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A semi-empirical relation is presented which connects
global sea level rise to global mean surface temperature. It
is proposed that for time scales relevant to anthropogenic
warming, the rate of sea level rise is approximately
proportional to the magnitude of warming above the pre-
industrial temperature. This holds to good approximation
for temperature and sea level changes during the 20th
Century, with a proportionality constant of 3.4 mm/yr/°C.
When applied to future warming scenarios of the
Intergovernmental Panel on Climate Change, this
relationship results in a sea level rise in 2100 of 0.5- 1.4 m
above the 1990 level.

Understanding global sea level changes is a difficult physical
problem, as a number of complex mechanisms with different
time scales play a role (1): thermal expansion of water due to
the uptake and penetration of heat into the oceans, and input
of water into the ocean from glaciers and ice sheets and
changed storage on land. Ice sheets have the largest potential
effect, as their complete melting would result in about 70
meters of global sea level rise. Yet their dynamics are poorly
understood, and the key processes that control the response of
ice flow to a warming climate are not included in current ice
sheet models [e.g., meltwater lubrication of the ice sheet bed
(2), or increased ice stream flow after the removal of
buttressing ice shelves (3)]. Large uncertainties exist even in
the projection of thermal expansion, and estimates of the total
volume of ice in mountain glaciers and ice caps remote from
the continental ice sheets are uncertain to a factor of two (4).
Finally there are as yet no published physically-based
projections of ice loss from glaciers and ice caps fringing
Greenland and Antarctica.

For this reason, our capability of calculating future sea
level changes in response to a given surface warming
scenario with present physics-based models is very limited,
and models are not able to fully reproduce the sea level rise of
recent decades. Rates of sea level rise calculated with climate
and ice sheet models are generally lower than observed. Since
1990, observed sea level has followed the uppermost
uncertainty limit of the IPCC Third Assessment Report,
which was constructed by assuming the highest emission
scenario combined with the highest climate sensitivity and
adding an ad-hoc amount for "ice sheet uncertainty” (1).

While process-based physical models of sea level rise are
not yet mature, semi-empirical models can provide a
pragmatic alternative to estimate the sea level response. This
is the approach taken also for predicting tides along coasts
(the familiar tide tables), where the driver (tidal forces) is
known, but the calculation of the sea level response from first
principles is so complex that semi-empirical relationships
perform better. Likewise, with current and future sea level
rise the driver is known [global warming (1)], but computing
the link between driver and response from first principles
remains elusive. Here, we will explore a semi-empirical
method for estimating sea level rise.

As driver we will use the global average near-surface air
temperature, the standard diagnostic used to describe global
warming. Figure 1 shows a schematic response to a step-
function increase in temperature, after climate and sea level
were in equilibrium. We expect sea level to rise as the ocean
takes up heat and ice starts to melt, until asymptotically a new
equilibrium sea level is reached. Paleoclimatic data suggest
that changes in the final equilibrium level may be very large:
sea level at the Last Glacial Maximum 20,000 years ago was
120 m lower, while global mean temperature was 4-7 °C
lower (5, 6). Three million years ago, during the Pliocene, the
average climate was about 2-3°C warmer than today and sea
level was 25-35m higher (7). These data suggest changes in
sea level of the order of 10-30 m per °C.

The initial rate of rise is expected to be proportional to the
temperature increase:

dH/dt=a (T-T,) 1)

where H is the global-mean sea level, T is the global-mean
temperature and Ty its previous equilibrium value. The
equilibration time scale is expected to be on the order of
millennia. Even if the exact shape of the time evolution H(t)
is not known, we can approximate it by a linear increase in
the early phase; the long time scales of the relevant processes
gives us hope that this linear approximation may be valid for
a few centuries. As long as this approximation holds, the sea
level rise above the previous equilibrium state can be
computed as:
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H(t)=a j(T(t) -To)dt )

We test this relationship with observed data sets of global
sea level (8) and temperature [combined land and ocean
temperatures from NASA (9)] for the period 1880-2001, the
time of overlap of both series. Figure 2 shows that a highly
significant correlation of global temperature and the rate of
sea level rise is found (r = 0.88, p = 1.6 x 107®), with a slope
of a = 3.4 mm/yr/°C. If we divide the magnitude of
equilibrium sea level changes suggested by paleoclimatic data
(see above) by this rate of rise, we obtain a time scale of
3,000 - 9,000 years, supporting the long equilibration time
scale of sea level changes.

The baseline temperature T, where sea level rise is zero, is
0.5 °C below the mean temperature of the period 1951-1980.
This is consistent with proxy estimates of temperatures in the
centuries preceding the modern warming (10), confirming
that temperature and sea level were not far from equilibrium
before this modern warming began. This is consistent with
the time scale estimated above and the relatively stable
climate of the Holocene (the past 10,000 years).

In Fig. 3 we compare the time evolution of global mean
temperature, converted to a ‘hindcast' rate of SLR according
to Eq. 1, with the observed rate of SLR. This shows a close
correspondence of the two over the 20th Century. Like the
familiar global temperature evolution, the rate of SLR
increases in two major phases, before 1940 and again after
about 1980. It is this figure which most clearly demonstrates
the validity of Eq. 1. Accordingly, the sea level computed by
integrating global temperature using Eq. 2 is in excellent
agreement with the observed sea level (Fig. 3), with
differences always well below 1 cm.

We can explore the consequences of this semi-empirical
relationship for future sea levels, using the range of 21st
Century temperature scenarios of the IPCC (1) as input to Eq.
2. The result is shown in Fig. 4. These scenarios, spanning a
range of temperature increase of 1.4 - 5.8 °C between 1990
and 2100, lead to a best-estimate sea level rise over this
period of 55-125 cm. By including the statistical error of the
fit shown in Fig. 2 (one standard deviation), the range is
extended to 50-140 cm. These numbers are significantly
higher than the model-based estimates of the IPCC for the
same set of temperature scenarios, which gave a range of 21-
70 cm (or 9-88 cm if the ad-hoc term for ice sheet uncertainty
is included). These semi-empirical scenarios smoothly join
the observed trend in 1990 and are in good agreement with it
during the period of overlap.

We checked that this analysis is robust within a wide range
of embedding periods (i.e., smoothing) of the observational
time series. The slope found in Fig. 2 varies between 3.2 and
3.5 mm/yr/°C for any embedding period between 2 and 17

years, causing only minor variations in projected sea level.
For short embedding periods (around 5 years), the rate of sea
level rise (Fig. 3, top) closely resembles that shown in (8)
with large short-term fluctuations. For embedding dimensions
longer than 17 years the slope starts to decline, as the
acceleration of sea level rise since 1980 (Fig. 3) is then
progressively lost by excessive smoothing. For very long
embedding periods (30 years), the rate of sea level rise
becomes rather flat like that shown in (11).

Of course, the linear approximation (Eg. 1) is only a
simplistic first-order approximation to a number of complex
processes with different time scales. The statistical error
included in Fig. 4 does not include any systematic error
arising from this linear relationship breaking down during the
forecast period. We can test for this using climate models, if
only for the thermal expansion component of sea level rise
which these models capture. For this test we used the
CLIMBER-3a. climate model (12), which uses a simplified
atmosphere model coupled to a 3-D ocean general circulation
model with free surface. We used a model experiment
initialized from an equilibrium state of the coupled system in
the year 1750 and forced with historic radiative forcing
changes until the year 2000. After 2000, the model was
forced with the IPCC A1FI scenario. The global mean
temperature increases by 0.8 °C in the 20th Century and by
5.0 °C from 1990-2100 in this experiment.

Temperature and sea level rise data from this model for the
time period 1880-2000 were treated like the observational
data in the analysis presented above, and graphs
corresponding to Figs. 2 and 3 look similar to those from the
observational data (figs. S1 and S2). The slope found is only
1.6 mm/yr /°C, i.e., half of the observed slope, since only the
thermal expansion component is modeled. Using the semi-
empirical relation as fitted to the period 1880-2000, we
predicted the sea level for the 21st Century (fig. S3). Up to
the year 2075, this predicted sea level remains within 5 cm of
the actual (modeled) sea level. By the year 2100, the
predicted level is 51 cm while the actual level is 39 cm above
1990, i.e., sea level is over-predicted by 12 cm by the semi-
empirical formula.

For the continental ice component of sea level rise we do
not have good models to test how the linear approximation
performs, although it is frequently used by glaciologists
(“degree-days scheme”). Given the dynamical response of ice
sheets observed in recent decades and their growing
contribution to overall sea level rise, this approximation may
not be robust. The ice sheets may respond more strongly to
temperature in the 21st Century than a linear fit to the 20th
Century suggests, if time-lagged positive feedbacks come into
play (e.g., bed lubrication, loss of buttressing ice shelves,
ocean warming at the grounding line of ice streams). On the
other hand, many small mountain glaciers may disappear
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within this century and cease to contribute to sea level rise. It
is therefore difficult to say whether the linear assumption
overall leads to an over-estimation of future sea level or an
under-estimation. Occam'’s razor suggests it is prudent to
accept the linear assumption as reasonable, while keeping in
mind that a large uncertainty exists, not fully captured in the
range shown in Fig. 4.

Regarding the lowest plausible limit to sea level rise, a
possible assumption may be that the rate shown in Fig. 3
stops increasing within a few years (although it is difficult to
see a physical reason for this) and settles at a constant value
of 3.5 mm/yr. This implies a sea level rise 1990-2100 of 38
cm. Any lower value would require that the rate of sea level
rise drops despite rising temperature, reversing the
relationship found in Fig. 2.

The main conclusion of this work is that while a full
physical understanding of sea level rise is lacking, the
uncertainty in future sea level rise is probably larger than
previously estimated. A rise by over one meter by 2100 for
strong warming scenarios cannot be ruled out, as all it
requires is that the linear relation of the SLR rate and
temperature found to be valid in the 20th Century remains
valid in the 21st. On the other hand, very low sea level rise
values as reported in the IPCC TAR now appear rather
implausible in the light of the observational data.

The possibility of a faster sea level rise needs to be
considered when planning adaptation measures such as
coastal defenses, or mitigation measures designed to keep
future sea level rise within certain limits [e.g., the 1 meter
long-term limit proposed by the German Advisory Council on
Global Change (13)].
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Fig. 1. Schematic of the response of sea level to a
temperature change.

Fig. 2. Correlation of temperature and the rate of sea level
rise for the period 1881-2001. Both temperature and sea level
curves were smoothed by computing non-linear trend lines,
using an embedding period of 15 years (14). The rate of sea
level change is the time derivative of this smoothed sea level
curve, which is shown in Fig. 3. Data were binned in five-
year averages to illustrate this correlation.

Fig. 3. (Top) Rate of sea level rise from tide gauge data (red,
smoothed as described in the caption to Fig. 2) and computed
from global mean temperature from Eq. 1 (blue). The blue
band is the statistical error (one standard deviation) of the
simple linear prediction (15). (Bottom) Sea level relative to
1990 from observations (red, smoothed as described in the
caption to Fig. 2) and computed from global mean
temperature from Eq. 2 (blue). The red squares mark the
unsmoothed, annual sea level data.

Fig. 4. Past sea level and sea level projections 1990-2100
based on global mean temperature projections of the IPCC
TAR. The gray uncertainty range spans the range of
temperature rise of 1.4 - 5.8 °C combined with the best
statistical fit shown in Fig. 2. The dashed gray lines show the
added uncertainty due to the statistical error of the fit of Fig.
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2. Colored dashed lines are the individual scenarios as shown
in (1); light blue is the A1FI scenario, yellow the B1 scenario.
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