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Abstract Changes in thermosteric sea level at decadal and longer time scales respond to anthropogenic
forcing and natural variability of the climate system. Disentangling these contributions is essential to
quantify the impact of human activity in the past and to anticipate thermosteric sea level rise under global
warming. Climate models, fed with radiative forcing, display a large spread of outputs with limited
correspondence with the observationally based estimates of thermosteric sea level during the last decades
of the twentieth century. Here we extract the common signal of climate models from Coupled Model
Intercomparison Project Phase 5 using a signal-to-noise maximizing empirical orthogonal function technique
for the period 1950–2005. Our results match the observed trends, improving the widely used approach of
multimodel ensemble averaging. We then compute the fraction of the observed thermosteric sea level rise
of anthropogenic origin and conclude that 87% of the observed trend in the upper 700m since 1970 is
induced by human activity.

1. Introduction

Since 1970, global mean sea level has been rising at a rate of 2.0±0.3mm/yr, of which 0.8±0.3mm/yr is due to
increased ocean warming and the rest being caused by ocean mass from land ice and continental water
reservoirs as well as from changes in the geoid of the Earth [Church et al., 2013]. At the regional scale, mean sea
level changes deviate significantly from the global mean, with the major controlling factor of its geographical
distribution being the density-driven component. Over most of the ocean, furthermore, changes in temperature
(T) dominate over changes in salinity (S) in the steric component [Stammer et al., 2013].

Thermosteric sea level, which integrates changes in ocean T, exhibits interannual to decadal variability during
the last decades superimposed to a gradual rise that responds to increased warming [AchutaRao et al., 2007].
The observational data sets are relatively short in time (~60 years) [Ishii and Kimoto, 2009; Levitus et al., 2012] and
the amplitude of the net climate oscillations reaches a few centimeters globally [Llovel et al., 2013]. These two
facts raise the question of whether the reported sea level rise of thermal origin is, at least partly, the result of
changes in the climate system and to which extent it responds to increased greenhouse gases (GHGs) and
aerosols concentrations in the atmosphere derived from the human activity. Earlier works have already pointed
out that the ocean heat uptake observed during the last decades of the twentieth century cannot be explained
by natural climate variability only (changes forced by volcanic aerosol and variability in solar irradiance) and it is
thus attributed to human influence [Barnett et al., 2005; Sedláček and Knutti, 2012; Gleckler et al., 2012; Pierce et al.,
2012]. Such attribution studies were based on the agreement between observations and climate model
simulations run with natural and anthropogenic forcing and/or on the inconsistency between observed ocean
warming trends and climatemodels run only with natural forcing. Previous studies, however, did not provide the
fraction of ocean warming associated with human activities as a separate contribution from that of natural
climate variability. The present work aims at identifying and quantifying the warming signal of anthropogenic
origin in the oceans as well as its geographical patterns. To achieve this goal, we have used ocean T from two
ensembles of numerical simulations during the second half of the twentieth century, one forced with observed
GHGs and aerosols and another one with only natural forcing. The signals corresponding to thermosteric sea
level were extracted from each ensemble and used to infer the contribution of anthropogenic origin.

2. Data and Methods

We have used numerical simulations from the last generation of climate models archived at the Coupled
Model Intercomparison Project Phase 5 (CMIP5). Monthly gridded fields of ocean T were selected for each
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available numerical realization of the
“historical” and “natural-only”
experiments. The former includes forcing
consistent with observations of gases
concentrations in the atmosphere while in
the latter only the natural forcing is
imposed [Taylor et al., 2012]. The number
of model simulations used was 30 for the
historical and 15 for the natural-only
simulations (listed in Table S1 in the
supporting information). Preindustrial
control simulations, forced with constant
gases concentrations from the
preindustrial era, were also obtained for
all the climate models considered.

Ocean T observations were obtained from
the latest version (v6.12) of the Ishii and
Kimoto [2009] database available at http://
rda.ucar.edu/datasets/ds285.3/. It consists
of monthly gridded 1° × 1° global T and S
fields from surface down to 700m at 16
depth levels for the period 1945–2012
and interpolated using all available
hydrographic profiles. For comparison,
another global gridded hydrographic
database [Levitus et al., 2012] was also
used in our computations.

The period analyzed was 1950–2005,
overlapping between numerical simulations
and hydrographic observations. For models
and observations, thermosteric sea level was
computed at each time step by integrating
the specific volume anomaly down to 700m
at each grid point with constant salinity and

equal to its initial field. The integration depth was determined by the availability of the observations. All
thermosteric sea level fields were finally interpolated onto the same 1° × 1° grid and averaged into annual values.

We have applied a signal-to-noise (S/N) maximizing empirical orthogonal function (EOF) analysis that
allows characterizing the common response to the identical external forcing of an ensemble of numerical
realizations, separating this forced signal from the internal variability of the system. This common response
is the time-varying signal that is entirely determined by the forcing. If the number of ensemble members
were large enough, this forced response could be computed simply as the multimodel ensemble mean. In
fact, this strategy is usually followed as an approach to the forced response, implicitly assuming that
internal errors and variability of the models cancel out. Strictly speaking, this is only true for an infinite
ensemble; in practice, the multimodel ensemble mean also contains internal climate variability.

Here we will follow the formulation described in detail in Venzke et al. [1999], which has already been
applied successfully to other atmospheric and oceanic variables such as sea surface temperature and
precipitation [Venzke et al., 1999; Chang et al., 2000; Kelley et al., 2011]. This technique eliminates the
contribution of the climate noise and provides the time-varying time series of the signal and its spatial
pattern. It can be demonstrated that this signal has an optimized S/N ratio and accounts for the maximum
possible variance of the ensemble average [Venzke et al., 1999]. The fraction of variability associated
with the dominant response, hereinafter referred to as the forced response, is then computed by
projecting the observations onto the forced signal. The reader is referred to the supporting information
for the full algorithm.

Figure 1. Global thermosteric sea level estimated from (a) historical and
(b) natural-only forcing simulations from CMIP5 climate models for the
period 1950–2005. Plotted are individual models (grey), ensemble aver-
age (black), and the corresponding forced response (blue). Observations
from Ishii and Kimoto [2009] database are also included (red).
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3. Results

Global thermosteric sea level computed for the top 700m from the historical simulations of the climate
models during the period 1950–2005 (grey lines in Figure 1a) shows a large spread of solutions with limited
correspondence with observations based on hydrographic measurements (red line in Figure 1). All the
models have been corrected for model drifts by subtracting a linear fit of the corresponding preindustrial
control time series. The multimodel ensemble average (black line in Figure 1a) shows a better match,
although the trends are slightly overestimated: For the period 1970–2005, when thermosteric sea level rise
is enhanced, the linear trend of the observations is 0.46 ± 0.03mm/yr (the uncertainty in observations
corresponds hereinafter to the standard error), whereas the ensemble average trend is 0.55 ± 0.08mm/yr
(the uncertainty in the ensemble averages corresponds hereinafter to the 95% confidence interval; see the
supporting information for details), thus 20% larger. The historically forced response, that is, the fraction of
the observations associated with the common external forcing of the historical runs (blue line in Figure 1a)
shows a better agreement with a trend of 0.43 ± 0.03mm/yr (the uncertainty in the forced responses
corresponds hereinafter to the 95% confidence interval; see the supporting information for details),
virtually the same as the observed value. Interannual variability is smoothed in both the ensemble mean
and the forced response due to the multimodel averaging. The same procedure has been repeated with a
different hydrographic database [Levitus et al., 2012] resulting in the same improvement (Figure S2).

We have also computed the naturally forced response (i.e., that of the natural-only simulations; Figure 1b).
In this case, the number of available models is smaller, and thus, the spread of solutions is relatively larger
(a standard deviation of trends of 0.23mm/yr for historical in comparison with 0.14mm/yr for natural-only). The
multimodel ensemble average displays a trend of �0.04± 0.07mm/yr for the entire period 1950–2005, not
statistically different from zero. The trend associated with the naturally forced response is 0.04± 0.04mm/yr,
slightly larger. Again, observed interannual variability is not reproduced.

The difference in the forcing between historical and natural-only simulations corresponds to the emissions of
gases associated with human activity. Therefore, the subtraction of the historically forced and naturally forced
responses of global thermosteric sea level measures the anthropogenic contribution to the signal. For the
period 1970–2005, the trend of the anthropogenic contribution is 0.40± 0.07mm/yr (the uncertainty was
estimated as the addition of the two uncertainties of historically forced and naturally forced signals). This

Figure 2. Thermosteric sea level trends of the top 700m during 1970–2005 computed from (a) observations, (b) historically
forced response, and (c) naturally forced response. (d) The difference between trends of the two forced responses is also
mapped. Only trends significant at the 95% confidence level are shown.
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means that 87% of the observed global
thermosteric sea level rise for the top
700m since 1970 is associated with
human activity, with error bars between
72% and 100%.

Ocean heat uptake is spatially
heterogeneous [see, for example,
Stammer et al., 2013], and this is
evidenced by the patterns of observed
thermosteric sea level trends of the upper
water column (0–700m) during 1970–2005
(Figure 2a). When the trends are computed
for the historically forced signal (Figure 2b),
the spatial pattern is very similar to that of
the observations. This is an expected result
as the forcing of the historical simulations is
consistent with observations. Larger
differences in the magnitude of the trends
are found in regions with stronger ocean
currents, such as around the Gulf Stream
and the Kuroshio Current. Conversely, the
trends of the naturally forced response are
significantly smaller than those of the
historical (Figure 2c). This result confirms
that the impact of net climate variations in
upper (0–700m) thermosteric sea level rise
is small in comparison with the net effect of
GHG concentrations everywhere in the
ocean (and not only on its global average).
Nevertheless, there are some regions with
relatively higher impact of the natural
variability, with the North Atlantic being
the most prominent for the period
investigated. This implies that natural
variability has contributed positively to
the observed enhanced ocean warming
in the North Atlantic during 19702005. On
the contrary, the Western Pacific Ocean
displays positive trends due to natural
variability (Figure 2c), in contrast with the
negative trends of the observations
(Figure 2a). Thus, in this region, the
behavior is the opposite and natural
variability has partly compensated the
strong negative trends.

The anthropogenic contribution to
thermosteric sea level rise for 1970–2005,
estimated as the linear trends of the
differences between the historically forced
and naturally forced responses, is mapped

in Figure 2d. The resulting spatial pattern underscores the heterogeneous impact that GHGs and aerosols
concentrations have on ocean warming. In light of the spatial distribution of the anthropogenic contribution,
three regions have been further investigated: the North Atlantic and the Tropical Pacific, where the strongest

Figure 3. Regional 0–700m thermosteric sea level over the (a) North
Atlantic, (b) tropical Pacific, and (c) Southern Ocean estimated from
historical runs of CMIP5 climate models for the period 1950–2005
(individual models in grey and ensemble average in black), histori-
cally forced responses (blue), and observations from Ishii and Kimoto
[2009] (red). Note the different vertical scales. Inset maps indicate the
regions analyzed in each case, shadowed in yellow.
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positive and negative trends were found (Figure 2d), and the Southern Ocean, an area of interest due to the
scarcity of observations and the large differences among individual models. Note, however, that this latter
region, despite being referred to as Southern Ocean, was defined between 45°S and 60°S. Regional
thermosteric sea level curves for the top 700m computed from observations and historical simulations are
plotted in Figure 3 for the three selected regions (the corresponding analysis using Levitus database can be
found in Figure S3). Discrepancies among climate models are larger at regional scale than at the global scale
(Figure 1) and the correspondence between observations (in red) and ensemble averages (in black) in these
areas is not as good as for the global mean. Other regions were also explored and the corresponding
comparisons can be found in Figure S1 (Figure S4 for Levitus database).

In the North Atlantic, the ensemble average (black line) presents a linear trend of 1.12 ± 0.22mm/yr,
significantly smaller than the observations (red line) with a value of 2.00 ± 0.14mm/yr. Some of the individual
models (grey lines) display values well below the observations. The trend of the historically forced response
(blue line) is 1.24 ± 0.16mm/yr, which still remains significantly smaller than observations. Whether this
inconsistency is attributed to a limited model performance on this region or to the interpolation of unevenly
distributed hydrographic observations [Miller and Douglas, 2004] remains uncertain. The naturally forced
response (not shown) has a trend of 0.44 ± 0.15mm/yr on average over this region, in agreement with the
results shown in Figure 2, and indicating that the contribution of the natural variability to thermal expansion
is not negligible in the North Atlantic during the period 1970–2005. The anthropogenic contribution
averaged over this area accounts for 0.82 ± 0.31mm/yr. Our results then indicate that about 35% of the
warming of the North Atlantic is accounted for by natural climate variability; however, this value must be
taken with care, because as pointed out above, climate models are unable to reproduce the reported ocean
warming from interpolated observations in this region.

The tropical Pacific is characterized by relatively large oscillations in the thermosteric signal; these are not
recovered by neither the models nor the historically forced response, due to the averaging in both curves. The
linear trends of the observations and the ensemble average are 0.39± 0.11mm/yr and 0.43± 0.16mm/yr,
respectively; these values are statistically consistent, as is the historically forced response with a linear trend of
0.34± 0.04mm/yr. In this region, the anthropogenic contribution accounts for the whole thermosteric sea level
rise of the upper water column (0–700m), with no significant contribution from the natural variability.

The Southern Ocean is the region where the models show a larger spread. The linear trend of the ensemble
average is 0.37 ± 0.11mm/yr, much larger than the observed value of 0.17 ± 0.02mm/yr. The historically
forced response is 0.18 ± 0.02mm/yr, thus essentially the same as the observed trend. The anthropogenic
contribution is 0.16 ± 0.13mm/yr, indicating that it can explain 100% of the observed thermosteric sea level
rise in this area during 1970–2005.

4. Summary and Conclusions

The S/Nmaximizing EOFanalysis is a useful approach to isolate the forced response (defined as the fraction of
observed variability caused by the common forcing) of upper water column thermosteric sea level from the
internal variability of the climate models at both global and regional scales. This technique improves the
widely used multimodel ensemble average. At the global scale, the historically forced response mimics the
trends of the observed thermosteric sea level computed using the top 700m, whereas the ensemble average
overestimates it by 20% for the period 1970–2005. Gregory et al. [2013] suggested that the differences in
twentieth century ocean thermal expansion between observations and models were attributed to the lack of
realistic volcanic forcing in the preindustrial control runs. We cannot discard this factor, although its impact at
the decadal time scales targeted in the present study is likely less evident than at the century long time scale.
At the regional scale, the differences between multimodel ensemble averages and observations are larger
than at the global scale. The methodology we have applied succeeds in providing values of the historically
forced response, which are closer to the observations, even when the individual climate models present very
different behaviors.

Thermosteric sea level changes have a substantial contribution to sea level rise and can have large climate
change impacts. Indeed, spatial patterns of sea level changes are to a large extent defined by upper water
thermosteric sea level patterns, at least during the last two decades [Stammer, 2013]. Disentangling the
contributions of the natural climate variability and the anthropogenic forcing is essential to quantify the
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impact of human activities on ocean thermal expansion as well as on its spatial distribution. Our results
indicate that about 87% (with 95% confidence interval of 72–100%) of the observed warming-related sea
level rise in the 0–700m of the global ocean is of anthropogenic origin. At the regional scale, the impact of
the anthropogenic forcing on thermosteric sea level is highly variable. This result is not surprising as
increasing concentrations of GHGs and aerosols are related to changes in prevailing wind conditions and
ocean circulation, among other processes, that affect ocean heat uptake and distribution. In the North
Atlantic, for instance, the impact of the anthropogenic contribution is particularly large (0.82 ± 0.31mm/yr
compared to a global value of 0.40 ± 0.07mm/yr). To this rate, a significant contribution of the natural
variability (0.44 ± 0.15mm/yr) is added, resulting in the region with higher thermosteric sea level rise for the
upper 700m during the period 1970–2005. For a different period, the contribution of natural variability could
have the opposite effect and partly compensate the large positive trend.

It is remarkable that in the Southern Ocean, a sparsely sampled region, the long-term changes in the upper
thermosteric sea level are well reproduced by the historically forced response. This suggests that, despite the
limitations of the hydrographic observations, the decadal thermosteric sea level trends of the top 700m
during 1970–2005 computed in this region are reliable. It should be recalled here that caution must be taken
when targeting other periods for which the warming signal may be significantly attenuated in interpolated
products due to lack of observations, as stated by Gille [2008].
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