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E�ects of long-term variability on projections of
twenty-first-century dynamic sea level
Mohammad H. Bordbar1,2, Thomas Martin1, Mojib Latif1,3* andWonsun Park1

Sea-level rise1 is one of the most pressing aspects of
anthropogenic globalwarmingwith far-reaching consequences
for coastal societies. However, sea-level rise did2–7 and will
strongly vary from coast to coast8–10. Here we investigate the
long-term internal variability e�ects on centennial projections
of dynamic sea level (DSL), the local departure from the
globally averaged sea level. A large ensemble of global
warming integrationshasbeenconductedwithaclimatemodel,
where each realization was forced by identical CO2 increase
but started from di�erent atmospheric and oceanic initial
conditions. In large parts of the mid- and high latitudes, the
ensemble spread of the projected centennial DSL trends is of
the same order of magnitude as the globally averaged steric
sea-level rise, suggesting that internal variability cannot be
ignored when assessing twenty-first-century DSL trends. The
ensemble spread is considerably reduced in the mid- to high
latitudes when only the atmospheric initial conditions di�er
while keeping the oceanic initial state identical; indicating that
centennial DSL projections are strongly dependent on ocean
initial conditions.

Globally averaged sea level has risen by about 20 cm since 1900
and at a rate of about 3mmyr−1 during the past two decades,
but with strong regional variation1–7. For example, the western
tropical Pacific featured amuch stronger rise than the global average
during the recent decades, whereas even falling sea levels were
observed in the eastern tropical Pacific and along the west coast
of the Americas7. Dynamic sea surface topography, the departure
from the Earth’s geoid, is influenced by ocean currents, local mass
balance and density changes of the water column11–14. The DSL,
which is the focus of this study, has been introduced to describe the
collective effect of the local steric (thermosteric and halosteric) and
dynamical ocean adjustment contribution9,11,14. As the observed sea-
level changes include the effects of both external forcing (natural, for
example, solar; and anthropogenic, for example, CO2) and internal
variability, we need to understand both drivers to assess twentieth
and twenty-first-century sea-level changes.

Climate modes, patterns with identifiable characteristics and
specific regional effects, are prominent examples of internal
variability. The El Niño/Southern Oscillation15, a quasi-periodic
fluctuation of the equatorial Pacific sea surface temperature with a
period of about 4 years, is the leading mode of tropical interannual
variability. El Niño/Southern Oscillation is associated with zonal
redistributions of heat, causing large sea-level anomalies across the
equatorial Pacific and along the west coasts of the Americas15. The
Pacific Decadal Oscillation, a decadal climate mode, also strongly
affects sea level in the Pacific2,16,17 and tropical South IndianOcean18.
Other regions of strong internal decadal sea-level variations are
the North19,20 and South Atlantic19. Here we address the influence

of the longer centennial variability21–25 on DSL projections for the
twenty-first century. To this end we investigate five large ensembles
of global warming integrations with climate models.

We first discuss two ensembles performed with the Kiel Climate
Model24–26 (KCM, Methods). The annual-mean DSL climatology
from a millennial control run with fixed atmospheric CO2
(348 ppm) depicts the well-known features of the large-scale ocean
circulation (Fig. 1a), and the pattern is in good agreement with
that derived from satellite altimetry (Fig. 1b). However, there are
noticeable biases. For example, the ‘northwest corner’ southeast of
Newfoundland is missing and the North Atlantic subpolar gyre
extends too far to the east (Fig. 1), which may influence the pattern
of forced DSL changes near the east coast of North America and
in the North Atlantic. Both ensembles conducted with the KCM
consist of 22 global warming integrations, where each ensemble
member was forced by increasing atmospheric CO2 at a rate of
1% per year (compound), approximately corresponding to the
observed present rate of increase. Each ensemble member was
integrated for 100 years. CO2 doubling is reached after about 70
years, and the integrations were continued for another 30 years with
constant CO2. The ensemble-mean response is a measure of the
CO2-forced signal, whereas the ensemble spread reflects the effects
of internal variability.

In the first KCM ensemble, the individual members start from
different atmospheric and oceanic initial conditions that were taken
from the above-mentioned unforced control integration and cover a
wide range of climate states (Supplementary Fig. 1). The globally av-
eraged ensemble-mean steric sea-level rise amounts to about 0.25m
per century, with only very little spread (Supplementary Fig. 2).
We next computed from all ensemble members at each month the
globally averaged sea level and subtracted it at each grid point to
obtain the time evolution of DSL. The pattern of the ensemble-mean
centennialDSL trends (Fig. 2a) depicts strong regional variation. For
example, in parts of the Southern Ocean, a drop with a rate of about
−0.4m per century is projected, whereas DSL increases in the mid-
latitude North Atlantic by about the same magnitude. The former
is related to an enhanced meridional gradient across the Antarctic
Circumpolar Current that intensifies in response to stronger surface
westerlies, the latter to slowing of the AtlanticMeridional Overturn-
ing Circulation. In the tropical and subtropical Pacific, an enhanced
zonal asymmetry is projected, consistent with an intensified low-
level atmospheric circulation27,28. Clearly, the projected centennial
trends in DSL can be of the same order of magnitude or even larger
than the globally averaged steric sea-level rise in several regions,
which is consistent with previous model studies9,10.

The long-term internal variability effect on projected centennial
DSL trends is estimated from the ensemble spread (Fig. 2c,d).
Considering the first ensemble (Fig. 2c), in which both oceanic and
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Figure 1 | Comparison of the KCM’s DSL, the local deviation from the global average sea level, with satellite observations. a,b, The climatological
annual-mean DSL computed from the 1,000-yr-long control run with the KCM (a) and satellite altimetry during 1993–2012 (b). The altimeter-derived sea
levels refer to the ocean topography with respect to the geoid and the corresponding DSL map was obtained by removing the spatial average.
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Figure 2 | Long-term internal variability strongly influences centennial DSL projections in the KCM. a,b, Ensemble-mean DSL centennial trends.
c,d, Corresponding ensemble spread measured by the standard deviation of the centennial DSL trends calculated from the individual ensemble members.
e,f, Signal-to-noise ratio (the magnitude of the ensemble-mean trends divided by the ensemble spread). All panels are calculated from the 22 global
warming integrations-a,c and e have di�erent oceanic and atmospheric initializations, and b,d and f have oceanic initial states are identical and only
atmospheric initial conditions vary.
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Figure 3 | Detection time of the CO2 forcing on DSL. a,b, Long-term internal variability can strongly mask the e�ects of CO2 forcing even on a centennial
timescale. The detection time is defined as the ensemble mean of the times in the individual realizations, when changes associated with centennial DSL
trend exceed 2 (a) or 3 (b) standard deviations of the monthly mean DSL anomalies computed from the control run. White colour denotes detection times
longer than a century. DSL is defined as the deviation from the global average.

atmospheric initial conditions vary, the largest spread exceeding
0.1mper century is found in themid- and high latitudes, the regions
of high internal decadal to centennial variability in the KCM and
most other climate models29. Calculation of upper- (0–1,830m) and
deep-ocean (1,830m–bottom) contributions to the centennial steric
sea-level trends (Supplementary Figs 3a and 4a) reveals that the deep
ocean plays an important role in the Atlantic and Indian Ocean
sectors of the Southern Ocean and North Atlantic. The ensemble
spread (Supplementary Figs 3b and 4b) is small in the tropics where
climate models generally depict strong interannual variability, but
weaker decadal to centennial variability29 (see also Supplementary
Fig. 1). An exception is the subtropical west Pacific (Fig. 2c).

The signal-to-noise ratio (Fig. 2e), defined as the ratio of
the ensemble mean (Fig. 2a) and ensemble spread (Fig. 2c), is
particularly high in four regions: the Southern Ocean, the tropical
and subtropical east Pacific, and the mid-latitude North Atlantic
and North Pacific. Here the signal-to-noise ratio can locally exceed
values of 10, indicating robust CO2-forced centennial DSL trends.
To estimate a ‘detection time’, the time at which the CO2-forced
DSL signal starts dominating internal variability, we calculated the
time when the change associated with the centennial DSL trend
exceeds 2 or 3 standard deviations (σ ) of the monthly mean sea-
level anomalies simulated in the control run. The computation
was performed for each ensemble member separately, and the
resulting detection timeswere averaged to obtain an ensemble-mean
detection time (Fig. 3). The use of annual or decadal means in
the computation of the standard deviations does not fundamentally
alter the detection time pattern (not shown) but yields shorter
values, meaning that the forced response emerges earlier from the
background noise. When considering the 2σ threshold (Fig. 3a),
the detection times are longer than a century in most of the world
ocean (the white regions), which highlights the important role of
long-term internal variability in masking CO2-forced centennial
DSL trends. Exceptions are the regions of high signal-to-noise
ratio (Fig. 2e): the Southern Ocean, the tropical and subtropical
southeast Pacific and the mid-latitude North Atlantic and northern
North Pacific, with detection times of only a few decades in
localized regions. The general picture does not change much when
the 3σ threshold is applied (Fig. 3b). Overall, the pattern of
detection times is similar to that obtained from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) model spread30, but with
generally shorter detection times in this study.

Obviously, internal variability introduces large uncertainty to
centennial DSL projections in many regions. Is this uncertainty
of atmospheric or oceanic origin? To investigate this question, we
analyse the second KCM ensemble in which only atmospheric

initial conditions differ between members. This assumes perfect
knowledge of the oceanic initial conditions and that uncertainty
solely originates from the effects of unpredictable weather noise,
which would inherently limit DSL predictability. The same
methodology has been applied in a previous study addressing DSL
projection uncertainty on decadal to multidecadal timescales31. The
ensemble-mean DSL trend pattern does hardly change (Fig. 2b),
but the corresponding ensemble spread is considerably reduced in
the North Atlantic and Southern Ocean (Fig. 2d), indicating in
these regions a large ocean initial condition contribution to the
spread in the first ensemble (Fig. 2c and Supplementary Fig. 5).
Consequently, the signal-to-noise ratio becomes larger in these two
regions (Fig. 2f).

We now consider the linear DSL trends projected by the
CMIP5 models (Supplementary Table 1) applying three future
scenarios: Representative Concentration Pathway (RCP) 4.5, RCP
8.5 and 1% CO2. The three ensemble-mean DSL trend patterns
(Fig. 4a–c) are similar to the KCM trend pattern (Fig. 2a)
concerning gross features and exhibit high pattern correlations
(Supplementary Table 2), especially when considering the two
CMIP5 ensembles employing strong forcing (RCP 8.5 and 1%CO2).
There are also noticeable differences. This is expected because the
models employ different physical parameterizations and numerical
schemes. Consistent with the KCM results, the projected CMIP5-
DSL trend patterns depict an enhanced meridional gradient across
the Antarctic Circumpolar Current, an enhanced zonal asymmetry
in the tropical and subtropical Pacific, and strong positive trends in
the mid-latitude North Atlantic.

Spreads computed from multi-model ensembles such as CMIP5
have contributions not only from internal variability but also from
model uncertainty. Yet the patterns computed from the threeCMIP5
ensembles (Fig. 4d–f) are rather similar to the spread pattern
obtained from the KCM (Fig. 2c) depicting low values in the tropics
and large values in the Southern Ocean, North Pacific and North
Atlantic. This consistency (Supplementary Table 2) also suggests an
important contribution of internal variability to the total projection
uncertainty in the CMIP5 ensembles. In fact, multiple realizations
from sixCMIP5models (SupplementaryTable 1 and Supplementary
Fig. 6) exhibit large spread in the same ocean regions as the
KCM (Fig. 2c). Signal-to-noise ratios calculated from the three
CMIP5 ensembles (Fig. 4g–i) are generally smaller relative to those
obtained from the KCM (Fig. 2e), but individual CMIP5 models
exhibit signal-to-noise ratios consistent with those from the KCM
(Supplementary Fig. 6). Comparison of Fig. 4e with the middle
panels of Supplementary Fig. 6 provides some information about
the relative contributions of initial condition andmodel uncertainty
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Figure 4 | Results from three CMIP5 ensembles support the finding of a strong influence of long-term internal variability on centennial DSL projections.
a–c, Ensemble-mean centennial DSL trends. d–f, The ensemble spread measured by the standard deviation of the DSL trends (metres per century). g–i, The
signal-to-noise ratio. a,d,g depict results from the RCP 4.5 (2005–2100), b,e,h from the RCP 8.5 (2005–2100), and c,f,i from the 1% CO2 (100 years)
projections. Note that the colour scale in g–i is di�erent from that in Fig. 2e,f.

to the total uncertainty. Clearly, model uncertainty seems to be
important in many regions but is not the focus of this study. The
Southern Ocean seems to be a region of favourable signal-to-noise
ratio in both the KCM and CMIP5 models. However, the rectifying
effects of mesoscale eddies32 in the ocean response to intensifying
westerlies are not resolved by most climate models. We therefore
speculate that the signal-to-noise-ratio in the Southern Ocean may
be overestimated by current climate models.

Long-term internal variability considerably influences centennial
projections of DSL in many regions of the world ocean, introducing
uncertainty about the future evolution in regional sea level. Our
findings suggest that this uncertainty can be reduced, especially
in mid- to high latitudes, when initializing climate models with
ocean state estimates that are consistent with past radiative forcing.
The lack of ocean observations, especially during the twentieth
century, and model bias, however, make this a challenge. This study
suggests an extension of the global ocean observing system to below
2,000m (Supplementary Fig. 4), as the abyssal ocean is an important
source region of centennial variability9,33. Future sea-level rise will
probably contain increasing contributions from land ice melt which
was already contributing the largest share to globally averaged sea-
level rise during 1993–2010 (ref. 34). Thus, the importance of DSL
relative to the global average sea level may change during the
twenty-first century.

Methods
The KCM (ref. 26) consists of the European Centre for Medium-Range Weather
Forecasts Hamburg atmospheric general circulation model version 5 (ECHAM5)
on a T31 horizontal grid (3.75◦

×3.75◦) with 19 vertical levels, which is coupled
through the Ocean Atmosphere Sea Ice Soil (OASIS) coupler to the Nucleus for
European Modeling of the Ocean (NEMO) ocean–sea ice general circulation

model on a 2◦ Mercator mesh amounting on average to 1.3◦. Enhanced
meridional resolution of 0.5◦ is employed in the equatorial region and the ocean
model is run with 31 levels. No form of flux correction or anomaly coupling is
used. For the computation of sea level, see ref. 35. The KCM simulates internal
climate variability on interannual, decadal and centennial timescales that is
consistent with observations26,36. Initial conditions for the greenhouse warming
integrations were chosen from a millennial control run, which covers a wide
range of climate states (Supplementary Fig. 1).

Mean DSL averaged over 1993–2012 (used for model verification, Fig. 1) are
from Archiving, Validation and Interpretation of Satellite Oceanographic data
(AVISO; https://icdc.zmaw.de/ssh_aviso.html). In addition, sea levels from climate
projections for the twenty-first century supplied by CMIP5 (ref. 37) were
analysed (http://cmip-pcmdi.llnl.gov/cmip5/, Supplementary Table 1). The data
were interpolated onto a 2◦

×2◦ grid. As in the KCM, the CMIP5 projections do
not consider the impacts of land ice melting or vertical land motion. Results from
two RCPs are presented: RCP 4.5 and RCP 8.5 denoting a radiative forcing of
4.5Wm−2 and 8.5Wm−2 by 2100 relative to 1800, respectively. In addition,
CMIP5 results are shown where the CO2 concentration increases by 1% yr−1. We
note that the CO2 concentration in the CMIP5-1% CO2 scenario is continuously
increasing, unlike in the KCM experiments where CO2 is kept constant
after doubling.
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