEL ACCELERATION OVER PAST 300 YRS L08715

2 of 4

Global sea level over past 200 yrs 
(started rising at 1800, probably due 
to exist from little ice age) (Jevrejeva etal 2008)

Current sea level rise is ~3.5 mm/year…

Sea level is rising
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Global mean sea level: satellite data (blue) 
without impacts of Mount Pinatubo (red), w/o 
ENSO (green), a quadratic fit (black). (Nerem et al 2018)

(NCAR) Large Ensemble (LE) (21). We also include an estimate
from the NCAR LE of the impact of decadal variability in pre-
cipitable water in the atmosphere, which can impact GMSL.
Therefore, a conservative estimate of the total impact of decadal
variability on our acceleration estimate is the root sum square
(RSS) of these contributions, which is 0.017 mm/y2.
Table 1 shows a summary of the different error estimates. The

final error estimate for the climate-change–driven GMSL ac-
celeration is the RSS of the measurement errors (0.011 mm/y2),
the error in the Pinatubo correction (0.01 mm/y2), the error in
the ENSO correction (0.01 mm/y2), and the errors due to de-
cadal variability (0.017 mm/y2). Their joint consideration yields a
final acceleration estimate of 0.084 ± 0.025 mm/y2.
We can perform an approximate validation of the altimeter-based

GMSL acceleration estimate by examining other satellite and in situ

measurements of the components that contribute to the GMSL
acceleration. The Gravity Recovery and Climate Experiment
(GRACE) mission provides estimates of the cryospheric contribu-
tions to the acceleration of sea-level rise, including Greenland,
Antarctica, and small ice caps and mountain glaciers (22), although
these measurements only start in 2002. As shown in Table 2,
Greenland and Antarctica account for most of the observed GMSL
acceleration (6). The acceleration of thermosteric sea level was
determined from an update to ref. 23. The thermosteric accelera-
tion is small compared with the ice sheets, but on par with the
acceleration from mountain glaciers and small ice caps.
Table 2 summarizes estimates of the contribution of these

components to the acceleration of GMSL. While the time periods
are shorter than covered by the altimetry record, they provide a
rough validation of the altimeter-based acceleration estimate.
Shortening the altimeter record to match GRACE increases the
acceleration, but also significantly increases the error bar. The
main consequence of the shorter time periods is the potential
influence of interannual and decadal variability. Nevertheless, the
agreement between the climate-change–driven acceleration (ad-
justed for ENSO and Pinatubo effects) observed from 25 y of
satellite altimetry and independent acceleration estimates from
the components contributing to GMSL is quite good.
Our estimate of the 25-y GMSL acceleration is 0.084 ±

0.025 mm/y2 (1!) after removing the Pinatubo effect and ac-
counting for the impact of ENSO variations. The probability that
the acceleration is actually zero is less than 1%. The error includes
both the altimeter drift error and the impact of decadal variability.
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Table 1. Components of acceleration error (1!)

Error Source
Acceleration
error, mm/y2

Altimeter measurement
errors

Tide-gauge validation 0.011

Decadal variability Cryosphere (11) 0.014
TWS (NCAR LE) 0.0054
Thermosteric (NCAR LE) 0.0075
Precipitable water (NCAR LE) 0.0013

Pinatubo correction error NCAR LE 0.01
ENSO/PDO correction error Joint EOF analysis 0.01
Total RSS 0.025

Nerem et al. PNAS | February 27, 2018 | vol. 115 | no. 9 | 2023
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variable trend and examine temporal variability in acceler-
ation in global sea level during the past 300 years.

3. Results

[7] We first estimate acceleration by the conventional
method used in previous studies [Woodworth, 1990;
Douglas, 1992; Church and White, 2006], defining the
acceleration as the second derivative of sea level with time,
measured in mm/yr2. We calculate an acceleration of
0.01 mm/yr2 (twice the quadratic coefficient) by fitting a
second order polynomial fit to the extended GSL (Figure 1)
for the period 1700–2003. The sea level acceleration of
0.01 mm/yr2 appears to have started at the end of the 18th
century, although a significant increase does not occur until
much later in the 19th century. Figure 1 strongly suggests
that during the last 300 years there have been periods with
faster and slower GSL rise, as mentioned in previous studies
[Jevrejeva et al., 2006; Church and White, 2006;Woodworth
et al., 2008]. The fitted curve smooths short term changes of
sea level, although it is sufficient to reflect the longer-term
changes. Furthermore, we calculate quadratic coefficients
using variable windows (from 10 to 290 years), starting
from 1700 and sliding the windows year –by -year along
the observation period, in order to see the evolution of
acceleration depending on the data span and size of the
window. Figure 2 reveals that during the past 300 years
there are several time periods with positive and negative sea
level acceleration, suggesting that a wide spectrum (from 10
to 100 years) of variability influences estimates of sea level
acceleration, and this leads to ambiguity in the quadratic
fitting of the GSL depending on the time period selected.
This motivated us to use an alternative approach. To
challenge the existence of acceleration in sea level we apply
a method based on MC-SSA [Moore et al., 2005; Jevrejeva
et al., 2006] to estimate the time variable trend in global sea
level and its changes over time. The main advantage of the
method is that we remove 2–30 year variability from the
time series, which is the main difficulty for robust acceler-
ation estimation [Douglas, 1992]. In addition, the instanta-
neous rate of the time variable trend is not very sensitive to
the length of time series.

[8] The time variable trend (Figure 3, top), detected by
the method based on the MC-SSA with a 30-year window
(variability <30 years has been removed), provides im-
proved fitting for the GSL compared with the second order
polynomial curve (Figure 1). Figure 3 (bottom) shows the
evolution of the rate of GSL change, indicating several time
periods of faster and slower sea level rise associated with a
60–70 year variability. The fastest sea level rise, estimated
from the time variable trend with decadal variability re-
moved, during the past 300 years was observed between
1920–1950 with maximum of 2.5 mm/yr. Figure 4 presents
the 20th century time variable GSL trend, calculated with
10-year window, which shows more variability than in
Figure 3. GSL rise during 1992–2002 is 3.4 mm/yr, which
is good agreement with estimates of sea level rise during the
period 1993–2003 from TOPEX/Poseidon satellite altime-
ter measurements (3.1 mm/yr) [Bindoff et al., 2007], pro-
viding an indication of the large contribution from decadal
variability in estimation of sea level rise during short time
periods.
[9] The evolution of the time dependent trend (Figure 3)

shows that dramatic changes in the rate of sea level rise
occurred since the 1780s. The calculated acceleration of
0.01 mm/yr2 using the 300 year long GSL accounts for 6 cm
sea level rise in the 19th century, about 19 cm during the
20th century and will contribute 34 cm sea level rise during
the 21st century. This estimate assumes that the conditions
that produce the present day evolution of sea level will
continue into the future–though the acceleration will de-
pend on the actual rate of temperature increase in the 21st
Century.

4. Discussion

[10] Utilization of time variable trends provides valuable
information about the evolution of sea level rise since 1700,
identifying the periods with faster and slower sea level rise.
Figure 3 provides observational evidence of continuous
increase in the rate of sea level rise during the past 300 years
masked by the substantial influence of low-frequency var-
iability, raising the question of the role of low-frequency
variability in trend and acceleration determination.
[11] The pattern of 60–65 years periodicity of acceleration/

deceleration for the pre-industrial 18th–19th centuries
(Figure 3) suggests a natural source for the long-term

Figure 1. Sea level reconstruction since 1700, the shadow
represents the errors of the reconstruction. The fitted curve
is a second order polynomial fit.

Figure 2. Acceleration (mm/yr2) calculated using moving
windows (10–290 years).
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3

Observations:  Ocean Chapter 3

be considerably higher or lower than the global mean rate for periods 
of a decade or more.

The preceding discussion of regional sea level trends has focused on 
effects that appear to be related to regional ocean volume change, and 
not those due to vertical land motion. As discussed in Section 3.7.1, 
vertical land motion can dramatically affect local sea level change. 
Some extreme examples of vertical land motion are in Neah Bay, 
Washington, where the signal is +3.8 mm yr–1 (uplift from tectonic 
activity); Galveston, Texas, where the value is –5.9 mm yr–1 (subsid-
ence from groundwater mining); and Nedre Gavle, Sweden where the 
value is +7.1 mm yr–1 (uplift from GIA), all computed from nearby GPS 
receivers (Wöppelmann et al., 2009). These areas will all have long-
term rates of sea level rise that are significantly higher or lower than 
those due to ocean volume change alone, but as these rates are not 
related to climate change, they are not discussed here.

3.7.4 Assessment of Evidence for Accelerations 
in Sea Level Rise

AR4 concluded that there was “high confidence that the rate of global 
sea level rise increased from the 19th to the 20th century” but could 
not be certain as to whether the higher rate since 1993 was reflective of 
decadal variability or a further increase in the longer-term trend. Since 
AR4, there has been considerable effort to quantify the level of decadal 
and multi-decadal variability and to detect acceleration in GMSL and 
mean sea level at individual tide gauges. It has been clear for some 
time that there was a significant increase in the rate of sea level rise 
in the four oldest records from Northern Europe starting in the early 
to mid-19th century (Ekman, 1988; Woodworth, 1990, 1999; Mitchum 
et al., 2010). Estimates of the change in the rate have been computed, 
either by comparing trends over 100-year intervals for the Stockholm 
site (Ekman, 1988; Woodworth, 1990), or by fitting a quadratic term to 
all the long records starting before 1850 (Woodworth, 1990, 1999). The 
results are consistent and indicate a significant acceleration that start-
ed in the early to mid-19th century (Woodworth, 1990, 1999), although 
some have argued it may have started in the late 1700s (Jevrejeva et 
al., 2008). The increase in the rate of sea level rise at Stockholm (the 
longest record that extends past 1900) has been based on differenc-
ing 100-year trends from 1774–1884 and 1885–1985. The estimated 
change is 1.0 [0.7 to 1.3] mm yr–1 per century (1 standard error, as cal-
culated by Woodworth, 1990). Although sites in other ocean basins do 
show an increased trend after 1860 (e.g., Figure 3.12), it is impossible 
to detect a change in the early to mid-1800s in other parts of the ocean 
using tide gauge data alone, as there are no observations.

Numerous studies have attempted to quantify if a detectable accelera-
tion has continued into the 20th century, typically by fitting a quadratic 
to data at individual tide gauges (Woodworth, 1990; Woodworth et 
al., 2009, 2011; Houston and Dean, 2011; Watson, 2011) as well as to 
reconstructed time series of GMSL (Church and White, 2006; Jevrejeva 
et al., 2008; Church and White, 2011; Rahmstorf and Vermeer, 2011), or 
by examining differences in long-term rates computed at different tide 
gauges (Sallenger et al., 2012). Woodworth et al. (2011) find significant 
quadratic terms at the sites that begin before 1860 (all in the NH). 
Other authors using more numerous but significantly shorter records 
have found either insignificant or small negative quadratic terms in sea 

level around the United States and Australia since 1920 (Houston and 
Dean, 2011; Watson, 2011), or large positive quadratic values since 
1950 along the U.S. east coast (Sallenger et al., 2012). However, fitting 
a quadratic term to tide gauge data after 1920 results in highly varia-
ble, insignificant quadratic terms (Rahmstorf and Vermeer, 2011), and 
so only studies that use data before 1920 and that extend until 2000 or 
beyond are suitable for evaluating long-term acceleration of sea level.

A long time scale is needed because significant multi-decadal varia-
bility appears in numerous tide gauge records during the 20th century 
(Holgate, 2007; Woodworth et al., 2009, 2011; Mitchum et al., 2010; 
Chambers et al., 2012). The multi-decadal variability is marked by an 
increasing trend starting in 1910–1920, a downward trend (i.e., level-
ing of sea level if a long-term trend is not removed) starting around 
1950, and an increasing trend starting around 1980. The pattern can 
be seen in New York, Mumbai and Fremantle records, for instance 
(Figure 3.12), as well as 14 other gauges representing all ocean basins 
 (Chambers et al., 2012), and in all reconstructions (Figure 3.14). It is 
also seen in an analysis of upper 400 m temperature (Gouretski et 
al., 2012; Section 3.3.2). Although the calculations of 18-year rates of 
GMSL rise based on the different reconstruction methods disagree by 
as much as 2 mm yr–1 before 1950 and on details of the variability 
(Figure 3.14), all do indicate 18-year trends that were significantly 
higher than the 20th century average at certain times (1920–1950, 
1990–present) and lower at other periods (1910–1920, 1955–1980), 
likely related to multi-decadal variability. Several studies have suggest-
ed these variations may be linked to climate fluctuations like the Atlan-
tic Multi-decadal Oscillation (AMO) and/or Pacific Decadal Oscillation 
(PDO, Box 2.5) (Holgate, 2007; Jevrejeva et al., 2008; Chambers et al., 
2012), but these results are not conclusive. 

While technically correct that these multi-decadal changes represent 
acceleration/deceleration of sea level, they should not be interpreted 
as change in the longer-term rate of sea level rise, as a time series 
longer than the variability is required to detect those trends. Using data 
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Figure 3.14 | 18-year trends of GMSL rise estimated at 1-year intervals. The time is the 
start date of the 18-year period, and the shading represents the 90% confidence. The 
estimate from satellite altimetry is also given, with the 90% confidence given as an error 
bar. Uncertainty is estimated by the variance of the residuals about the fit, and accounts for 
serial correlation in the residuals as quantified by the lag-1 autocorrelation. 

Global mean sea level rate of change time series

IPCC AR5, 2013
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Figure 13.11 |  Projections from process-based models of (a) global mean sea level (GMSL) rise relative to 1986–2005 and (b) the rate of GMSL rise and its contributions as a 
function of time for the four RCP scenarios and scenario SRES A1B. The lines show the median projections. For GMSL rise and the thermal expansion contribution, the likely range 
is shown as a shaded band. The contributions from ice sheets include the contributions from ice-sheet rapid dynamical change, which are also shown separately. The time series 
for GMSL rise plotted in (a) are tabulated in Annex II (Table AII.7.7), and the time series of GMSL rise and all of its contributions are available in the Supplementary Material. The 
rates in (b) are calculated as linear trends in overlapping 5-year periods. Only the collapse of the marine-based sectors of the Antarctic ice sheet, if initiated, could cause GMSL to 
rise substantially above the likely range during the 21st century. This potential additional contribution cannot be precisely quantified but there is medium confidence that it would 
not exceed several tenths of a metre of sea level rise.

(a)

(b)

Projections from process-based models of global mean sea level rise relative to 
1985–2005, under different representative concentration pathways.

IPCC AR5, 2013

Global Mean Sea Level: future projections
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Frequently Asked Questions  
FAQ 13.1 |  Why Does Local Sea Level Change Differ from the Global Average?

Shifting surface winds, the expansion of warming ocean water, and the addition of melting ice can alter ocean cur-
rents which, in turn, lead to changes in sea level that vary from place to place. Past and present variations in the 
distribution of land ice affect the shape and gravitational field of the Earth, which also cause regional fluctuations 
in sea level. Additional variations in sea level are caused by the influence of more localized processes such as sedi-
ment compaction and tectonics.

Along any coast, vertical motion of either the sea or land surface can cause changes in sea level relative to the land 
(known as relative sea level). For example, a local change can be caused by an increase in sea surface height, or by a 
decrease in land height. Over relatively short time spans (hours to years), the influence of tides, storms and climatic 
variability—such as El Niño—dominates sea level variations. Earthquakes and landslides can also have an effect by 
causing changes in land height and, sometimes, tsunamis. Over longer time spans (decades to centuries), the influ-
ence of climate change—with consequent changes in volume of ocean water and land ice—is the main contributor 
to sea level change in most regions. Over these longer time scales, various processes may also cause vertical motion 
of the land surface, which can also result in substantial changes in relative sea level.

Since the late 20th century, satellite measurements of the height of the ocean surface relative to the center of the 
Earth (known as geocentric sea level) show differing rates of geocentric sea level change around the world (see 
FAQ 13.1, Figure 1). For example, in the western Pacific Ocean, rates were about three times greater than the global 
mean value of about 3 mm per year from 1993 to 2012. In contrast, those in the eastern Pacific Ocean are lower 
than the global mean value, with much of the west coast of the Americas experiencing a fall in sea surface height 
over the same period. (continued on next page)
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Map of rates of change in 
sea surface height for the 
period 1993–2012 from 
satellite altimetry. Also shown 
are sea level changes (grey 
lines) from selected tide 
gauge stations for the period 
1950–2012. An estimate of 
global mean sea level is also 
shown (red lines) for 
comparison.

Sea level does not 
change uniformly!

IPCC AR5, 2013

Regional patterns of observed sea-level change
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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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Sea level change: processes
• Thermal expansion 
• Glaciers 
• Land water storage 
• Coastal erosion 
• Other factors (atmospheric pressure, wind stresses, ocean circulation…) 
• Gravitational effects (fingerprint)
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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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Left: energy accumulation of 
distinct components of the 
Earth’s climate system relative 
to 1971. Right: averaged 
temperature trend for 1971–
2010. (a) depth-averaged 0 to 
700 m; (b) zonally averaged 
warming trend with zonal mean 
temperature in black contours. 
(c) globally averaged 
temperature anomaly. (d) 
globally averaged temperature 
difference between ocean 
surface and 200 depth (black: 
annual mean; red: 5-year 
running mean.)
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Box 3.1 | Change in Global Energy Inventory

The Earth has been in radiative imbalance, with less energy exiting the top of the atmosphere than entering, since at least about 1970 
(Murphy et al., 2009; Church et al., 2011; Levitus et al., 2012). Quantifying this energy gain is essential for understanding the response 
of the climate system to radiative forcing. Small amounts of this excess energy warm the atmosphere and continents, evaporate water 
and melt ice, but the bulk of it warms the ocean (Box 3.1, Figure 1). The ocean dominates the change in energy because of its large 
mass and high heat capacity compared to the atmosphere. In addition, the ocean has a very low albedo and absorbs solar radiation 
much more readily than ice. 

The global atmospheric energy change inventory accounting for specific heating and water evaporation is estimated by combining 
satellite estimates for temperature anomalies in the lower troposphere (Mears and Wentz, 2009a; updated to version 3.3) from 70°S 
to 82.5°N and the lower stratosphere (Mears and Wentz, 2009b; updated to version 3.3) from 82.5°S to 82.5°N weighted by the ratio 
of the portions of atmospheric mass they sample (0.87 and 0.13, respectively). These temperature anomalies are converted to energy 
changes using a total atmospheric mass of 5.14 × 1018 kg, a mean total water vapor mass of 12.7 × 1015 kg (Trenberth and Smith, 2005), 
a heat capacity of 1 J g–1 °C–1, a latent heat of vaporization of 2.464 J kg–1 and a fractional increase of integrated water vapor con-
tent of 0.075 °C–1 (Held and Soden, 2006). Smaller changes in 
potential and kinetic energy are considered negligible. Standard 
deviations for each year of data are used for uncertainties, and 
the time series starts in 1979. The warming trend from a linear fit 
from 1979 to 2010 amounts to 2 TW (1 TW = 1012 watts). 

The global average rate of continental warming and its uncer-
tainty has been estimated from borehole temperature profiles 
from 1500 to 2000 at 50-year intervals (Beltrami et al., 2002). 
The 1950–2000 estimate of land warming, 6 TW, is extended into 
the first decade of the 21st century, although that extrapolation 
is almost certainly an underestimate of the energy absorbed, as 
land surface air temperatures for years since 2000 are some of 
the warmest on record (Section 2.4.1).

All annual ice melt rates (for glaciers and ice-caps, ice sheets 
and sea ice from Chapter 4) are converted into energy change 
using a heat of fusion (334 × 103 J kg–1) and density (920 kg 
m–3) for freshwater ice. The heat of fusion and density of ice may 
vary, but only slightly among the different ice types, and warm-
ing the ice from sub-freezing temperatures requires much less 
energy than that to melt it, so these second-order contributions 
are neglected here. The linear trend of energy storage from 1971 
to 2010 is 7 TW.

For the oceans, an estimate of global upper (0 to 700 m depth) 
ocean heat content change using ocean statistics to extrapo-
late to sparsely sampled regions and estimate uncertainties 
(Domingues et al., 2008) is used (see Section 3.2), with a linear 
trend from 1971 to 2010 of 137 TW. For the ocean from 700 to 
2000 m, annual 5-year running mean estimates are used from 
1970 to 2009 and annual estimates for 2010–2011 (Levitus et 
al., 2012). For the ocean from 2000 m to bottom, a uniform rate 
of energy gain of 35 [6 to 61] TW from warming rates centred on 
1992–2005 (Purkey and Johnson, 2010) is applied from 1992 to 
2011, with no warming below 2000 m assumed prior to 1992. 
Their 5 to 95% uncertainty estimate may be too small, as it 
(continued on next page)

Box 3.1, Figure 1 |  Plot of energy accumulation in ZJ (1 ZJ = 1021 J) within 
distinct components of the Earth’s climate system relative to 1971 and from 1971 
to 2010 unless otherwise indicated. See text for data sources. Ocean warming 
(heat content change) dominates, with the upper ocean (light blue, above 700 m) 
contributing more than the mid-depth and deep ocean (dark blue, below 700 m; 
including below 2000 m estimates starting from 1992). Ice melt (light grey; for 
glaciers and ice caps, Greenland and Antarctic ice sheet estimates starting from 
1992, and Arctic sea ice estimate from 1979 to 2008); continental (land) warming 
(orange); and atmospheric warming (purple; estimate starting from 1979) make 
smaller contributions. Uncertainty in the ocean estimate also dominates the total 
uncertainty (dot-dashed lines about the error from all five components at 90% 
confidence intervals).
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Observations:  Ocean Chapter 3

Since AR4 the significant impact of measurement biases in some of 
the widely used instruments (the expendable (XBT) and mechanical 
bathythermograph (MBT) as well as a subset of Argo floats) on esti-
mates of ocean temperature and upper (0 to 700 m) ocean heat con-
tent (hereafter UOHC) changes has been recognized (Gouretski and 
Koltermann, 2007; Barker et al., 2011). Careful comparison of meas-
urements from the less accurate instruments with those from the more 
accurate ones has allowed some of the biases to be identified and 
reduced (Wijffels et al., 2008; Ishii and Kimoto, 2009; Levitus et al., 
2009; Gouretski and Reseghetti, 2010; Hamon et al., 2012). One major 
consequence of this bias reduction has been the reduction of an artifi-
cial decadal variation in upper ocean heat content that was apparent 
in the observational assessment for AR4, in notable contrast to climate 
model output (Domingues et al., 2008). Substantial time-dependent 
XBT and MBT biases introduced spurious warming in the 1970s and 
cooling in the early 1980s in the analyses assessed in AR4. Most ocean 
state estimates that assimilate biased data (Carton and Santorelli, 
2008) also showed this artificial decadal variability while one (Stam-
mer et al., 2010) apparently rejected these data on dynamical grounds. 
More recent estimates assimilating better-corrected data sets (Giese 
et al., 2011) also result in reduced artificial decadal variability during 
this time period.

Recent estimates of upper ocean temperature change also differ in 
their treatment of unsampled regions. Some studies (e.g., Ishii and 
Kimoto, 2009; Levitus et al., 2012) effectively assume a temperature 
anomaly of zero in these regions, while other studies (Palmer et al., 
2007; Lyman and Johnson, 2008) assume that the averages of sampled 
regions are representative of the global mean in any given year, and yet 
others (Smith and Murphy, 2007; Domingues et al., 2008) use ocean 
statistics (from numerical model output and satellite altimeter data, 
respectively) to extrapolate temperature anomalies in sparsely sam-
pled areas and estimate uncertainties. These differences in approach, 
coupled with choice of background climatology, can lead to significant 
divergence in basin-scale averages (Gleckler et al., 2012), especially in 
sparsely sampled regions (e.g., the extratropical Southern Hemisphere 
(SH) prior to Argo), and as a result can produce different global averag-
es (Lyman et al., 2010). However, for well-sampled regions and times, 
the various analyses of temperature changes yield results in closer 
agreement, as do reanalyses (Xue et al., 2012). 

3.2.2 Upper Ocean Temperature

Depth-averaged 0 to 700 m ocean temperature trends from 1971 to 
2010 are positive over most of the globe (Levitus et al., 2009; Figure 
3.1a). The warming is more prominent in the Northern Hemisphere 
(NH), especially the North Atlantic. This result holds in different anal-
yses, using different time periods, bias corrections and data sources 
(e.g., with or without XBT or MBT data) (e.g., Palmer et al., 2007; 
Durack and Wijffels, 2010; Gleckler et al., 2012; Figures 3.1 and 3.9). 
However, the greater volume of the SH oceans increases the contribu-
tion of their warming to global heat content. Zonally averaged upper 
ocean temperature trends show warming at nearly all latitudes and 
depths (Levitus et al., 2009, Figure 3.1b). A maximum in warming south 
of 30°S appears in Figure 3.1b, but is not as strong as in other analyses 
(e.g., Gille, 2008), likely because the data are relatively sparse in this 
location so anomalies are attenuated by the objectively analyzed fields 

Figure 3.1 |  (a) Depth-averaged 0 to 700 m temperature trend for 1971–2010 
(longitude vs. latitude, colours and grey contours in degrees Celsius per decade). (b) 
Zonally averaged temperature trends (latitude vs. depth, colours and grey contours in 
degrees Celsius per decade) for 1971–2010 with zonally averaged mean temperature 
over-plotted (black contours in degrees Celsius). (c) Globally averaged temperature 
anomaly (time vs. depth, colours and grey contours in degrees Celsius) relative to the 
1971–2010 mean. (d) Globally averaged temperature difference between the ocean 
surface and 200 m depth (black: annual values, red: 5-year running mean). All panels 
are constructed from an update of the annual analysis of Levitus et al. (2009).
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used for Figure 3.1 and because warming in the upper 1000 m of the 
Southern Ocean was stronger between the 1930s and the 1970s than 
between the 1970s and 1990s (Gille, 2008). Another warming maxi-
mum is present at 25°N to 65°N. Both warming signals extend to 700 
m (Levitus et al., 2009, Figure 3.1b), and are consistent with poleward 
displacement of the mean temperature field. Other zonally averaged 
temperature changes are also consistent with poleward displacement 
of the mean temperatures. For example, cooling at depth between 
30°S and the equator (Figure 3.1b) is consistent with a southward shift 
of cooler water near the equator. Poleward displacements of some sub-
tropical and subpolar zonal currents and associated wind changes are 
discussed in Section 3.6.

Globally averaged ocean temperature anomalies as a function of depth 
and time (Figure 3.1c) relative to a 1971–2010 mean reveal warm-
ing at all depths in the upper 700 m over the relatively well-sampled 
40-year period considered. Strongest warming is found closest to the 

IPCC AR5, 2013

Sea level change: thermal expansion
The oceans take the largest increase in the storage of heat in the climate system
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Typical vertical ocean temperature profile
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Typical vertical ocean temperature profile
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Temperature increases  
➨ density decreases 
➨ volume increases  
➨ sea level rises

This effect is not spatially uniform: 
(1) warming is not uniform as 
function of lon/lat/depth, 

https://aquarius.umaine.edu/activities/density_SWmix_sink.pdf 

Sea level change: thermal expansion
Sea water expands as temperature rises above freezing point due to salinity. 

https://aquarius.umaine.edu/activities/density_SWmix_sink.pdf
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Temperature increases  
➨ density decreases 
➨ volume increases  
➨ sea level rises

This effect is not spatially uniform: 
(1) warming is not uniform as 
function of lon/lat/depth, 

https://aquarius.umaine.edu/activities/density_SWmix_sink.pdf 

Sea level change: thermal expansion
Sea water expands as temperature rises above freezing point due to salinity. 

(2) seawater density response to 
warming depends on ocean 
temperature ➾ also not uniform, 
even for a given warming.

ΔT = 5 ∘C

ΔT = 10 ∘C

https://aquarius.umaine.edu/activities/density_SWmix_sink.pdf
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notes: thermal expansion, section 4.1.1
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workshop: 2 a, b (leave c for HW) 
temperature, density and 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).

Box 1 | Processes a!ecting sea level.
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Sea level change: processes
• Thermal expansion 
• Ice sheets/ Mountain Glaciers 
• Land water storage 
• Coastal erosion 
• Atmospheric pressure, wind stresses, ocean circulation 
• Gravitational effects (fingerprint)
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https://gracefo.jpl.nasa.gov/resources/33/greenland-ice-loss-2002-2016/

Sea level change: Ice Sheets
Greenland and Antarctica glaciers have been observed to lose ice mass in the 
past decades.

For 1993–2010, GMSL rise from Greenland was 0.4 mm/yr; from Antarctica 0.27 mm/yr, 
difficult to estimate how much is due to natural variability vs anthropogenic climate change 
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https://gracefo.jpl.nasa.gov/resources/33/greenland-ice-loss-2002-2016/ https://grace.jpl.nasa.gov/resources/31/antarctic-ice-loss-2002-2016/

Sea level change: Ice Sheets
Greenland and Antarctica glaciers have been observed to lose ice mass in the 
past decades.

For 1993–2010, GMSL rise from Greenland was 0.4 mm/yr; from Antarctica 0.27 mm/yr, 
difficult to estimate how much is due to natural variability vs anthropogenic climate change 
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http://www.grida.no/resources/5222

Dominant mass balance: 

(1) Greenland ice sheet: 
accumulation (snowfall) and ablation 
(melting and runoff); 

(2) Antarctica ice sheet: 
accumulation (snowfall), ice outflow 
and calving (too cold to melt);

Sea level change: Ice Sheets
mass balance of a glacier/ ice sheet:



Global Warming Science 101, Sea level, Xiaoting Yang and Eli Tziperman

Sea level change: Ice Sheets
Contribution of ice sheets to global mean sea level: 
• For both Greenland and Antarctica, in a warming 

climate, accumulation will increase due to 
increased moisture of warmer air, but melting/ ice 
streams will also increase

-1---
0---

+1---

Figure 10.2:Surface mass balance versus tem-
perature.
Schematic of accumulation (blue), surface ablation
(red), andnet surfacemassbalance (green) as a func-
tion of surface atmospheric temperature.

A schematic of accumulation, surface ablation, and the net surface mass
balance as a function of temperature is shown in Figure 10.2. For cold temper-
atures, snow accumulation (blue curve) increases with temperature due to the
temperature-precipitation feedback. When temperatures increase above freez-
ing, precipitation turns into rain, which may flow off the ice sheet as runoff,
reducing accumulation. Surface ablation (red) is essentially zero for cold tem-
peratures, rapidly increasing for higher temperatures. The net accumulation
(accumulationminus ablation, green line) therefore initially increases with tem-
perature and then rapidly decreases. It is generally believed that Antarctica is
in the regime where an increase in net accumulation is expected with an initial
future warming, while Greenland is in a regime where its net accumulation will
decrease in a future warming.

Albedo feedback and melt ponds

Summer melting of an ice sheet can be accelerated by the formation of melt
ponds (also referred to as TVQSBHMBDJBM MBLFT) shown in the image on the title page
of this chapter. These ponds can develop in response to higher PDD values in a
warmer climate andhave a lowalbedo(⇠0.1), significantly less than that of snow
(⇠0.8) or ice (⇠0.5). The low albedo leads to SW absorption, further melting,
and further growth of the melt ponds. On a much longer timescale, if the ice

176 j CHAPTER 10
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Patterns of precipitation & temperature change. (a,c) 
change in annual-mean precipitation. (b,d) change in 
summer-average temperature. Gregory and Huybrechts 2006

Figure 2. (Opposite.) Ice-sheet mass-balance perturbation expressed as sea-level equivalent. The
perturbation is a function of the annual- and area-average precipitation change DPs=Ps and
temperature change DTs . The dots indicate the decadal-mean values which occur in the AOGCM
scenario experiments considered. The colours show the ensemble average and the contour lines the
standard deviation within the ensemble. Note that the two plots do not use the same colour scale.
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Figure 1. High-resolution patterns of precipitation (%) and temperature (K) change. (a, c) Change
in annual-average precipitation in Antarctica and Greenland for DPhi=PhiZ10%. (b, d) Change in
summer-average temperature for DThiZ1 K. In all cases, the colours show the ensemble average
and the contour lines the standard deviation within the ensemble. The contour lines are thicker for
increasing values and have the same interval as the colours.

J. M. Gregory and P. Huybrechts1716

Phil. Trans. R. Soc. A (2006)

Sea level change: Ice Sheets
Contribution of ice sheets to global mean sea level: 
• For both Greenland and Antarctica, in a warming 

climate, accumulation will increase due to 
increased moisture of warmer air, but melting/ ice 
streams will also increase
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Figure 10.2:Surface mass balance versus tem-
perature.
Schematic of accumulation (blue), surface ablation
(red), andnet surfacemassbalance (green) as a func-
tion of surface atmospheric temperature.

A schematic of accumulation, surface ablation, and the net surface mass
balance as a function of temperature is shown in Figure 10.2. For cold temper-
atures, snow accumulation (blue curve) increases with temperature due to the
temperature-precipitation feedback. When temperatures increase above freez-
ing, precipitation turns into rain, which may flow off the ice sheet as runoff,
reducing accumulation. Surface ablation (red) is essentially zero for cold tem-
peratures, rapidly increasing for higher temperatures. The net accumulation
(accumulationminus ablation, green line) therefore initially increases with tem-
perature and then rapidly decreases. It is generally believed that Antarctica is
in the regime where an increase in net accumulation is expected with an initial
future warming, while Greenland is in a regime where its net accumulation will
decrease in a future warming.

Albedo feedback and melt ponds

Summer melting of an ice sheet can be accelerated by the formation of melt
ponds (also referred to as TVQSBHMBDJBM MBLFT) shown in the image on the title page
of this chapter. These ponds can develop in response to higher PDD values in a
warmer climate andhave a lowalbedo(⇠0.1), significantly less than that of snow
(⇠0.8) or ice (⇠0.5). The low albedo leads to SW absorption, further melting,
and further growth of the melt ponds. On a much longer timescale, if the ice
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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\[

Milne et al 2009

Sea level change: processes
• Thermal expansion 
• Ice sheets/ Mountain Glaciers 
• Land water storage 
• Coastal erosion 
• Atmospheric pressure, wind stress, ocean circulation
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Sea Level change: Mountain glaciers

Stein Glacier, Switzerland, has retreated by 550 m between 2006 (left) and 2015 (right). 
(https://newatlas.com/before-after-photos-glaciers-climate-change/49143/#gallery )

https://newatlas.com/before-after-photos-glaciers-climate-change/49143/#gallery
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Sea Level change: Mountain glaciers

Stein Glacier, Switzerland, has retreated by 550 m between 2006 (left) and 2015 (right). 
(https://newatlas.com/before-after-photos-glaciers-climate-change/49143/#gallery )

The contribution to GMSL from glaciers excluding Greenland 
and Antarctica was 0.76 mm/yr during 1993 to 2010. 

https://newatlas.com/before-after-photos-glaciers-climate-change/49143/#gallery
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warming-driven sea level change patterns
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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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Sea level change: processes
• Thermal expansion 
• Glaciers 
• Land water storage 
• Coastal erosion 
• Atmospheric pressure, wind stress, ocean circulation 
• Gravitational effects (fingerprint)
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Kutubdia, one of sixty offshore islands of 
Bangladesh, is frequently subjected to 
coastal erosion caused by destructive 
ocean waves associated with diurnal high 
tides, tropical cyclones, storm surges, and 
coastal flooding. On 4 August 2012, 
Kutubdia experienced coastal erosion and 
flooding associated with tidal waves, high 
winds, and heavy rainfall for two days that 
flooded twenty of the twenty-nine villages 
of the island. Lands and several dozen 
homesteads disappeared into the sea. This 
was the largest tidal event ... in the last 
twenty years, flooded nearly 70% of the 
total area of the island

“Linking Coastal Disasters and Migration: A Case Study of 
Kutubdia Island, Bangladesh” Rahman et al 2015

Sea level: coastal erosion

Mokbul Ahmed, standing on a Kutubdia 
beach fortified by concrete blocks, points 
to where he had lived and farmed.

Opinion 

Swallowed by the Sea 

You doubt climate change? Come to this island  

— but hurry, before it disappears.
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Kutubdia, one of sixty offshore islands of 
Bangladesh, is frequently subjected to 
coastal erosion caused by destructive 
ocean waves associated with diurnal high 
tides, tropical cyclones, storm surges, and 
coastal flooding. On 4 August 2012, 
Kutubdia experienced coastal erosion and 
flooding associated with tidal waves, high 
winds, and heavy rainfall for two days that 
flooded twenty of the twenty-nine villages 
of the island. Lands and several dozen 
homesteads disappeared into the sea. This 
was the largest tidal event ... in the last 
twenty years, flooded nearly 70% of the 
total area of the island

“Linking Coastal Disasters and Migration: A Case Study of 
Kutubdia Island, Bangladesh” Rahman et al 2015

Sea level: coastal erosion
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Aerial photos of Long Branch, NJ.  
(https://coastal.er.usgs.gov/hurricanes/sandy/photo-comparisons/newjersey.php) 

Sea level change: coastal erosion
• coastal erosion (loss and displacement of land due to wind and ocean) contributes to 
local sea level change. 
•Coastal erosion is not necessarily related to climate change, but may accelerate in a 
warming climate due to rising sea level and stronger storms.

https://coastal.er.usgs.gov/hurricanes/sandy/photo-comparisons/newjersey.php
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Sea level change: coastal erosion
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Sea level change: coastal erosion
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Sea level change: coastal erosion



Global Warming Science 101, Sea level, Xiaoting Yang and Eli Tziperman

Sea level change: coastal erosion
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Sea level change: coastal erosion

Erosion along the coast of the Pacific Ocean in Pacifica, just south 
of San Francisco, Jan 2020(?).  Chang W. Lee, NYTimes
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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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Sea level change: processes
• Thermal expansion 
• Ice sheets/ Mountain Glaciers 
• Land water storage 
• Coastal erosion 
• Atmospheric pressure, wind stresses, ocean circulation 
• Gravitational effects (fingerprint)
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Upper: land water storage and ice sheet contribution to sea level change (IPCC); lower left: 
Glen Canyon Dam (Wiki); lower right: a sinkhole due to ground water depletion in Florida 

(https://floridadep.gov/fgs/sinkholes/content/sinkhole-faq) 
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Figure 13.4 |  Comparison of modelled and observed components of global mean sea level change since 1900. Changes in glaciers, ice sheets and land water storage are shown 
as positive sea level rise when mass is added to the ocean. (a) Ocean thermal expansion. Individual CMIP5 Atmosphere–Ocean General Circulation Model (AOGCM) simulations are 
shown in grey, the AOGCM average is black, observations in teal with the 5 to 95% uncertainties shaded. (b) Glaciers (excluding Antarctic peripheral glaciers). Model simulations 
by Marzeion et al. (2012a) with input from individual AOGCMs are shown in grey with the average of these results in bright purple. Model simulations by Marzeion et al. (2012a) 
forced by observed climate are shown in light blue. The observational estimates by Cogley (2009b) are shown in green (dashed) and by Leclercq et al. (2011) in red (dashed). (c) 
Changes in land water storage (yellow/orange, the sum of groundwater depletion and reservoir storage) start at zero in 1900. The Greenland ice sheet (green), the Antarctic ice 
sheet (blue) and the sum of the ice sheets (red), start at zero at the start of the record in 1991. (d) The rate of change (19-year centred trends) for the terms in (a)–(c), and for the ice 
sheets (5-year centred trends). All curves in (a) and (b) are shown with zero time-mean over the period 1986–2005 and the colours in (d) are matched to earlier panels. (Updated 
from Church et al., 2013) 
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as positive sea level rise when mass is added to the ocean. (a) Ocean thermal expansion. Individual CMIP5 Atmosphere–Ocean General Circulation Model (AOGCM) simulations are 
shown in grey, the AOGCM average is black, observations in teal with the 5 to 95% uncertainties shaded. (b) Glaciers (excluding Antarctic peripheral glaciers). Model simulations 
by Marzeion et al. (2012a) with input from individual AOGCMs are shown in grey with the average of these results in bright purple. Model simulations by Marzeion et al. (2012a) 
forced by observed climate are shown in light blue. The observational estimates by Cogley (2009b) are shown in green (dashed) and by Leclercq et al. (2011) in red (dashed). (c) 
Changes in land water storage (yellow/orange, the sum of groundwater depletion and reservoir storage) start at zero in 1900. The Greenland ice sheet (green), the Antarctic ice 
sheet (blue) and the sum of the ice sheets (red), start at zero at the start of the record in 1991. (d) The rate of change (19-year centred trends) for the terms in (a)–(c), and for the ice 
sheets (5-year centred trends). All curves in (a) and (b) are shown with zero time-mean over the period 1986–2005 and the colours in (d) are matched to earlier panels. (Updated 
from Church et al., 2013) 

Sea level change: land water storage

•Water impoundment by 
human-built reservoirs 
contributes to sea level fall. 
•Groundwater withdrawal 

makes water that was trapped 
on land flow into the ocean, 
contributing to sea level rise. 
This contribution is slowly 
overweighting the contribution 
from water impoundment.
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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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Sea level change: processes
• Thermal expansion 
• Glaciers 
• Land water storage 
• Coastal erosion 
• Atmospheric pressure, wind stresses, ocean circulation 
• Gravitational effects (fingerprint)



Global Warming Science 101, Sea level, Xiaoting Yang and Eli Tziperman

Schematic of a storm surge  
(https://www.nhc.noaa.gov/surge/)

Sea level change: atmosphere pressure
Lower atmospheric pressure gives rise to a higher sea level; a decrease in air 
pressure of 1 hPa (1 mb) increases the water level by 1 cm.



Global Warming Science 101, Sea level, Xiaoting Yang and Eli Tziperman

Schematic of a storm surge  
(https://www.nhc.noaa.gov/surge/)

Katrina, central pressure 920 mb, 
surrounding 1010 mb. SSH ~90 cm!

Sea level change: atmosphere pressure
Lower atmospheric pressure gives rise to a higher sea level; a decrease in air 
pressure of 1 hPa (1 mb) increases the water level by 1 cm.
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Figure 13.17 | Projected ensemble mean sea level change (m) due to changes in atmospheric 
pressure loading, 1986–2005 to 2081–2100 (a) RCP4.5 and (b) RCP8.5 (contour interval 0.005 m)
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Figure 13.16 |  (a) Ensemble mean projection of the time-averaged dynamic and steric 
sea level changes for the period 2081–2100 relative to the reference period 1986–
2005, computed from 21 CMIP5 climate models (in metres), using the RCP4.5 experi-
ment. The figure includes the globally averaged steric sea level increase of 0.18 ± 0.05 
m. (b) Root-mean square (RMS) spread (deviation) of the individual model result around 
the ensemble mean (metres). Note that the global mean is different from the value in 
Table 13.5, by less than 0.01 m, because a slightly different set of CMIP5 models was 
used (see the Supplementary Material).

anomalies there (Yin et al., 2010). It is likely that future thermosteric 
changes will dominate the steric variations in the Southern Ocean, and 
strong compensation between thermosteric and halosteric change will 
characterize the Atlantic (Pardaens et al., 2011a). 

13.6.3 Response to Atmospheric Pressure Changes 

Regional sea level also adjusts to regional changes in atmospheric sea 
level pressure relative to its instantaneous mean over the ocean. Over 
time scales longer than a few days, the adjustment is nearly isostatic. 
Sea level pressure is projected to increase over the subtropics and 
mid-latitudes (depressing sea level) and decrease over high latitudes 
(raising sea level), especially over the Arctic (order several millibars), 
by the end of the 21st century associated with a poleward expansion 
of the Hadley Circulation and a poleward shift of the storm tracks of 
several degrees latitude (Section 12.4.4) (Held and Soden, 2006). These 
changes may therefore contribute positively to the sea level rise in the 
Arctic in the range of up to 1.5 cm and about 2.5 cm for RCP4.5 and 
RCP8.5, respectively (Yin et al., 2010) (Figure 13.17). In contrast, air 
pressure changes oppose sea level rise in mid- and low latitudes albeit 
with small amplitudes. Air pressure may also influence regional sea 
level elsewhere, as demonstr ated by sea level changes in the Mediter-
ranean in the second half of the 20th century (Tsimplis et al., 2005). 

13.6.4 Response to Freshwater Forcing 

Enhanced freshwater fluxes derived from an increase in ice-sheet melt-
water at high latitudes results in a regional pattern of sea level rise 
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Figure 13.17 |  Projected ensemble mean sea level change (metres) due to changes in atmospheric pressure loading over the period from 1986–2005 to 2081–2100 for (a) 
RCP4.5 and (b) RCP8.5 (contour interval is 0.005 m). Standard deviation of the model ensemble due to the atmospheric pressure loading for (c) RCP4.5 and (d) RCP8.5 (contour 
interval is 0.005 m). 
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m. (b) Root-mean square (RMS) spread (deviation) of the individual model result around 
the ensemble mean (metres). Note that the global mean is different from the value in 
Table 13.5, by less than 0.01 m, because a slightly different set of CMIP5 models was 
used (see the Supplementary Material).
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by the end of the 21st century associated with a poleward expansion 
of the Hadley Circulation and a poleward shift of the storm tracks of 
several degrees latitude (Section 12.4.4) (Held and Soden, 2006). These 
changes may therefore contribute positively to the sea level rise in the 
Arctic in the range of up to 1.5 cm and about 2.5 cm for RCP4.5 and 
RCP8.5, respectively (Yin et al., 2010) (Figure 13.17). In contrast, air 
pressure changes oppose sea level rise in mid- and low latitudes albeit 
with small amplitudes. Air pressure may also influence regional sea 
level elsewhere, as demonstr ated by sea level changes in the Mediter-
ranean in the second half of the 20th century (Tsimplis et al., 2005). 
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Enhanced freshwater fluxes derived from an increase in ice-sheet melt-
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IPCC AR5, 2013

Sea level change: atmosphere pressure
Lower atmospheric pressure gives rise to a higher sea level; a decrease in air 
pressure of 1 hPa (1 mb) increases the water level by 1 cm.
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notes section 4.2.1 (part I) 
wind stress and inverse barometric effect 

(use following slides)
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Sea level change: atmospheric pressure
The inverse barometer effect: Higher atmospheric pressure will give rise to a 
lower sea level; an increase in air pressure of 1 hPa lowers the water level by 1 cm.

64 Chapter 4. Sea level

differences in the ocean lead to water movement, and for the new ocean
state to be at equilibrium, the water pressure within the ocean should remain
uniform, with no horizontal gradients. That is, the perturbation to ocean
pressure due to the sea level difference should balance the SLP perturbation.
The perturbation due to an SSH perturbation Dh is the weight of water (per
unit area) due to this perturbation, equal to rwatergDh. The condition that
the total pressure does not change is therefore Dp+rwatergDh= 0, allowing
us to calculate the SSH response Dh. This simple calculation does not take
into account the Coriolis force due to the Earth rotation which is discussed
shortly.

Atmosphere

Ocean

! ! + ΔP
Atmosphere

Ocean

! !

Δh

Figure 4.3: Schematic of how a change to sea-level atmosphere pressure
(SLP), from spatially-uniform on the left to spatially-variable on the right,
affects regional sea level.

Wind stress
Wind changes due to weather or climate variability, or due to climate
change, can lead to a significant regional sea level response. A near-surface
wind of velocity U (m/s), typically measured at 10 meters above the ocean
surface, results in a horizontal force per unit area (“stress”, in units of
N/m2) on the ocean surface, due to the friction between the wind and
the ocean surface. Consider an ocean channel, crudely representing the
Adriatic Sea, for example, of length L1 and width L2. Figure 4.4 shows the
wind stress t pushing the water in a channel to the right, creating a sea level
height difference Dh across the length of the channel. The higher sea level
on the right implies that the ocean pressure is higher there as well, exerting
a push on the water to the left. When the two forces exactly balance, the
water level is in a new equilibrium, allowing us to calculate the equilibrium
SSH response to the wind.

The wind force over the ocean is given by the “bulk formula” t =
rairCD|U |U , where the surface air density is rair = 1.2 kg/m3, and CD is
a nondimensional “drag coefficient”, with a typical value of 0.0013. The
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https://www.youtube.com/watch?v=EDpaQycKsB4

Sea level change: wind stress (Venice flooding 2019)
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https://www.youtube.com/watch?v=EDpaQycKsB4

Sea level change: wind stress (Venice flooding 2019)

Dry Venice canals, Feb 2023 
Luigi Costantini/AP



Global Warming Science 101, Sea level, Xiaoting Yang and Eli Tziperman

change in wind stress can lead 
to regional sea level change
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Sea level change: wind stress
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complicate the interpretation. Similar patterns of sea level
change are also observed in CMIP5 simulations run under
the RCPs scenarios [Yin, 2012]. We study changes in sea
level between the first decade and the tenth decade of the
simulations in both scenarios; for SRESA1B this means the
first and last decade of the 21st century. Though different in
time-profile and forcing agents, these two scenarios produce
comparable magnitude of climate change; for example, the
global mean surface air temperature change after 100 years
is 2.32 ! 0.48 K in CMIP3 SRESA1B and 2.74 ! 0.40 K
in CMIP5 1%CO2. The spatial standard deviation of sea
level change lies within 0.02–0.29 m; this range is reduced

to 0.05–0.11 m for the CMIP5 models except MIROC5
(Table S1). The inter-model spread is somewhat smaller in
CMIP5 than CMIP3 (Figures 2a and 2b), and the signal to
noise ratio (taken as the ratio of the absolute value of the
mean sea level change to the standard deviation) is higher
for CMIP5 than CMIP3 (Figures 2c and 2d). This difference
in the multi-model spread of the CMIP3 SRESA1B and
CMIP5 1%CO2 ensembles is due mainly to the models and
not the forcing (auxiliary material).
[7] For most CMIP3 and CMIP5 models (collectively,

“CMIP3+5”), the most striking feature of projected winds-
tress change is a decrease centred around 40"S and an

Figure 1. Sea level (m), zonal windstress (10#3 Nm#2) and windstress curl (10#9 Nm#3) change for (left) CMIP3 models
and (middle) CMIP5 models and (right) zonal mean. (a–c) Mean CMIP3+5 sea level change, (d–f) mean CMIP3+5 zonal
windstress change, (g–i) mean CMIP3+5 windstress curl change, (j–l) mean sea level change with FAMOUS forced by
the windstress anomalies. The change is given by the difference between the mean of the tenth decade and the mean of
the first decade of the simulations. The sea level change is relative to the global mean. The sea level and windstress change
have been interpolated on a common grid of 3.75" longitude by 2.5" latitude (FAMOUS grid) prior to calculating the mean
and the sea level change in inland seas has been masked. The shaded area indicates the zone considered in Figure 3. The
CMIP3 models are forced by the SRESA1B emissions scenario and the CMIP5 models by the 1%CO2 scenario, i.e., an
increase of CO2 by 1% per year.
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Left: Sea level (m), right: zonal wind stress (10-3 N/m2) changes (over 21st century?) in 
CMIP5 models forced by a 1%/yr CO2 scenario. 

Bouttes et al 2012

Sea level change: wind stress
In a warming climate, models predict the westerlies over the Southern Ocean strengthen & 
shift southward. This may be related to the predicted sea level fall in Southern Ocean.

sea level wind stress
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notes section 4.2.1 (part II) 
ocean currents and the Coriolis force 

(use following slide)
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Ocean currents and the Coriolis force
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Figure 4.6: The Coriolis force and sea level. 
Sea surface height variations across the northward flowing Gulf Stream, showing the 
pressure force from high to low sea level (green arrows) and Coriolis force to the right 
of the current (red arrows). (a) A vertical east-west section (current is denoted by the 
blue symbol of an arrow pointing into the page). (b) A horizontal schematic with the 
Gulf Stream shown by the blue arrow. 
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workshop 4 
Wind forcing, sea level pressure and the Coriolis force
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Figure made after a very similar one by Jerry Mitrovica

before melting

after melting

Sea level change: ice sheets and gravitational effects
• Ice mass loss and water mass redistribution also give rise to regional patterns of sea 

levels rise that deviate from global mean, at different time scales. On rapid time scale:
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Figure made after a very similar one by Jerry Mitrovica

before melting

after melting

before melting

after melting

Wrong

Sea level change: ice sheets and gravitational effects
• Ice mass loss and water mass redistribution also give rise to regional patterns of sea 

levels rise that deviate from global mean, at different time scales. On rapid time scale:
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Sea level fingerprints. Consider an ice sheet melting, adding water mass to the ocean:
Sea level change: ice sheets and gravitational effects

Greenland melting leading to 1 mm/yr GMSL rise ➨ sea level drop within 2000 km of 
Greenland. At the shore of Greenland: a drop of up to 10 mm/yr!
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Sea level fingerprints. Consider an ice sheet melting, adding water mass to the ocean:
• The gravitational attraction of surrounding water will decrease (fast time scale);

Sea level change: ice sheets and gravitational effects

Greenland melting leading to 1 mm/yr GMSL rise ➨ sea level drop within 2000 km of 
Greenland. At the shore of Greenland: a drop of up to 10 mm/yr!
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Sea level fingerprints. Consider an ice sheet melting, adding water mass to the ocean:
• The gravitational attraction of surrounding water will decrease (fast time scale);
• Sea level decreases near melting ice sheet but rises more than global mean in the far field.

Fingerprint of Greenland melting (Milne et al 2009)

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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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\[

Sea level change: ice sheets and gravitational effects

Greenland melting leading to 1 mm/yr GMSL rise ➨ sea level drop within 2000 km of 
Greenland. At the shore of Greenland: a drop of up to 10 mm/yr!
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Sea level fingerprints. Consider an ice sheet melting, adding water mass to the ocean:
• The gravitational attraction of surrounding water will decrease (fast time scale);
• Sea level decreases near melting ice sheet but rises more than global mean in the far field.
• Continent where ice sheet stood will bounce up (1000s years). Ocean floor will rise near   

ice sheet because water flows away, but sink in the far field because water will pile there.

Fingerprint of Greenland melting (Milne et al 2009)
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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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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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Schematic of the sea level fingerprint physics.

Sea level change: ice sheets and gravitational effects

Greenland melting leading to 1 mm/yr GMSL rise ➨ sea level drop within 2000 km of 
Greenland. At the shore of Greenland: a drop of up to 10 mm/yr!
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Fig. 1. (A) Numerical prediction of the present-day rate of change of global sea level ’S!y;c; tp" due to GIA and the contributions to this change from
(B) ice loading ( ’SICE!y;c; tp") and (C) ocean loading ( ’SOCEAN!y;c; tp") (see Eqs. (13) and (9)–(12)). The Earth model adopted in the calculations has
an elastic lithosphere of thickness 120 km; an upper mantle viscosity of 1021 Pa s and a lower mantle viscosity of 5# 1021 Pa s: The colour scale is
chosen to highlight trends within the far-field of the Late Pleistocene ice sheets. Thus, in frames (A) and (B), the predicted fall in sea level over
previously glaciated regions (up to B1 cm=yr) and the predicted rise in sea level within the peripheral forebulge surrounding the uplift centres
(several mm/yr) are both off the colour scale of the plot; these regions appear as blocks of dark red and dark blue, respectively. The solid dot labelled
‘MI’ in frame (A) provides the location of the Malden Island site considered in Figs. 3 and 4.

J.X. Mitrovica, G.A. Milne / Quaternary Science Reviews 21 (2002) 2179–2190 2181

Present-day rate of change of global sea level due to GIA since late Holocene (Mitrovica and Milne 2002).
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chosen to highlight trends within the far-field of the Late Pleistocene ice sheets. Thus, in frames (A) and (B), the predicted fall in sea level over
previously glaciated regions (up to B1 cm=yr) and the predicted rise in sea level within the peripheral forebulge surrounding the uplift centres
(several mm/yr) are both off the colour scale of the plot; these regions appear as blocks of dark red and dark blue, respectively. The solid dot labelled
‘MI’ in frame (A) provides the location of the Malden Island site considered in Figs. 3 and 4.
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Present-day sea level change due to ice sheet melting since the last glacial maximum 21 kyr

Past melting of the Laurentide ice sheet that covered North America 21 kyr ago causes land 
rebound and affects sea level today! Should be considered when examining observations.
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Present-day rate of change of global sea level due to GIA since late Holocene (Mitrovica and Milne 2002).
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Present-day sea level change due to ice sheet melting since the last glacial maximum 21 kyr

Past melting of the Laurentide ice sheet that covered North America 21 kyr ago causes land 
rebound and affects sea level today! Should be considered when examining observations.

relative sea level decreases due to land rebound
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Present-day rate of change of global sea level due to GIA since late Holocene (Mitrovica and Milne 2002).
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Present-day sea level change due to ice sheet melting since the last glacial maximum 21 kyr

Past melting of the Laurentide ice sheet that covered North America 21 kyr ago causes land 
rebound and affects sea level today! Should be considered when examining observations.

relative sea level increases due to land sinking

relative sea level decreases due to land rebound
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NEAR FIELD
Numerical Prediction of Present-Day Rate of Global 
Sea-Level Change Due to Ongoing GIA

Application 1: Ongoing Sea-Level Change Due to the Ice Age
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Present-day rate of change of global sea level due to GIA since late Holocene (Mitrovica and Milne 2002).
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Fig. 1. (A) Numerical prediction of the present-day rate of change of global sea level ’S!y;c; tp" due to GIA and the contributions to this change from
(B) ice loading ( ’SICE!y;c; tp") and (C) ocean loading ( ’SOCEAN!y;c; tp") (see Eqs. (13) and (9)–(12)). The Earth model adopted in the calculations has
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Present-day sea level change due to ice sheet melting since the last glacial maximum 21 kyr

Past melting of the Laurentide ice sheet that covered North America 21 kyr ago causes land 
rebound and affects sea level today! Should be considered when examining observations.

relative sea level increases due to land sinking

relative sea level decreases due to land rebound
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workshop 5  
gravitational effects/ fingerprint
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Summary 
Global mean sea level rise vs. relative sea level rise & regional changes 
The current rise is at a rate of 3.5 mm/year. Projections to 2100 are up to 1 m 
in a business-as-usual scenario 
Processes:  

Thermal expansion 
Glacier/ice sheet melting 
Land water storage 
Coastal erosion 
atmospheric pressure, wind stresses, ocean circulation & the Coriolis force 
Gravitational effects (fingerprint) 
Isostatic rebound from the last glacial maximum
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The End


