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 "There's nothing wrong with southern California 
that rise in the ocean level wouldn't cure."  
    
Ross Macdonald (American novelist).  

Some might welcome rising sea level. 

“What a boring subject.”  One of my MIT colleagues 
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My theme is that determining the ongoing change in 
global mean sea level and its changes in the 
comparatively recent past represent one of the most 
interesting and challenging of all oceanographic 
problems. Historically it was not part of physical 
oceanography. 
 
Issues of measurement technology, sampling errors, 
and modelling problems.  
 



“Sea level is rising at 3.4mm/y” (Nansen Centre document, 2011). 
 

I want to pose the question, among others, as to 
whether we know that, and with the implied accuracy 
of about 0.05mm/y 



From J. Church 

Acceleration with 
arrival of altimeters. 
Coincidence?  

Estimated global mean sea level 

Peltier and Fairbanks, 2006 
Is this deterministic? Stochastic? 
Mixed? Stationary? Gaussian? Multi-
modal? 



mm/y 

no data 

no data 

WHY? 

Directly measured by a satellite(from S. Nerem). Note how complicated 
the pattern is.  (A spatial mean was subtracted.) 
The global mean value is estimated as about 3.2mm/y +/-0.3mm/y. 
Does it make sense to talk about “eustatic” sea level? 
 
According to Peltier (1991) should add another 0.33mm/y ocean volume 
expansion from glacial isostatic adjustment. 



TOPEX value includes 
0.3mm/y from R. Peltier 
estimate of ocean volume 
change (PGR). 
o from Miller & Douglas 
is pure tide gauge value. 

Everything is positive! --- at least. Global mean trend is 
not properly accounted for. Of mainly scientific interest. 
Societal interest is mainly regional….for now. 
 
The sea level budget is closed if the error estimates 
are large enough. Error estimates become the focus of 
attention. The science problem is to close the global 
budget at an accuracy that lends insight into all the 
components. 

ECCO 



How to determine the global rate and understand 
its accuracy? 
 
 
For understanding:  
(1) Direct measurements 
(2) The drivers/controls (attribution of the budget) 
(3) Modelling it 
(4) … 
 



Almost disjoint problems: 
 
(1) Regional change 
(2)  Global mean change 

 
In turn,  both subdivide into the 
(1) Past 
(2) Present 
(3) Future 

 
The problem of the past has many subcomponents, 

including: the last century,.., the last 1000 years, the 
Holocene (about the last 10,000 years), the last 
deglaciation, the full glacial-interglacial,  the previous 
glacial cycles, and on into the remote geological 
past (the Cretaceous, …Some of this involves the 
changing nature of the record, and not just physics.)  



What can change global mean sea level?: 
 
Net temperature change (heat exchange with the atmosphere) 
Addition or subtraction of fresh water (exchange with atmosphere, 
land, ice) 
Change in volume of the ocean (post glacial rebound; sea floor 
spreading  rate changes) 
(Melting or formation of sea ice with non-zero salinity) 
 
What can change regional mean sea level? 
 
Global contributions plus local: 
Temperature shifts 
Addition or removal of fresh water 
Displacement of ocean circulation features 
Tectonic uplift 
Gravity field modification (melting of glacial ice) 
Change in ocean load (local atm. pressure) 
…. 



Cazenave and Nerem, Revs. Geophys. 2004 

Satellite altimetry has become the standard estimator 
for global sea level change 

But starts only in 1992. It is noisy and it isn’t 
truly global. 



Corrections applied include, 
atmospheric water vapor 
ionospheric electron content 
atmospheric pressure loading 
wave height biases of several types 
time-dependent orbit error 
tides 
Earth rotation wobble 
aliasing of high frequencies 
geocenter movement 
seasonal sampling bias 
 
Trends in any of these will produce apparent trends in sea 
level. Each must be corrected at a very high level of accuracy 
(0.1mm/y). (The original global estimate (1995) was later 
halved when a single-line coding error was found.) 
 

One of the more troubling aspects of modern physical  
oceanography is the disconnect between observations 
and users.  Consider the altimetric “data” which you can 
download in nicely gridded form from the AVISO 
website:  



Consider the geocenter: 
 

2010 

An undetected center of mass shift gives a sea level rise depending upon its 
direction relative to the continents. How to measure??? 



Consider wave height shifts generated by wind trends: 

D. Bromwich, private communication, 2010 

Four different reanalyses. Use 
essentially the same data and 
closely related models and 
methods. Which do you want to 
believe/use?  Becomes faith-
based science. 



How about the pre-altimetric era. Dependent on tide gauges: 



Consider the tide gauge distribution (records longer 
than  20y. 
B. Douglas, 
~15 y ago) 
 

Can one compute a 
global average to an 
accuracy  O(1mm) or 
better from this 
distribution?  Possible, 
but must be shown. 





Commonly, the means have been computed by 
finding  the singular vectors (EOFs) of model 
variability. Either one assumes that model variability 
has that covariance structure over many decades 
(how to test that hypothesis?) or extrapolates from 
shorter intervals. Accurate to 1mm/year? 



How about the forcing? 



Chen, Wilson, Tapley, Science, 2006 
Satellite Gravity Measurements 
Confirm Accelerated  
Melting of Greenland Ice Sheet 
(note: 3 years of data) 

Zwally et al., J. Glaciology 2005.  “The 
Greenland ice sheet …[has] a small 
overall mass gain, +11+/-3 Gt/a.” 

Inferred net gain 
Are the ice sheets growing or 
shrinking? 
 
Are they unstable? 

Inferred net loss 
Rignot and 
Kanagaratnam, 2006 
 in IPCC 4, 2007 



Mean annual precipitation (P) 
1989-2008 in four different reanalyses 

(from D. Bromwich) 

mm y-1 



Sv 

Freshwater Inputs 

1% error in P-E + Runoff 
is 10mm/y.  Do we know 
it that well? 

Oceanographic Signature 



Béranger et al, 2006, Ocean Dyn. 

Which to use? Size of error? Error 
accumulation with time? 



Air-sea flux imbalances in analyses & 
reanalyses are a major problem when 
used as boundary conditions on the 
ocean circulation. Annual mean 
imbalances: 

 
 

The reanalyses are derived from weather forecast  models 
in which global water/heat balances are of no concern. 

Similar heat budget 
issues 



Attribution: 
 
Is the ocean warming up? Is it getting fresher? 
Saltier? A very serious sampling problem. Is the 
volume increasing or decreasing? 
 
We now have several ocean estimated 
climatologies for temperature and salinity. Are 
changes over decades accurate to 1mm/year? 



Net heating? 



Argo 2001 & 2009 

Note the very 
recent  dates 
 
2000m depth at 
most. Mainly to 
1000m. 

Temperature & salinity 
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sampling in  2002  

mainly MBTs 
(mechanical  
bathythermographs) 
To about 400 feet 
(sic) 

1960 

2002 

XBTS. To 
about 
800m 

On average the ocean is 3800m deep 



The geoid is the physical oceanographer’s reference 
surface. It is of immediate concern if attempting to 
calculate the absolute geostrophic flow, for the time-
variable component,  only if it changes in time. Does it?  
 
This is the problem of glacial isostatic adjustment (post-
glacial rebound). A major issue in the trend problem… 



Andersen & Borns, 1994 



From Douglas et. 
al. 2001. 
 
. 
 
An example of the 
long memory of the 
Earth system. Here 
about 10,000y 

Millimeters/year 



The shape of the sea surface is dominated by a signal 
of no particular direct concern to a physical 
oceanographer: the geoid.   

The scale is in meters. A 1% error is a vertical displacement 
of 1 meter. Challenging to get to 1mm or better. 



Mitrovica et al., Nature, 2001 

Fractional variation of sea level 
from melting ice, assumed uniform 
over restricted areas. 0 means 
no change. 

Antarctica 

Greenland 

Mountain glaciers 

There are many more complications not 
yet accounted for, e.g.: 



Meters 

Estimated time average surface elevation (16 yrs), MDT. 
Altimetry plus in situ data plus meteorological forcing plus 
dynamics.  

Full scale, about 3m. (Recall the geoid change is 
about 200m)  

Much of this signature is the result of the wind driving 
of the ocean 



Trend in column integrated density from temperature 
Trend in column integrated density frrom salt 

Red means increasing density (decreasing temperature,  increasing salinity 

Because salt and heat tend to compensate (incompletely) 
and because the atmosphere knows nothing of the T-S 
relationship, one infers these are largely lateral or vertical 
shifts in the ocean structure---and wind-controlled.  



By definition, there are no data for the future. A bonus 
for many theoreticians and modelers!  



“Given the remaining uncertainties regarding ice sheet mechanics and climatic forcing, it is not yet possible 
to predict the probability of WAIS collapse within the coming centuries, but geologic evidence of past 
collapse and observations of rapid ongoing changes in the WAIS (1, 24) underscore the need for continued 
study.” R. P. Scherer et al., Science, 1998 

“[Weertman suggested]…the WAIS would collapse in as little 
as a century by a catastrophic grounding-line retreat. Sea 
level would rise half a meter per decade.  
… 
Thus, I believe that a rapid rise in sea level in the next 
century or two from a West Antarctic cause could only occur 
if a natural (not induced) collapse of the WAIS is imminent, 
the chances of which, based on the concept of a randomly 
timed collapse on the average of once every 100,000 years, 
are on the order of 0.1%. “ 
 
C. R. Bentley, Science, 1997  

About 7 m sea level equivalent rise. Could this 
happen abruptly? Most glaciologists think not. An 
analogue of statements about the fundamental 
soundness of our financial institutions in early 
2008? 



Modelling issues in reaching 1 or 0.1mm/year mean sea surface 
change: 
 
Is volume (or mass) conserved to 1mm/yr/4000m~2.5x10-7/y? 
 
Most models use the Boussinesq approximation. Is it accurate at 
that level? (Probably not.) Is the equation of state accurate to 
1mm in 4000m of water (density equivalent)? 
 
Most models write a salt conservation equation, with a surface 
salt concentration or flux (less common). But the ocean does not 
exchange salt with the atmosphere—only fresh water and thus 
the source term is in the wrong equation (Huang). 
 
Gravitational self-atttraction and sea floor loading are not part of 
normal GCMs. 
 
 
 



Published ocean models use surface layer boundary 
conditions involving at least 6 combinations of 
linearization and the treatment of salt or freshwater. 

Wunsch, Ponte, Heimbach, J Clim 2007 

It’s possible that any or all of these formulations have a 
precision equivalent ot <1mm/y, but it is unproven.  



A Summary 
 
Determining the rates of the global average sea level, 
and its underlying contributions from melting ice, runoff 
from stored liquid water, thermal expansion, and changes 
in the the ocean volume, is an interesting, challenging,  
problem encompassing almost all of physical 
oceanography and geodesy---primarily for the science 
community. 
 
An abrupt injection of a very large volume of ice appears 
to be  a physical possibility, but whose probabilities are 
currently beyond our ability to quantify. (A small 
probability times a very large cost = ?) 
 
 
 



The present challenges largely lie with the sampling 
problem in space and time. Useful altimetry starts in 
1992, Argo is global beginning about 2006, and only 
measures the upper ocean. Can one close the budgets 
to a residual accuracy of less than 1mm/y? 

It is a nice assumption (fantasy?) that the present record 
permits understanding of the global mean to better than 
1mm/ y.  



The scientific challenges of sea level rise are 
generically that of climate change: 
 
The system responds and remembers on time-
scales from seconds to thousands of years 
(extending to a million years in the Antarctic ice 
sheet).  Observational records are much too short  
to produce scientific certainty, yet enough is known 
that the risks are plain.  
 
How does one sustain observational systems over 
mutliple decades and centuries? And is society 
capable of making rational decisions in the face of 
the uncertainty and risks?  



The problem of regional sea level change (not my theme 
today) is easier---it is primarily controlled by the wind-
field and the signals are far-larger. 
 
Depending upon such unknown phenomena as the 
stability of the West Antarctic Ice Sheet, the global 
change will come to dominate. Until that happens, the 
regional signals will remain an order of magnitude or 
more above the background change. 



Thank you 

http://www.net.org/warming/Climb_Boston_study.mov�
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