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ABSTRACT

A zonally averaged three-basin ocean—atmosphere model is used to investigate mean steric sea level rise in
global warming scenarios. It is shown that if the North Atlantic deep water formation stops due to global
warming, steric sea level rise is much larger for the same global mean atmospheric temperature increase than
if the thermohaline circulation remains near the present state. In the equilibrium, global mean steric sea level
rise depends linearly on the global mean atmospheric temperature increase. The influence of different subgrid-
scale ocean mixing parameterizations on steric sea level rise is investigated.

1. Introduction

There is evidence from observations and models that
sea level has risen during the last 100 years due to the
increase in global mean air temperature (see |PCC 1996,
chapter 7 for a review). Future warming is expected to
cause an increase in sea level of 0.2 to 0.86 m by the
year 2100, with a **best guess” of 0.49 m. The main
factors contributing to changes in sea level are changes
related to oceanic thermal expansion, glaciers and small
ice caps, the large ice sheets of Greenland and Antarc-
tica, and possible changes in ground-water storage.
More than half of the projected sea level rise (0.28 of
0.49 mintheyear 2100) is expected to be due to oceanic
thermal expansion (IPCC 1996). Here we investigate
changes in sealevel due to thisthermal expansion com-
ponent of global sea level rise and the uncertainties
associated with potential circulation changes.

Several types of models have been employed for es-
timates of ocean thermal expansion, from simple 1D
upwelling diffusion energy balance models (Raper et al.
1996), 2D zonally averaged energy balance models (de
Wolde et al. 1995, 1997), or the subduction model of
Church et al. (1991) to complex 3D atmosphere—ocean
GCMs (e.g., Mikolagjewicz et al. 1990). Using new pa-
rameterizations of the subgrid-scale ocean mixing pro-
cesses (Redi 1982; Gent and McWilliams 1990), some
models simulate reduced convection, improved strati-
fication, and changes in the Southern Ocean overturning
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circulation, leading to a reduced ocean heat uptake in
global warming scenarios (e.g., Hirst et al. 1996; Power
and Hirst 1997; Wiebe and Weaver 1999). In a recent
study, Weaver and Wiebe (1999) suggest that, based on
horizontal diffusion parameterizations, previous Inter-
governmental Panel on Climate Change projections of
long-term changes in sea level may overestimate the
thermal expansion component. They find equilibrium
steric sea level rise to be more than two times lower
when using more realistic parameterizationsfor subgrid-
scale ocean mixing.

The aim of this paper is to present new results from
azonally averaged coupled ocean—atmosphere model to
show how changes in sealevel are linked to changesin
the atmospheric temperature, to the thermohaline cir-
culation, and to ocean mixing parameterizations. Fo-
cussing on the equilibrium changes in sea level due to
global warming, we find simple dependences that give
aconsistent view of our results and the results of Weaver
and Wiebe (1999).

2. Model description

We use the zonally averaged three-basin ocean model
of Wright and Stocker (1991), with the closure scheme
described by Wright et al. (1998). The ocean model
consists of three rectangular basins representing the At-
lantic, Pacific, and Indian Oceans, connected by an Ant-
arctic circumpolar basin, the Southern Ocean. The ge-
ometry is identical to that used by Stocker and Wright
(1996). The ocean model is coupled to a one-dimen-
sional, zonally and vertically averaged energy balance
model of the atmosphere (Stocker et al. 1992) including
an active hydrological cycle (Schmittner and Stocker
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1999). The three different subgrid-scale ocean mixing
parameterizations used are the same as those described
in detail in Knutti et al. (2000). Briefly, we use the
version HOR with the traditional horizontal—vertical dif-
fusion scheme (horizontal diffusivity K, = 1000 m?
s 1, constant vertical diffusivity K, = 5 X 10-5m?2s-1),
theversion | SO with an isopycnal diffusion scheme (iso-
pycnal diffusivity K, = 1000 m? s, diapycnal diffu-
sivity K, = 5 X 107® m2 s71), and the model version
GM, which is identical to 1SO but with an additional
eddy-induced advection (Gent and McWilliams 1990)
(Gent—-McWilliams parameter k = 500 m? s*). The
model configuration, all parameters, and the spinup of
the model as well as the simulation of the global warm-
ing scenarios are identical to those described in detail
by Knutti et al. (2000). For the global warming scenarios
we assume an exponential increasein atmospheric CO,,
corresponding to alinear increase in the radiative forc-
ing. Once double preindustrial CO, concentration (560
ppm) is reached, CO, is kept constant and the model is
integrated until an equilibrium state is reached (usually
5000 yr). Changes in global mean sea level due to ther-
mal expansion are calculated from the changes in the
in situ density distribution (Gregory 1993).

3. Results

Most coupled ocean—atmosphere models show a re-
duction of the North Atlantic overturning when global
warming scenarios are calculated, and several studies
have indicated the possibility of a permanent reorga-
nization of the thermohaline circulation when deep wa-
ter formation stops completely in the North Atlantic
(e.g., Manabe and Stouffer 1994; Stocker and Schmitt-
ner 1997). Major changesin the temperature and salinity
distribution are simulated in this case. To investigate the
effect of such a circulation reorganization on global
mean sea level, we calculated two global warming sce-
narios [doubling of preindustrial atmospheric CO,, with
an increase rate of 1% (yr—*)] with prescribed climate
sensitivities for the GM model version. The climate sen-
sitivities are specified as an additional radiative forcing
of 3.69 and 3.70 W m~2 for doubling CO, (see Schmitt-
ner and Stocker 1999 for details), leading to an atmo-
spheric temperature increase of 1.84° and 1.85°C, re-
spectively (Fig. 1a). The sensitivities are chosen around
a bifurcation point: in the first case, the Atlantic over-
turning is reduced but recovers after a few hundred
years. In the second case, the circulation collapses per-
manently (Fig. 1b). The global mean atmospheric tem-
perature increase is almost identical in both cases, but
steric sealevel riseis much larger, and the timeto reach
a new equilibrium is about twice as long if the circu-
lation collapses (Fig. 1c). Qualitatively, the same result
is found for all mixing parameterizations (HOR, SO,
and GM) and for different parameter settings. To un-
derstand this behavior, a second series of experiments
was performed. For each model spinup, 60 global warm-
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Fic. 1. (a) Globa mean atmospheric temperature increase (°C), (b)
Atlantic deep overturning [Sverdrups = 10° m® st (Sv)], and (c)
global mean sea level rise (m) vstime in two almost identical global
warming experiments using the model version with a Gent-Mc-
Williams mixing scheme. If the Atlantic deep overturning collapses
(dashed lines), steric sea level rise is much larger for the same at-
mospheric temperature increase than if the overturning recovers(solid
lines).

ing scenarios with different climate sensitivities and
CO, increase rates were integrated to equilibrium. For
each of these scenarios, the equilibrium values of global
mean sealevel riseversus global mean atmospherictem-
perature increase are plotted in Fig. 2. We show only
the results for HOR and GM, but a similar dependence
isfound for al mixing parameterizations and parameter
sets. In the cases where the Atlantic circulation recovers
after the warming (open symbols), sea level rise in our
model is approximately proportional to the atmospheric
temperature increase. When a completely different cir-
culation pattern establishes, a linear dependence is still
observed, but the reorganization resultsin an additional
contribution on the order of 0.5 m to the sea level rise.
For the HOR version, two types of reorganizations are
observed where North Atlantic deep water (NADW)
formation stops. The additional contribution to sealevel
rise is even larger for the case where no deep water
formation occurs in any basin (filled triangles pointing
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Fic. 2. Global mean sea level rise (m) vs global atmospheric tem-
perature increase (°C) in global warming scenarios. Each point rep-
resents the equilibrium state of one scenario. Triangles denote hor-
izontal mixing (HOR) for the cases where (a) NADW formation re-
covers after the warming (open triangles), (b) NADW formation stops
and NPDW formation establishes (filled triangles pointing up), and
(c) where no NADW or NPDW formation occurs (filled triangles
pointing down). Circles denote Gent—McWilliams mixing (GM) for
the cases where (a) NADW formation restores (open circles) and (b)
where NADW formation stops and NPDW formation establishes
(filled circles).

down) than if a shallow cell of North Pacific deep water
(NPDW) formation develops (filled triangles pointing
up). For the GM version, we observe only the reorga-
nization leading to NPDW formation (filled circles). At
least in our model and in the examined range, equilib-
rium sea level rise Az can therefore be approximated by
a linear dependence on the atmospheric mean temper-
ature increase AT,,:

Az = [AT,, + c,

where { denotes an ““ equilibrium sea level climate sen-
sitivity’”’ in units m K-%; it is given by the slope of a
linear fit to the results shown in Fig. 2 for the case when
the modern circulation pattern is maintained.

Next we investigate the values and sensitivities of the
two parameters ¢ and {. The additional contribution c
is determined by the transition of the thermohaline cir-
culation between different steady states. For the results
in Fig. 2, we obtain ¢ = 0.45 m (HOR, filled triangles
pointing up) and ¢ = 0.63 m (GM, filled circles) for
the transition from NADW formation to shallow NPDW
formation. An interesting result is obtained when we
start with the steady state of the model and apply a
freshwater pulse in the North Atlantic to enforce a col-
lapse of the Atlantic circulation. Although no atmo-
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Fic. 3. Equilibrium sea level climate sensitivity ¢ (m K1) vs At-
lantic deep overturning (Sv) of the spinup for different model ver-
sions. We define ¢ as the global mean sea level rise at equilibrium
divided by the atmospheric mean temperature increase after the warm-
ing. The results for the standard parameter set used in this study are
marked with circles, those for a parameter set used in earlier studies
(Schmittner and Stocker 1999) are marked with squares. In both cases
the three versions, horizontal mixing (HOR), isopycnal mixing (1SO),
and Gent-McWilliams parameterization (GM), are indicated. Trian-
gles denote the results of Weaver and Wiebe (1999).

spheric warming occurs, an increase in sea level of
¢ =0.55m (HOR) and c = 0.74 m (GM) is observed,
consistent with the results for the global warming ex-
periments. The additional increase in sea level, c, is
mainly due to the increased ocean heat uptake in the
case of an NADW formation collapse dueto atemporary
reduced surface temperature and therefore reduced
emission of longwave radiation. Less than 10% of the
additional sea level rise is caused by the nonlinear de-
pendence of density on temperature and salinity; in the
case of an NADW formation collapse, we observe a
warming mainly in the upper 1000 m of the Atlantic.
As the thermal expansion coefficient « = —p=19p/dT is
larger for higher temperatures, thisleadsto considerable
expansion in the upper Atlantic.

Parameter ¢ characterizes the sensitivity of global
mean sea level in a specific model version to changes
in atmospheric mean temperature. We believe thisto be
one of the most important quantities when comparing
changes in sea level in different model versions. Note
that we now compare sea level sensitivities of different
model spinups, differing in either ocean mixing para-
meterizations or parameter settings. In Fig. 3, we com-
pare { for the different ocean mixing parameterizations
by plotting ¢ versus the Atlantic overturning of the cor-
responding spinup steady state. The three ocean mixing
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versions HOR, 1SO, and GM obtained with standard
parameter settings are marked with circles. To test the
robustness of our result, we calculated ¢ for the same
mixing parameterizations, but with ocean parameters
used in previous studies (Schmittner and Stocker 1999)
(squares). In both cases, a strong dependence of ¢ on
the strength of the thermohaline circulation is observed.
These results indicate that an enhanced thermohaline
circulation leadsto higher values of ¢ because of astron-
ger coupling of the atmosphere and surface ocean to the
deep ocean and to a more effective transport of excess
heat to the deep ocean, which results in higher sealevel
rise.

Rather small differences in steric sea level rise be-
tween the different ocean mixing parameterizations are
found in our global warming simulations. Our results
are seemingly inconsistent with those of Weaver and
Wiebe (1999, hereafter WW), who observethat sealevel
rise in a 2 X CO, scenario is two times lower when
using more realistic Gent—McWilliams mixing (WW-
GM hereafter) or HBL mixing (notation asin WW: var-
iable vertical diffusivity, WW-HBL hereafter) param-
eterizationsinstead of the classic horizontal—vertical dif-
fusion parameterization (constant vertical diffusivity K,,
= 10-*m? s, WW-H hereafter). However, aconsistent
picture is obtained when we estimate ¢ for the experi-
ments of WW (note that ¢ is determined from one single
experiment) and compare them with our results (see Fig.
3). Their values for ¢ differ by about a factor of 2 for
the different mixing versions, but there are large dif-
ferencesin the Atlantic thermohaline circulation aswell.
For the WW-HBL and WW-GM versions, they observe
an Atlantic overturning of only 13 Sv compared to 24
Sv in the WW-H version. An extrapolation of our re-
sults in Fig. 3 is in agreement with the low ¢ values
WW find for their GM and HBL versions. We conclude
from these results that the sensitivity of sea level to
changes in atmospheric temperature for a particular
model version is not necessarily affected by the mixing
parameterization that is used, but it may be predomi-
nantly determined by the strength of the thermohaline
circulation. There is, however, a strong relation of the
Atlantic overturning strength to the way ocean mixing
is parameterized and to various parameters used in these
mixing schemes (e.g., vertical or diapycnal diffusivity,
Gent—McWilliams parameter) (Knutti et al. 2000).

4. Summary and discussion

We have shown in a series of model experiments that
sealevel rise from thermal expansion in global warming
scenarios is affected by the thermohaline circulation in
two different ways. First, equilibrium sea level rise de-
pends linearly on the atmospheric temperature increase
with the slope ¢ related to the strength of the circulation.
The values for { estimated in different studies cover a
large range from about 0.2 to 0.5 m K-, with the av-
erage of our model results indicating a best estimate of
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about 0.3 m K- (see Fig. 3). Second, our experiments
suggest that a permanent reorganization of the ther-
mohaline circulation pattern could lead to a compara-
tively large additional contribution to sea level rise of
order 0.5 m. Furthermore, we have confirmed previous
studies that showed that changes in sea level depend on
the way subgrid-scale mixing processesin the ocean are
parameterized. However, quantitative results in our ex-
periments are different from those of WW. We suggest
that if their GM and H versions had similar Atlantic
overturning, differencesin projected sealevel rise could
be significantly smaller. Our results indicate that the
equilibrium sensitivity of global mean sea level to at-
mospheric temperature changes isindirectly affected by
the mixing parameterization viathe strength of the ther-
mohaline circulation, with a stronger circulation leading
to higher sea level rise for the same warming scenario.
A precise picture of the modern thermohalinecirculation
pattern and of expected circulation changesin the future
istherefore crucial to reduce the uncertainty in projected
sea level rise.
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