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Abstract 
 
The ocean observing system has progressed considerably over the past 50 years, enabling more 
accurate estimation of global ocean heat content and its impact on sea level (thermosteric sea 
level). For the entire 50-year record, estimates of global thermosteric sea level rise are about 0.4 
mm/yr, much less than the total sea level rise of 1.8 mm/yr for the same period. However, this 
estimated 50-year heating rate may be biased low due to undersampling of the oceans, 
particularly in the Southern Hemisphere during the early decades. For the period 1993 – 2003, with 
high precision satellite altimetry and a quasi-global upper ocean thermal network, thermosteric 
sea level rise was about 1.6 mm/yr for the layer 0-750 m, out of a total sea level rise of 2.8 mm/yr. 
Considerable regional and interannual variability are evident. The large increase in the estimated 
heating rate relative to the earlier period may have been due partly to decadal variability and partly 
to improved global coverage by the measurements. The recent implementation of the global Argo 
array has now made it possible to estimate 1-year averages of thermosteric sea level with 
accuracy of 0.5 mm, and hence the error in 10-year change is less than 0.1 mm/yr. Global salinity 
measurements, also made by Argo, provide an important constraint on the oceanic freshwater 
budget, one component of which is the melting of continental ice that causes eustatic sea level 
rise.  Data assimilation techniques offer the promise of more robust estimates of ocean thermal 
expansion but to date there are considereable poorly explored differences between the various 
approaches.  GRACE gravity data can be used to estimate changes in mass of the ocean.  GRACE, 
satellite altimetry and steric changes agree well for the annual cycle but there is significant 
disagreement on trends over the 3 year period from 2002 to 2006.  Coupled ocean-atmosphere 
models are the central tool for computing future ocean thermal expansion.  Many of these models 
no longer rely on flux corrections.  However, different models produce significantly different 
amounts of thermal expansion.  Some aspects of the regional distribution of sea level rise 
projected by these models are similar.  The only high resolution coupled ocean-atmosphere 
model available produces similar results to the medium resolution version of the same model, but 
the high resolution model has finer scale features and also has an increase in eddy sea-level 
variability.   
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1.  Introduction 
 
Significant progress has been made during the past 20 years in observing and understanding the decadal 
variability and, to a lesser extent, the multi-decadal trends in global ocean heat content and thermosteric 
sea level. As of the 1980’s, the sign of global thermosteric sea level change was unknown due to 
insufficient sampling (Barnett, 1983). In most regions of the world’s oceans, the sampling noise due to 
mesoscale eddies and interannual variability was too large for estimation of statistically significant 30-year 
trends from the available datasets. In a review of thermosteric sea level, Roemmich (1990) described 
multi-decadal increases regionally, near Bermuda and off southern California, where long time-series 
observations were of sufficient duration and temporal resolution for significant results. On basin-scales, 
there were a few repeated hydrographic transects, such as at 24oN and 36oN in the Atlantic (Roemmich 
and Wunsch, 1984) and at 28oS and 43oS in the southwest Pacific (Bindoff and Church, 1992), that 
showed multi-decadal warming.  A recent comprehensive list of these comparisons compiled by Church 
et al. (2001) indicated widespread indications of thermal expansion, particularly in the sub-tropical gyres, 
of the order of 1 mm/yr.  But globally, a a truly global estimate of thermosteric sea level change was not 
possible from these widely spaced observations. 
 
Advances in technology, a resurgence of interest in global oceanography, and the passage of time, have 
combined to change the nature of the problem dramatically. Widespread use of the expendable 
bathythermograph (XBT), beginning in the late 1960s, led to better understanding of the space and time-
scales of oceanic variability (e.g. Bernstein and White, 1979 ) and of the sampling requirements for global 
studies (White, 1995). The World Ocean Circulation Experiment (WOCE) provided a global top-to-bottom 
survey of ocean temperature and salinity during the 1990s, as well as repeated transects at a few key 
locations. WOCE was also responsible for developing the technology of autonomous profiling floats 
(Davis et al., 2001), and thus for enabling the global Argo array, whose implementation began in 2000.  
WOCE obtained about 10,000 high quality shipboard T/S profiles over a 7-year period. Argo collects the 
same number of T/S profiles autonomously, from the sea surface to mid-depth, every 40 days. It does so 
with better spatial coverage than the WOCE survey for purposes of large-scale averaging, and it 
eliminates the serious Northern Hemisphere and summertime biases inherent in all previous hydrographic 
datasets.  
 
The current state of estimates of ocean thermal expansion will be reviewed in Section 2.  Because of the 
major changes in the ocean observing system, Section 2 will address three time periods. The 50-year 
record includes all of the period for which global estimates of heat storage and thermosteric sea level 
change based on subsurface data are feasible. The uncertain findings of the 1980s were improved both 
by the addition of WOCE hydrography and the by the passage of time, which enabled global trends to 
start emerging above the higher frequency sampling noise. Nevertheless, major questions about the 50-
year record remain, as we will see. The recent “era of altimetry”, beginning in late 1992, was qualitatively 
different from the earlier period. Its distinctions included the WOCE global hydrographic survey, quasi-
global XBT sampling along commercial shipping routes, and high precision satellite altimeters. The latter 
allow total sea level to be measured globally in parallel with the in situ measurements of thermosteric sea 
level.  Finally, we will consider the brief (1-year) record of the Argo project since it achieved global 
coverage in 2005, in order to assess the added capabilities of the new observing system.  
 
In additions to the much improved observational data base, data assimilation techniques that are 
standard tools for the atmospheric reanalysis projects (references) are being applied in ocean reanalyses.  
One of the aims of this approach is to overcome the inadequate data distribution and thus to synthesize 
all available data into one dynamically consistent estimate of the evolving ocean.  The first generation of 
these results have recently become/are becoming available and will be reviewed in Section 3.   
 
Satellite gravity techniques allows the direct estimation of changes in the ocean mass as well as changes 
in the mass of water stored in the ice sheets and the terrestrial environment.   
 
The Gravity Recovery and Climate Experiment (GRACE) was launched in March 2002, with a primary 
science goal of determining variations in the Earth’s gravity field at monthly intervals and at a spatial 
resolution of several hundred kilometres (Tapley et al., 2004). Because the dominant source of time-
variable gravity on periods of less than several hundred years is movement of water mass, the GRACE 
measurements can be used to determine where water is moving in the Earth system (e.g., Wahr et al., 
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1998) and changes in the ocean mass (as well as changes in the mass of water stored in the ice sheets 
and the terrestrial environment).  Early results and the implications for estimation of ocean thermal 
expansion are reviewed in Section 4.   
 
Future prediction of ocean thermal expansion and thus future sea-level rise (including its regional 
distribution) depends on coupled ocean atmosphere models.  The current status of ocean models of 
thermal expansion are reviewed in Section 5.   
 
Section 6 includes an assessment of observing system requirements and makes recommendations for 
observational and modeling studies.   
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2.  Direct Observations of Steric Sea-level Rise 
 
2.1  The 50-year record 
 
Much has been made (Munk, 2002, Cabanes et al., 2001, Cazenave and Nerem, 2004, Miller and 
Douglas, 2004) of the disparity between estimates of global sea level rise and its thermosteric component 
in the second half of the 20th century. Estimates of global sea level rise based on tide gauge data are 
about 1.8 mm yr-1 (Douglas, 1991, 1997, Church et al., 2004). As noted in the latter study, there is 
significant regional variability in sea level rise, and it is this fact that raises serious questions about the 
adequacy of global sampling by both the long-term sea level gauge network and the existing collection of 
subsurface temperature observations. For present purposes, we will take as given the above estimate of 
the rate of global sea level rise.  We note that while this value has been challenged (Cabanes et al., 
2001) the concensus confirms this rate of about 1.8 mm yr-1 (see also Miller and Douglas, 2004). The 
question we pose here is – can we tell whether the thermosteric component of sea level rise is a small or 
a large fraction of this rate? 
 
Investigations of the 50-year ocean heat storage and thermosteric sea level rise have been carried out by 
S. Levitus and colleagues (Levitus et al., 2000, 2005a, 2005b, Antonov et al., 2002, 2005) and by M. Ishii 
and colleagues (Ishii et al., 2003, 2006). The World Ocean Database (Conkright et al., 2002) forms the 
basis for these and other estimates, but the analyses differ in their quality control procedures, inclusion of 
recent profiles, depth coverage, and analysis techniques. The choice of analysis techniques can make 
substantial differences, particularly in poorly sampled regions. Ishii and colleagues used a form of 
objective mapping based loosely on observed statistics of temperature variability. Levitus and colleagues 
used a distance-weighted average of surrounding data to fill data gaps in 1o squares. Lombard et al. 
(2005) compared the two sets of analyses and found them to be similar between 1950 and 1990. An EOF 
analysis by Lombard et al. (2005) showed that much of the apparent interannual-to-decadal variability is 
correlated with climate phenomena – El Nino/Southern Oscillation, the Pacific Decadal Oscillation, and 
the North Atlantic Oscillation. The subsequent analysis by Ishii et al. (2006) reduced the post-1990 
differences relative to Antonov et al. (2005). The thermosteric sea level from these two studies is shown 
for comparison in Figure 2.1, along with the total sea level estimate of Church et al. (2004), based on an 
empirical orthogonal function projection of tide gauge data. 
 
Ishii et al. (2006) estimated a linear trend of 0.19 x 1022 ± 0.05 J yr-1 for heat content in the 0 – 700 m 
layer in the period 1955 – 2003, with a corresponding 0.36 ± 0.07 mm yr-1 rise in thermosteric sea level. 
For Levitus et al. (2005b), the heat content trend for the same layer and time period is 0.23 x 1022 J yr-

1and for thermosteric sea level 0.33 mm yr-1 (Antonov et al., 2005). Consideration of a deeper layer,  
0 – 3000 m, increased this estimate by ~20%, to 0.40 mm yr-1 for the period 1957 – 1997. An additional 
small halosteric component was estimated by Ishii et al. (2006) as 0.04 ± 0.01 mm yr-1, consistent with 
the earlier estimate by Antonov et al. (2002). Note that while the halosteric contribution is important in 
regional patterns of sea level change, it does not contribute to a global average steric change (Munk, 
2003) but is instead an indication of freshening and thus an increase in mass of the ocean.  In summary, 
these consistent estimates of steric sea level increase indicate a rate of about 0.4 mm yr-1, or less than 
25% of that of the total sea level rise in the second half of the 20th century.  
 
While the estimates noted above are consistent with one another (Figure 2.1), the sparse nature of 
sampling in the Southern Hemisphere has raised questions concerning the accuracy of these global 
averages. Figure 2.2 shows the global inventory of station data to depths greater than 500 m for the 
1950s and the 1990s, as well as XBTs in the 1990s. The strong Northern Hemisphere bias in all datasets 
is apparent, with enormous data-void regions in the Southern Hemisphere. The sampling was better in 
the 1990s than in the 1950s due to WOCE and the XBT networks, but a 50-year trend calculation 
requires data from both the earlier and the later eras. One should bear in mind that about 2/3 of the area 
of the oceans is south of the Equator, where sampling has been inadequate. Gregory et al. (2004) tested 
two different assumptions for filling data-void regions in the Northern Hemisphere and globally. One 
assumption was of zero temperature anomaly in unsampled regions; the other was that unsampled 
regions have the same average anomaly at a given time as sampled regions. The former assumption 
produced no significant trend in the global ocean while the latter resulted in a large heat content increase 
by about 50 x 1022 J (equivalent to ~8 cm of thermal expansion) for the upper 3000 m in the 1960s and 
1970s. Gille (2006) also tested different assumptions for filling the data voids, focusing on the Southern 
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Hemisphere. An assumption of no trend in the unsampled regions gave results similar to the Levitus et al. 
(2005b) estimated warming rates. In contrast, an assumption that unsampled regions warmed at the 
same average rate as sampled regions again led to a much greater estimate of Southern Hemisphere 
warming, by about 25 x 1022 J (~ 5 cm of thermal expansion) between 1955 and 2005. We conclude that 
steric sea level rise was about 0.4 mm yr-1 for the 50-year period if there was no trend in the unsampled 
regions. However, because of the vast data-void regions in the 1950s and 1960s, mostly in the Southern 
Hemisphere, a globally averaged rate at least twice as great as this estimate is plausible. 
 
Some additional evidence on the relative rates of thermosteric and eustatic sea level rise is offered by the 
ocean’s mean salinity. Antonov et al. (2002) found that the decrease of global salinity during the period 
1957-1994 implied a eustatic contribution to sea level of 1.3 ± 0.5 mm yr-1 if the source of the fresh water 
was assumed to be melting of continental ice rather than floating ice. This issue was studied in greater 
detail by Wadhams and Munk (2004), who estimated the rate of melting of sea ice, based on 
observations of ice thickness, to be 430 km3 yr-1. The rate of global freshening required 650 km3 yr-1 of 
fresh water, so the residual 220 km3 yr-3 was attributed to continental ice, implying a eustatic sea level rise 
of 0.6 mm yr-1. They noted, however, that fresh water from melting of Arctic sea ice might remain in the 
Arctic north of the Antonov (2002) study area (50oS to 65oN) for a period of years. In addition, changes in 
the freshwater budget of the Southern Ocean are poorly observed by the sparse salinity data. Given the 
results of Gregory et al. (2004) for the better observed temperature changes and the uncertainties 
associated with the sea ice contributions, the quoted error estimates for freshening of the ocean and thus 
the increased ocean mass of the ocean are likely to be lower bounds.  While recent estimates suggest a 
significant contribution to sea level rise from melting of the Antarctic ice sheet (Velicogna and Wahr, 
2006), the lack of historical Southern Hemisphere salinity data may preclude an accurate estimate of the 
global oceanic freshwater budget over the 50-year record. Hence, although changes in the ocean’s mean 
salinity are potentially an important constraint on the global ice budget, the estimated rates of eustatic sea 
level rise computed from salinity changes for the second half of the 20th century should be considered 
with caution. 
 
Thus, for the 50-year time-frame, the estimates of steric (0.4 mm yr-1) and eustatic (0.6 mm yr-1) sea level 
rise do not fully account for a 1.8 mm yr-1 rise in total sea level. However, we have seen that the thermal 
expansion may be substantially underestimated and that the estimate of eustatic contribution from salinity 
measurements has considerable uncertainty. The sampling experiments of Gregory et al. (2004) and Gille 
(2006) are a caution that the low error bars on thermosteric sea level rise reported by Ishii et al. (2006) 
and Antonov et al. (2005) must be interpreted cautiously. In objective analysis, the error estimates are 
much more sensitive to uncertainty in the signal covariance than are the estimates of the space-time 
average signal itself (e.g. Davis, 2005). This is equivalent to saying, in the present case, that the error in 
space-time averaged temperature trend is small for the sampled regions of the globe, but we are not 
certain of how much of the globe was adequately sampled. This uncertainty can be better characterized 
with improved estimates of the space-time covariance of temperature, which will be provided through 
multi-year sampling by the Argo project. 
 
2.2  The recent decade 
 
The 1990s period was marked not only by improvements in the sampling of the oceans by hydrographic 
and XBT networks, but also by the advent of high-precision satellite altimetry. The impact of altimetry is 
large, first because its combination with sea level gauges provides an accurate determination of global 
sea level patterns and trends. Moreover, a number of studies have shown that altimetric height is highly 
correlated with heat content and steric height (White and Tai, 1995, Gilson et al., 1998, Willis et al., 2003, 
2004). The high correlation can be exploited both to assess the sampling error of the sparse in situ 
networks and to correct it (Willis et al., 2003). 
 
Global estimates of heat content (0-750 m) and thermosteric height were made by Willis et al. (2004) 
using in situ data alone and in combination with altimetric height. For the former, temperature was 
objectively mapped as anomalies from the 1993 – 2003 mean. For the latter, the altimetric height 
correlation with subsurface temperature was used to form a first guess of the heat content (or 
thermosteric height) variability, and then anomalies from this first guess were objectively mapped using 
the subsurface data. Using the same technique, Lyman et al. (2006) extended the time-series through 
2005 (Figure 2.3). Recently, another estimate of 0-750 m thermosteric sea surface height was made for 
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the same time period using reduced space empirical orthogonal function analysis (Domingues et al., 
2006), with similar results. 
 
During the time-period 1993 – 2003, Willis et al. (2004) and Domingues et al. (2006) found that 
thermosteric (0 – 750 m) sea level increased by 1.6 ± 0.3 mm yr-1, compared to 2.8 ± 0.4 mm yr-1 total 
sea level rise estimated by Leuliette et al. (2004). The thermosteric rise was much greater than in the 
previous 40 years, though comparable to the rate of the 1970s (Antonov et al., 2005). Interestingly, in the 
Lyman et al. (2006) extension, the upper 750 m of the ocean cooled by 3.2 ± 0.3 x 1022 J during 2004-05, 
equivalent to a decrease of 6 mm in thermosteric sea level (Figure 2.3). Total sea level during this time 
continued to rise. The decrease in upper ocean heat content was seen in both hemispheres. These 
results indicate there is substantial interannual-to-decadal variability and regional variability, not only in 
the rate (and occasionally sign) of ocean warming, but also in the ratio of thermosteric to total sea level 
change. 
 
The global pattern of thermosteric sea level change, 1993 – 2003, is shown in Figure 4.4 for both 
Domingues et al. (2006) and Willis et al. (2004). The similarity of the two is evident, with the former 
pattern being smoothed by truncation of the EOF series. In either case, the change in the tropics is 
largely associated with interannual variability at the endpoints of the record. The mid-latitude variability 
has a smoother decadal signature. The maxima in zonally integrated steric increase at 38oN and 40oS are 
notable, and their cause is in the decadal increase of the atmospheric annular modes, which result in 
enhanced Ekman convergence and downward displacement of isopycnals at these latitudes (Roemmich 
et al., 2006).    
 
One anomalous aspect of the altimetry era is that it was preceded by a strong volcanic event, the Mt 
Pinatubo eruption in 1991. Climate models (Church et al., 2005) indicate that the cooling and thermal 
contraction of the oceans (about 3 x 1022 and 5 mm) observed in the early 1990s was due in part to 
atmospheric aerosols from the eruption. Church et al. (2005) suggest that the recovery of the climate 
system from this event was partly responsible for the enhanced rate of warming and sea level rise seen in 
the subsequent years. A similar ocean heat loss to the Mt Pinatubo episode occurred in 2004-2005, as 
shown by Lyman et al., (2006) but this recent occurrence has not yet been explained. Thus, interannual 
or decadal fluctuations in globally integrated ocean heat content and thermosteric sea level cannot be 
ruled out as an explanation for the enhanced warming rate during the 1990s. 
 
While the 1990s observations corrected some serious sampling problems of the previous era, significant 
issues remained. The WOCE survey was global, but its one-time character meant that the XBT networks 
(Figure 2.2) bore the main responsibility for temporal sampling. Resulting issues include: 

1. In Figure 2.3, there are differences between the objective mapping using the 1993-2003 mean as 
a first guess (green line) versus using the altimetric height/steric height correlation as a first guess 
(blue line). These differences, e.g. in 2002, indicate that spatial under-sampling problems still 
existed, though not as severe as those in the previous era. The problems are largely due to the 
sparseness and intermittency of commercial ship tracks in the Southern Hemisphere. 

2. Careful testing in the 1990s (Hanawa et al., 1995) revealed a systematic error in the XBT fall-rate 
equation. At the time it was recommended to use the old equation, and apply a correction in post-
processing, until a system for preserving meta-data could be implemented, including fall-rate 
coefficients. Unfortunately, some operators began to use the new coefficients immediately. 
Recent authors have taken into account the change in coefficients, but ambiguities remain in 
knowing which coefficients were applied during the changeover period. 

3. The XBT is not a highly accurate instrument, and in addition to the fall rate, other systematic 
errors are possible. For example, because of its DC-bridge circuitry, problems with wire insulation 
result in consistently positive offsets in temperature. Insulation breaks or cracks are usually 
catastrophic and easily detected, but occasionally they are subtle and difficult to identify with 
certainty. Any manufacturing changes in wire or in wire spooling, including several known to have 
occurred, have the potential to increase or decrease the percentage of undetectable positive 
temperature offsets. Given that a 1 mm error in steric height requires only about 7 millidegrees of 
temperature bias over 750 m profiles, XBT-based estimates should be viewed with appropriate 
caution.  
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4. The 750-m depth range of the T-7 XBT set the limit for the heat content estimates of Willis et al. 
(2004), Lyman et al. (2006), and Domingues et al. (2006). Deeper estimates such as Antonov et 
al. (2005) necessarily rely on the much sparser hydrographic datasets.    

 
Given the dependence on the XBT dataset for heat storage estimation in the past decade, two 
independent confirmations are very encouraging. First, the 2004-2005 drop in steric sea level (Lyman et 
al., 2006, see Figure 2.3) is independently confirmed by Argo profiling float data. Second, the interannual 
pattern of heat storage estimated by Willis et al. (2004) is similar to satellite measurements of the global 
net radiation budget (Figure 2.5, Wong et al., 2006). Levitus et al. (2001) noted that ocean heat storage is 
an order of magnitude larger than any other terrestrial heat sink. Therefore, the agreement between the 
interannual variability of ocean heat storage and the planetary radiation imbalance is an important 
confirmation. 
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3.  Estimating Sea Level Rise using Ocean Syntheses  
 
One approach to overcome the inadequate data distribution highlighted above is to synthesize all 
available data into one dynamically consistent estimate of the evolving ocean by merging them with a 
dynamical model through data assimilation.  If done properly, the result will be a best possible analysis of 
changes in the oceans heat content and of sea level.  The benefit of such an analysis over many years 
and decades reside in the fact that the ocean model carries the information, obtained by the ocean 
observing system locally in space and time, over many years and decades forward and backward in time 
and thus allows – at least theoretically – the possibility of inferring the ocean state and its changes even 
in locations remote from direct observation.  Increasing fidelity of such ocean syntheses efforts should 
ultimately lead to the best possible basis for studies of decadal SSH and heat content changes.   
 
Ocean syntheses are now being obtained with various levels of complexity and fidelity, covering a time 
span up to 50 years. The existing syntheses have not yet converged to a final solution (this process will 
take many more years, comparable to the practice in atmospheric reanalysis). However, results are 
starting to become useful and need to be analyzed with respect to heat content changes and sea level 
changes  
 
One such example is the Simple Ocean Data (SODA 1.2) reanalysis estimate of ocean thermal 
expansion over the period 1968 to 2001 (Carton et al., 2005).  The approach uses is a fine resolution 
(0.25° x 0.4° global average), but uses an inexpensive (relative simple) multivariate sequential data 
assimilation approach in which the model is strongly forced toward observed ocean temperature and 
salinity from the World Ocean Data Base (WOD2001, Conkright et al., 2002) and towards data from the 
Global Temperature-Salinity Profile Program.  Ocean dynamics and other properties are not preserved 
due to the assimilation approach. The model is forced with winds provided from the European Center for 
Medium Range Weather Forecasting ERA-40 reanalysis and utilizes additional mixed layer temperature 
observations obtained from the COADS surface marine observation set.  Over the 34 year period 1968-
2001, the 0/1000 db steric height shows a rise of 0.5 ± 0.15 mm yr-1 (Figure 2.1 – need to add this curve 
to the figure).  This value is slightly larger than the value quoted by Antonov et al. (2005) and Ishii et al. 
(2006), but is for a deeper layers and – as has to be expected due to the assimilation approach - the 
temporal variability is very similar (Figure 3.1).  During the last 9 years of the reanalysis, 1993 to 2001, 
the steric height trend increases to 2.3 ± 0.8 mm yr-1 and with a very similar spatial pattern to that 
measured by Topex/Poseidon.  However, this value of 2.3 mm yr-1 may be artificially large because some 
XBT data was double corrected for fall rate errors (Hanawa et al., 1995).   
 
Wenzel and Schroeter (2006) use an adjoint of a coarse resolution version (2° x 2° x 23 layers) Hamburg 
Large Scale Geosrophic Model to assimilate sea surface temperature data, absolute dynamic heights 
derived from altimeter sea surface heights referenced to the EIGEN-GRACE01S geoid, the WOCE Global 
Hydrological Climatology in combination with the World Ocean Atlas.  The forcing fields (wind stress, air 
temperature and surface freshwater flux) are taken from the NCEP re-analysis.  Over the period 1993-
2003, the analysis shows a linear trend in sea level change of 3.5 mm yr-1, a steric contribution of 2.5 mm 
yr-1 and eustatic component of 1.1 mm yr-1.  About half of the steric rise occurs in the upper 500 m with 
less than about 20% below 2000 m. 
 
The most sophisticated data assimilation to date is the mathematically rigorous estimation of the ECCO 
consortium, including the 50 year long syntheses (Köhl et al., 2006b), as well as their shorter efforts 
covering only the last 14 years (Köhl et al., 2006a; Wunsch and Heimbach, 2006).  These analyses 
combine all available ocean data into a dynamically self-consistent estimate of the changing ocean. 
Results can be used to study integral transport properties (e.g., Stammer et al., 2002, 2003), and the 
oceans interaction with the atmosphere (Stammer et al., 2004). Köhl et al. (2006a) discuss in detail 
changes in sea level in the ECCO results covering the last decade.  
 
Estimating interannual to decadal changes in sea surface height (SSH) is one of the foci of the 50-year 
GECCO (German ECCO) ocean syntheses.  In Figure 3.3 we show time series of the total SSH change in 
the model, evaluated between 60 S and 60 N, together with the thermosteric and salinosteric contribution, 
evaluated over the entire water column.  The lower panels show similar quantities, but evaluated over 
various latitude bands that can be compared with Figure 2.3. A slight initial decrease in global 
thermosteric SSH is visible in the top panel of the figure, until about 1975. Global thermosteric SSH 
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increases subsequently, giving rise to an averaged increase in thermosteric SSH over the 50 year period 
of 0.5 mm/yr. Between 1990 and 2001 the rate is 1.87 mm/yr.  As can be seen from all panels, the initial 
decrease in thermosteric SSH results from the tropical band +/- 15 degrees, and to a lesser extent from 
the Southern Ocean. A comparison of the panels also reveals that excluding the Southern Ocean from 
those estimates as done in many observational studies (due to the lack of data there) does influence the 
estimate and can easily lead to inaccurate conclusions about global sea level changes. The Southern 
Ocean thermosteric SSH increases at a rate of 1.95 mm/year from 1960 on; the tropical band increases 
only after 1975 and then at a rate of 1.4 mm/year.  
 
The top panel has to be compared with Figure 2.1. The largest discrepancy lies in the lack of the 
thermosteric SSH increase during the late 70th and the early 80th,where the GECCO result shows a 
pronounced decrease in sea level.  The overall increase over the 50 year period seems to be reproduced 
by GECCO, though. We note further that over the 50 years the global salino-steric contribution results in 
a rate of -0.4 mm/yr decrease in SSH. This signal mostly results from the southern ocean, where a 
dramatic increase in salinity can be found that largely compensates the simultaneous significant warming 
and associated thermosteric SSH increase there also noted by Gille (2006).  The thermosteric SSH 
increase between 60 S and 15 S is 1.95mm since 1960 in the GECCO solution. But because of the 
salinity effect, the total sea level increase in this latitude band is only 0.95 mm/yr.  
 
Shown in Figure 3.4 are time series of the global top to bottom heat content change of the GECCO 50-
year estimation effort (Köhl et al., 2006b) together with those computed separately over the top 300m, 
from 300 to 2200m, and from 2200m to the bottom. A temporal mean was removed from each curve. 
Total heat content changes show a trend toward lower values during the first 15 years, resulting from 
changes in the top 300 m of the model which shows a decrease in heat in the tropical band over the first 
20 years of the run. Below this level the heat increases monotonically over the entire period. A significant 
increase in heat content can be observed after 1975. Over the last 30 years the heat content increases by 
about 35 x 10^22 J. Of this, 10 x 10^22 J result from the top 300 m, and 20 x 10^22 J from the depth 
range 300 – 2200m. 
 
The global increase in heat content in the GECCO synthesis over the 12-year period 1990 through 2002 
is about 1.45x10^22 J per year. Levitus et al. (2001) report 18.2x10^22 J from 1955-1996 which 
corresponds to an increase of about 0.5x10^22 J/year (which has to be compared with 0.6 x10^22 J/year 
from GECCO). However, the last 10 years of their record (1985 - 1995) lead to a value of about twice that 
increase. The model results suggest that the top layer contributes less than half of this increase, while the 
layer 300 to 2200 m contributes more than 50%. A small (???%) but measurable contribution is also 
present below 2200 m which would not be detected by ARGO but needs to be measured. 
 
Associated with temporal changes in the ocean's regional heat and freshwater content are changes in 
regional sea level (SSH).  Figure 3.5 shows estimates of the linear trends of the SSH estimated from the 
GECCO 50-year results for the period 1952 through 2001. Patterns of the linear drift show the 
deceleration of the ACC by about 20 Sv over 50 years and a simultaneous intensification of the 
subtropical and subpolar gyres.  Smaller changes are visible in the tropical and subtropical oceans. All 
these changes show intriguing gyre or circulation structures.  
 
In Figure 3.6, the 50-year long trends in the SSH field of the optimized model run are split into a steric 
and a eustatic (mass) contribution. In the bottom row of the figure, the results are further separated in to a 
themo-steric and a salino-steric part.  As can be seen from those panels, most of the trend is steric. Only 
a small part is non-steric due to mass redistribution and reveals some resemblance with the bottom 
topography. No dominance of the thermo steric expansion is found over the 50 year period. Instead, a 
significant salino-steric contribution to the trend is present as well, but most of the halo-steric effect 
opposes the thermosteric expansion.   
 
Figure 3.7 shows the model adjustment in sea surface height for 1991 - 2002.  The change resembles the 
TOPEX SSH changes over the same period. The largest changes are of the order of more than +/- 2 cm 
per year that can be found in the sub-polar regions of both hemispheres. Smaller changes are visible in 
the tropical and subtropical oceans. All these changes show intriguing gyre or circulation structures. Sea 
surface height changes along a positive ridge across the Pacific in both hemispheres. A somewhat similar 
structure seems to be present also in the North Atlantic.  
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Figure 3.8 shows time series of SSH changes during the last 10 years of the GECCO run, analyzed over 
the same latitude bands as shown before in Figure 2.3, and compare those with results obtained by Willis 
et al. (2004) and Lymann (2006). While the global thermo-steric SSH increase, as well as that south of 
15ºS, in the GECCO estimate reproduce basically those from Willis et al., 2004, the tropical band 
between ± 15º latitude is different. Although the ENSO signal around 1999 is present in all estimates, 
GECCO suggest a faster increase in the beginning of the 90th and a reduces SSH after the ENSO event. 
Somewhat reduced is also the SSH increase in the band north of 15ºN after 1999 as compared to the in 
situ estimates. 
 
3.1  Expectations and Limitations:  
 
GECCO results have shown that estimates of large scale integral quantities are quite sensitive to initial 
model adjustments and that accordingly results obtained from just 11 year estimation runs are quite 
different during the first few years from those obtained from the 50 year estimate. This indicates the long 
memory of the system and underlines the need for dynamically consistent ocean synthesis efforts 
covering several decades in duration in support of climate research, including estimates of sea level 
change. 
 
Because global and regional increase in sea level are quantities of specific societal relevance and of 
large interest (see Cabanes et al. (2001), Munk (2002), Miller and Douglas, (2004) for a detailed 
discussion), there is the expectation that ocean syntheses will contribute to this discussion in a 
quantitative manner. In this context one has to recall, however, that essentially all ocean models to day 
are Boussinesq models and therefore conserves volume globally rather than mass. Greatbatch (1994) 
suggested that one can correct the change in mass by assuring that the global bottom pressure stays 
constant. In a world of changing water cycle and mass this is actually not a given underlining the need for 
non-Boussinesque models.  
 
Applying this correction in the ECCO 11-year estimates changes the model volume and raises the 
globally averaged sea level. A linear drift of the globally averaged steric sea level due to density changes 
then results over the course of the 11 years in a 0.14 cm, SSH increase, of which 0.89 cm are due to 
heating and -0.74 cm are due an increase in salinity. While in close agreement with Levitus et al. (2001), 
the optimized averaged heat flux into the model leads to realistic heat uptake of 1.18 W/m^2 (Stammer et 
al., 2004), the net freshwater flux out of the model (equivalent to a net salt flux into the model) causes 
serious problems. A similar effect is present in the 50 year GECCO run. Until global estimates of the 
ocean circulation take into account a realistic global water cycle, estimate of sea level such as provided 
by GECCO will have problems in simulating a realistic change of volume of the ocean. Unfortunately not 
much is known over the global water cycle to date and a challenge for ocean synthesis effort over the 
next years will lie in an attempt to improve our understanding of sea level in the presence of insufficient 
salinity sampling over the last 50 years and simultaneous serious uncertainties in river runoff and ice melt 
rates. Estimates of SSH changes from ocean syntheses therefore should primarily focus on thermal 
expansion and regional changes before improved estimates of the global water cycle and mass changes 
can be taken into account. 
 
 



 11 

4.  The Potential to Estimate Thermosteric Sea Level Trends from GRACE and 
Altimetry 
 
The Gravity Recovery and Climate Experiment (GRACE) was launched in March 2002, with a primary 
science goal of determining variations in the Earth’s gravity field at monthly intervals and at a spatial 
resolution of several hundred kilometres (Tapley et al., 2004). Because the dominant source of time-
variable gravity on periods of less than several hundred years is movement of water mass, the GRACE 
measurements can be used to determine where water is moving in the Earth system (e.g., Wahr et al., 
1998). The largest reservoir for water in the Earth system is the ocean. Any loss or gain of water in the 
oceans will cause both the mean sea level and the gravity field to change. Chambers et al. (2004) 
demonstrated that GRACE could observe the seasonal exchange of water mass between the ocean and 
land, (Figure 4.1), which had already been observed from combinations of other sea level data and 
hydrological models using a water mass balance equation (Chen et al., 1998; Minster et al., 1999; 
Cazenave et al., 2000). Unlike the previous studies, though, GRACE provides the first and only direct 
measure of the ocean mass contribution to sea level change. Chambers et al. (2004) estimated that the 
GRACE estimates of monthly mean ocean mass are accurate to about 1.8 mm, based on the covariance 
of the GRACE gravity estimates and comparison with steric-corrected altimetry.  
 
Theoretically, a combination of altimetry (which measures total sea level) and GRACE (which measures 
only the mass component) will give the steric component. This has been demonstrated for the seasonal 
variation (e.g., Figure 4.1; Chambers et al., 2004; Chambers, 2006), but not for longer periods. Before 
this is done, it is important to understand several factors that will contribute to uncertainty in rates 
estimated from the GRACE data, especially uncertainty in determining the long-term rate. 
 
The longest current GRACE time-series extends only from the end of 2002 to the end of 2005. If the 
mean seasonal variation over that time-period is removed, one observes a general drop in the mass 
component of sea level over the 3-year period (Figure 4.2; see also Lombard et al., 2006).  Attempting to 
infer a long-term rate from this 3-year GRACE time-series is problematic for several reasons. Although 
the formal error is only ± 0.3 mm/year, there are three factors that contribute to more significant 
uncertainty in a long-term rate estimate: 1) glacial isostatic adjustment, 2) interannual variability, and 3) 
geocenter changes. We will address each of these problems separately and attempt to quantify the 
uncertainty they add to the rate term from GRACE.  
 
Glacial isostatic adjustment (GIA) causes an apparent decrease in the GRACE estimate of ocean mass 
trends that is unrelated to sea level rise. GIA is not modeled in the GRACE processing, so a correction 
needs to be added to the estimated sea level rate, based on an ice loading history for the last glaciation 
and certain assumptions about the mantle viscosity.  Since neither of these are known perfectly, there is 
some uncertainty to the correction. Tamisiea et al. (2006) have recently estimated the correction to be 
between +1.5 to 1.9 mm/year, using the ICE-5G ice history (Peltier, 2004) and a range of upper and lower 
mantle viscosities that are preferred by GPS measurements in Fennoscandia. 
 
A larger problem in determining long term trends in eustatic sea-level change is how little we know about 
the size or frequency of interannual variations in ocean mass. Fluctuations in river run-off, precipitation, 
and evaporation may cause variability at periods greater than 1-year and with significant amplitudes. The 
seasonal exchange of water mass causes a variation of the order of ± 8 mm in sea level, which means a 
regular exchange of fresh water of about 5400 km3/year each year between the ocean and land. This is 
between 30 and 40 times larger than the amount of water mass that has been estimated to be recently 
coming from mountain glaciers (Dyurgerov and Meier, 2000) or Antarctica (Vellicogna and Wahr, 2006) 
each year. A 10% variation in this seasonal exchange is of the same order of magnitude as the yearly 
increase thought to be coming from ice melting (Miller and Douglas, 2004; Willis et al., 2004). It is known, 
for instance, that the El Nino/Southern Oscillation (ENSO) causes worldwide changes in precipitation and 
evaporation over both the oceans and land. Cheng and Tapley (2004) have correlated changes in the C20 
gravity coefficient over 28 years with ENSO variability. Studies have attempted to quantify the interannual 
variation in ocean mass using a combination of altimetry and temperature profile data (Chambers et al., 
2000; Willis et al., 2004) and a water mass balance of uncoupled atmosphere and hydrology models 
(Chambers et al., 2000). All the studies find significant interannual variability. Chambers et al. (2000) and 
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Willis et al. (2004) both suggest a variation coupled with the 1997 ENSO with a magnitude of ~ 5 mm over 
a 2-3 year period. Because the size and frequency of the interannual ocean mass variations are still 
unknown, we can only approximate them in order to estimate an error bar on a long term trend estimated 
with 3 years of data. To do this, we use the technique adopted by Nerem et al. (1999) of scaling the 
Southern Oscillation Index (SOI) by a factor to give the observed eustatic SL change in some period. We 
first smooth the SOI from 1950 to 2006 with a 13-month boxcar, and scale the time-series to get a 
simulated signal with a peak of 5 mm in 1997 (based on the Willis et al. (2004) observation). The long-
term trend over the 55-year interval is removed. Then, we fit linear trends to the simulated time-series 
over every possible 3-year to 15-year interval, and determine the 95% confidence intervals at that period 
(Figure 4.3). Given only 3-years of data, we estimate the uncertainty in the trend to be ± 2.8 mm/year at 
the 95% confidence level and that one would need about 10-years of observations from GRACE to be 
certain of a long-term ocean mass trend to ± 0.5 mm/year.   
 
The mean ocean mass variation is also sensitive the degree 1, order 0 gravity coefficient (z-component of 
geocenter), which GRACE does not measure (Chambers et al., 2004; Chambers, 2006). Seasonal 
geocenter variations can be estimated from other satellite tracking data (e.g., Cretaux et al., 2002), and 
are accurate enough to use in analysis of GRACE data (Chambers et al., 2004; Chambers, 2006). 
Unfortunately, the magnitude of geocenter rate is completely unknown at the moment as it cannot be 
separated from vertical rates at the tracking stations used to compute the time-series.  Also, the z-
component is particularly difficult to determine because of asymmetries in the tracking station distribution. 
Research continues on determining geocenter rate by various groups, but there is no current consensus 
in either the sign or magnitude. It is particularly important to quantify at least the possible maximum size 
of the signal for uncertainty analysis. 
 
Table 4.1 summarizes the errors associated with the estimating the rate of eustatic sea level from the 3-
year period we have with GRACE, along with the root-sum-square (RSS) error for the 3-year trend 
estimate and long-term trend estimate. In conclusion, the largest source of uncertainty in estimating the 
long-term trend of the mass component of sea level from GRACE is the short time-interval of 
observations and unknown interannual variations. The prospect for reducing this uncertainty is good, as 
the GRACE mission has been extended through 2009. This will allow a better estimate of the size of 
interannual variations. It is also likely that GIA and geocenter models will continue to improve, partially 
from consideration of GRACE data with other observations. Thus, GRACE has the potential to measure 
the rate of ocean mass change to the same order of accuracy as altimetry observes the total sea level 
rise. Their combination should prove very useful in complementing steric rates computed from the Argo 
floats. 
 
As mentioned earlier, initial attempts have been made to estimate steric sea level variations from 
combinations of altimeter and GRACE data (Chambers, 2006; Garcia et al., 2006; Lombard et al., 2006). 
In all studies, a good agreement is found between steric sea level derived from altimetry and GRACE and 
hydrographic-derived steric sea level variations in terms of seasonal variations (Figure 4.4). In terms of 
the 3-year trend, Lombard et al. (2006) find a positive Altimeter/GRACE-derived steric sea level trend 
between 2003 and 2005, which disagrees with recent estimates based on hydrographic data (Lyman et 
al., 2006, update of Ishii et al., 2006), showing a decrease in mean ocean heat since mid-2003. This 
cooling suggests a very dramatic increase in the gain of ocean mass (inferred from altimeter-steric 
residuals), of the order of 1 cm over 3 years.  This is much larger than any previously estimated 
interannual variation and, more importantly, is not observed by GRACE, even considering the largest 
possible GIA correction (Figure 4.5).  

 
Theoretically, combinations of Jason-1, Argo, and GRACE data should result in only small residuals 
consistent with the uncertainty. The fact that they do not in the period when all three systems are 
measuring simultaneously means more work needs to be done to understand the differences. We note 
that each of the three types of data were changed in the 2003 time frame when the apparent discrepancy 
occurs. The altimeter time series switched from T/P to Jason-1. Argo data began to be used with greater 
numbers in the steric analysis, and generally only measures to depths of 2000 m. GRACE was launched. 
Both Argo and GRACE are very new data sets, and the characteristics of the data are still not completely 
understood. Longer time-series from all three systems will aid this effort, so we recommend continued 
observations into the future. 
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5.  Ocean Thermal Expansion: Modelling 
 
5.1  General modelling aspects 
 
The assessment of sea level change due to ocean warming consists of two parts: 
 

1. How realistic are coupled AOGCMs compared to observations? What are the limitations? 
2. How do different models simulate global averaged and regional sea level change? What causes 

the differences? 
 
Sea level change in coupled Atmosphere-Ocean-General-Circulation-Models (AOGCMs) is usually 
calculated against an equilibrium control simulation, where the climate is unperturbed. Recent coupled 
AOGCM simulations do not rely on flux adjustments to yield a stable control climate with respect to 
climate parameters such as global surface temperature or the ocean circulation pattern. As the simulated 
halosteric and thermosteric sea level anomalies directly depend on the fluxes supplied by the atmosphere, 
doing without artificial fluxes renders estimates of thermo- and halosteric anomalies more reliable.  
 
On the other hand, many (if not all) of the control runs still do drift, albeit slowly. For recent coupled 
AOGCM simulations, the mean global sea level drifts vary between models from about –0.6 mm/yr to 1.1 
mm/yr (Gregory, personal communication), often due to slowly changing temperature and salinity fields of 
the deep and intermediate waters. As the thermal expansion coefficient is a function of temperature, the 
thermal expansion anomalies computed from coupled AOGCMs under the assumption of a certain 
climate scenario thus also depends on the offset (e.g., relative to Levitus) as well as on the drift rate of 
the control climate. Furthermore, the inherent assumption of linear separability of climate signals and 
model drift when calculating anomalies of scenarios relative to the control climates may not be valid and 
introduce (probably small) errors. No error estimates of these effects are available (to our knowledge). 
 
The origin of spatial variability of steric sea level change may be linked to ocean dynamic processes, in 
particular to the redistribution of heat horizontally and vertically through air-sea exchange and the 
thermohaline circulation (Cazenave and Nerem, 2004), which determines how fast the heat is removed 
from the surface. To the extent that the various AOGCMs differ in their ability to simulate the respective 
processes, the simulated global mean as well as regional thermal expansion can be expected to vary, as 
well. 
 
Gille (2004) has also pointed to the sensitivity of global average sea level change by inaccurate isopycnal 
and vertical diffusion parameters in models, but the effect is small compared to other uncertainties (Gille, 
2004).  
 
20th century ocean thermal expansion 
 
Antonov et al. (2005) estimate a linear trend of 0.40+/-0.05 mm/yr for the ocean thermal expansion of the 
0-3000 m layer for the period 1957-1996; for 1993-2003, the observed thermosteric sea level change (0-
700 m) is considerably larger at 1.6+/-0.6 mm/yr (e.g. Willis et al., 2004). Can coupled AOGCMs 
reproduce these numbers?  
 
Observations suggest that thermosteric sea level exhibits a pronounced decadal to interdecadal variability 
with large contributions from PDO and ENSO in the tropical Pacific (Levitus et al., 2005), and from the 
NAO in the North Atlantic (Cazenave and Nerem, 2004). These climate signals significantly influence the 
ocean heat content (at least down to 700 m); on the other hand, the AOGCMs do not simulate this 
interdecadal variability well, leading to the suggestions that either the models or the database are 
deficient (Levitus et al., 2005; Gregory et al., 2004; Cazenave and Nerem, 2004).  
 
The IPCC-TAR (Church et al., 2001) stated, that the ability of AOGCMs to simulate decadal variability has 
not been demonstrated adequately; however, this is relevant for deciding whether observed trends 
represent a change which is significantly larger than the natural internal variability of the climate system. 
Meanwhile, some progress has been made. Church et al. (2005) used the Parallel Climate Model (PCM), 
with and without volcanic forcing, to show that decadal variability of global mean ocean thermal 
expansion induced by volcanic eruptions can be as large as 5 mm. Global mean sea level drops after 
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volcanic eruptions, and recovers on decadal time scale (leading to anomalously high rates of sea level 
rise during the recovery period) (Figure 5.1). Accordingly, simulations with coupled AOGCMs that do not 
include volcanic forcing will lack the variability thus induced. 
 
For all sources of decadal variability (ENSO, PDO, NAO, volcanic eruptions etc.), the ability of coupled 
AOGCMs to reproduce the observed trends obviously depends very much on the agreement of the phase 
as well as the amplitude of the aforementioned processes between the models and the observations (for 
a comparison of El Niño/ENSO representation in coupled AOGCMs, see van Oldenborgh et al., 2005).  
 
It is not clear if the correct representation of the sources for decadal variability in AOGCMs can reconcile 
the observed thermosteric variability (as in Levitus) and the thermally induced sea level change computed 
from models. The big unknowns are also the undersampled Southern Ocean, and the deep ocean areas 
(references?). 
 
A rigorous comparison of regional sea level change between observations and AOGCM simulations of 
the 20th century has (to our knowledge) not been performed so far (probably due to the described 
problems).  
 
Despite the fact that AOGCMs do not agree with the variability of observed ocean thermal expansion, 
there is some comforting consistency among the different models. All IPCC TAR (IPCC, 2001) and all 
more recent models (Gregory, personal communication) are consistent in that they show an increase of 
global mean thermosteric sea level from 1960 on, with the rate of rise accelerating; global mean 
thermosteric sea level rise from 1960 to 2000 varies between models from less than 1 cm up to 5 cm 
(Gregory, personal communication); however, some models show an increase of thermosteric sea level 
throughout the 20th century, leading to a spread of about 8 cm by the year 2000 (Gregory, personal 
communication).  
 
Church and White (2006) report a significant acceleration of sea level rise in the 20th century in their 
reconstruction of global mean sea level for 1870-2000. If thermal expansion is the most significant 
contribution to sea level rise (which is suggested for the Altimetry decade (Lombard et al., 2006)), their 
finding could be interpreted such that it confirms climate model results (Church and White, 2006). Also, 
Church and White (2006) inferred that the simulated sea level rise for the 20th century is somewhat less 
than the observed sea level rise, possibly because the reconstructed sea level already rises at a rate of 
about 0.6 mm/yr at the start of their reconstruction (1870), while 20th century simulations typically start off 
at 1860 with the assumption of no initial sea level rise. 
 
As the error bars of the observational estimates of thermosteric sea level rise are becoming smaller (see 
Sections 2 and 3), these estimates are increasingly strong limitations on AOGCMs and for the 
comparison between models.  
 
Projections of sea level change 
 
Coupled AOGCMs are used to calculate projections of global mean as well as regional sea level change. 
The projections are typically based on greenhouse gas (GHG) concentrations scenarios (e.g. IPCC-
SRES, or transient 1%, 2% or 4% CO2 increase). 
 
Since the ocean’s thermal inertia is large, the ocean (especially the deep parts) will continue to take up 
heat even when atmospheric temperatures have stabilized; these climate change commitments have 
been calculated relative to the year 2000 GHG levels. Meehl et al. (2005) estimated a sea level 
commitment of 8 to 11 cm by the end of the 21st century; Landerer (personal communication) reports a 
20th sea level rise commitment of 7 cm by 2100. 
 
For increasing (and more realistic) GHG concentration scenarios, the model’s projections show a 
considerable spread, both in the regional as well as in the global mean changes. However, recent 
simulations show a convergence of patterns (Gregory, personal communication) relative to earlier 
simulations (Gregory et al., 2001). 
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The global mean thermal expansion for the IPCC-SRES A1B scenario varies between models from 13 to 
36 cm by the end of the 21st century relative to year 2000 (Gregory, personal communication). In the 
global mean, sea level rise is dominated by the thermal expansion of the ocean. However, Lowe and 
Gregory (2006) show that changes in the surface freshwater fluxes resulting from increasing GHG 
concentrations account for around 8% of the global mean thermal expansion (70 years after applying a 
2% GHG compound increase forcing in their run). These changes occur because the anomalous surface 
freshwater flux affects the vertical heat transport in the ocean by influencing the ocean’s structure and 
stability, causing the surface heat fluxes to change. Also, horizontal transports of heat could be modified 
such that the coefficient of thermal expansion is altered (Lowe and Gregory, 2006). Thus, some of the 
model spread may be related to the differing behaviour of the hydrological cycle. 
 
As in previous simulations, sea level change is projected to be spatially inhomogeneous with a range of 
+/-100% of global mean change at levels of 2-4 times preindustrial GHG concentrations (Suzuki et al., 
2005, Lowe and Gregory, 2006, Landerer et al., 2006). For these ranges, global mean sea level change 
is not an accurate measure of regional sea level change in simulated climate change scenarios, because 
regional sea level anomalies are of a similar order of magnitude (Figure 5.3). 
 
Many models show a strong sea level rise in the Arctic Ocean (Figure 5.3) (Gregory, 2001). In Landerer 
et al. (2006), this is largely due to enhanced freshwater input from precipitation and river run-off in the 
northern high latitudes and a subsequent change of the density structure in this region. However, in the 
high resolution of Suzuki et al. (2005), Arctic sea level rise is confined to the coastal areas (see Section 
5.2); another common feature among models are minimal sea level changes in the Southern Ocean, 
which can be related to increased wind stress, which leads to a stronger ACC transport and a subsequent 
dynamic SSH adjustment (Landerer et al., 2006). Also, the relatively small sea level rise in the Southern 
Ocean can be related to the small thermal expansion there (Lowe and Gregory, 2006). 
 
Recent work focuses on the mechanisms behind regional sea level changes to better understand model 
differences (e.g. Lowe and Gregory, 2006; Landerer et al., 2006; Levermann et al., 2005, Suzuki et al., 
2005). Ocean circulation changes are related to sea surface height changes through the geostrophic 
approximation. Levermann et al. (2005) analysed the dynamic topography response of the North Atlantic 
after a complete shutdown of the meridional overturning circulation (MOC). They find a linear scaling of 
North Atlantic SSH (at the North American coast) with the maximum North Atlantic overturning of 4.5-5 
cm/Sv. The relative SSH difference between the North Pacific and North Atlantic, which is thought to 
result because of North Atlantic deep water formation, is hereby equilibrated after the MOC is shut down. 
However, Landerer et al. (2006) report that the basin integrated SSH difference of 0.78 m between the 
North Atlantic and North Pacific Ocean is reduced by 0.06 m when the North Atlantic MOC is reduced by 
25% in their simulation, but is reestablished within 100 years through a Pacific Ocean SSH rise and a 
North Atlantic SSH drop, without an analogous recovery of the North Atlantic overturning (Figure 5.4). 
Landerer et al. (2006) show that the sea surface height difference between Bermuda and the Labrador 
Sea correlates highly at zero lag with the combined North Atlantic gyre transport on interannual to 
decadal timescales. Overturning changes in the North Atlantic, on the other hand, cannot be reliably 
inferred from SSH gradient and gyre transport changes. 
 
Coupled AOGCMs provide the chance to assess how much heat enters the ocean and how it is 
distributed. Interior temperature changes cannot be explained solely by passive tracer transports along 
isopycnals (Banks and Gregory, 2006). Instead, the uptake of heat is strongly affected by changes of the 
ocean circulation, has a substantial diapycnal component, and can largely be explained by the 
combination of the change in effectiveness of vertical mixing and diffusion at high latitudes and a 
weakening of the thermohaline circulation (Banks and Gregory, 2006). Enhanced vertical stability of the 
water column in the high latitudes results in accumulation of heat in deeper layers; similarly, a reduced 
MOC leads to less upwelling of cold waters in the low latitudes, so that heat accumulates in the deep 
layers. Banks and Gregory (2006) suggest that rather than heat uptake from the surface to the interior, a 
better model is that heat loss is reduced at high latitudes. 
 
Lowe and Gregory (2006) in their CO2 doubling scenario split the thermosteric sea level change into 
components caused by the anomalous heat and by heat not supplied by the anomalous heat flux 
(redistribution term), using a passive anomaly temperature tracer (Fig. 5.5). In the global mean, the 
anomalous heat accounts for the entire steric sea level rise, but locally the redistribution term can be 
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larger (e.g. in the western Pacific). The North Atlantic is a region of large anomalous heat uptake; in the 
low latitude Atlantic, there is a positive contribution to sea level from heat redistribution, but this is 
outweighed by reduced heat input (and also negative halosteric effects). Features in the western Pacific 
at 10N, in the SPCZ and along the northern boundary of the ACC are all accounted for by heat 
redistribution (Lowe and Gregory, 2006), and are at least partly wind-driven, probably associated with 
movements of fronts (Lowe and Gregory, 2006; Landerer et al., 2006). Lowe and Gregory (2006) find that 
about 40% of the observed heat content changes come about through heat redistribution, pointing to the 
importance of heat transport within the ocean. 
 
The spatial distribution of density changes in climate change simulations is generally influenced as much 
by salinity variations as by changes in temperature, but the two often have opposing signs (Landerer et 
al., 2006; Lowe and Gregory, 2006). Thermosteric sea level change is positive in almost all ocean regions, 
but varies considerably by region. Maximum thermosteric expansion occurs in the subtropical North 
Atlantic, while halosteric effects in this region partly compensate the thermosteric sea level rise. In 
contrast, freshening in the Arctic Ocean leads to an additional halosteric sea level rise there (Landerer et 
al., 2006). Steric anomalies in the Pacific Ocean are generally positive, but of smaller magnitude. (Figure 
5.6). 
 
The vertical distribution of thermosteric and halosteric anomalies that contribute to sea level change is 
very different between ocean basins. In the North Atlantic, the steric anomalies reach to depths of the 
North Atlantic Deep Water (2000 m), whereas steric anomalies in the entire Pacific Ocean occur mainly in 
the upper 500 m. In the Southern Ocean, steric anomalies occur throughout the entire water column, 
reflecting the strong vertical exchange of buoyancy in this region (Landerer et al., 2006). (Figure 5.7) 
 
When analysing halosteric changes (in a global mean sense), it is important to keep in mind the constant 
mass assumption of the models (meaning that the globally integrated fresh water flux over the oceans 
should be zero), while observations include eustatic components (acting as diluting sources such as 
glaciers or land storage); in order to separate salinity redistribution from dilution with external freshwater 
sources, fully global observations of salinity are needed (which also cover the deep ocean and the 
Southern Ocean), especially near potential fresh water sources like the Antarctic ice sheet, Greenland 
and the Arctic sea ice. 
 
Although steric sea level changes occur at constant global ocean water mass, mass redistribution within 
the global ocean causes bottom pressure to increase across shallow shelf areas due to ocean thermal 
expansion. Bottom pressure changes can be calculated from the difference between the total sea level 
change and the steric sea level change (e.g. Gill and Niiler, 1973). This effect has not received much 
attention in climate change simulations. Landerer et al. (2006) estimate that bottom pressure can 
increase up to 0.45 m with a global mean sea level rise of 0.26 m and ocean circulation changes (Figure 
5.8). The laterally varying distribution of shelf areas causes zonally integrated mass loading anomalies. 
These mass loading anomalies could directly affect the geoid and thus earth rotational parameters, such 
as length-of-day. The estimated effect is of the order of 0.1 ms length-of-day change (assuming no 
compensation through other processes) (Landerer et al., manuscript in preparation). 
 
5.2  Results of high resolution model estimates of steric sea level rise 
 
Recent increases in computing power has enabled long time integrations of high-resolution climate 
models, which permit ocean meso-scale eddies and include representation of realistic bottom topography. 
High-resolution models can improve simulation of ocean sub-grid scale mixing and representation of 
detailed ocean structures, such as western boundary currents, fronts with pronounced horizontal gradient 
of water properties, and deep water formation regions. Some studies suggest that parameterizations for 
sub-grid scale mixing and deep water formations affect the ocean heat uptake, which induces the ocean 
thermal expansion [e.g. Raper et al., 2002]. The dynamical balance relating the ocean density structure 
and its circulation determines the geographical distribution of sea level [Church et al., 2001]. Therefore, 
high-resolution climate models reproducing detailed ocean features should be useful in understanding 
future sea level changes under global warming. 
 
The Model for Interdisciplinary Research on Climate, version 3.2 (MIROC3.2_hi) has the highest 
resolution of all the models used for climate change projections associated with the fourth assessment 
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report (FAR) of the Intergovernmental Panel on Climate Change (IPCC). This model is developed at 
Center for Climate System, National Institute for Environmental Studies and Frontier Research Center for 
Global Change [K-1 model developers, 2004]. This model consists of a T106 global atmospheric spectral 
model and an eddy-permitting global ocean model in which horizontal resolution is zonally 0.28 degree 
and meridionally 0.19 degree with 48 vertical levels. The medium resolution version of this model 
(MIROC3.2_med), which does not resolve ocean eddies, is also used for the future projections. Both 
models exhibit the sea level patterns corresponding to major ocean gyres. On the other hand, patterns 
associated with finer features, such as narrow western boundary currents, are only reproduced 
realistically in the MIROC3.2_hi. The ocean horizontal resolutions of most models in the IPCC FAR are 
similar to that of the MIROC3.2_med. 
 
The globally averaged steric contribution to sea level rise is estimated from the model ocean temperature 
and salinity. As the Boussinesq approximation is adopted in the ocean models, the globally averaged sea 
level rise attributable to steric factors is diagnosed indirectly from density changes as the equivalent 
volume change under mass conservation. The steric contribution during 1900-2100 is projected to be 
about 30 cm for the A1B scenario and 23 cm for the B1 scenario in the MIROC3.2_hi. These results are 
similar to those for the MIROC3.2_med and within the range of estimates of from other models. The total 
heat input into the ocean during this period is similar in the two models of different resolutions, though the 
net heat flux into the ocean in the MIROC3.2_hi is larger than that in the MIROC3.2_med during the early 
21st century. After the middle of the 21st century, the net heat flux in the MIROC3.2_med become larger 
than that in the MIROC3.2_hi. The upper ocean in the MIROC3.2_hi warms earlier than that in the 
MIROC3.2_med and the warming of the deeper ocean is smaller in the MIROC3.2_hi than in the 
MIROC3.2_med. These differences in ocean heat uptake may partly reflect the difference in strength of 
the meridional overturning circulation (MOC) between the two models, in which the Atlantic MOC is 
weakened from 14 Sv to 9 Sv in the MIROC3.2_hi and from 19.5 Sv to 12.5 Sv in the MIROC3.2_med 
during the 21st century. It also may be related to the difference in climate sensitivity between the two 
models, in which the MIROC3.2_hi shows higher sensitivity than the MIROC3.2_med.   
 
The sea level changes in climate models are not spatially uniform and some regions experience more 
than twice the global average rate of rise [e.g., Gregory and Lowe, 2000; Gregory et al., 2001; Meehl et 
al., 2005]. As the geographical distribution of sea level is intensified under global warming, the spatial 
variability increases. Though different models predict different distributions, there are some shared 
common features. In the Southern Ocean, local sea level rise is larger than the global average in the 
northern region and smaller than the average south of the Antarctic Circumpolar Current. In the Arctic sea 
level rise is larger than the global average. The north Atlantic dipole pattern, i.e., an enhanced rise to the 
north of the Gulf Stream extension and a reduced rise to the south, is also shown in some climate models 
[Bryan 1996]. These features are well reproduced in the MIROC3.2_hi (Figure 5.9), with finer-scale 
features. The regions with large sea level changes are more confined to specific areas and the 
magnitudes of changes are more pronounced in the MIROC3.2_hi than in the MIROC3.2_med and other 
coarse-resolution models. For example, in the Arctic Ocean, enhanced sea level rise is confined to the 
coastal region. These results are consistent with the fact that the spatial variability in the MIROC3.2_hi is 
larger than that in the MIROC3.2_med. Another fine-scale feature represented in the MIROC3.2_hi is 
found in the Kuroshio Extension. There is a reduced sea level rise north of the Kuroshio at approximately 
150E and an enhanced sea level rise to the south. This sea level change is associated with the 
acceleration of the Kuroshio caused by changes in wind stress and the consequential spin-up of the 
Kuroshio recirculation [Sakamoto et al., 2005]. In contrast, the Kuroshio in the MIROC3.2_med 
overshoots to the north, so the region of large sea level rise in the MIROC3.2_med extends northward 
relative to that in the MIROC3.2_hi. 
 
The sea level rise associated with warm eddies increases the flooding risk in coastal area. For example, 
Okinawa Island flooded on 22 July 2001 without passage of an atmospheric low. A warm eddy was 
responsible for increasing the sea level by more than 15 cm [Tokeshi and Yanagi, 2003]. Therefore, it 
would be advantageous to project changes in sea level variability using a high-resolution model that 
represents eddies. Eddy activity is enhanced under global warming in the MIROC3.2_hi. The global 
average of the root-mean-square of sea level anomaly from 3-month running mean increases from 4.8 to 
5.1 cm in the A1B scenario during the 21st century. Such a change is relatively small compared to the 
globally averaged sea level rise. However, enhanced eddy activity is confined to specific areas, and such 
areas overlap with the areas of large sea level rise around some coastal regions and islands, suggesting 



 18 

that the frequency of extreme sea levels may increase in those regions under global warming (Figure 
5.10). 
 
High-resolution climate models represent changes of the ocean structure under global warming in more 
detail. Changes of the ocean structure affect not only spatial distribution of sea level change but also 
temporal sea level variability associated with oceanic eddies. In this regard, a high-resolution model is 
helpful to assess local sea level changes and their possible effects on human activities.   
 
 
6.  Conclusions 

 
Clearly significant deficiencies remain in our understanding of the thermal expansion contribution of sea 
level rise.  There are significant differences between the various estimates of thermal expansion and the 
current estimates of thermal expansion give very different contributions to total sea-level rise over 
different decadal periods.   
 
The evolution of the ocean observing system from the 1950s to the present, and the effect of advances in 
measurement have altered our ability to estimate globally averaged thermosteric sea level. During the 
1950s and 1960s, vast regions of the oceans went unsampled. There is uncertainty in whether the 
estimates of about 0.44 mm yr-1 for the 50-year trend in steric height are representative of the global 
mean or biased low by undersampling. This estimated trend accounted for only about 25% of the 
estimated total sea level rise (Figure 2.1). The sampling uncertainties were reduced by the 1990s due to 
the WOCE hydrographic survey, the implementation of quasi-global XBT networks, and the advent of 
high precision satellite altimetry. For the 1993 – 2003 decade, the estimated 1.6 ± 0.3 mm yr-1 of 
thermosteric (0 – 750 m) sea level rise (Willis et al., 2004) accounted for more than half of the rise in total 
sea level. It is not clear how much of the apparent increase in the rate of ocean warming in the last 
decade was due to improved sampling, to natural decadal variability, or to possible acceleration by 
anthropogenic causes. The sampling and instrumental problems of the 1950s to 1990s have been 
overcome by the combination of high precision satellite altimetry with sea level gauges and global 
subsurface observations of the Argo project. The most recent period, 2003 – 2005, is marked by an 
anomalous decrease in ocean heat content (Lyman et al., 2006) at a time when total sea level continued 
to rise. For adequate measurement and improved understanding of global sea level, it is essential that 
high precision satellite altimetry and the Argo float array be sustained.  It is also important that further 
efforts be made to add to the historical data base (data archeology), develop new ways of analysis of this 
data including data assimilation.   
 
 
6.1  The present observing system 
 
The Argo project greatly mitigates the limitations noted above for sampling during the 1990s. The float 
array is global in the ice-free deep oceans, and not limited by ship tracks or biased by season. The 
hemispheric bias still exists but is being steadily reduced. Over half of the present Argo array is in the 
Southern Hemisphere. The high quality CTDs used on Argo floats are carefully calibrated and carry an 
accurate and stable thermistor. Small drifts in pressure transducers are monitored and corrected. Profiles 
to 2000 m are collected where possible, and ongoing technology developments will deliver 2000 m 
profiles everywhere. High quality salinity measurements are made by all floats, and in most cases are 
free of significant drift for 2 years or longer. 
 
At the beginning of 2005, the Argo float project had about 1500 instruments, increasing to 2200 by year’s 
end and 2500 as of mid-2006. While still below the target number of 3000 floats, the coverage is global 
with a few remaining gaps of scale about 1000 km. Each float collects a temperature/salinity profile every 
10 days.  
 
In order to test the capabilities of Argo for global averages, the annual cycle of steric height (0/2000 dbar) 
was estimated for 2005. A total of 62000 profiles were used (Figure 6.1), 92% of those available, based 
on quality control flags and inspection to remove regional outliers. Profiles were sorted into monthly 5o 
longitude by 3o latitude bins, and 55% of all monthly bins contained at least one profile. Steric height in 
each sampled bin was calculated by a simple average over all profiles, and missing bins were filled by a 
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weighted interpolation from surrounding bins. Monthly anomalies from the 12-month mean were 
calculated, and global averages were estimated as area-weighted means. The global pattern of 2005 
annual mean steric height is shown in Figure 6.1, and the annual cycle of globally-averaged steric height 
in Figure 6.2. Two estimates of error were made for the monthly anomalies. Eddy-variability was 
estimated from the variance of steric height in regions (15o longitude x 10o latitude) chosen to be large 
enough to contain many profiles but small enough to have similar annual cycle. The global standard error 
was formed by assuming the regional sampling errors to be independent from region to region. The 
second error estimate was formed by comparing the global average of altimetric height with that of 
altimetric height sampled at the float locations. The two error estimates are similar, and we conclude that 
1.7 mm is the error of individual monthly means. For the 2005 annual mean, the error is about 0.7 mm. 
 
Figure 6.2 compares the 2005 steric annual cycle with the 1993 – 2004 annual cycle of altimetric height 
(n.b. will replace with 2005 altimetric height when available) and the 2005 eustatic sea level from the 
GRACE mission (courtesy D. Chambers). Given the different years sampled, the estimates are consistent. 
The global steric annual cycle, with about 4 mm amplitude, results from the small difference between out-
of phase hemispheric signals, each of which has average amplitude of about 2 cm. The Northern 
Hemisphere amplitude is slightly greater, but the Southern Hemisphere dominates the global average due 
to its larger area. The global maximum comes at the end of austral summer. The eustatic annual cycle is 
controlled by terrestrial water storage (e.g. Chambers et al., 2004). Because most of the land is in the 
Northern Hemisphere, and maximum storage is at the end of winter, the -7 mm eustatic sea level 
minimum is approximately synchronous with the steric maximum. The eustatic component has larger 
amplitude, and thus the smaller annual cycle of total sea level seen by the altimeter has similar phase to 
the eustatic component. 
 
Figure 6.2 demonstrates the ability of the present ocean observing system – Argo, JASON, and GRACE 
– to separately observe the global steric, eustatic, and total sea level. On completion, Argo will have an 
error in 12-month global means of about 0.5 mm (see above and Willis et al., 2004). For altimetric height, 
the error in 12-month global means is about 0.4 mm (Leuliette et al., 2004). Given typical rates of 1 – 3 
mm yr-1 for interannual variability in each of these quantities, the decomposition of sea level into steric 
and eustatic components is adequately observed on annual, interannual and longer time-scales. 
Moreover, as noted above the Argo salinity measurements will provide an additional constraint on the 
ocean’s freshwater budget, and consequently on eustatic sea level change. The challenge is to sustain 
the present observing system, including its high quality satellite and subsurface ocean measurements, to 
understand the ocean’s role in the ongoing evolution of the climate system. 
 
While great strides have been made in observing the global oceans, some limitations still remain. For 
practical reasons the Argo array is presently limited to the upper 2 km of the oceans and to the ice-free 
regions, and there are relatively few floats in marginal seas. Short-term instrumentation development is 
already mitigating these problems. For example, floats with ice-sensing algorithms are operating 
successfully under seasonal ice cover, with plans to extend this form of sampling. High bandwidth 
communications will greatly shorten float surface times and thereby minimize the float grounding 
problems that impact coverage in marginal seas. Longer-term engineering solutions for the more costly 
issues of deep profiling and sampling under ice are also being considered. The former requires 
substantial increases in pressure housings and energy capacity; the latter requires alternate navigation 
and communication systems such as acoustics. Design work is needed to define the sampling 
requirements for observing the deep ocean.   
 
Recommendations for further observational activities: 

1. Expand the historical data base (data archeology) and continue the quality control of this data.   
2. Sustain the Argo observational program.   
3. Develop engineering solutions to allow the Argo coverage to extend to marginal seas and ice 

covered regions and into the deep ocean.   
4. Design (and then implement) the appropriate observational strategy for the deep ocean.   
5. Maintain the highest quality satellite altimeter and time variable gravity observations.   
6. Apply new techniques for reanalysis of the historical ocean data base (roughly 1950 to present), 

including statistical techniques (e.g. reduced space optimal interpolation) and also modern and 
robust data assimilation techniques.   
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6.1  Modelling Ocean Thermal Expansion   
 
While progress has been made in modeling sea-level rise, it is still not clear that the current generation of 
climate models adequately reproduces the observed thermal expansion and if any discrepancy is a result 
of inadequate observations or models.   
 
Conclusions and recommendations for further numerical model studies include: 

1. There is still a lack of understanding the AOGCM spread of simulated 20th century thermosteric 
sea level.  Detailed model intercomparison studies are required.   

2. Variability of observed global mean thermosteric sea level is not in agreement with simulated sea 
level; there are some suggestions to solve this problem, but more needs to be done. Rigorous 
comparisons of the observational and modelling results to understand (and then reduce) the 
differences is required.   

3. Recent work focuses on the mechanisms that determine the regional sea level response of the 
models; more work should be done in this field.  Rigorous model intercomparisons and 
comparisons of the observational and modelling results to understand (and then reduce) the 
differences is required.   

4. Model results also point to the importance of the Southern Ocean and deeper ocean layers 
(deeper than at least 2000 m). Future observational strategies may take this into account.  

5. Salinity is important. Fully global salinity observations are needed to constrain thermosteric and 
external eustatic sources. 

 
 
Acknowledgements 
 
To be added.   
 
Portions of this study were supported by the Office of Biological and Environmental Research, 
U.S. Department of Energy, as part of its Climate Change Prediction Program, and the National 
Center for Atmospheric Research. The National Center for Atmospheric Research is sponsored 
by the National Science Foundation.  We acknowledge the international modeling groups for 
providing their data for analysis, the Program for Climate Model Diagnosis and Intercomparison 
(PCMDI) for collecting and archiving the model data, the JSC/CLIVAR Working Group on 
Coupled Modelling (WGCM) and their Coupled Model Intercomparison Project (CMIP) and 
Climate Simulation Panel for organizing the model data analysis activity, and the IPCC WG1 
TSU for technical support. The IPCC Data Archive at Lawrence Livermore National Laboratory 
is supported by the Office of Science, U.S. Department of Energy.   



 21 

References 
 
Antonov, J. I., S. Levitus, and T. P. Boyer, 2002. Steric sea level variations during 1957–1994: 

Importance of salinity, J. Geophys. Res., 107(C12), 8013, doi:10.1029/2001JC000964. 
Antonov, J. I., S. Levitus, and T. P. Boyer, 2005. Thermosteric sea level rise, 1955–2003. Geophys. Res. 

Lett., 32, L12602, doi:10.1029/2005GL023112. 
Banks, H. T., Gregory, J. M, 2006, Mechanisms of ocean heat uptake in a coupled climate model and the 

implications for tracer based predictions of ocean heat uptake, GRL, doi:10.1029/2005GL025352.  
Barnett, T., 1983. Long-term changes in dynamic height. J. Geophys. Res., 88, 9547 – 9552. 
Bernstein, R. and W. White, 1979. Design of an oceanographic network in the mid-latitude North Pacific. 

J. Phys. Oceanogr., 9, 592 - 606. 
Bindoff, N. and J. Church, 1992. Warming of the water column in the southwest Pacific Ocean. Nature, 

357, 59 – 62. 
Bryan, K. (1996), The steric component of sea level rise associated with enhanced greenhouse warming: 

a model study, Climate Dynamics, 12, 545–555.  
Cabanes, C., A. Cazenave, and C. LeProvost, 2001. Sea level rise during past 40 years determined from 

satellite and in situ observations, Science, 294, 841– 842. 
Cazenave, A. and S. Nerem, 2004. Present day sea level change: Observations and causes. Rev. 

Geophys., 42, RG3001. 
Cazenave, A., F. Remy, K. Dominh, and H. Douville, Global ocean mass variation, continental hydrology 

and the mass balance of Antarctica ice sheet at seasonal time scale, Geophys. Res. Ltrs., 27, 3755-
3758, 2000. 

Chambers, Observing seasonal steric sea level variations with GRACE and satellite altimetry, J. 
Geophys. Res., 111 (C3), C03010, 10.1029/2005JC002914, 2006).  

Chambers, D. P., J. Wahr, and R. S. Nerem, 2004. Preliminary observations of global ocean mass 
variations with GRACE, Geophys. Res. Lett., 31, L13310, doi:10.1029/2004GL020461 

Chen, J. L., C. R. Wilson, D. P. Chambers, R. S. Nerem, and B. D. Tapley, Seasonal global water mass 
balance and mean sea level variations, Geophys. Res. Ltrs., 25, 3555-3558, 1998. 

Cheng, M., and B. D. Tapley, Variations in the Earth’s oblateness during the past 28 years, J. Geophys. 
Res., 109, B09402, doi:10.1029/2004JB003028, 2004. 

Church J.A., J.M. Gregory, P. Huybrechts, M. Kuhn, K. Lambeck, M.T. Nhuan, D. Qin, and P.L. 
Woodworth, 2001. Changes in Sea Level. In Climate Change 2001: The Scientific Basis.  
Contribution of Working Group 1 to the Third Assessment Report of the Intergovernmental Panel on 
Climate Change.  Houghton, J.T., Y. Ding, D.J. Griggs, M. Noguer, P. van der Linden, X. Dai, K. 
Maskell and C.I. Johnson, eds, Cambridge University Press, 639-694.   

Church, J. A., N. J. White, R. Coleman, K. Lambeck, and J. X. Mitrovica, 2004. Estimates of the regional 
distribution of sea-level rise over the 1950 to 2000 period. J. Clim., 17, 2609–2625. 

Church, J. A., N. J. White, and J. M. Arblaster, 2005.  Significant decadal-scale impact of volcanic 
eruptions on sea level and ocean heat content. Nature, 438, 74-77. 

Church, J. A., White, N. J., A 20th century acceleration in global sea-level rise, GRL, 33, 2006.  
Conkright, M. E., et al. (2002), World Ocean Database 2001, vol. 1, Introduction [CD-ROM], NOAA Atlas 

NESDIS, vol. 42, edited by S. Levitus, 159 pp., Govt. Print. Off., Washington, D. C. 
Cretaux, J.-F., L. Soudarin, F. J. M. Davidson, M.-C. Gennero, M. Berge-Nguyen, and A. Cazenave, 

Seasonal and interannual geocenter motion from SLR and DORIS measurements: Comparison with 
surface loading data, J. Geophys. Res., 107, 2374, doi:10.1029/2002JB001820, 2002. 

Davis, R., 2005. Intermediate-depth circulation of the Indian and South Pacific Oceans measured by 
autonomous floats. J. Phys. Oceanogr., 35, 683 – 707.  

Davis, R., , J. T. Sherman, and J. Dufour, 2001: Profiling ALACEs and other advances in autonomous 
subsurface floats. J. Atmos. Oceanic Technol., 18, 982–993. 

Domingues, C., J. Church, N. White, and S. Wijffels. 2006. Estimating ocean steric sea-level rise from 
sparse ocean data sets. Abstract, 2nd Argo Science Workshop, Venice, March 2006. 

Douglas, B., 1991. Global sea level rise. J. Geophys. Res., 96, 6981–6992. 



 22 

Douglas, B., 1997. Global sea level rise: A redetermination. Surv. Geophys., 18, 279–292. 
Dyurgerov, M.B., and M.F. Meier, 2000. Twentieth century climate change: Evidence from small glaciers, 

Proceedings of the National Academy of Sciences of the United States of America, 97 (4), 1406-1411. 
Garcia, D., G. Ramillien, A. Lombard and A. Cazenave, Steric sea level variations inferred from combined 

Topex/Poseidon altimetry and GRACE gravimetry, submitted to PAGEOPH, 2006. 
Gille, S., 2006. Decadal-scale temperature trends in the Southern Hemisphere. In preparation. 
Gilson, J, D. Roemmich, B. Cornuelle and L.-L. Fu, 1998. Relationship of TOPEX/Poseidon altimetric 

height to the steric height and circulation in the North Pacific. J. Geophys. Res., 103, 27947-27965. 
Gregory, J., H. Banks, P. Stott, J. Lowe, and M. Palmer, 2004. Simulated and observed decadal 

variability in ocean heat content. Geophys. Res. Lett., 31, L15312,  doi:10.1029/2004GL020258, 2004 
Gregory, J. M. and J. A. Lowe (2000), Predictions of global and regional sea level rise using AOGCMs 

with and without flux adjustment, Geophys. Res. Lett., 27, 3069–3072.  
Gregory, J. M., J. A. Church, G. J. Boer, K. W. Dixon, G. M. Flato, D. R. Jackett, J. A. Lowe, S. P. 

O’Farrell, E. Roeckner, G. L. Russell, R. J. Stouffer, and M. Winton (2001), Comparison of results 
from several AOGCMs for global and regional sea-level change 1900–2100, Climate Dynamics, 18, 
225–240.  

Hanawa, K., P. Rual, R. Bailey, A. Sy, and M. Szabados, 1995. A new depth-time equation for Sippican 
or TSK T-7, T-6 and T-4 expendable bathythermographs (XBT), Deep Sea Res., Part I, 42, 1423– 
1451. 

Ishii, M., M. Kimoto, and M. Kachi, 2003. Historical ocean subsurface temperature analysis with error 
estimates. Mon. Wea. Rev., 131, 51–73. 

Ishii, M., M. Kimoto, K. Sakamoto, and S.-I. Iwasaki, 2006. Steric sea level changes estimated from 
historical ocean subsurface temperature and salinity analyses. J. Oceanogr. In press. 

K-1 model developers (2004), K-1 coupled model (MIROC) description, K-1 technical report, 1, edited by 
H. Hasumi and S. Emori, 34 pp., Center for Climate System Research, University of Tokyo.  

Koehl, A., D. Stammer, and B. Cornuelle, 2006a: Interannual to Decadal Changes in the ECCO Global 
Synthesis.  Submitted for publication.  

Koehl, A., D. Dommenget, K. Ueyoshi, D. Stammer, 2006b: The Global ECCO 1952 to 2001, Ocean 
Synthesis Report No.40, March 2006.  

Landerer et al., Dynamic and steric sea level change in response to the A1B-IPCC scenario, JPO 
(accepted for publication), 2006 

Leuliette, E., R. Nerem, and T. Mitchum 2004. Calibration of TOPEX/Poseidon and Jason altimeter data 
to construct a continuous record of mean sea level change, Mar. Geod., 27, 79–94.  

Levermann, Dynamic sea level changes following changes in the themohaline circulation, Climate 
Dynamics, 24, 2005 

Levitus, S., Antonov, J.I., Boyer, T.P., Stephens, C., 2000. Warming of the world ocean. Science, 287, 
2225– 2229. 

Levitus, S., J. I. Antonov, T. P. Boyer, H. E. Garcia, and R. A. Locarnini, 2005a. Linear trends of zonally 
averaged thermosteric, halosteric, and total steric sea level for individual ocean basins and the world 
ocean, (1955–1959) - (1994–1998). Geophys. Res. Lett., 32, L16601, doi:10.1029/2005GL023761. 

Levitus, S., J. I. Antonov, and T. P. Boyer, 2005b. Warming of the world ocean, 1955–2003. Geophys. 
Res. Lett., 32, L02604, doi:10.1029/2004GL021592. 

Levitus, S., J. Antonov, J. Wang, T. Delworth, K. Dixon, and A. Broccoli, 2001. Anthropogenic warming of 
Earth’s climate system. Science, 292, 267 – 270. 

Lombard, A., A. Cazenave, P.-Y. Le Traon, and M. Ishii, 2005. Contribution of thermal expansion to 
present-day sea-level change revisited. Global and Planetary Change, 47, 1–16. 

Lombard A., D. Garcia, A. Cazenave, and G. Ramillien, Determination of thermal expansion from combined 
GRACE and satellite altimetry data, manuscript in preparation to be submitted to EPSL, 2006. 

Lombard, A. et al., Perspectives on present-day sea level change: a tribute to Christian le Provost, Ocean 
Dynamics, 2006.  

Lowe, J. A. and J. M. Gregory, Understanding projections of sea level rise in a Hadley Centre coupled 
climate model, JGR Oceans (accepted for publication), 2006 



 23 

Lyman, J., J. K. Willis, and G. Johnson, 2006.  Recent cooling of the upper-ocean, Science, submitted. 
Meehl, G. A., W. M. Washington, W. D. Collins, J. M. Arblaster, A. Hu, L. E. Buja, W. G. Strans, and H. 

Teng (2005), How much more global warming and sea level rise?, Science, 307, 1769–1772.  
Miller, L., and B. C. Douglas, 2004. Mass and volume contributions to twentieth-century global sea-level 

rise, Nature, 428, 406– 409. 
Minster, J. F., A. Cazenave, and P. Rogel, Annual cycle in mean sea level from Topex-Poseidon and ERS-

1: Inference on the global hydrological cycle, Global and Planetary Change, 20, 57-66, 1999. 
Munk, W., 2002. Twentieth century sea level: An enigma. Proc. Natl. Acad. Sci., 99, 6550 – 6555. 
Munk, W., 2003. Ocean freshening, sea level rising, Science, 300, 2041-2043.   
Nerem, R. S., D. P. Chambers, E. Leuliette, G. T. Mitchum, and B. S. Giese, Variations In Global Mean Sea 

Level During The 1997-98 ENSO Event, Geophys. Res. Ltrs., 26, 3005-3008, 1999. 
Peltier, W.R., Global glacial isostasy and the surface of the ice-age Earth: the ICE-5G (VM2) model and 

GRACE. Annual Review of Earth and Planetary Sciences, May 2004, Vol 32, 111-149. 
Raper, S. C. B., J. M. Gregory, R. and J. Stouffer (2002), The role of climate sensitivity and ocean heat 

uptake on AOGCM transient temperature response, Journal of climate, 15, 124-128.  
Roemmich, D., 1990. Sea Level and the thermal variability of the ocean. Chapter 13 from Sea Level 

Change, Geophysics Study Committee, National Academy Press, Washington DC, pp. 208-217. 
Roemmich, D. and C. Wunsch, 1984. Apparent changes in the climatic state of the deep North Atlantic 

Ocean. Nature, 307, 447-450. 
Roemmich, D., J. Gilson, R. Davis, P. Sutton, S. Wijffels, S. Riser, 2006. Decadal spin-up of the South 

Pacific subtropical gyre. J. Phys. Oceanogr. In press 
Sakamoto, T. T., T. Suzuki, M. Ishii, T. Nishimura, S. Emori, and H. Hasumi (2005), Response of the 

Kuroshio and the Kuroshio Extension to global warming in a long-term climate change projection with 
a high-resolution climate model, Geophys. Res. Lett. 32, L14617, doi: 10.1029/2005GL023384  

Stammer, D., C. Wunsch, R. Giering, C. Eckert, P. Heimbach, J. Marotzke, A. Adcroft, C.N. Hill, and J. 
Marshall, 2002, The global ocean circulation during 1992 --1997, estimated from ocean observations 
and a general circulation model, J. Geophys. Res., 107(C9), 3118, doi:10.1029/2001JC000888.  

Stammer, D., C. Wunsch, R. Giering, C. Eckert, P. Heimbach, J. Marotzke, A. Adcroft, C.N. Hill, and J. 
Marshall, 2003: Volume, Heat and Freshwater Transports of the Global Ocean Circulation 1993 --
2000, Estimated from a General Circulation Model Constrained by WOCE Data, J. Geophys. Res., 
VOL. 108(C1), 3007, doi:10.1029/2001JC001115.  

Stammer, D., K. Ueyoshi, A. K\"ohl, W.B. Large, S. Josey and C. Wunsch, 2004: Estimating Air-Sea 
Fluxes of Heat, Freshwater and Momentum Through Global Ocean Data Assimilation, J. Geophys. 
Res., 109, C05023, doi:10.1029/2003JC002082.  

Suzuki, T., H. Hasumi, T. T. Sakamoto, T. Nishimura, A. Abe-Ouchi, T. Segawa, N. Okada, A. Oka and S. 
Emori (2005), Projection of future sea level and its variability in a high-resolution climate model: 
Ocean processes and Greenland and Antarctic ice-melt contributions, Geophys. Res. Lett., doi: 
10.1029/2005GL023677.  

Tamisiea, M. E., J. X. Mitrovica, R. S. Nerem, E. W. Leuliette, G. A. Milne, 2006. Correcting satellite 
derived estimates of global mean sea level change for glacial  

Tapley, B. D., S. Bettadpur, M. Watkins, and Ch. Reigber, The Gravity Recovery and Climate Experiment: 
Mission overview and early results, Geophys. Res. Ltrs., 31, L09607, doi:10.1029/2004GL019920, 
2004. 

Tokeshi, T. and T. Yanagi (2003), High sea level change at Naha in Okinawa Island, Oceanography in 
Japan, 12, 395–405.  

van Oldenborgh, G. J., Philip, S., Collins, M., El Niño in a changing climate: a multi-model study, Ocean 
Science Discussion, 2, 2005.  

Velicogna, I., and J. Wahr, 2006. Measurements of Time-Variable Gravity Show Mass Loss in Antarctica, 
Science, 311, 1754-6. 

Wadhams, P., and W. Munk, 2004. Ocean freshening, sea level rising, sea ice melting, Geophys. Res. 
Lett., 31, L11311, doi:10.1029/2004GL020039, 

White, W. 1995. Design of a global observing system for gyre-scale upper ocean temperature variability. 
Prog. Oceanogr., 36, 169 – 217. 



 24 

White, W. B., C.-K. Tai, 1995. Inferring interannual changes in global upper ocean heat storage from 
TOPEX altimetry, J. Geophys. Res., 100, 24943-24954, 10.1029/95JC02332. 

Willis, J., D. Roemmich and B. Cornuelle 2003. Combining altimetric height with broadscale profile data to 
estimate steric height, heat storage, subsurface temperature and SST variability. Journal of 
Geophysical Research, 108(C9), 3292, doi:10.1029/2002JC001755. 

Willis, J. K., D. Roemmich, and B. Cornuelle, 2004. Interannual variability in upper ocean heat content, 
temperature, and thermosteric expansion on global scales. J. Geophys. Res., 109. C12036, 
doi:10.1029/2003JC002260. 

Wong, T., B. Wielicki, R.B. Lee III, G. L. Smith, K.A. Bush, J.K. Willis, 2006. Re-examination of the 
observed decadal variability of earth radiation budget using altitude-corrected ERBE/ERBS 
nonscanner WFOV data. J. Clim., Accepted. 

 



 25 

 
Table 4.1. Summary uncertainties in trends of eustatic sea-level rise computed from GRACE data.   

Source Uncertainty (mm/year) 

Formal 0.3 

Knowledge of GIA Correction 0.3 

Knowledge of geocenter rate ???  

3-year period & ENSO-like variability 2.8 

RSS Uncertainty (3-year rate)1 0.4 

RSS Uncertainty (long-term trend)1 2.8 
1 Ignores uncertainty from geocenter rate 
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Fig. 2.1: 50-year estimates of globally-averagel total sea level from Church et al (2004, black line) and the 

thermosteric (0 – 700 m) component from Antonov et al (2005, red line) and Ishii et al (2006, blue 
line). Inclusion of a greater depth range (0 - 3000 m) and the halosteric component would add about 6 
mm to the red and blue lines by the end of the time-series. Is ocean warming a small component of 
the 50-year sea level rise, or is it seriously underestimated through sparse Southern Hemisphere 
sampling (Gregory et al, 2004, Gille, 2006) ?  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.1 with GECCO result included (black curve). SODA is still missing. 
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Fig. 2.2: Distribution of all ocean station data with temperature measurements to depths greater than than 

500 m during the 1950s (top panel) and 1990s (middle panel). Same for XBT profiles in the 1990s 
(bottom panel). Source: NODC.  
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Fig 2.3: Total sea level (red, source:AVISO) and thermosteric (0 – 750 m) sea level estimated from in situ 
data only (green) and using the altimeter/thermosteric height correlation as a first guess (blue) for 
objective mapping of the in situ data. (From Willis et al., 2004 and Lyman et al., 2006). Estimates are 
for the global mean, 60oS to 60oN (top left) and for latitude ranges as noted on the other panels. 
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Fig. 2.4: Pattern of global steric height increase (mm yr-1) for the period 1993 – 2003, from Domingues et al. 
(2006), above, and Willis et al. (2004), below. Panels on the right show globally averaged and globally 
integrated values.
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Fig. 2.5: Interannual comparison of global ocean heat storage (blue, from Willis et al., 2004) against 
global net flux anomalies from ERBE/ERBS Nonscanner WFOV Edition3_Rev1 (red) and 
CERES/Terra FM1 Scanner ES4 Edition2_Rev1 (green) for a 10-year period from 1993 to 2003 
(from Wong et al, 2006). Reprinted with permission from the American Meteorological Society. 
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Fig. 3.1: SODA global sea level time series. Also shown in orange are results from Levitus and in blue 

altimetric measurements.  
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Figure 3.2:  TO BE ADDED 

 
 
Fig 3.3: Total sea level (black), thermosteric (red) and salini-steric (green) sea level timeseries as 

obtained from the 50-year GECCO ocean synthesis. Estimates are provided separately as “global” 
mean (60oS to 60oN, top) and for latitude ranges as noted on the other panels. 
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Fig. 3.4:  Estimated heat content changes as function of time as obtained from the 50-year GECCO 
synthesis and plotted together with the linear trends estimated by Levitus et al. (2004).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.5: Sea surface height drift in cm per year estimated from ECCO for the 50-year period 1952 

through 2001 (bottom, Koehl et al, 2006b).  
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Fig. 3.6: Model steric sea level changes (a) and non-steric SSH changes (b) estimated over the 50 year 

period from the model potential density field. Corresponding thermo-steric (c) and halo-steric (d) sea 
level change estimated over the same period. All fields are in cm/yr
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Fig. 3.7: Sea surface drift in cm per year estimated from the last 10 year period 1992 – 2001 of the 

GECCO 50 year run. The resemblance with respective TOPEX/POSEIDON results is striking.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3.8: Thermosteric (0 – 750 m) sea level estimated from in situ data only (green) and using the 
altimeter/thermosteric height correlation as a first guess (blue) for objective mapping of the in situ 
data. (From Willis et al, 2004 and Lyman et al, 2006). Also shown are estimates resulting from the 
GECCO 50 year run (blue) for the same period. Results are shown separately for the global mean, 
60oS to 60oN (top) and for latitude ranges as noted on the other panels.  



 36 

 
Figure 4.1. Mass component of sea level measured by GRACE (with 3-year trend removed), along with 

seasonal climatological signal computed from 11-years of altimetry and the World Ocean Atlas 2001 
(Chambers et al., 2004).  

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

2002.5 2003.0 2003.5 2004.0 2004.5 2005.0 2005.5 2006.0

M
e
a
n

 S
e
a
 L

e
v
e
l 

(m
m

)

Year  
Figure 4.2. Interannual ocean mass measured by GRACE (with mean seasonal variation removed). 

Time-series has been smoothed with a 5-month boxcar filter. No GIA correction has been applied to 
the time-series.  

 
Figure 4.3. 95% confidence level for determining long-term ocean mass rate in the presence of ENSO-

like variability as a function of time-series length.  Confidence interval was determined from standard 
deviation of rate errors determined from a simulated signal.  

 
 



 37 

 
Figure 4.4. ‘T/P minus GRACE’-derived steric sea level variations at 10-day intervals (red points – the 

monthly mean curve is superimposed), and climatological WOD04-derived monthly steric sea level 
variations (green curve – a +2.27mm/yr trend has been added to the time series).  From Lombard et 
al., 2006 (poster at EGU, Vienna 2006). What GIA correction was used???  
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Figure 4.5. Ocean mass variability.  The blue curve is an estimated value computed from the difference 

between altimeter (Leuliette et al., 2004) and thermosteric sea level (Lyman et al., 2006). The red 
curve is measured by GRACE, accounting for the largest expected GIA correction (1.9 mm/year). The 
error bars on GRACE mainly reflect uncertainty in the GIA.  
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Figure 5.1.  Observed and modelled GOHC and GMSL for the period 1960 to 2000.  The 

response to volcanic forcing, as indicated by the differences between the pairs of PCM 
simulations for GOHC (a) and the GMSL (b) is shown for the ensemble mean (bold line) and 
the three ensemble members (light lines).  For (a) and (b) all results are for the upper 300 m 
only and have been detrended over the period 1960 to 2000.  (c)  The ensemble mean (full 
depth) GMSL for the GISS-ER, MIROC3.2(hires), MIROC3.2(medres) and the PCM models 
(after subtracting a quadratic) are shown.   
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Figure 5.2.  Estimates of ocean thermal expansion for the 20th century in the IPCC class 
of climate models.   
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Fig 5.3: MPI-OM sea surface height anomaly (in meters): relative difference between the mean SSH for 

the decade 2090-2099 and the control run mean SSH; contour line interval is 0.1 m. Global mean 
changes are not included, and must be added to obtain the full sea level change.  

 
 

 
Fig 5.4: Basin averaged evolution of SSH anomalies: deviation from the global mean change in at 

corresponding times; a) North Atlantic (0ºN-65ºN), South Atlantic (40ºS-0ºS) and Pacific (30ºS-65ºN) 
SSH; b) ACC (80ºS-55ºS) and Arctic Ocean (75ºN-90ºN) SSH. Note that vertical scales in a) and b) 
are different.  
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Figure 5.5.  Change in the temperature driven component of steric sea level rise (m) caused by (a) the 

anomalous heat and (b) by heat not supplied as part of the anomalous heat flux, each with global 
mean subtracted. From Lowe and Gregory (2006).  
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Fig 5.6: Steric sea level difference for the period 2090-2099 relative to the control run. (a) Thermosteric 

contribution; (b) halosteric contribution; (c) ratio halosteric/thermosteric with values above 3.5 and 
below -1 in grey.  
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Fig 5.7: Cumulative sum of thermosteric (dashed line), halosteric (grey line) and total steric (black line) 

anomalies for different ocean areas. Starting at the surface, the steric anomaly from each depth layer 
is added up. Note that the abscissa has the same width in all plots.  
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Fig 5.8: Mean bottom pressure changes (in meters water column equivalent) for the decade 2090-2099 

relative to the control simulation 
 

 
Figure 5.9. The changes in mean sea level between 1980 and 2000 and between 2080 and 2100 (A1B 

scenario) in (a) MIROC3.2_hi and (b) MIROC3.2_med. [Suzuki et al. 2005]  
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Figure 5.10. (a) The root-mean-square (rms) of the sea level anomaly from 3-month running mean for the 

control run in MIROC3.2_hi. (b) Changes in the rms between 1980 and 2000 and between 2080 and 
2100 (A1B scenario) in MIROC3.2_hi. [Suzuki et al. 2005]  
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Fig. 6.1: (Top) Distribution of 62,000 Argo T/S profiles used for calculation of 2005 steric height. (Bottom) 

Mean 0/2000 dbar steric height (2005) from Argo, calculated in 5o longitude x 3o latitude boxes as 
described in text.  

 
Fig. 6.2: Monthly mean values of 2005 global mean Argo steric height, 0/2000 dbar (black line – error 

bars to be drawn about 1.7 mm). Also shown are the 1993 – 2004 global  mean for altimetric height 
(green line, source: AVISO) and the 2005 global mean eustatic height (blue line,coutesy 
D.Chambers).  

 


