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A B S T R A C T .  The study of sea level rise is a highly interdisciplinary 

endeavor w ith im portan t im plications for our society as it adapts to a 

w arm ing climate. A lthough the past two decades have revolutionized 

our understanding of sea level rise and its causes (prim arily mass input 

and ocean warm ing), m ajor scientific challenges m ust be m et before 

useful predictions can be made. The rate of sea level rise has accelerated 

considerably relative to the pre-industrial era. Over the tw entieth century, 

global sea level increased at an average rate of about 2 m m  y r~ \ which 

is substantially larger than the rate o f the previous three millennia. 

Furtherm ore, evidence now  exists for additional acceleration during the 

tw entieth century. Nevertheless, accurate prediction of future sea level rise 

requires continued observations as well as significant advances in  m odeling 

of the coupled ice-ocean-land-atm osphere climate. A m ajor effort is needed 

to sustain data recording from  satellite altimeters (e.g., the Jason series), 

from  tim e-variable gravity missions (e.g., Gravity Recovery A nd Climate 

Experim ent, or GRACE), and from  autonom ous ocean observing systems 

(e.g., Argo). In addition, an interdisciplinary research effort is required to 

address m ajor problem s, including im provem ent of the historical records 

of sea level rise and ocean warm ing, the separation of other geophysical 

processes from  sea level rise signals, and a m ore complete understanding of

interactions between the ocean and ice sheets.
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I N T R O D U C T I O N

Historically, sea level rise has not been 

a topic of keen interest am ong physical 

oceanographers. Rather, it was geolo­

gists and geophysicists who pioneered 

the discovery o f m odern-day sea level 

rise and placed it in  context w ith the 

ebbs and flows of the ice ages, w hen sea 

levels rose and fell by m ore than 100 m. 

Interest in  this topic has spread since 

it has becom e clear that m odern-day 

sea level rise is due in  part to hum an- 

induced global warm ing and that therm al 

expansion accounts for a significant part 

of it (Hegerl et a l , 2007, section 9.5.2). 

Today, understanding and predicting 

sea level rise, bo th  locally and globally, 

has becom e a major focus not just for 

oceanographers but also for climatolo­

gists, geophysicists, and glaciologists alike 

(see Douglas et a l , 2001, for an excellent 

in troductory  text on sea level rise).

This renewed enthusiasm  for the study 

of sea level rise is driven by m ore than 

just academic interest. It was recently 

estim ated that 145 m illion people live 

w ithin 1 m  of present-day sea level 

worldwide (Anthoff et a l , 2006), and in 

the U nited States, 30% of the popula­

tion lives near coastal regions (Crowell 

et al., 2007). These population data 

provide enorm ous incentive to develop 

accurate predictions of sea level rise for 

the com ing decades and centuries. Such 

predictions (Gregory et al., 2006) rem ain 

elusive, however, prim arily because 

of the absence of coupled ice-sheet 

m odeling in  clim ate-m odel projections, 

and the controversy surrounding them  

(e.g., Rahm storf, 2007; Holgate et a l, 

2007; Schm ith et a l ,  2007) provides a 

stark  rem inder of the challenges faced by 

the sea level science community.

O ur understanding of m odern-day

sea level rise was revolutionized by a 

series of satellite altimeters, beginning 

with the launch of TOPEX/Poseidon in 

1992, and continuing with Jason-1 in 

2001 and Jason-2 in  2008. Together with 

data from  the European Remote Sensing 

(ER S)-l/-2/Envisat satellites (1991- 

present), and the Geosat Follow-On 

missions (1998-2008), they have 

provided a continuous and near-global 

record of m odern-day sea level change 

since 1992. Figure 1 shows that sea 

level change revealed by the altimeters 

over 17 years is highly nonuniform . Its 

spatial variability is complex, reflecting a 

m ultitude of different physical processes 

w ith different tim e scales. In fact, this 

pattern  is dom inated by interannual to 

decadal variability that is sim ply aliased 

into the 17-year trend. U nderstanding 

these processes and distinguishing them  

from  one another in  the sea level record 

rem ains one of the p rim ary  challenges to 

the sea level com m unity for decades to 

come. Untangling these signals requires 

not only continued satellite and in  situ 

m easurem ents but also im provem ents in 

global coupled climate models.

By defining globally averaged sea level 

relative to a fixed po in t at the center of 

Earth, the physical causes of sea level 

change can be expressed very sim ply as 

either a change in  ocean volume or a 

change in  ocean-basin shape. Changes 

in  the basins are driven by geophysical 

processes such as glacial isostatic adjust­

m ent (CIA), which refers to the ongoing 

rebound of Earths m antle in  response 

to the disappearance of the giant ice 

sheets over N orth  Am erica and northern  

Europe about 20,000 years ago at the 

end of the last ice age. Over the ocean 

floor, CIA causes a net sinking, bu t such 

changes are thought to be small and

secular com ponents o f m odern-day  sea 

level rise (Douglas and Peltier, 2002). 

Nevertheless, this effect is rem oved from  

m ost estimates of globally averaged 

sea level rise in  the literature that are 

intended to serve as estimates of changes 

in  the oceans volume.

Changes in  ocean volume can be 

caused either by therm al expansion from  

a net gain or loss o f heat by the ocean or 

by a net exchange of freshwater between 

the ocean and the continents (including 

the ice sheets in  G reenland and 

Antarctica, as well as m ountain  glaciers 

and groundwater storage). Because 

the overall salt content of the ocean is 

approxim ately conserved, and the water 

storage capacity o f the atm osphere 

is small, these processes contribute 

negligibly to m odern-day  global m ean 

sea level change. In principle, the redis­

tribution of salt and heat due to m ixing 

or other processes could change ocean 

volume because of the nonlinearity  

of the equation of state o f seawater. 

However, such changes have also been 

estim ated to be very small (Gille, 2004). 

This leaves the net input o f heat and 

freshwater as the dom inant m echanism s 

for the ocean volume change responsible 

for global sea level rise.

Locally, the sea level picture is more 

complicated. Changes in  ocean circula­

tion result in  local sea level variability 

and can m anifest as changes in  density 

(associated with local changes in  ocean 

tem perature and/or salinity), redistri­

bution of ocean mass that appears as 

a change in  bottom  pressure, or some 

com bination of these processes. Sea level 

fluctuations of this nature are typically 

on the order of tens of centimeters, but 

can be as large as one meter. They can 

occur on spatial scales as small as a few
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Figure l .T h e  regional change  in sea  level based  on  th e  17-year t re n d  from  1993 th ro u g h  2009 from  rad a r a ltim e te r d a ta  from  several 
satellites. D espite  a  fairly s tead y  increase  in globally  averaged  sea  level rise (see Figure 2, inset), regional- scale changes over th is  d u ra tio n  

are co m p lica ted  an d  generally  re flec t c hanges in ocean  circulation . P a tte rn s  re flec ting  o th e r  geophysical im pacts, such  as th e  n e t  in p u t o f 

freshw ater a n d  changes in th e  gravity  field d u e  to  loss o f  land ice, are e x p ec te d  to  b eco m e  clearer as th e  reco rd  leng th  increases.

tens of kilom eters or as large as an entire 

ocean basin, with tim e scales from  a few 

weeks to sem i-perm anent. Indeed, m any 

of the features visible in  the 17-year trend 

shown in Figure 1 are likely to be related 

to ocean circulation changes (including 

interannual to decadal changes such as 

El Niño and the Pacific Decadal Oscilla­

tion). Distinguishing these changes from  

those driven by the net uptake of heat or 

freshwater in  the ocean, or changes in  the 

gravity field, rem ains an im portant part 

of ongoing research.

Local sea level changes m ay also be 

driven by changes in  the local geoid, 

or gravity field. Recent w ork suggests 

that continued loss o f continental ice 

will result in  geoid changes that have a 

significant im pact on regional sea level 

(e.g., Bamber et ah, 2009). A lthough 

these effects have so far been too small 

to detect in  the sea level data, credible 

projections will need to include these 

effects, as they will becom e m ore im por­

tant as ice loss continues or increases. In 

coastal regions w ith shrinking glaciers,
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relative sea level is also affected by uplift 

of the land as the local crust responds to 

the loss o f mass, as recently observed in 

G reenland (Jiang et a l , 2010)

M easurem ent of the gravity field has 

also becom e an im portan t technique for 

understanding sea level rise. Loss of ice 

mass from  G reenland, Antarctica, and 

glaciers elsewhere will cause a reduc­

tion in  gravity over the ice sheet, but a 

gain in  gravity over the ocean. Although 

the gravity changes are small, they are 

measurable. In 2002, a pair o f satellites 

called the Gravity Recovery and Climate 

Experim ent (GRACE) was launched to 

m easure these subtle gravity fluctua­

tions. Since then, these satellites have 

m ade m onthly  observations of changes 

in  Earths gravity field, providing a 

powerful tool for understanding sea level
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rise. These observations have been used 

to estimate mass loss from  ice sheets 

in  G reenland, Antarctica, and glaciers 

in  Alaska and Patagonia, all o f which 

contribute to sea level rise. In addition, 

these data provide estimates o f the total 

increase in  ocean mass from  freshwater 

exchange w ith the continents, changes in 

ocean bottom  pressure associated with 

ocean circulation, and GIA in certain 

continental regions with large signals 

caused by postglacial rebound.

It is im portan t to rem em ber that 

while GRACE and altim eters observe 

these changes in  a fixed global reference 

frame, it is the relative sea level rise that 

is im portan t for any given coastline. All 

of the processes m entioned above m ust 

be considered independently  from  the 

local rate o f land uplift or subsidence. 

Local changes in  land elevation m aybe 

driven by tectonic activity, m ining of 

g round water or hydrocarbons, CIA, 

or even elastic rebound of Earths crust 

caused by present-day ice loss as noted 

above. A lthough these processes will for 

the m ost part be beyond the scope of 

this article, they serve to underscore the 

interdisciplinary nature of predicting sea 

level rise and its impacts.

O ther im portan t data for under­

standing the m echanism s of sea 

level rise are direct m easurem ents of 

tem perature and salinity in  the water 

column. A lthough such m easurem ents 

(especially salinity) were relatively sparse 

even in  the upper ocean before 2000, 

over the last decade there has been a 

rapid increase in  the abundance of such 

m easurem ents due to the buildup of the 

Argo array of profiling floats. In 2007, 

this project achieved its goal of seeding 

the ocean with 3000 autonom ous floats 

that m easure tem perature and salinity

to a depth of 2000 m  across the global, 

ice-free ocean.

This article presents an overview of 

recent progress in  understanding the 

problem  of present-day sea level rise, 

w ith an aim toward highlighting the 

major research questions of the next 

decade and beyond. Although such an 

exercise m aybe  inherently  speculative, 

what is absolutely clear is that satellite 

observations will continue to play a 

critical role in  the study of sea level rise. 

A lthough the im pacts o f sea level rise are 

local, m any of the physical processes are 

inherently  global, and m any im portant 

research questions will hinge on the 

continuation and ongoing im provem ent 

of satellite observations.

T I D E  G A U G E S  A N D  T H E  

H I S T O R I C A L  R E C O R D  O F  

S E A  LEVEL RISE

A lthough satellites have yielded a 

rem arkable level o f detailed knowledge 

about sea level rise, tide gauge records 

offer a link  to the past as well as a critical 

calibration tool for satellite observations. 

It was tide gauge data that provided the 

first evidence of an accelerated rate of sea 

level rise for the tw entieth century rela­

tive to pre-industrial periods (Lambeck 

et ah, 2002; Gehrels et a l , 2006;

Kemp et a l ,  2009; also see Figure 2).

Calculating global m ean sea level rise 

from  the lim ited tide gauge netw ork 

has proven to be difficult. Because tide 

gauges are inherently  local m easure­

m ents, changes in  ocean circulation can 

have a considerable impact. As Figure 1 

illustrates, such changes can be as large 

as tens of centim eters and persist for 

decades. These changes are clearly 

significant relative to the historical rate 

of global m ean sea level rise, about

2 m m  yr “1, or about 20 cm over the 

tw entieth century  (Bindoff et a l , 2007).

N um erous techniques have been 

employed to reduce the effects of ocean 

circulation w hen averaging tide gauge 

records. The m ost widely used m ethod 

involves averaging records from  different 

locations to reduce this effect. Early 

estimates o f ocean volume increase 

sim ply averaged together as m any long 

records from  tectonically stable regions 

as possible (Douglas, 2001). More recent 

efforts have attem pted to group records 

into geographically sim ilar locations 

before averaging (M errifield et a l , 2009). 

O ther researchers have m ade use of 

satellite altim eter data to account for 

ocean circulation. For instance, Church 

and W hite (2006) estim ated the dom i­

nan t spatial patterns of sea level change 

based on altim eter data, and then fit 

these patterns to the tide gauge records.

A lthough considerable progress has 

been m ade, further im provem ents to the 

historical record are still needed. A more 

accurate sea level record will illum inate 

decadal variations in  sea level rise as 

well as the relationship between global 

sea level and surface tem perature in  a 

w arm ing world. Im proving our ability to 

account for ocean circulation changes in  

the tide gauge records will be a critical 

part o f this effort. Ocean models, espe­

cially those that use data assimilation 

m ethods, m ay prove to be im portan t 

tools in  this effort.

Finally, tide gauge records also 

provide a critical set o f independent data 

for com parison with satellite observa­

tions. O ngoing com parisons between 

tide gauge records and satellite altim eter 

data have becom e an integral part of 

m aintaining the satellites’ accuracy. 

N um erous biases and errors have been
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Figure 2. C u rren t know ledge o f  e stim ated , observed , a n d  p ro jec te d  global sea  level rise from  

1800 to  2100, u p d a te d  from  Shum  e t  al. (2008). The p re-1900 es tim a te  is b ased  o n  geological 

evidence, w h ich  suggests  a  rise o f 0 .1 -0 .2  m m  y r-1 d u rin g  th is p e rio d  (L am beck e t  al., 2002). 
T he tid e  gauge reco rd  is show n  from  1900 to  2005 (red , u n c e r ta in ty  b o u n d s  sh ad e d  yellow, 

from  C hurch  an d  W hite , 2006), a n d  th e  sate llite  a ltim e try  reco rd  is show n  from  1985 to  2005 

(blue, from  Kuo, 2006). The p ro jec ted  tw e n ty -first c en tu ry  sea level rise o f  2 6 -5 9  cm  is b ased  

o n  c o u p led  c lim ate  m odels using  th e  AI FI scenario, w h ich  assum es high global e co n o m ic  

g row th  a n d  co n tin u e d  heavy reliance o n  fossil fuels fo r th e  rem ain d er o f  th e  c en tu ry  (p ink  

envelope, from  IPCC, 2007). U sing sem i-em pirical m e th o d s , R ah m sto rf (2007) p ro jec ted  m uch  
h igher sea  level rise (5 0 -1 4 0  cm ) th a n  th e  IPCC AR4. T he in set show s e stim ates  o f  globally 

averaged  sea  level rise from  five d ifferen t investigators (a u th o r  C ham bers, p re s en t w ork; Kuo, 

2006; N erem  e t  al., 2010; Leuliette a n d  Scharroo, 2010; A lbain e t  al., 2009), w ith  th e  averaged  

t re n d  be ing  3.2 ± 0.5 m m  y r-1. Here, th e  seasonal signals have b een  rem o v ed  an d  all th e  correc­

tio n s  a re  app lied , includ ing  th e  small im p a c t o f  n e t  sinking  across th e  o cean  floors (also know n 

as glacial iso sta tic  a d ju s tm en t, o r  GIA).

detected and rem oved through such 

com parisons (e.g., M itchum , 1998; 

Cham bers et ah, 2003). For this reason, 

m aintaining a robust netw ork of tide 

gauges will also continue to be a priority  

for the sea level science community.

S AT E L L I T E  A L T I M E T R Y

The launch of TOPEX/Poseidon (T/P) 

in  1992 led to a revolution in  sea level 

change science. Because of T/P in stru ­

m ent precision, im provem ents in 

determ ining the satellite’s orbit, and 

im proved global ocean tide models 

(com puted from  the T/P  m easurem ents), 

scientists are now  able to com pute sea

level variations along the ground track 

at a level approaching the accuracy o f a 

single tide gauge. Unlike a tide gauge, 

however, the m easurem ents are distrib­

uted nearly globally. Repeat m easure­

m ents are m ade only every 10 days, 

not every hour as they are at m ost 

tide gauges. Nevertheless, the 10-day 

sam pling is sufficient to m easure the 

climatic signals in  global m ean sea level 

(Figure 2, inset).

Num erous authors have estim ated 

global m ean sea level using altim etry 

data. After correcting the m easurem ent 

for several know n biases and drifts, the 

m ost recent estimates all agree that sea

level has been rising at around 3 m m  y r-1 

over the last decade and a half (e.g., Kuo, 

2006; Ablain et a l ,  2009; Leuliette and 

Scharroo, 2010; N erem  et a l, 2010;

Shum and Kuo, 2010). Differences are all 

smaller than the 0.5 m m  y r-1 uncertainty 

of the altim eter observations. There are 

also significant seasonal and in teran­

nual fluctuations around the trend 

(Figure 2 inset). The m ain  difficulty 

w ith determ ining accurate sea level rise 

from  altim etry arises from  drifts and 

bias changes in  the m easurem ent. It is 

not a trivial m atter to determ ine such 

changes, especially because the original 

requirem ent for the T /P  m ission was a 

bias that was stable at only 1 cm y r-1.

As discussed in  the previous section, 

significant w ork has been done to devise 

m ethods to accurately calibrate altimeter 

m easurem ents against a global netw ork 

of tide gauges. Because of such calibra­

tion efforts, a num ber of drifts and 

bias changes have been discovered and 

corrected in  the T /P  data. These range 

from  an early software error that caused 

the estimate to be nearly 7 m m  y r -1 too 

high (M itchum, 1998), to drifts in  the 

water vapor correction from  the m icro­

wave radiom eter (Keihm et ah, 2000), 

to changes in  the sea state bias m odel 

(Cham bers et a l , 2003). It is vital that 

such calibration efforts continue in  order 

to obtain an accurate climate record 

from  satellite altimetry.

Figure 2 sum m arizes the current 

knowledge of estimated, observed, 

and projected sea level rise from  1800 

to 2100. This figure reveals significant 

acceleration in  sea level rise since 

about 1900, coinciding with increased 

tem peratures and hum an-caused climate 

forcing. A lthough the observational 

record is becom ing clearer, projections
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rem ain controversial (e.g., Rahmstorf, 

2007; Holgate et a l , 2007; Schm ith et a l , 

2007; G rinsted et a l , 2010), w ith semi- 

em pirical techniques generally providing 

m uch higher projections than coupled 

ocean-atm osphere climate m odel results, 

and no coupled ice-sheet m odel efforts 

so far. The sem i-em pirical techniques, 

however, have been widely criticized 

for their lack o f physical complexity 

(Taboada and A nadón, 2010; Vermeer 

and Rahmstorf, 2010).

data. Here, the therm osteric signal 

is com pensated by a strong negative 

halosteric trend. Unfortunately, ocean 

salinity observations were m uch too 

sparse to com pute such trends in  m ost 

regions until observations from  Argo 

floats becam e widespread during the first 

decade of the twenty-first century.

In addition to explaining m any of 

the regional changes in  sea level, steric 

changes have been invoked to explain 

a significant fraction of global sea level

rise, or m ore specifically, ocean volume 

change. In addition to providing infor­

m ation about sea level rise, estimates of 

therm osteric expansion are of consider­

able im portance to the climate science 

com m unity because they are com parable 

to estimates o f volume-averaged ocean 

warm ing, or ocean heat content. Because 

the ocean is the dom inant reservoir for 

the storage of excess heat in  the climate 

system, increases in  ocean heat content 

reflect an im balance in  the planet’s

H Y D R O G R A P H I C  

M E A S U R E M E N T S

Observations of ocean tem perature and 

salinity over depth play a critical role in 

understanding global sea level rise. A 

great deal o f the regional variability in 

sea level observed by altimeters is also 

reflected in  subsurface tem perature and 

salinity. These tem perature and salinity 

variations affect seawater density and 

cause changes in  sea surface height, or 

sea level. Such density-driven changes 

in  sea surface height are know n as steric 

changes. For m uch of the ocean, tem pera­

ture changes dom inate the steric varia­

tions, and therm osteric sea level often 

accounts for a large part of observed sea 

level variations. Figure 3 illustrates this, 

and shows the trend in  upper-ocean 

therm osteric sea level over the same 

period as that o f Figure 1. The excellent 

correspondence is a reflection of the fact 

that regional variations in  sea level on 

these tim e scales are prim arily caused by 

ocean circulation changes, which appear 

in  both  upper ocean density and sea level. 

For some regions, however, salinity does 

play an im portant role. Note that the 

strong warm ing trend in  therm osteric sea 

level in  the eastern part of the far N orth 

Atlantic is not reflected in  the altimeter

50 100 150 200 250 300 350

Figure 3. ( to p )  1993 to  2008 tre n d  in th e rm o s te r ic  sea  level fo r th e  u p p e r  750 m  o f  th e  ocean  

b ased  o n  a  c o m b in a tio n  o f  a ltim e te r a n d  te m p e ra tu re  profile d a ta , u p d a te d  from  Willis e t  al. 

(2004). T hese regional varia tions m ostly  re flec t changes in ocean  c ircu la tion  th a t  a ffec t u p p e r  
o cean  d en sity  (prim arily  driven  by te m p e ra tu re )  a n d  hence  sea  level, (b o tto m ) D ifference 

b e tw ee n  to ta l an d  th e rm o s te ric  sea level tren d . N o te  th a t  m any  o f  th e  regional signals in 

to ta l sea  level rise are rem o v ed  by su b tra c tin g  th e  u p p e r-o cean  th e rm o s te r ic  c o m p o n e n t. The 

rem ain ing  signal is d u e  in p a r t  to  o cean  m ass increase  (w hich  has a  com para tively  un ifo rm  

spatial p a tte rn ) , d e ep  steric  changes (w hich  are likely to  be p re sen t in th e  b o u n d a ry  c u rre n t 

regions a n d  a t  high la titudes), a n d  steric  changes d u e  to  salin ity  (such as th o se  fo u n d  in th e  
s u b p o la r N o rth  A tlantic).
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radiation budget, or net climate forcing. 

Ocean tem perature, therefore, provides 

a cumulative record of the radiative 

forcing applied to Earths climate.

Estimates of therm osteric sea level 

rise have been significantly revised 

recently due to the discovery of biases in 

one of the m ost widely used instrum ents 

in  the historical data set, expendable 

bathytherm ographs (XBTs). Attem pts to 

correct these biases (Dom ingues et a l, 

2008; Ishii and Kimoto, 2009; Levitus 

et ah, 2009) reduced the decadal vari­

ability in  estimates o f therm osteric sea 

level rise and ocean heat content, and 

brought them  into better agreem ent 

with estimates o f decadal variability in 

coupled climate models (Dom ingues 

et ah, 2008). Despite efforts to remove 

them , significant biases in  the XBT 

data rem ain (Lyman et a l , 2010). The 

m ost recent estimates of upper-ocean 

therm osteric sea level rise range from  

0.4 m m  y r -1 to 0.8 m m  y r -1, accounting 

for 20-60%  of total sea level rise since 

the late 1960s (Dom ingues et a l ,  2008; 

Ishii and Kimoto, 2009; Levitus et a l ,

2009). Trends during the altimeter 

period, however, are significantly larger, 

ranging from  1.4-2.0 m m  y r -1 for the 

period from  1993 to 2008 (Lyman et a l ,

2010). It is still unknow n, however, 

w hether the recent trends are caused 

by interannual to decadal fluctuations 

or a long-term  acceleration in  the rate 

of ocean warming. It is also clear from  

Lyman et al. (2010) that further w ork 

will be needed to reduce the system ­

atic errors in  the XBT data before 

interannual variability in  the pre-Argo 

years can be accurately characterized. 

U nderstanding and accounting for the 

im pacts of data scarcity and biases in  the 

historical record of ocean tem perature

data will continue to be an im portant 

research focus for the com ing decade.

A nother im portan t focus will be to 

understand the ability of the deep ocean 

to absorb heat and how  quickly it does 

so. How m uch steric sea level rise is 

caused by w arm ing below 1000 m, or 

even 3000 m? Lack of data from  the deep 

ocean precludes m aking global estimates 

like those for the upper ocean. However, 

w hen integrated over the entire ocean, 

small tem perature changes in  the deep 

ocean are no t negligible, and efforts to 

observe w arm ing in  the deep ocean will 

be another im portan t observational 

priority  in  the years to come.

C O M B I N I N G  H Y D R O G R A P H Y ,  

A L T I M E T R Y ,  A N D  G R A C E

For the first tim e in  the history of 

m easuring sea level change, we now 

have not only near-global m easurem ents 

of total sea level change from  satellite 

altimetry, but also near-global m easure­

m ents of the steric com ponent from  

Argo and the mass com ponent from  

GRACE. A lm ost as soon as the GRACE 

data becam e available, studies began 

com paring the three data sets to under­

stand the contributions to globally aver­

aged sea level. Cham bers et al. (2004) 

considered only the seasonal com ponent, 

and they verified previous estimates 

based on m odel results (Chen et a l ,

1998) that found ocean mass has a large 

seasonal am plitude (equivalent to ~ 1 cm 

global sea level change). The seasonal 

mass signal is out of phase with the steric 

com ponent, which has a smaller am pli­

tude (~ 5 m m ) due to strong cancellation 

between the N orthern  and Southern 

hem ispheres. W hen com puted on the 

same near-global average, the com bined 

effect of the steric and mass com ponents

leads to the observed seasonal variation 

in  total sea level, which has an am plitude 

of ~ 5 mm.

Subsequent studies extended the 

com parison to longer tim e scales, in ter­

annual fluctuations, and trends (Willis 

et ah, 2008; Leuliette and Miller, 2009; 

Cazenave et ah, 2009). Willis et al. (2008) 

found closure of the sea level budget on 

one- to two-year periods. (The m ean 

sea level budget is expressed as: total 

sea level from  satellite altim etry equals 

the sum  of the steric com ponent [as 

observed from  Argo] and the changes 

in  ocean mass [observed by GRACE].) 

They also confirm ed the existence of 

relatively large interannual changes in 

ocean m ass that are directly reflected in  

sea level. For example, between 2004 and 

2006, Willis et al. (2008) found that m ost 

of the nonseasonal increase in  ocean 

volume could be attributed to ocean 

mass change and no t ocean warming.

By extending their analysis from  m id 

2003 through m id 2007, they found 

that the budget did no t close to better 

than 3 m m  y r -1, which was m ore than 

the expected uncertainties. This finding 

indicated a systematic drift in  one or 

m ore of the observing systems. Leuliette 

and Miller (2009) and Cazenave et al. 

(2009) also considered the sea level 

budget from  January 2004 through early 

2008. All three studies reached different 

conclusions about closure of the sea level 

budget over these m ultiyear periods. 

Efforts to characterize and remove 

systematic errors from  these observing 

systems are ongoing.

M uch of the discrepancy in  sea level 

budget has since been resolved by addi­

tional data processing. In addition to 

problem s arising from  sparse sampling 

in  early 2004, sm all pressure corrections
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continue to be applied to certain  types of 

Argo floats. Several biases in  the altim ­

eter tim e series have also affected these 

studies. The m ost updated version of 

the Jason-1 altim eter data at the tim e of 

this w riting (GDR-C) includes im prove­

m ents to the sea state bias model, which 

applies a correction for the presence of 

gravity waves, the microwave radiom eter 

m easurem ent that is used to correct 

the data for the delay caused by water 

vapor in  the atm osphere, and several 

other updates. After correction for all 

of these biases, globally averaged sea 

level in  the Jason-1 GDR-C data has a 

significantly lower trend over the time 

intervals considered in  the three studies, 

by 0.7 m m  y r -1 (Nerem  et a l ,  2010). 

These biases underscore the need for 

continual scrutiny o f the satellite and 

in  situ data and a need for independent 

observing systems such as multiple 

satellite altimeters w ith differing in stru ­

m ent designs, the tide gauge network, 

Argo, and GRACE.

After elim inating biased floats and 

using the latest Jason-1 data (GDR-C), 

there is no significant difference in  the 

sea level budget after 2005. Subtracting 

Argo steric height from  altim etric total 

sea level gives an inferred estimate of 

ocean mass, which can be com pared 

w ith GRACE (Figure 4). The residual 

trend between ocean mass from  GRACE 

and that com puted from  steric-corrected 

altim etry is less than 0.1 m m  y r -1, which 

is m uch smaller than the expected 

uncertainty o f any com ponent. All three 

data sets agree that the mass com ponent 

of sea level rise between 2005 and 2010 

is 1.3 ± 0.6 m m  y r -1. It should be noted, 

however, that there is still significant 

uncertainty in  this trend, including 

potential long-term  systematic errors

due to, for example, inaccuracies in  the 

CIA correction, drifts in  the altimeter 

data, and pressure biases in  the Argo 

data. Furtherm ore, care should be used 

in  assum ing this value is representative 

of the longer-term  trend. As Willis et al. 

(2008) noted, there are large in terannual 

fluctuations in  mass related to water 

exchange w ith the continents. It will take 

a tim e series that is m uch longer than 

a decade to average out these transient 

fluctuations in  order to quantify the true 

long-term  rate of mass gain in  the ocean.

F U T U R E  C H A L L E N G E S

A lthough the science of sea level rise 

has grown rapidly over the past two 

decades, m ajor challenges rem ain. 

Moving toward m eaningful predic­

tions of sea level rise requires observing

2 0 .0  r-

systems to be im proved and sustained, 

as well as an interdisciplinary approach 

by researchers. The aim of this research 

should be to account for all of the factors 

that affect sea level, including oceano­

graphic, cryospheric, and geophysical. 

W hile this article has focused prim arily 

on the oceanographic aspects of sea level 

rise, m ajor w ork in  predicting future sea 

level hinges on the ability o f glaciologists 

to predict the shrinking of the ice sheets 

in  G reenland and Antarctica. Recent 

w ork suggests that changes in  ocean 

circulation m ay play a crucial role in 

that process as well (Rignot et a l , 2010; 

Straneo et a l, 2010). U nderstanding the 

interactions between the ocean and ice 

sheets is just one m ultidisciplinary aspect 

of future sea level rise research.

It is also im portan t to continue to
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-  GRACE
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Figure 4. O cean  m ass m easu red  from  th e  tim e-variab le  gravity  sate llite  m ission GRACE 

(G ravity  Recovery A nd  C lim ate Experim ent, red ) an d  inferred  from  s teric -co rrected  Jason-1 
a n d  Jason-2  a ltim e try  (b lue). T he steric  co rrec tio n  is ca lcu la ted  from  A rgo d a ta  w ith  all 

p o ten tia lly  b iased  flo a t d a ta  rem oved . To allow  for a d e q u a te  global coverage by Argo, th e  

in ferred  e s tim a te  o f  ocean  m ass is c o m p u te d  on ly  fo r th e  years from  2005 on . T he m o s t 

recen tly  re leased  Jason-1 a n d  Jason-2  d a ta  (GDR-C) w ere  u sed  here, a n d  th e  GRACE d a ta  

w ere  c o rre c te d  fo r GIA using th e  m odel re c o m m e n d e d  in C ham bers e t  al. (in press). The 

exce llen t a g re em e n t suggests  th a t  th e  th re e  observ ing  system s, Jason, GRACE, an d  Argo, are 
accu ra te  en o u g h  to  c ap tu re  to ta l sea  level varia tion  a n d  its causes on  th e se  tim e  scales. The 

seasonal cycle is d o m in a te d  by th e  yearly exchange o f  w a te r  b e tw een  o cean  an d  land  re la ted  

to  th e  hydrologie  cycle. T he t re n d  b e tw een  2005 a n d  2010 is 1.3 ± 0.6 m m  y r-1.
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quantify the effects of local decadal 

variations in  ocean currents on the 

trends estim ated from  tide gauges. We 

need to understand not only the effect of 

averaging such variations on estimates 

of m ean sea level, bu t we also need to 

quantify the patterns, amplitudes, and 

frequency of past variations. A lthough 

there are num erous plans (including 

those of the U nited States, European 

U nion, India, and China) to launch 

ongoing satellite altim eter missions, 

it is vital to m aintain dedicated and 

knowledgeable science teams to calibrate 

and validate the m easurem ents in  order 

to m aintain a stable climate record. To 

accomplish this task, the tide gauge 

netw ork that exists today m ust be m ain ­

tained, along w ith the m easurem ents 

that enable us to com pute a stable terres­

trial reference frame. The m easurem ents 

include data from  satellite laser ranging 

and very-long baseline in terferom etry in  

addition to GPS.

To m ake predictions of future sea 

level rise, we m ust first understand the 

m echanism s of past and current sea level 

change. To address these issues, we m ust 

improve estimates o f historical tem pera­

ture change from  instrum ents such as 

XBTs, continue the Argo program , and 

begin observing the tem perature changes 

in  the deep ocean on a global basis. 

Finally, we m ust continue to m easure 

global tim e-variable mass changes in  the 

ocean and ice sheets from  a m ission like 

GRACE. Ice sheets are the largest sources 

of potential sea level rise, yet they are 

also the m ost uncertain  variable in  term s 

of predicting future rise. M easurem ents 

from  GRACE give a unique perspective 

on how  the ice sheets are changing in 

our current climate. GRACE m easure­

m ents, however, are the m ost likely to

disappear som etim e in  the next few 

years. The original three-year mission 

has been extended well into eight years, 

but the satellites are not likely to last 

beyond 2013 because they will encounter 

increasing atm ospheric density as their 

orbits decay. A plan to replace GRACE 

has recently been put into place, b u t it 

rem ains unclear w hether the current 

satellites will last long enough to provide 

overlap with their replacement.

The prediction of sea level rise has 

profound im plications for society. O f 

all the challenges described above, 

predicting future sea level rise rem ains 

the m ost difficult and the m ost im por­

tant. In the decade to come, space-based 

observing systems will continue to 

provide a global view of sea level rise and 

its causes. These observations will lay 

the groundwork, but a comprehensive 

m ultidisciplinary effort is required to 

move toward complete understanding of 

sea level change.

A C K N O W L E D G E M E N T S

This w ork was carried out in  part at 

the Jet Propulsion Laboratory (JPL), 

California Institute o f Technology, 

under a contract with the US National 

Aeronautics and Space A dm inistration 

(NASA). W ork at the University o f South 

Florida was carried out under a grant 

from  the NASA Interdisciplinary Science 

Team. Research at National Cheng-Kung 

University is funded by the National 

Research Council, Taiwan. The Ohio 

State University (OSU) com ponent o f this 

w ork is supported by NASAs Physical 

Oceanography Program  (NNX09AF42G) 

and by OSU’s Climate, Water and 

C arbon Program  (http://cwc/osu.edu). 

The GRACE data are from  University 

of Texas Center for Space Research

(UTCSR), the G erm an Research Center 

for Geosciences (GFZ), and JPL, and the 

altimeter data are from  NASA, Centre 

National d’Études Spatiales, European 

Space Agency, and US Navy via the 

National Oceanic and Atmospheric 

A dm inistration. We thank  A. Cazenave, 

W. Llovel, E. Leuliette, and S. Nerem  

for providing their processed satellite 

altim etry sea level time series for this 

study. We acknowledge reviewers Anny 

Cazenave, Steve Nerem, and Neil W hite 

for their constructive com ments. SZ

R E F E R E N C E S
Anthoff, D., R.J. Nicholls, R.S.J. Tol, and

A.T. Vafeidis. 2006. Global and regional expo­
sure to large rises in sea-level: A sensitivity 
analysis. Working Paper 96. Tyndall Centre for 
Climate Change Research, Norwich. Available 
online at: http://www.tyndall.ac.uk/biblio/ 
working-papers?biblio_year=2006 (accessed 
September 19, 2010).

Ablain, M., A. Cazenave, S. Guinehut, and
G. Valladeau. 2009. A new assessment of global 
m ean sea level from  altimeters highlights a 
reduction o f global slope from  2005 to 2008 in 
agreement with in-situ measurements. Ocean 
Sciences 5:193-201.

Bamber, J.L., R.E.M. Riva, B.L.A. Vermeersen, 
and A.M. LeBroq. 2009. Reassessment of the 
potential sea-level rise from  a collapse of the 
West Antarctic lee Sheet. Science 324:901-903, 
doi: 10.1126/science. 1169335.

Bindoff N.L., J. W illebrand, V. Artale, A. Cazenave, 
J. Gregory, S. Gulev, K. Hanawa, C. Le Quéré,
S. Levitus, Y. Nojiri, and others. 2007. 
Observations: Oceanic climate change and sea 
level. Pp. 385-432 in Climate Change 2007: The 
Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change,
S. Solomon, D. Qin, M. Manning, Z. Chen,
M. Marquis, K.B. Averyt, M. Tignor, and
H.L. Miller, eds, Cambridge University Press, 
Cambridge, UK, and New York, NY.

Cazenave, A., K. Dom inh, S. Guienhut, E. Berthier, 
W. Llovel, G. Ramillien, M. Ablain, and
G. Larnicol. 2009. Sea level budget over 
2003-2008: A re-evaluation from  GRACE space 
gravimetry, satellite altim etry and Argo. Global 
and Planetary Change 65(1—2):83—88. 

Chambers, D.P., S.A. Hayes, J.C. Ries, and 
T.J. Urban. 2003. New TOPEX sea state bias 
models and their effect on global m ean sea 
level, journal o f Geophysical Research 108(C10), 
3305, doi: 10.1029/2003JC001839.

34 Oceanography | Vol. 23, N o.4

http://cwc/osu.edu
http://www.tyndall.ac.uk/biblio/


Chambers, D.P., J. Wahr, and R.S. Nerem. 2004. 
Prelim inary observations of global ocean mass 
variations with GRACE. Geophysical Research 
Letters 31, L13310, doi:10.1029/2004GL020461.

Chambers, D.P., J. Wahr, M.E. Tamisiea, and
R.S. Nerem. In press. Ocean mass from  GRACE 
and Glacial Isostatic Adjustment. Journal o f 
Geophysical Research.

Chen, J.L., C.R. Wilson, D.P. Chambers,
R.S. Nerem, and B.D. Tapley. 1998. Seasonal 
global water mass balance and m ean sea 
level variations. Geophysical Research 
Letters 25:3,555-3,558.

Church, J.A., and N.J. W hite. 2006. A 20th 
century acceleration in global sea-level rise. 
Geophysical Research Letters 33, L01602, 
doi:10.1029/2005GL024826.

Crowell, M., S. Edelman, K. Coulton, and 
S. McAfee. 2007. How many people live in 
coastal areas? Journal o f Coastal Research 23:5.

Domingues, C.M., J.A. Church, N.J. White,
P.J. Gleckler, S.E. Wijffels, P.M. Barker, and 
J.R. Dunn. 2008. Improved estimates o f upper- 
ocean warming and multi-decadal sea-level rise. 
Nature 453:1,090-1,095.

Douglas, B.C. 2001. Sea level change in the era of 
the recording tide gauge. Pp. 37-64 in Sea Level 
Rise: History and Consequences. B.C. Douglas, 
M.S. Kearney, and S.P. Leatherman, eds, 
International Geophysics Series, vol. 75, 
Academic Press.

Douglas, B.C., and W.R. Peltier. 2002. The puzzle of 
global sea-level rise. Physics Today 55(3):35-40.

Douglas, B.C., M.S. Kearney, and S.P. Leatherman, 
eds. 2001. Sea Level Rise: History and 
Consequences. International Geophysical Series, 
vol. 75, Academic Press, 232 pp.

Gehrels, W., W. Marshall, M. Gehrels, G. Larsen,
J. Kirby, J. Eiriksson, J. Heinemeier, and 
T. Shimmield. 2006. Rapid sea-level rise in the 
N orth Atlantic Ocean since the first half o f the 
nineteenth century. TheHolocene 16:949-965.

Gille, S.T. 2004. How nonlinearities in the 
equation of state of seawater can confound 
estimates of steric sea level change. Journal 
o f Geophysical Research 109, C03005, 
doi:10.1029/2003JC002012.

Gregory, J., J. Lowe, and S. Tett. 2006. Simulated 
global-mean sea-level changes over the last half­
millennium. Journal o f Climate 19:4,576-4,591.

Grinsted, A., J.C. Moore, and S. Jevrejeva. 2010. 
Reconstructing sea level from  paleo and 
projected temperatures 200 to 2100 AD. Climate 
Dynamics. 34:461-472.

Hegerl, G.C., F.W. Zwiers, P. Braconnot, N.P. Gillett, 
Y. Luo, J.A. Marengo Orsini, N. Nicholls,
J.E. Penner, and P.A. Stott, 2007. Understanding 
and attributing climate change. Pp. 663-745 in 
Climate Change 2007: The Physical Science Basis. 
Contribution o f Working Group I to the Fourth 
Assessment Report o f the Intergovernmental 
Panel on Climate Change, S. Solomon, D. Qin, 
M. Manning, Z. Chen, M. Marquis, K.B. Averyt,

M. Tignor, and H.L. Miller, eds, Cambridge 
University Press, Cambridge, UK, and 
New York, NY.

Holgate, S.J., S. Jevrejeva, P.L. Woodworth, 
and S. Brewer. 2007. Com m ent on “A semi- 
empirical approach to projecting future 
sea-level rise.” Science 317:1,866, doi:10.1126/ 
science. 1140942.

IPCC. 2007. Summary for policymakers. Pp. 1-18 
in Climate Change 2007: The Physical Science 
Basis. Contribution of Working Group I 
to the Fourth Assessment Report o f the 
Intergovernmental Panel on Climate Change,
S. Solomon, D. Qin, M. Manning, Z. Chen,
M. Marquis, K.B. Averyt, M. Tignor, and
H.L. Miller, eds, Cambridge University Press, 
Cambridge, UK, and New York, NY.

Ishii, M., and M. Kimoto. 2009. Réévaluation of 
historical ocean heat content variations with 
time-varying XBT and MBT depth bias correc­
tions. Journal o f Oceanography 65:287-299.

Jiang, Y., T.H. Dixon, and S. Wdowinski, 2010. 
Accelerating uplift in the N orth Atlantic 
region as an indicator o f ice loss. Nature 
Geoscience 3:404-407.

Keihm, S.J., V. Zlotnicki, and C.S. Ruf. 2000. 
TOPEX microwave radiom eter performance 
evaluation. IEEE Transactions on Geoscience 
and Remote Sensing 38:1,379-1,386.

Kemp, A.C., B.P. Horton, S.J. Culver, D.R. Corbett, 
O. van de Plassche, W.R. Gehrels, B.C. Douglas, 
and A.C. Parnell. 2009. Timing and m agni­
tude of recent accelerated sea-level rise 
(North Carolina, United States). Geology 
37(11):1,035-1,038, doi:10.1130/G30352A.l.

Kuo, C.Y. 2006. Determination and Characteri­
zation o f  20th Century Global Sea Level Rise. 
Ohio State University Report No. 478.

Lambeck, K., T. Esat, and E. Potter. 2002. Links 
between climate and sea levels for the past three 
million years. Nature 419:199-206.

Leuliette, E.W., and L. Miller. 2009. Closing the 
sea level rise budget with altimetry, Argo, 
and GRACE. Geophysical Research Letters 36, 
L04608, doi:10.1029/2008GL036010.

Leuliette, E., and R. Scharroo. 2010. Integrating 
Jason-2 into a multiple-altimeter climate 
data record. Marine Geodesy. 33:504-517, 
doi: 10.1080/01490419.2010.487795.

Levitus, S., J.I. Antonov, T.P. Boyer, R.A. Locarnini,
H.E. Garcia, and A.V. Mishonov. 2009. Global 
ocean heat content 1955-2008 in light of 
recently revealed instrum entation problems. 
Geophysical Research Letters 36, L07608, 
doi:10.1029/2008GL037155.

Lyman, J.M., S.A. Good, V.V. Gouretski, M. Ishii, 
G.C. Johnson, M.D. Palmer, D.M. Smith, and 
J.K. Willis. 2010. Robust warming of the global 
upper ocean. Nature, 465:334-337, doi: 10.1038/ 
nature09043.

Merrifield, M.A., S.T. Merrifield, and
G.T. Mitchum. 2009. An anomalous recent 
acceleration of global sea level rise. Journal o f 
Climate 22:5,772-5,781.

Mitchum, G.T. 1998. Monitoring the stability of 
satellite altimeters with tide gauges. Journal 
o f Atmospheric and Oceanic Technology 
15:721-730.

Nerem, R.S., D.P. Chambers, C. Choe, and
G.T. Mitchum. 2010. Estimating m ean sea level 
change from  the TOPEX and Jason altimeter 
missions. Marine Geodesy, 33:435-446, 
doi: 10.1080/01490419.2010.491031.

Rahmstorf, S. 2007. A semi-empirical
approach to projecting future sea-level rise. 
Science 315:368-370.

Rignot, E., M. Koppes, and I. Velicogna. 2010. 
Rapid submarine melting o f the calving 
faces of West Greenland glaciers. Nature 
Geosciences 3:187-191.

Shum, C., and C. Kuo. 2010. Observation and 
geophysical causes o f present-day sea level 
rise. Chapter 7 in Climate Change and Food 
Security in South Asia. R. Lai, M. Sivakumar, 
S.M.A. Faiz, A.H.M. Mustafizur Rahman, and 
K.R. Islam, eds, Springer Verlag, Holland.

Shum, C., C. Kuo, and J. Guo. 2008. Role of
Antarctic ice mass balances in present-day sea 
level change. Polar Science 2:149-161.

Schmith, T., S. Johansen, and P. Thejll. 2007. 
Com m ent on “A semi-empirical approach 
to projecting future sea-level rise.”
Science 317:1866c.

Straneo, F., G.S. Hamilton, D.A. Sutherland,
L.A. Stearns, F. Davidson, M.O. Hammill,
G.B. Stenson, and A. Rosing-Asvid. 2010. Rapid 
circulation of warm  subtropical waters in a 
m ajor glacial fjord in East Greenland. Nature 
Geosciences 3:182-186.

Taboada, F.G., and R. Anadón. 2010. Critique of 
the methods used to project global sea-level 
rise from global temperature. Proceedings o f 
the National Academy o f Sciences o f the United 
States o f America 107:E116-E117.

Vermeer, M., and S. Rahmstorf. 2010. Reply to 
Taboada and Anadón: Critique o f sea-level 
rise study invalid. Proceedings o f the National 
Academy o f Sciences o f  the United States o f  
America 107:E118.

Willis, J.K., D.P. Chambers, and R.S. Nerem.
2008. Assessing the globally averaged sea level 
budget on seasonal to interannual time scales. 
Journal o f  Geophysical Research 113, C06015, 
doi: 10.1029/2007JC004517

Willis, J.K., D. Roemmich, and B. Cornuelle.
2004. Interannual variability in upper ocean 
heat content, temperature, and therm os­
teric expansion on global scales. Journal 
o f Geophysical Research 109, C12036, 
doi: 10.1029/2003JC002260.

Oceanography | D ecem b er 2010 35


