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Improved estimates of upper-ocean warming and
multi-decadal sea-level rise
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Changes in the climate system’s energy budget are predominantly
revealed in ocean temperatures™” and the associated thermal
expansion contribution to sea-level rise’>. Climate models, however,
do not reproduce the large decadal variability in globally averaged
ocean heat content inferred from the sparse observational data-
base™, even when volcanic and other variable climate forcings
are included. The sum of the observed contributions has also not
adequately explained the overall multi-decadal rise>. Here we
report improved estimates of near-global ocean heat content and
thermal expansion for the upper 300 m and 700 m of the ocean for
1950-2003, using statistical techniques that allow for sparse data
coverage®” and applying recent corrections® to reduce systematic
biases in the most common ocean temperature observations’. Our
ocean warming and thermal expansion trends for 1961-2003 are
about 50 per cent larger than earlier estimates but about 40 per cent
smaller for 1993-2003, which is consistent with the recognition that
previously estimated rates for the 1990s had a positive bias as a
result of instrumental errors®'°. On average, the decadal variability
of the climate models with volcanic forcing now agrees approxi-
mately with the observations, but the modelled multi-decadal
trends are smaller than observed. We add our observational esti-
mate of upper-ocean thermal expansion to other contributions to
sea-level rise and find that the sum of contributions from 1961 to
2003 is about 1.5+0.4mmyr~ ', in good agreement with our
updated estimate of near-global mean sea-level rise (using tech-
niques established in earlier studies®’) of 1.6 = 0.2 mmyr .

To estimate ocean heat content and associated thermosteric sea-
level changes from 1950 to 2003 (see Methods), we use temperature
data'' from reversing thermometers (whole period), expendable
bathy-thermographs (XBTs; since the late 1960s), modern and more
accurate conductivity—temperature—depth (CTD) measurements
from research ships (since the 1980s) and Argo floats (mostly from
2001). XBTs, providing more than 50% of the data, measure tem-
perature from free-falling expendable probes at depths estimated
from the elapsed time since release at the surface. Significant system-
atic biases in XBT temperatures’ are associated primarily with errors
in the estimated depth of observations, probably a result of subtle
differences in the manufacture of the XBTs®. We use a recent time-
variable XBT fall-rate correction® to minimize these biases. To
recover the large-scale patterns from sparse temperature data, we
use a reduced-space optimal interpolation technique’. This approach
helps overcome the low bias in previous estimates of trends in heat
content™? and sea level'»", particularly in the Southern
Hemisphere>'*, and provides rigorous error estimates (see Methods).

Near-globally averaged anomalies of ocean heat content in the
upper 700 m and 100 m (plotted as three-year running means) and

sea surface temperature now track each other at multi-decadal time-
scales (Fig. 1). These global averages all show a slight increase from
1950 to about 1960, a 15-year period to the mid-1970s of zero or
slightly negative trend and, after the 1976-1977 climate shift, a steady
rise to the end of the record. This pattern is also observed in ther-
mosteric sea level (Fig. 2). Including time-variable error estimates,
the linear trend in ocean heat content in the upper 700 m gives a total
change of 16 + 3 X 10**] from 1961 to 2003 (equivalent to an air-sea
heat flux of 0.36 = 0.06 W m™ > over the ocean surface area consid-
ered, 3.3 X 10'* m?; all error estimates quoted are one standard devi-
ation), with about 91% stored in the upper 300 m. For thermosteric
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Figure 1| Estimates of ocean heat content and sea surface temperature.
a, Comparison of our upper-ocean heat content (black; grey shading
indicates an estimate of one standard deviation error) with previous
estimates (red' and blue'?) for the upper 700 m. The straight lines are linear
fits to the estimates. The global mean stratospheric optical depth’® (beige,
arbitrary scale) at the bottom indicates the timing of major volcanic
eruptions. The brown curve is a three-year running average of these values,
included for comparison with the smoothed observations. b, Comparison of
our 700-m (thick black line, as in a) and 100-m (thick red line; thin red lines
indicate estimates of one standard deviation error) results with sea surface
temperature® (blue; right-hand scale). All time series were smoothed with a
three-year running average and are relative to 1961.
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sea level, the rise is about 22 mm (a trend of 0.52 = 0.08 mmyr ',

with about 97% in the upper 300 m). These ocean warming and
thermal expansion rates are more than 50% larger than previous
estimates for the upper 300 m (refs 1, 13) and are about 50% larger
for the upper 700 m (refs 1, 12, 13). Since 1976, the equivalent rates
have been 0.40 Wm ™2 and 0.59 mmyr ', and for the period of the
modern satellite altimeter record from 1993 to 2003 they have been
0.35Wm ™ ?and 0.79 mmyr ™', less than previous estimates'®, which
were biased high by errors in the fall rate of XBTs* . Exclusion of the
XBT data from the reconstructions produces equivalent trends but
with larger uncertainties because of the reduced spatial coverage.

Our time series of heat content and thermosteric sea level (Figs 1,
2) now show little indication of the large spurious rise in the early
1970s and the subsequent decrease in the early 1980s (about
6 X 10*2] and about 10mm), which dominate previous esti-
mates"'>'? and were largely the result of instrumental biases®. This
result is confirmed if we remove the XBT data from the reconstruc-
tions. However, there are smaller variations in heat content (less than
3 X 10*?]) and thermosteric sea level (less than 5 mm), roughly con-
sistent in both amplitude and timing with the impact of volcanic
eruptions in 1963, 1982 and 1991 (refs 16-18).

We compare our estimates for the upper 300 m (not shown) and
700 m (Fig. 2) with equivalent values from simulations of the twen-
tieth century in the World Climate Research Programme’s Coupled
Model Intercomparison Project Phase 3 (WCRP CMIP-3) conducted
in support of the Intergovernmental Panel on Climate Change
Fourth Assessment Report (IPCC AR4). The CMIP-3 simulations
examined here are summarized in Supplementary Information. For
models that do not include volcanic (stratospheric) aerosols, the
changes in simulated ocean heat content and thermosteric sea level
have smaller decadal variability than the observations and larger
long-term trends (Fig. 2a, b).

For simulations with volcanic forcing (but excluding two models,
one that simulates the volcanic forcing by adjusting the solar constant
(pale green diamond), and one that responds more strongly to the
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Figure 2 | Comparison of observed and simulated ocean heat content
(OHC) and thermosteric sea level (ThSL) estimates for the upper 700 m.
a, b, Models without volcanic forcing. ¢, d, Models with volcanic forcing. The
observations are smoothed as in Fig. 1 and the model results are yearly
averages. All models include greenhouse gas and tropospheric aerosol
forcings. See Supplementary Information for more details of the models and
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Agung eruption (orange circle) than the other models'), the
observed and modelled heat content and thermal expansion time
series are similar, with comparable falls in heat content and sea level
after volcanic eruptions (Fig. 2¢, d). After removal of a linear trend
for 1961-1999, the average of the model variances is marginally larger
than the variance of the (smoothed) observed time series (which also
contains observational uncertainty). The simulated and the observed
time series are correlated at zero lag (average correlation coefficient
of 0.60). The magnitude of these simulated responses varies because
of differences in model physics and estimated volcanic forcings'®'®.
In addition, there are significant differences between ensemble mem-
bers of the same model.

From 1961 to 1999, the simulations with volcanic forcing have
multi-decadal trends in heat storage and thermosteric sea-level rise
substantially smaller than those without volcanic forcing. The model
trends with volcanic forcing are closer to the observations but are on
average about 28% smaller in the upper 300 m and about 10% smaller
in the upper 700 m; that is, 73% of the heat storage in the models is in
the upper 300 m, in contrast with 93% in the observations.

We combine our estimates of thermosteric sea level with estimates
of thermal expansion in the deep ocean and of the increased mass of
the ocean in an attempt to balance the sea-level budget (Fig. 3).
Although observations and models confirm that recent warming is
greatest in the upper ocean, there are widespread observations of
warming deeper than 700 m (refs 19-21). The only global obser-
vational estimate of thermal expansion in the deep ocean'’ indicates
that integrating to 3,000 m gives a 20% increase on the value for the
upper 700 m (or 0.07 mmyr~"). This value is probably underesti-
mated because of the use of standard optimal interpolation tech-
niques and the sparse deep observational database, particularly in
the Southern Hemisphere'. In the ocean reanalysis from the
German Consortium for Estimating the Circulation and Climate of
the Ocean model, the 1962-2001 ocean thermal expansion was about
0.6mmyr ' in the upper 700 m, with an additional 50% (about
0.3mmyr ') from the ocean below 700 m (ref. 22). For estimating
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the climatic forcings. The stratospheric aerosol loadings® of the major
volcanic eruptions are shown at the bottom of ¢ and d. The brown curve is a
three-year running average of these values, included for comparison with the
smoothed observations. The grey shading indicates estimates of one
standard deviation error for the observed time series, and all time series are
relative to 1961.
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the sea-level budget we use a deep-ocean thermal expansion of
0.2+ 0.1mmyr ' (Fig. 3a) but recognize that this value is uncertain.
This thermal expansion rate implies additional heat storage of about
8 X 10*J (0.2W m™ %) in the deep ocean.

For 1961-2003, glaciers and ice caps contribute 0.5 + 0.2 mmyr '
to global sea-level rise (Fig. 3a), increasing to 0.8 = 0.2 mm yr71 for
1993-2003 (ref. 23). For 1993-2003, the estimated contributions for
the Greenland and Antarctic ice sheets are 0.21 = 0.07 and
0.21 =0.35mmyr ', respectively’. There is little information to
constrain ice sheet contributions for previous decades, but it is
thought that the Greenland contribution has increased significantly
in recent years®. We use a contribution that increases linearly from
zero in 1961 to the 1990s value. The Antarctic ice sheet is thought to
be still responding to changes since the last glacial maximum'. These
long timescales suggest that there may have been little change in the
Antarctic contribution since 1961.

Hydrological models indicate decadal changes in terrestrial water
storage but little long-term trend* (Fig. 3a). Terrestrial storage assoc-
iated with multi-decadal human interference in the water system is
poorly determined. The two largest terms, the building of dams
(about 0.55mmyr ' over the past half century?®) and the mining
of groundwater', are likely to be of similar size but of opposite sign.
For this reason we have not included these terms in Fig. 3.

We update in situ estimates of globally averaged sea level by apply-
ing established techniques®’, but using empirical orthogonal func-
tions determined from a longer set of altimeter data (1993-2006),
using a larger number of tide gauges than in previous studies and

B L B B B B L B
20

10

N
o

Y

Sea level (mm)

60

40

20

coloovw b b b b b by b by
1960 1970 1980 1990 2000
Year

Figure 3 | Total observed sea-level rise and its components. a, The
components are thermal expansion in the upper 700 m (red), thermal
expansion in the deep ocean (orange), the ice sheets of Antarctica and
Greenland (cyan), glaciers and ice caps (dark blue) and terrestrial storage
(green). b, The estimated sea levels are indicated by the black line (this
study), the yellow dotted line*® and the red dotted line (from satellite
altimeter observations). The sum of the contributions is shown by the blue
line. Estimates of one standard deviation error for the sea level are indicated
by the grey shading. For the sum of components, we include our rigorous
estimates of one standard deviation error for upper-ocean thermal
expansion; these are shown by the thin blue lines. All time series were
smoothed with a three-year running average and are relative to 1961.
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correcting the tide-gauge data for the impact of atmospheric pres-
sure”’, as well as glacial isostatic adjustment. The globally averaged
sea-level trend from this new estimate and one using an independent
technique®® are almost identical from 1961 to 2003, with a trend of
1.6 = 0.2mmyr ' (Fig. 3b). The sum of contributions to sea-level
rise is 1.5+ 0.4mmyr ', not significantly different from the esti-
mated value. The almost exact agreement in 2003 is fortuitous and
the different decadal variability is an indication of the uncertainty in
the estimates and the (unknown) variability in the cryospheric and
deep-ocean contributions. From 1993 to 2003, the sum of contribu-
tions is 2.4 mmyr ™', again almost equal to the estimated trend from
tide gauges of 2.3 mmyr ™" and still in the upper quartile of the IPCC
projections from 1990 (ref. 29). Note that the sea level estimated from
satellite altimeter observations follows the in situ estimate closely up
to 1999 and then begins to diverge, implying a higher rate of rise. It is
unclear why the in situ and satellite estimates diverge, and careful
comparison is urgently needed.

The improved closure of the sea-level budget over multi-decadal
periods (Fig. 3b) and the better agreement in the magnitude of
observed and simulated decadal variability (Fig. 2¢, d) increase con-
fidence in the present results and represent progress since the last two
IPCC reports™". The results indicate an ongoing need for careful
quality control of observational data and also for detailed global
and regional comparisons of observational estimates with climate
models to understand the implications for the detection, attribution
and projection of climate change and sea-level rise.

METHODS SUMMARY

We reconstructed near-global monthly thermosteric sea level anomalies for
1950-2003 and for different depth levels (100, 200, 300, 400, 500 and 700 m),
using a reduced-space optimal interpolation technique’. This technique is
designed to recover the large-scale robust patterns that can be derived from
sparse data and has previously been used to estimate global sea surface temper-
ature®, atmospheric pressure”” and sea level®’. The globally averaged time series
were computed with equal-area weighting. We converted the thermosteric sea-
level fields into changes in ocean heat content using a spatially variable regres-
sion. Because of the sparse spatial coverage, particularly in the earlier part of the
period, the monthly reconstructed fields contained substantial noise that were
reduced by forming three-year running means.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Ocean temperature data. To estimate ocean heat content for the upper 300 m
and 700 m and the associated thermosteric sea level from 1950 to 2003, we used
about 2.3 and 1.8 million profiles (shallow and deep, respectively) from the
available 6 million ocean temperature profiles in the ENACT/ENSEMBLES ver-
sion 3 (hereafter EN3) data set''. We discarded profiles (about 1.7 million) that
had bad quality flags, had coarse vertical resolution, were shallower than 100 m
depth or were from higher latitudes than 65° N and 65° S. We carefully selected
only the temperature profiles that were clearly identified and measured by XBT's
(about 1.2 million and 1.0 million), for which we could apply a correction for the
systematic errors®, bottles (about 1.1 million) and CTDs (about 700,000). We did
not include temperature profiles from the remaining instrument types (1.8
million profiles, of which about 1.2 million are from Mechanical Bathy-
Thermographs (MBTs)) because of a lack of understanding of their potential
systematic biases®. To complement the XBTs, bottles and CTDs from the EN3
data set, we used the most recent version of our own quality-controlled Argo
profiling floats (about 60,000), including corrections for pressure-sensor drift.
Temperature climatology. We produced a climatology from the observations by
using a technique developed previously®’, which includes spatially dependent
terms and annual, semi-annual and linear trend terms at each grid point. We
believe this is superior to most other available climatologies in which all years are
simply averaged together, yielding young median observation dates in the
Southern Hemisphere and old median dates in the data-rich areas of the
Northern Hemisphere. Attempts to resolve more than a linear trend in time
were also considered, but estimates were poorly constrained by the data.
Thermosteric sea level and ocean heat content. We converted temperature
profiles into thermosteric sea level and ocean heat content relative to a number
of fixed-depth reference levels, assuming climatological salinities from the
World Ocean Atlas®. We calculated anomalies relative to their monthly mean
fields and binned them to a 1 month X 1° X 1° grid for the ice-free ocean equa-
torward of 65° N and 65° S. Our deepest calculation was performed with respect
to 700 m, for comparison with earlier results"'>'* and because many XBTs mea-
sure to this depth®. To take advantage of the greater number of observations in
the upper ocean, the 0-700-m estimates are a sum of two depth integrations,
0-300 m and 300-700 m.

Reconstruction details. In our reconstruction we used the sparse but relatively
long record of thermosteric sea-level anomalies to determine monthly ampli-
tudes of the leading 30 empirical orthogonal functions (EOFs). The EOFs were
used to model variability of the time-varying sea level and were calculated from
14 years (1993-2006) of satellite altimeter data. An additional constant (essen-
tially a spatially uniform field) was included in the reconstruction to represent
changes in the global mean®’. Before computing the EOFs, we applied an
inverted barometer correction and removed annual and semi-annual signals as
well as a globally averaged sea-level trend from the altimeter data.

Error estimates. The reduced-space optimal interpolation formalism® provides
estimates of errors on the basis of the data distribution and uncertainties in the
hydrographic observations (instrumental and geophysical errors) as well as
ocean eddy variability determined from satellite altimeter data. The latter two
were combined in quadrature. The formal error estimates quoted in the text are
for one standard deviation.

Systematic error corrections. We have significantly reduced the systematic
biases present in previous analyses by eliminating data sets with unknown errors
(for example MBTs), correcting the XBT fall-rate errors and by using the
reduced-space optimal interpolation technique. Further refinements in identify-
ing and correcting XBT errors may be possible in the future® but it is likely that
more than 70% of the earlier XBT biases have been corrected in this analysis.
Further corrections are a complex issue that is currently being addressed by an
international working group.

Ocean heat content regression. We converted the reconstructed near-global
monthly maps of thermosteric sea level into ocean heat content maps by using
coefficients obtained from a spatially variable linear regression between estimates
of ocean heat content and thermosteric sea level. The regressions are calculated
from the temperature profiles in 10° X 10° grid boxes (following the World
Meteorological Organization squares). The resultant correlation coefficients
are at least 0.99.

32. Alory, G., Wijffels, S. & Meyers, G. M. Observed temperature trends in the Indian
Ocean over 1960-1999 and associated mechanisms. Geophys. Res. Lett. 34,
L02606 10.1029/2006GL028044 (2007).
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SUPPLEMENTARY INFORMATION

Climate Model Experiments. 20th century historical forcing simulations and
corresponding control runs have been analyzed from 13 different modeling groups. In
some cases more than one realization was available (see Table S1 below). All model
data was obtained from the WCRP CMIP3 multi-model dataset archived at the U.S. Dept.

of Energy's Program for Climate Model Diagnosis and Intercomparison (PCMDI).

Simulation Processing and Drift Removal. All model ocean temperature data was
regridded horizontally to the WOA-2005 1° x1° latitude/longitude grid and vertically to
the WOA-2005 standard depth levels. The model data was then masked in an identical

fashion to the observations, including only ice free ocean equatorward of 65°N and 65°S.

While none of the models used here employs flux adjustments, most still show
appreciable control-run drift in ocean temperatures, particularly in the intermediate and
deep ocean. To account for this, the signals in ocean heat content were defined by
subtracting temporally-coincident control results from the perturbed-run data. The global
ocean volume-integrated heat content is calculated from the annual mean temperature of
each grid cell. For the thermal expansion calculations, we use the standard equation of

state for seawater with values of the coefficient of thermal expansion taken from

www.nature.com/nature
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UNESCO, International Oceanographic Tables, vol. 4, Paris, 1987. As with heat content,
the expansion is calculated at each grid cell. Sea-level changes are determined by
dividing the total volume changes by the global ocean surface area. Climatological
salinity was used in calculating thermosteric expansion. These methods and
approximations have been demonstrated to be appropriate for global average calculations

and applied by previous investigators™*.

Modeling Groups Contributing to WCRP CMIP3 Database. Although 19 modeling
groups had performed a wide range of simulations in support of the IPCC Fourth
Assessment Report, at the time this research was conducted only 13 modeling groups had
provided complete fields of potential temperature from the ocean model output and had
been regridded as described above. Climate data from these simulations were made

available to the scientific community through the PCMDI.

One of the simulations (the so-called "20c3m" run) involved historical changes in a
number of anthropogenic and natural forcings. The following modeling groups provided
multiple realizations of the 20c3m run (the number of realizations is listed after the text
in parentheses that gives the official model designation): the Canadian Centre for Climate
Modeling and Analysis (CCCma-CGCM3.1(T47), five); the Commonwealth Scientific
and Industrial Research Organization in Australia (CSIRO-Mk3.0, three); the National
Center for Atmospheric Research, Boulder, CO (CCSM3, six); the Institute for
Atmospheric Physics in China (FGOALS-g1.0, three); the Goddard Institute for Space

Studies in New York (GISS-AOM, two; GISS-EH, four; GISS-ER, eight); the Center for

www.nature.com/nature 2
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Climate System Research, National Institute for Environmental Studies, and Frontier
Research Center for Global Change in Japan (MIROC-CGCM2.3.2(medres), three;
MIROC-CGCM2.3.2(hires), one); the Meteorological Research Institute in Japan (MRI-
CGCM2.3.2, five); and the Hadley Centre for Climate Prediction and Research in the
U.K. (UKMO-HadCM3, two). Individual realizations were supplied by: the Geophysical
Fluid Dynamics Laboratory, Princeton, NJ (GFDL-CM2.0) and by Météo-France/Centre
National de Recherches Météorologiques (CNRM-CM3). Several groups provided results

for several different model configurations.

Forcings Used in 20c3m Runs. Details of the natural and anthropogenic forcings used
by different modeling groups in their IPCC "historical forcing" simulations are given in
Table S1. This table was compiled using information that participating modeling centers
provided to the PCMDI (http://www-

pcmdi.llnl.gov/ipcc/model documentation/ipcc_model). Model acronyms are defined in
the previous section. A total of 11 different forcings are listed in Table S1. A letter Y
denotes inclusion of a specific forcing. As used here, "inclusion" signifies the
specification of time-varying forcings, with changes on interannual and longer time
scales. Forcings that were varied over the seasonal cycle only, or not at all, are identified
with a dash. A question mark indicates a case where there is uncertainty regarding

inclusion of the forcing.
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