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Abstract Using the coupled climate model CLIMBER-
3a, we investigate changes in sea surface elevation due to
a weakening of the thermohaline circulation (THC). In
addition to a global sea level rise due to a warming of the
deep sea, this leads to a regional dynamic sea level
change which follows quasi-instantaneously any change
in the ocean circulation. We show that the magnitude of
this dynamic effect can locally reach up to �1 m,
depending on the initial THC strength. In some regions
the rate of change can be up to 20–25 mm/yr. The
emerging patterns are discussed with respect to the
oceanic circulation changes. Most prominent is a south-
north gradient reflecting the changes in geostrophic
surface currents. Our results suggest that an analysis of
observed sea level change patterns could be useful for
monitoring the THC strength.

1 Introduction

Sea level in the northern Atlantic is significantly lower
compared to the northern Pacific (see Figure 1a) as a
result of deep water formation in the high latitudes of
the North Atlantic; this leads, e.g., to a flow through
Bering Strait from the Pacific to the Arctic Ocean
(Wijffels et al., 1992). Hence, any major change in North
Atlantic deep water (NADW) formation can be expected
to cause important sea level changes around the north-
ern Atlantic. This is a consequence of THC changes that

is often overlooked (Vellinga and Wood, 2002; Schwartz
and Randall, 2003).

Paleoclimatic data indicate that strong variations of
the THC have occurred in the past (see references in
(Clark et al., 2002; Rahmstorf, 2002)). Model simula-
tions suggest that global warming accompanied by an
increased freshwater input into the North Atlantic could
result in major changes in THC strength (Manabe and
Stouffer, 1993; Stocker and Schmittner, 1997; Rahm-
storf, 1999; Rahmstorf and Ganopolski, 1999; Wood
et al., 1999; Schaeffer et al., 2002). Recent observations
show an increase by 7% in river discharge to the Arctic
Ocean (Peterson et al., 2002) between 1936 and 1999 and
a significant freshening of the Atlantic Ocean during the
last 40 years (Dickson et al., 2002; Curry et al., 2003).
Exploring possible consequences of and indicators for
thermohaline circulation (THC) changes is hence of
great importance. Here, we study the sea level effects of
THC changes in a series of simulations with a coupled
climate model that contains an ocean circulation model
with explicit calculation of sea surface elevation.

It is useful to distinguish three types of sea level
changes (in addition to those resulting from tectonic
processes, which we will not consider here):

1. global sea level change due to changes in the amount
of water in the oceans, e.g. caused by the melting of
continental ice;

2. global and regional sea level change due to changes in
specific volume of sea water, caused by diabatic
heating;

3. regional sea level changes (with near-zero global
mean) associated with changing ocean currents and a
redistribution of mass in the ocean.

A change in thermohaline ocean circulation will di-
rectly affect sea level through mechanisms (ii) and (iii)
(Bryan, 1996; Gregory and Lowe, 2000; Gregory et al.,
2001). Model simulations suggest that following a
shutdown of NADW formation, the deep ocean would
warm up on a slow diffusive time scale (millennia) as the
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supply of cold waters of polar origin to the deep ocean is
reduced; this leads to a slow global sea level rise (Knutti
and Stocker, 2000; Bi et al., 2001; IPCC, 2001; Seidov
et al., 2001) of the order of 1 m. If NADW formation
shuts down in scenarios for future global warming, this
sea level rise comes in addition to the rise resulting from
the warming of the surface climate.

A change in THC is also associated with a change in
ocean currents and a redistribution in mass, i.e. adia-
batic adjustments in the density structure of the ocean.
This hardly affects the global mean sea level (since the
volume of sea water is not changed, except for small
differential compressibility effects in the equation of
state), but it can lead to rapid regional sea level changes.
The time scale of these is set by the adjustment of the
internal density structure of the ocean due to internal
wave processes (years to decades). The adjustment of the
sea surface itself to changes in circulation and density
structure occurs almost instantaneously (time scale of
days) through surface gravity waves.

The sea level gradients are in equilibrium with the
surface currents and winds as given by the momentum
balance in the upper oceanic layer

qfv ¼ g@xðqgÞ � @zsx; ð1aÞ

qfu ¼ �g@yðqgÞ þ @zsy ; ð1bÞ

where g is the sea surface elevation, and q, f and gare the
density, Coriolis parameter and gravitational constant.
The stress field is (sx,sy) with the wind stress field (sox,-
soy) as its upper boundary values and u(z) and v(z) are
the horizontal velocities in the ocean. In order to isolate
and study the sea level effects of THC changes, we keep
the wind stress constant throughout our experiments
prescribed from NCEP/NCAR reanalysis data (Kalnay
et al., 1996), despite otherwise using a fully coupled
ocean-atmosphere model.

2 Model and experimental set-up

The simulations discussed here were carried out using
the coupled climate model CLIMBER-3a, which con-
tains an improved version of the oceanic general circu-
lation model MOM 3 and thereby a non-linear explicit
free surface representation. The model includes interac-
tive atmosphere (Petoukhov et al., 2000) and sea ice
modules (Fichefet and Maqueda, 1997). The wind stress
in CLIMBER-3a is generally given by an interactive
wind anomaly model around the NCEP-NCAR
reanalysis (Kalnay et al., 1996). However, in the simu-
lations described here we use prescribed wind stress from
the NCEP-NCAR reanalysis, so that the modelled sea
level changes are not due to wind stress changes. In the
ocean, the resolution is 3.75�·3.75� horizontally with 24
vertical levels. For a full description of the model see
(Montoya et al., 2004 (under revision)).

Figure 1 shows a comparison of altimeter data from
the Topex-Poseidon satellite (NOAA, 1992–1995) of the

deviation of the sea surface elevation from the geoid
(normalized to give a global mean of zero), with the free
surface simulation of the present-day climate with
CLIMBER-3a. The model reproduces the main features
of the sea level patterns. The strongest differences can be
found in the Indian Ocean and along the South Amer-
ican East coast where too fresh surface water leads to an
unrealistically high g in the model. These errors are not
large, considering that this is a thermodynamic equilib-
rium of a coarse-resolution model without flux adjust-
ments of heat or freshwater.

The corresponding meridional streamfunction (Fig-
ure 2a) for the same present-day equilibrium shows
12 Sv (1 Sv=106 m3 s�1) overturning of NADW, a va-
lue at the lower end of observational estimates (Gana-
chaud and Wunsch, 2000). Figure 3 shows the mixed
layer depth of the simulation. The deep water formation
sites are visible as areas of deep mixed layers. NADW
production takes place in the GIN Sea and Irminger Sea,
while Antarctic Bottom Water is formed near the Ant-
arctic coast in the Weddell Sea and Ross Sea. The
control state simulation presented here was chosen to
give the most realistic overall oceanic circulation and
tracer distribution. Our results are robust with respect to
changes in model parameters such as diapycnal diffu-
sivity.

Mainly due to their thermal signature, the deep
convection sites in the north can be seen as associated

Fig. 1 Deviations of sea surface elevation from the global mean (in
cm), (a) derived from altimeter data from the Topex-Poseidon
satellite (NOAA, 1992–1995) in comparison with (b) a simulation
of the free surface in the coupled climate model CLIMBER-3a
(Montoya et al., 2004 (under revision)). Note that areas of deep
convection in the northern Atlantic are associated with minima in
sea level; in the altimeter data this is the Labrador Sea, while in the
model it is the Irminger Sea and the Greenland-Norwegian Sea
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sea level minima in Figure 1b. The sea level difference
between northern Atlantic and Pacific is 57 cm in the
northernmost available strip of the altimeter data (i.e.,
averaged across each basin between 55�N and 65�N). In

the model, this difference is underestimated as 34 cm,
which is most likely due to the weak overturning; we will
see later on that in the model this sea level difference is
roughly proportional to the Atlantic overturning rate.
Hence, our results for the sea level changes resulting
from a THC shutdown should be considered as a con-
servative lower limit.

Starting from this present-day equilibrium state, we
apply a constant negative salt flux to the two main
convection sites in the North Atlantic (52�N to 80�N by
48�W to 15�E, excluding regions of shallow water along
the northern European coast at 52�N to 64�N by 12�W
to 8�E and along the Greenland coast at 63�N to 72�N
by 31�W to 22�W), in order to cause a weakening of the
overturning. A salt (rather than freshwater) flux was
applied in order to avoid a sea level change due to
adding water, which in the free surface formulation of
our model would directly raise sea level. The THC
strength decreases with increasing negative salt flux and
collapses if the chosen salt flux is larger than 0.3 Sv
freshwater equivalent. We used salt fluxes equivalent to
0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35 and 0.4 Sv of
freshwater flux which were applied until quasi-equilib-
rium was reached after 800 years.

Figure 2b shows the streamfunction after the appli-
cation of 0.35 Sv freshwater equivalent salt flux for
800 years. In this model state, the sea level difference
between northern Atlantic and Pacific is �7 cm, i.e., has
almost vanished.

To check the robustness of the results, further
experiments were carried out with the same oceanic
model, i.e. the MOM 3 ocean model, with a slightly
coarser horizontal resolution of 4�·4� coupled to the
same sea ice model but with a different atmosphere
model. The atmospheric module was replaced by an
energy-moisture-balance model. The diapycnal diffusiv-
ity was chosen according to a Bryan-Lewis-profile with
ji=0.6 10�4 m2 s�1in the ocean interior and jd=1.6
10�4 m2 s�1in the deep ocean and horizontal mixing was

(a)

(b)

Fig. 2 Streamfunction of the meridional overturning circulation in
the Atlantic Ocean (Contour line differences are 2 Sv) (a) for the
present day equilibrium simulation (with a maximal volume
transport of 12 Sv) (b) for an equilibrium run with an additional
equivalent freshwater flux of 0.35 Sv

Fig. 3 Mixed layer depth (in m)
for the control run. Deep water
formation sites are the GIN Sea
and Irminger Sea for NADW
and Weddell Sea and Ross Sea
for Antarctic Bottom Water
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prescribed with a diffusion coefficient of jh=103 m2 s�1.
This model is bistable, showing a stable THC off-state in
addition to the on-state for present-day climate (as in
ref. (Manabe and Stouffer, 1988)). In this case the salt
flux was removed after a brief pulse equivalent to 1 Sv
for 50 years. This allowed us to examine the difference in
dynamic ocean topography in the same model with the
same external forcing, i.e. no additional salt flux to the
northern convection sites, for a circulation with and
without the THC. During the successive integration over
800 years without salt flux forcing and without THC,
the sea level patterns did not change significantly. The
patterns show the same structure and magnitude as the
simulations shown here. We can therefore conclude that
the results shown here are not due to the permanence of
the salt flux applied to the Northern convection sites.

3 Time series of dynamic sea level changes associated
with THC break-down

Figure 4a shows the maximum of the Atlantic over-
turning circulation as a function of time for a salt flux
equivalent of 0.35 Sv (black line, right axis). Starting
from a strength of 12 Sv, the salt flux was applied from
time t=0 onwards, causing a rapid decline of the over-
turning strength and its essential disappearance after
100 years. Also plotted in Figure 4a are the corre-
sponding changes in dynamic ocean topography for
different locations in the North Atlantic and the
Southern Ocean (left axis). For the ten-year running
average plotted in the figure, the response of the
dynamic ocean topography is quasi-synchronous in the
North Atlantic and in the Southern Ocean due to the
fast travelling speed of the gravity waves that transport
the sea level signal. Following the application of the salt
flux, a positive sea level signal propagates from the
North Atlantic towards the Equator (not shown).
Consistent with previous theoretical work by (Hsieh and
Bryan, 1996), (Johnson and Marshall, 2002) and
(Johnson and Marshall, 2004) the signal takes several
years to be transported across the Equator.

Sea level rise is strongest on the coasts of Europe and
North America. The maximum value of 50 cm depends
on the initial strength of the THC; a stronger sea level
signal would result for a stronger initial overturning
strength. A simulation with an increased diapycnal dif-
fusivity of 0.4 cm2 s�1 (as opposed to 0.1 cm2 s�1 for the
presented simulations) indeed resulted in a stronger
THC of 15.5 Sv and a stronger sea level difference of
82 cm in this region. Figure 4a shows that a rapid initial
sea level rise occurs within decades after the onset of the
THC collapse. The rise in the North Atlantic is accom-
panied by a rapid decline of sea level in the Southern
Ocean; the global integral of the sea level curves shown
is zero, since the volume of water in the global ocean is
conserved during the experiments and changes in mean
specific volume (mechanism (ii) discussed in the intro-
duction) are not included in this figure. The latter global

mean change in sea level is plotted separately in Fig-
ure 4a (as a black dashed line labelled ‘‘thermal expan-
sion’’); the full sea level change is the sum of both effects
(Greatbatch, 1994).

Figure 4b gives the rate of change of dynamic
topography for the region where the Gulf Stream travels
along the North American coast for different values of
the salt flux applied to the northern convection sites. The
rate of change varies for freshwater equivalents up to
0.3 Sv, for which the THC has weakened but not com-
pletely collapsed. For larger forcing the THC collapses
and the rate of change saturates into a single curve with
a maximum around 25 mm y�1.

4 Patterns of dynamic sea level change

Figure 5 shows the two-dimensional pattern of the
dynamic sea level change (again, the global mean of this
pattern is zero). The pattern shown is the equilibrium
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Fig. 4 (a) Time evolution (10 year running average) of the THC
strength (black, right axis) and corresponding dynamic sea level
changes at different locations in the North Atlantic and the
Southern Ocean (left axis). Note that all regions are outside the
domain of salt flux application (of 0.35 Sv). Globally averaged sea
level change due to thermal expansion is shown as the black dashed
line. (b) Rate of change in sea level along the North American coast
for 10 year running averages and for different values of salt flux
forcing. Rates of change increase for stronger weakening of the
THC, but saturate after the THC collapse occurs for more than
0.3 Sv of freshwater equivalent forcing
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reached after the THC shutdown after 800 years inte-
gration. The sea level changes reflect the changes in the
geostrophic surface currents as obtained from equations
(1a,b) by omitting the wind stress terms. The ageos-
trophic velocities are negligible outside a strip of 3.75�
(one model grid cell) around the Equator; away from the
Equator the ratio of ageostrophic to geostrophic veloc-
ities is less then 1%. The wind stress was taken from the
NCEP-NCAR reanalysis for all simulations, i.e. sea level
differences discussed in this article are entirely due to
oceanic circulation changes.

On top of the sea level differences, Figure 5 shows the
difference in surface currents between the THC off-state
and the THC on-state. The dominant feature in the
pattern is a south-north sea level gradient, reflecting
the zonal components of the upper branch of the THC.
In the control run, the current crosses the Atlantic from
East to West between 30�S and 40�S associated with a
northward drop in sea surface elevation. The elimination
of this current during a THC shutdown yields a north-
ward sea level rise as seen in Figure 5. This effect is even
clearer in the North Atlantic (around 40�N) where the
Gulf Stream crosses the Atlantic basin in order to enter
the GIN Sea as the North Atlantic Current. The cessa-
tion of the North Atlantic Current results in the strong
northward gradient of sea level difference around 40�N
and the strong onshore gradient along the North
American coast seen in the figure.

The northern convection sites appear as distinct
locations of sea level rise, reflecting the changes in den-
sity and the associated elimination of deep downwelling
there. A strengthening of the Antarctic Circumpolar
Current of about 8 Sv is seen as a sea level drop in the
Southern Ocean around 60�S. Note that the formation

of Antarctic Bottom Water in the present day equilib-
rium simulation takes place mainly through convection
in the Weddell Sea and does not directly relate to the
decline of sea level in the Southern Ocean.

The patterns seen in Figure 5 result from the differ-
ence in sea level between two equilibrium runs; one with
and the other without additional salt flux to the northern
convection sites. To confirm that the pattern obtained is
robust and due to the THC change (not a direct conse-
quence of the salt forcing), we performed a number of
sensitivity experiments with varying parameter choices
and with other models. When coupling the same ocean
module to an energy-moisture-balance model (as de-
scribed in section 2), the application of a freshwater
pulse to the convection sites shuts the THC down per-
manently; i.e., it remains off after removal of the forcing.
The sea level changes found in this off-state were of the
same order of magnitude as the ones shown in Figure 5.
The effect of the additional salt-flux to the northern
convection sites on the sea level patterns and magnitudes
in the presented simulations is negligible. The qualitative
patterns and magnitudes of sea level difference shown
were tested to be robust to changes in the parameter
choices of the model. The simulations shown here use
the parameter choice that best reproduces the present
ocean circulation.

5 Sea level difference and THC strength

Figure 6 shows the sea level change for the North
Atlantic coast between 45�N and 50�N and for the
European coast as a function of the maximum over-
turning. The data plotted were obtained by equilibrium

Fig. 5 Dynamic sea level
changes (in m) after the collapse
of the THC (colours), and
difference of surface current
velocities (arrow in the upper
right corner corresponds to
10 cm s�1)
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experiments with different amounts of salt flux applied
to the North Atlantic convection sites. We get a linear
dependence of the sea level difference in the North
American Gulf Stream region and the strength of the
THC with a slope of c =5 cm Sv�1. This slope can be
understood through the geostrophic balance at the sur-
face

fvg;g ¼ g@xg; ð2Þ

where vg,g is the geostrophic surface velocity. The
strength of the THC, M, can be estimated by integrating
the northward velocity over a vertical box perpendicular
to the North American coast.

M ¼
ZD

�D

dx
Z0

�H

dz v; ð3Þ

where the interval [-D,D] covers the zonal extension of
the flow and H is its maximum depth. If, as a first
approximation, we assume that the velocity v is given by
vg,g for the entire box, then the integration directly yields
a relation between the sea level drop and the overturning
strength Dg =c· M. A rough estimate assuming a depth
of about H=1000 m results in a proportionality
factor of c = f/(gH) = 10�4 s�1/(10 m s�1·1000 m)
= 1 cm Sv�1. In order to refine this estimate we may
assume a quadratic velocity profile in the horizontal and
in the vertical direction

M ¼
ZD

�D

dx
Z0

�H

dz
f
g
@xg
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f
g

Dg ð6Þ

where we have used the mean value theorem to get
equation (5). This first order refinement yields a cor-
rection of a factor of 2/3 in the horizontal and a factor of
1/3 in the vertical directions. Thus the geostrophic slope
of the red curve in Figure 6 can be estimated to be about
c=3/1·3/2 · 1 cm Sv�1=4.5 cm Sv�1, in agreement
with the slope found in the model. Note, however, that
this estimation is still very rough and does not take the
full density distribution in the profile of the flow into
account.

The scaling of sea level difference with THC strength
suggests that stronger initial THC strength, compared to
the rather low value of 12 Sv of our simulations, would
lead to a proportionally stronger sea level response if the
THC shuts down. Observations (Ganachaud and
Wunsch, 2000; Talley et al., 2003) suggest higher present
values for the maximum of the overturning in the
Atlantic of about 16–18 Sv. Using the slope of
5 cm Sv�1, this would lead to a sea level rise along the
North American coast of about 80–90 cm. In order to
check the effect of a stronger initial THC, we carried out
simulations with increased diapycnal diffusivity. A
model run with a diapycnal diffusivity of 0.4 cm2 s�1 (as
opposed to 0.1 cm2 s�1 for the presented simulations)
resulted in a stronger THC of 15.5 Sv and a sea level
difference of 82 cm along the North American coast,
which agrees well with the prediction from the scaling
found in figure 6.

6 Implications for future climate change and THC
monitoring

We have shown that a major change in THC is associ-
ated with large and potentially rapid regional sea level
changes due to dynamic adjustment of the ocean surface.
A complete cessation of NADW formation, for exam-
ple, could raise sea level along the North American
Atlantic coast by between half a meter and a meter, on a
time scale that quasi-instantaneously follows the change
in ocean circulation. In addition, a cessation of NADW
formation would lead to a slow warming of the deep
ocean, causing additional sea level rise by several deci-
metres, albeit on a much slower time scale. While the
latter effect has been broadly discussed in the 2001 IPCC
report (IPCC, 2001), the former, potentially more haz-
ardous one has thus far received less attention (Bryan,
1996; Gregory et al., 2001).

How anthropogenic climate change will affect the
ocean circulation is difficult to predict, both due to
uncertainties in the freshwater budget (e.g., changes in
the amount of precipitation, evaporation and Greenland
melt-water runoff) and due to a strong model-depen-
dence in the stability of the ocean circulation which is
not yet understood. However, studies with coupled
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atmosphere-ocean models of varying complexity (Man-
abe and Stouffer, 1993; Stocker and Schmittner, 1997;
Manabe and Stouffer, 1999; Rahmstorf, 1999; Rahm-
storf and Ganopolski, 1999; Wood et al., 1999; 2001;
Stouffer and Manabe, 2003) as well as paleodata
(Rahmstorf, 2002) and recent observations (Dickson
et al., 2002; Peterson et al., 2002; Curry et al., 2003)
suggest that a weakening or even a temporary or per-
manent cessation of NADW formation is within the
range of possibilities.

Hence, observational monitoring of trends in the
THC is important, and efforts to deploy moored arrays
are in place or underway (Hirschi et al., 2003). Due to
large variability and lack of long-term baseline obser-
vations, such moorings will probably only detect a
change in THC when this has reached �30% of the
mean value. The specific regional pattern of sea level
changes found here suggests that sea level data could be
useful for monitoring changes in THC. The amplitude of
5 cm sea level rise inshore of the Gulf Stream for each Sv
of weakening should be detectable. First encouraging
results in this direction were presented recently (Häkki-
nen and Rhines, 2004) showing an increase in subpolar
sea surface height during the 1990s. Häkkinen and
Rhines (2004) interpreted their findings as a weakening
of the THC. To which degree this reflects a long term
trend or decadal variability has to be further investi-
gated. A recent comparison of altimeter data from the
Topex-Poseidon satellite between 1993 and 2003 with
tide gauge measurements (Lombard et al., 2004(sub-
mitted)) is consistent with a weakening of the THC.
Lombard et al. (2004) computed the residual rate of sea
level rise which is not due to thermal expansion. The
results show a significantly larger residual sea level
rise in the North Western Atlantic (1.89 mm/yr) than
in the Southern Ocean (1.11 mm/yr). Whether these
regional deviations from the global mean sea level trend
are due to changes in the THC strength needs to be
clarified by further studies.
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