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Abstract

On the basis of model simulations, we examine what information on changes in the
strength of the Atlantic Meridional Overturning Circulation (AMOC) can be extracted
from associated changes in sea surface height (SSH), specifically from a broad At-
lantic north-south gradient as has been suggested previously in the literature. Since a5

relation between AMOC and SSH changes can only be used as an AMOC diagnostic if
it is valid independently of the specific forcing, we consider three different forcing types:
increase of CO2 concentration, freshwater fluxes to the northern convection sites and
the modification of Southern Ocean winds. We concentrate on a timescale of 100 yr.
We find approximately linear and numerically similar relations between a sea-level dif-10

ference within the Atlantic and the AMOC for freshwater as well as wind forcing. How-
ever, the relation is more complex in response to atmospheric CO2 increase, which
precludes this sea-level difference as an AMOC diagnostic under climate change. Fi-
nally, we show qualitatively to what extent changes in SSH and AMOC strength that
are caused by simultaneous application of different forcings correspond to the sum of15

the changes due to the individual forcings, a potential prerequisite for more complex
SSH-based AMOC diagnostics.

1 Introduction

Due to the associated heat transport, the AMOC plays an important role for the cli-
mate in the regions surrounding the North Atlantic (NA). It has already been suggested20

25 yr ago that its strength is likely to be significantly influenced by global warming and
consequent changes in the climate system (Broecker, 1987). While this connection
has been later confirmed by model experiments (Manabe and Stouffer, 1993; Gregory
et al., 2005), quantitative predictions are not yet robust and all models may contain sys-
tematic biases (Hofmann and Rahmstorf, 2009). Monitoring the AMOC is a challenge,25

since direct measurements as e.g. conducted by the RAPID array (Kanzow et al., 2008)
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are difficult and locally confined. Thus, complementary indirect observations via more
accessible ocean properties would be desirable. For example, an index correlating a
characteristic dipole pattern of sea surface temperature between North and South At-
lantic with the AMOC was proposed by Latif et al. (2004). This index has been applied
to observations of the 20th century (Latif et al., 2006), concluding a decadal MOC vari-5

ability of 1.5 to 3 Sv. However, it remains open to what extent this index reflects factors
other than the AMOC, e.g. aerosol-forced cooling in the Northern Hemisphere.

Discussions on a theoretically motivated linear relation between the AMOC and
meridional density gradients date back a long time, and such a relation has been ap-
plied in conceptual box models (e.g. Stommel, 1961). Meridional steric height gradi-10

ents, which are basically depth integrated density differences, have been shown to lin-
early scale with AMOC changes under increasing CO2 concentrations (e.g. Hughes
and Weaver, 1994; Thorpe et al., 2001). However, for AMOC changes induced by
freshwater forcing, a much higher value for the slope of the linear relation has been
found (Hu et al., 2004). Furthermore, the relation has been shown to break down in15

case of AMOC changes remotely forced by modifications of the Southern Ocean winds
(de Boer et al., 2010). Different approaches include a variable scale height (Gnanade-
sikan, 1999) in contrast to the integration of density changes to the fixed depth of
3000 m (Thorpe et al., 2001). But whatever way appropriate steric height gradients are
defined, they cannot be easily diagnosed, in contrast to the sea level changes to which20

they are related and which are accessible for satellite altimetry. So, it is desirable to
explore to what extent a similar relation involving sea level might hold.

So far, sea level data from satellites is used in conjunction with data on sea surface
temperature and winds in order to determine ocean surface currents (Dohan and Maxi-
menko, 2010). But due to the vertical structure, this is not sufficient for explicitly and25

locally determining depth-integrated velocities. Ivchenko et al. (2011) show that a large
part of the sea-level variability at 26.5◦ N is caused by density changes in the upper
200 m which hardly influence the total transport. So, for its calculation, the full density
field is additionally needed. Taking into account such data which can be obtained from
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ARGO measurements, Willis (2010) has reconstructed the transport of the upper limb
of the AMOC at a specific location.

One approach to detect changes in the maximum of the AMOC streamfunction by
using solely sea level data is based on the possibly strong connection of the AMOC
and the subpolar-gyre strength (Lee et al., 2010). The variability of the latter is esti-5

mated by Häkkinen (2001) as the principal component of the first EOF from North At-
lantic altimeter measurements; and he shows on the basis of model experiments that
it is highly correlated with meridional heat transport, which he takes as a measure for
AMOC strength. While these SSH patterns are thus potentially a diagnostic for AMOC
variability, it remains unclear whether a similar picture would emerge for future AMOC10

changes on a longer timescale or with different origins. Spatial patterns of sea-level
change have also been analyzed for simulated future climate scenarios (e.g. Yin et al.,
2009 and Landerer et al., 2007), and resulting patterns are partly attributed to a shift
in the location of the North Atlantic Current (NAC). For two different global-warming
scenarios, Körper et al. (2009) observe an increased sea level rise in the northern part15

of the North Atlantic which is caused by changes of heat content and salinity between
112.5 m and 1200 m depth, and these changes are associated with a weakening of the
AMOC. Still, it is an open question if these patterns are in a one-to-one correspondence
with AMOC changes for different forcing types, strengths and times.

As an alternative to the attempt of identifying more or less complex spatial patterns20

of sea-level change which are related to the AMOC strength, it is worth considering a
simple large scale north-south gradient of sea-level rise. Levermann et al. (2005) have
found such a distinct gradient in response to a freshwater-induced shutdown of the
AMOC in idealized model simulations (Fig. 1). A similar pattern was also observed in
the model average of SSH changes in the CMIP3 warming scenarios of the IPCC-AR425

(Meehl et al., 2007). This sea surface height anomaly η must be approximately related
via geostrophy to anomalies u of zonal surface velocities:

f u = − 1
ρ0

∂p
∂y

≈ −g
∂η
∂y

(1)
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where f is the Coriolis parameter. Only the upper branch of the MOC (in contrast to
the currents contributing to the Gyres) crosses the Atlantic without a surface return
flow: once from east to west in the South Atlantic, and then in the opposite direction
mainly as the North Atlantic Current (NAC). Therefore, we expect a broad meridional
SSH gradient to correspond at least to the surface velocities belonging to the AMOC.5

The idea of a correspondence with depth integrated transport has been further pursued
by Lorbacher et al. (2010). In agreement with Levermann et al. (2005), they indeed find
that a freshwater induced weakening of the AMOC is well correlated to a broad SSH
rise in the NA relative to the South. While this is an encouraging result, it remains
open if it also holds for AMOC changes induced by higher CO2 concentrations under10

climate change or by remote forcing as in case of Southern Ocean winds. Also, Lor-
bacher et al. (2010) take into account only a single simulation and thus a single forcing
strength. Therefore, it is also necessary to find out whether the linear relation is valid –
and numerically identical – for a sufficiently large parameter range. All of this must be
fulfilled in order to use such a relation for diagnosing AMOC changes.15

After a description of the model and the simulations in Sect. 2, we first compare (tran-
sient) sea-level patterns resulting from three different forcing types in Sect. 3. Following
this, we present and analyze relations between the SL gradient and AMOC changes
based on simulations covering CO2, freshwater and Southern Ocean Wind forcing with
several different strengths each (Sect. 4). Finally, in Sect. 5, we will shortly discuss from20

a more general perspective of SL-based AMOC diagnostics, how well SL and AMOC
changes due to simultaneous application of different forcings match the sum of the
changes caused by the individual forcings.

2 Model simulations

All simulations have been performed with the Earth System Model of Intermediate25

Complexity CLIMBER-3α (Montoya et al., 2005) which is based on the ocean model
MOM-3 (Pacanowsky and Griffies, 1999) and a statistical-dynamical atmosphere
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(Petoukhov et al., 2000) that renders it computationally efficient for the relevant en-
semble studies. The ocean module has a horizontal resolution of 3.75◦ and a vertical
resolution of 24 layers. Vertical mixing in the boundary layer is parameterized via the
kpp-scheme (Large et al., 1994). The background values are 0.3 cm2 s−1 for vertical
diffusivity and 10 cm2 s−1 for vertical viscosity. Isoneutral mixing is accomplished via5

Redi diffusion (Redi, 1982) with a diffusivity of 2.0×107 cm2 s−1 and Gent-McWilliams
eddy stirring (Gent and McWilliams, 1990) with 0.25×107 cm2 s−1. A nonlinear explicit
free surface formulation is used so that sea level is a prognostic variable and does not
need to be diagnosed.

For our analysis of the relation between sea surface height and the AMOC, we focus10

on changes caused by freshwater fluxes into the northern convection sites, increases
of CO2 concentration as well as modifications of Southern Ocean wind stress. All three
forcings are known to determine the AMOC strength (Kuhlbrodt et al., 2007). The first
two are additionally motiviated by climate change since greenhouse gas concentrations
are rising and larger meltwater runoff from the Greenland ice sheet goes along with15

higher temperatures. The Southern Ocean wind changes are a remote forcing quite
different from the others, and it may constitute an indicator if a relation between AMOC
and SL is universal or just consists of two separate reactions to local buoyancy forcing.

If not otherwise mentioned, all simulations are started from an equilibrium state un-
der preindustrial conditions (CO2 concentration of 280 ppm), and forcing strengths are20

linearly increased within 100 years from zero to a value which we will in the following
call target value. Freshwater forcing has been applied as a negative salt flux in the re-
gion between 52◦ N and 80◦ N as well as 48◦ W and 15◦ E, excluding shallow areas over
the continental shelves (same forcing area as in Fig. 1). The flux has been compen-
sated in the Pacific ocean. As our emphasis is on better understanding the principle25

relations underlying the three forcings, we exclude feedbacks involving wind stress by
keeping it fixed at its climatological values unless modified explicitly. Since we exclu-
sively focus on relative regional sea level rise, changes in global sea level have been
subtracted for all model results in the paper.
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3 SSH patterns resulting from the three different forcings

We first compare the sea-level anomalies resulting from 100 yr of simulation under the
three different types of forcing and several different strengths. The patterns have been
divided by the amount of AMOC reduction induced by this forcing for normalization
(Fig. 2). The target value of the applied freshwater forcing is 0.064 Sv leading to an5

AMOC weakening of 2.0 Sv. In order to get a sufficiently strong reduction of the AMOC
after these first 100 yr, we let the Southern Ocean wind stress approach zero which
results in a change of the AMOC streamfunction maximum by −1.24 Sv. The final CO2
concentration amounts to 500 ppm concomitant with an AMOC weakening of 2.0 Sv as
in the case of freshwater forcing.10

In case of freshwater forcing (top panel), the most prominent pattern is a rise of sea
level in the Atlantic north of 40◦ which includes the forcing area. A contribution to this
effect is given by the reduction of convection due to the freshwater lid leading to a
weakening of the local ocean-atmosphere heat flux. It is interesting to observe that no
significant effects on sea level are transmitted to more distant regions, e.g. the South15

Atlantic.
A reduction of the Southern Ocean wind stress (middle panel) also results primarily

in a localized sea level reaction. The surface currents in the ACC region are directly
slowed down and sea level south of the ACC rises as expected from geostrophy. How-
ever, the SL difference in the Atlantic section of the Southern Ocean is not linearly20

linked to the AMOC when the latter increases and decreases in strength due to modi-
fications of the wind stress (not shown).

In case of rising CO2 concentration (bottom panel), we apply a global forcing and
indeed significant adaptations of sea level height are induced in multiple regions. The
most prominent features are a relative rise of sea level in the convection areas of the25

North Atlantic as well as a drop of sea level in the Weddell Gyre and to a lesser extent
in further domains south of the ACC.
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Comparing these three figures, we can not identify a common sea-level pattern which
could directly correspond to a change of the AMOC maximum independently of the
forcing type. However, Fig. 2 supports the link between a systematic north-south SL
gradient in the Atlantic and the AMOC which has been discussed above. In the fol-
lowing section, we will thus analyze the relation of AMOC changes and SL differences5

between three parts of a subdivided Atlantic Ocean: (N)orth, (C)entral and (S)outh,
bounded by the 80◦-latitude, the 41.25◦-latitude, the equator and the tip of South Africa
as indicated in the top panel of Fig. 2. We focus on the averages of these broad boxes
as we aim at robust results which are less dependent on potentially model-specific
localized SL reactions.10

4 Relation of an Atlantic north-south disparity in SSH to the AMOC

4.1 100 yr of forcing

For a total of 100 yr and for a variety of forcing strengths, we present the relations of
AMOC maximum and differences in sea-level change between (N) and (C) as well as
(N) and (S). The target values of freshwater forcing (cf. Sect. 2) are varied between15

0.06 Sv and 0.2 Sv, the strength of the Southern Ocean wind stress by factors 0 to
4.0; the target values of CO2 concentration range from 350 ppm to 1120 ppm. Two
simulations with exponential increase of CO2 concentration (0.5 % and 1.0 % per year)
are additionally included.

Plotted against the AMOC strength, Fig. 3 shows the difference in average sea level20

rise of the northern and the central part, and Fig. 4 between the northern and southern
part. These two plots are quite similar, reflecting the fact that most significant relative
displacements of SSH occur north of the equator, especially around the latitude of
40◦. The main difference is the stronger reduction of ∆SLNS compared to ∆SLNC for
CO2 forcing in the second half of the simulated timespan. Below, we will specifically25

comment on the peculiarities of thermal forcing (see Subsect. 4.3); but for now, this
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motivates us to choose the difference between northern and central area as a repre-
sentative of the SL rise gradient.

For the difference in sea-level change between these two areas in response to fresh-
water and wind stress forcing, each of the top and middle panels of Fig. 3 also shows
an objective linear least square fit giving a slope of −1.53 cm Sv−1 and −1.54 cm Sv−1

5

respectively. These relations confirm the linearity found for freshwater forcing by Lor-
bacher et al. (2010) and show its validity for a range of different forcing strengths. The
slope in Fig. 3 appears consistent with the map of dynamic sea-level change per Sver-
drup of AMOC reduction given by Lorbacher et al. (2010) and presented in their Fig. 8a.
However, increases of CO2 concentration lead to more non-linear relations when time10

progresses. This makes it essentially impossible to diagnose an AMOC change from
relative SL rise in this manner. But note that the initial slope of the stronger forcings
is quite similar to the one originating from the first two forcing types which may be an
indicator for an initially universal behaviour.

In a different setting of almost no vertical diffusivity and for equilibrium states, Griesel15

and Maqueda (2006) analyze among other aspects the relation between AMOC and
sea surface height when the density structure of the ocean is modified. This modifi-
cation is done especially by altering Gent-McWilliams coefficients, but also by surface
forcings including freshwater and wind as well as an increase in vertical diffusivity. Hav-
ing a different objective, we look at the transient behaviour and all of our forcings are20

combined with a realistic rather than almost zero vertical diffusivity, while considering
different forcings with a range of strengths. However, some further universality of our
above relations for freshwater and wind forcing is indicated by the quite similar linear
relation between SSH difference ([40◦ to 60◦ N] minus [20◦ to 30◦ N], at a longitude of
44◦ W) and AMOC with a slope of about −2 cm Sv−1 observed by Griesel and Maqueda25

(2006).
While we have also analyzed the consequences of including all latitudes from Antarc-

tica to the North Pole and sectioning this extended Atlantic (not shown), the inclusion
of the Southern Ocean worsens the quite linear relations found in Fig. 3 because the
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positive and negative changes around the ACC do not balance out and thus interfere
with the relation found in the Atlantic further north.

The different contributions to the difference in SL change from steric, and more
specifically thermosteric and halosteric, SLR are shown in Fig. 5 for one example of
each forcing type.5

4.2 Longer timescale

For checking in how far the relations are dependent on the continuous increase of the
forcing and on the relatively short timescale of 100 yr, we did two further analyses.
Firstly, we have included the evolution of AMOC and SL for another 100 yr in which
we keep the forcing constant at its target value. Secondly, we have performed a set of10

experiments in which also 200 yr of data are included but now with a slower increase
of the forcing so that the target value is only reached at the end of this 200-yr period.

Including the additional 100 yr of the first case, the results deviate significantly from
the original ones and neither of the two approximately linear relations is confirmed for
this time period. The same is valid for the second set of 200-yr experiments, although15

the deviations are smaller. This illustrates the limitations of the transient relations. At
this point, the tracer redistribution seems to lead to a state in which the vertical structure
of density changes gets a different profile so that the relation between changes in
depth-integrated transport and sea level is modified.

One may now wonder if the system approaches an equilibrium on a longer timescale20

when a linear relation between AMOC and sea level might be reestablished. Therefore,
we have extended the original runs with constant forcing up to the year 1000. Figure 6
covers the last 10 yr of the simulation, also illustrating the adjustment processes still
continuing at this point of time. The slopes found in Subsect. 4.1 are plotted into Fig. 6
for reference.25

In case of freshwater forcing, the data is still scattered along a linear relation but with
roughly double the slope and a different offset. This shows that with the continuous
accumulation of freshwater the impact on the sea level difference between north and
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center gets larger while the AMOC only weakens relatively little after the first 100 yr.
For modified Southern Ocean wind stress, the situation is quite the opposite. When the
wind stress is held constant after an increase, the AMOC continues to intensify and
reaches maxima that are significantly larger after 1000 yr. The consequence is a linear
best fit with a smaller slope. However, a significantly stronger weakening of the AMOC5

cannot be achieved via a weakening of the Southern Ocean winds even on this long
timescale and the linear fit is not as good as in the freshwater forcing case.

It has been suggested already a long time ago that the AMOC strength recovers
approximately to its original value when an equilibrium state with higher CO2 concen-
tration is reached: Manabe and Bryan (1985) argue that this is due to a compensation10

of polar amplification and the structure of the equation of state (Manabe and Bryan,
1985). More recently, Levermann et al. (2007) show the dependence of final AMOC
changes on the initial strength because of sea-ice effects. However, it is interesting to
observe that in our case there was finally larger sea-level rise in the lower latitudes
compared to the Northern area even though the AMOC maximum has recovered to15

its original value (lower panel of Fig. 6). While this will be discussed in the following
subsection, we note that none of the relations described in the previous subsection is
retained on the thousand year timescale.

4.3 Special role of CO2 forcing

The initial weakening followed by a recovery of the AMOC in case of CO2 forcing is eas-20

ily understood: While as a first reaction the heat exchange in the deepwater-formation
regions is reduced, instabilities of the water column can reoccur when the deeper
ocean layers also have adjusted to the warmer climate. However, instead of vanish-
ing when the AMOC is stabilized roughly at its original value, relative SLR is larger in
the south than north of 30◦ N. This is also reflected by the negative ∆SL in the lower25

panel of Fig. 6. Time slices of sea-level anomaly patterns in the North Atlantic (Fig. 7)
illustrate this effect for a linear increase of CO2 concentration to 1120 ppm within 100 yr
(concentration kept constant thereafter).
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Looking at the more local development, Fig. 8 shows a timeseries of the AMOC
maximum and the average sea level of a fraction of the North American coast: between
41◦ N (1◦ north of New York City) and 60◦ N. While the AMOC stabilizes, the transient
SLR at the American coast is overcompensated, reaching a negative value and having
not come back to the original equilibrium state.5

Figure 9 shows the changes of potential density in the northern and the southern
area. From the initially steeper slopes it can be seen that density changes reach larger
depths faster in the north. Thus, SLR in the early phase is more pronounced in this
area. Only later, overall stronger density changes occur in the low latitudes, especially
at a depth of around 400 m leading to a relatively larger SLR in the south. While initially10

salinity changes dominating in the upper 100 m and temperature changes dominat-
ing in larger depths both favour SLR in the north, later on salinity changes (which in
all depths favor stronger SLR in the north) are dominated by temperature changes
leading to stronger SLR in the south. This thermal expansion can be understood as fol-
lows: water in the top 200 m warms more strongly in the north, but density is reduced15

more strongly in the south because of the temperature dependence of the equation
of state. However, the striking thermal expansion in the south centered around 400 m
depth is due directly to stronger warming.

4.4 Combined forcings based on RCP scenarios

After this highly idealized study of fully independent forcing types, let us now turn to20

somewhat more realistic scenarios. The initial condition of the following simulations is
produced by an integration over the time period between 1767 and 2005 on the basis of
RCP historical forcing data (Meinshausen et al., 2011b). For the years 2006 to 2100, we
have simulated all 4 RCP scenarios and an additional set of experiments in which we
have also included high estimates of idealized Greenland freshwater forcing with target25

values of 0.042 to 0.13 Sv. The RCP forcing as applied by us consists of greenhouse
gases, direct effects of sulphate aerosols, land-use change and solar variability. For
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the historic forcing leading to the initial condition, volcanic forcing was also taken into
account.

Changes in the hydrological cycle are automatically reflected in the simulations. How-
ever, the freshwater flux due to meltwater runoff from Greenland has to be separately
estimated. Its quantity is highly uncertain, so that we have based our study on a best5

guess with the aim to see how parallel application of CO2 and freshwater forcing be-
have in principle. As in the preceding subsections, we linearly increase the freshwater
flux from 0 to its target value between the years 2006 and 2100, and we apply it to the
same area as in the preceding subsections, not taking into account regional distribu-
tions due to the Greeland boundary currents.10

For no future temperature change, we assume a constant current Greenland mass
loss rate of 250 Gt yr−1 (Rignot et al., 2011) which corresponds to about 7 cm SLR until
2100. Motivated by the results of Pfeffer et al. (2008), we choose an accumulated mass
loss of 54 cm until the year 2100 for the strongest scenario (RCP8.5). Linearly scaling
the freshwater fluxes between these two values for the other scenarios on the basis of15

the median global temperatures reached in the year 2100 as calculated with MAGICC6
(Meinshausen et al., 2011a), we apply target values of 0.042 Sv, 0.066 Sv, 0.085 Sv and
0.13 Sv for the scenarios RCP3-PD, RCP4.5, RCP6 and RCP8.5 respectively. We then
keep the fluxes fixed for another five years in order to compare a total of 100 yr with the
results of Subsect. 4.1.20

The results with and without freshwater forcing are presented in Fig. 10. The pure
RCP-forcing scenarios provide a picture qualitatively similar to the case of idealized
CO2 forcing, with respect to the relatively small impact on the sea-level difference as
well as with respect to the shapes of the curves. When combining both forcings, we do
see linear trends for the largest fraction of the 100 yr. However, the slopes are smaller25

than in case of pure freshwater forcing and they are significantly different between the
scenarios. The large drop of the SLR difference in the last 30 yr of the simulation with
strongest forcing goes along with a strongly nonlinear strengthening of the Subpolar
Gyre in our model (Levermann and Born, 2007). The results in Fig. 10 confirm that
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the approach as it is cannot be used for diagnosing a weakening of the AMOC under
climate change, not even under the assumption of strong and fixed Greenland runoff
going along with each of the RCP scenarios.

5 Additivity of SSH patterns and AMOC strengths

In the preceding section, we have shown relations between AMOC strength and an At-5

lantic sea level difference for three types of forcing, but they turned out to be unsuitable
as an AMOC diagnostic. Possibly other models, preferably with a higher resolution, may
reveal more fine-structured patterns of which each corresponds to AMOC changes un-
der a specific forcing and which are likely different from each other (cf. Fig. 2). In that
case, it would be essential that the AMOC changes belonging to the individual forcings10

as well as the corresponding patterns of sea-level change add up linearly. Then, one
might be able to deduce the contributing patterns as well as the contributing and total
AMOC reductions from the observed sea-level changes (which are in general caused
by the simultaneous action of different forcings). However, already the case of RCP sce-
narios with additional meltwater fluxes in the previous section reveals that the AMOC15

reductions do not add up linearly. We examine this aspect further in this section.

5.1 Additivity of SSH patterns

We do not attempt a quantitative analysis of the linear regime for the different param-
eters. Instead, we aim at illustrating that the large-scale patterns of sea-level change
simulated by our model can be superposed reasonably well for our exemplary forcings.20

We choose the case of CO2 increase by 1 % per year, doubling of the Southern
Ocean winds within 100 yr and a freshwater flux with a target value of 0.09 Sv. The sum
of the sea-level anomalies after the first 100 yr is compared with the pattern resulting
from the application of all three types of forcing at the same time. In contrast to the
simulations in the preceding two sections where we were interested in the isolated25
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effects of specific forcings, we now have included the wind stress feedback instead of
keeping the wind stress fixed at its climatological values. Fig. 11 shows the patterns of
the three individual forcings, while Fig. 12 shows the sum of the patterns, the pattern
resulting from the application of all three forcings and the difference between the two.
Qualitatively, the patterns can be linearly superposed on a large scale. However, the5

regions of more pronounced non-linearity are those with a strong signal: the northern
convection sites, the subpolar gyres and the ACC. This already influences the sea-level
difference between the two areas (N) and (C) that we have discussed above.

5.2 Additivity of AMOC weakening

For checking the additivity of the individual changes in AMOC strength, we have applied10

the same forcings as in the preceding subsection. Figure 13 shows a timeseries of the
first 200 yr. While the sum of the individual AMOC changes conincides very well with
the anomaly due to combined forcing for the first 80 yr and a total AMOC change of
about 4 Sv, we observe that they differ significantly thereafter.

This suggests that the range of applicability of a hypothetical AMOC diagnostic in-15

volving different SL change patterns for different forcings is limited.

6 Conclusions

We were aiming at identifying a robust transient relation between a gradient of sea-
level change in the Atlantic and changes of the AMOC. We did indeed find a linear
relation for Southern Ocean wind and freshwater forcing which has a slope of about20

−1.5 cm Sv−1 with respect to the difference in sea-level change between two areas in
the North Atlantic. While a somewhat similar slope was found for an initial short pe-
riod of strong changes in CO2 concentration, this relation does not hold for the largest
fraction of the simulations and is also depend on the forcing strength. For each of
the less idealized settings of four RCP scenarios with associated freshwater forcing25
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motivated by Greenland meltwater runoff, transient linear relations of the SL difference
and AMOC weakening are mainly confirmed. However, the slopes quantitatively dif-
fer between the different scenarios. Because of the great relevance of CO2 forcing,
these results exclude the considered sea-level difference or gradient as a direct AMOC
diagnostic under climate change.5

It is therefore desirable to focus on the analysis of more detailed patterns of sea-level
change for which more complex models based on a higher resolution are likely to be
better suited. We demonstrated in a short outlook that individual large-scale patterns
of SSH change as well as AMOC changes can be linearly superposed reasonably well
for the given forcing strengths in a limited timeframe of 80 yr (Figs. 12 and 13). Thus,10

if different relations for different forcing types are found in the future, they might be
able to serve as an AMOC diagnostic under the realistic simultaneous action of sev-
eral forcings; but the indicated limitations regarding additivity would have to be further
explored.
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Fig. 1. Equilibrium dynamic sea level change (in cm) after freshwater induced collapse of the
AMOC (800 yr of forcing as in Levermann et al., 2005).
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Fig. 2. Dynamic sea level rise in cm Sv−1 (i.e. normalized to a weakening of the AMOC by 1 Sv),
after 100 yr of the following forcings: (A) freshwater with a target value of 0.064 Sv, (B) Southern
Ocean winds approaching zero, (C) CO2 with a target concentration of 500 ppm.
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Fig. 3. ∆SL between North and Central for the following forcings: (A) freshwater
(slope: −1.53 cm Sv−1), (B) Southern Ocean winds (slope: −1.54 cm Sv−1), (C) CO2.
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Fig. 4. ∆SL between North and South for the following forcings: (A) freshwater
(slope: −1.57 cm Sv−1), (B) Southern Ocean winds (slope: −0.94 cm Sv−1), (C) CO2.

347

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/3/325/2012/esdd-3-325-2012-print.pdf
http://www.earth-syst-dynam-discuss.net/3/325/2012/esdd-3-325-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
3, 325–356, 2012

AMOC and sea-level
gradients in the

Atlantic

H. Kienert and
S. Rahmstorf

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 5. ∆SL between North and Central and the contributions due to steric SLR as well as a
subdivision into halosteric and thermosteric SLR: (A) freshwater forcing (0.1 Sv), (B) Southern
Ocean winds (factor 3.0), (C) linear increase of CO2 to 1120 ppm.

348

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/3/325/2012/esdd-3-325-2012-print.pdf
http://www.earth-syst-dynam-discuss.net/3/325/2012/esdd-3-325-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
3, 325–356, 2012

AMOC and sea-level
gradients in the

Atlantic

H. Kienert and
S. Rahmstorf

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 6. ∆SLNC after 1000 yr for the following forcings: (A) freshwater, (B) Southern Ocean winds,
(C) CO2.
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Fig. 7. Sea-level anomaly (zero global mean) in cm for linearly increasing CO2 concentration
(to 1120 ppm within 100 yr) at three different times: (A) year 100, (B) year 500, (C) year 1000.
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Fig. 8. (A) AMOC maximum, and (B) sea-level anomaly at the North American coast (zero
global mean). CO2 concentration is linearly increased to 1120 ppm within the first 100 yr.
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Fig. 9. Potential density anomaly (kg m−3) for linearly increasing CO2 concentration (to
1120 ppm within 100 yr): (A) average of northern area, (B) average of central area.
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Fig. 10. ∆SLNC for 100 yr relative to 2005 for the following forcings: (A) 4 RCP-scenarios,
(B) RCP-scenarios plus freshwater forcing (slope of linear fit: −0.50 cm Sv−1).
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Fig. 11. Sea-level anomaly (cm) for individual forcings after 100 yr: (A) freshwater, (B) SO
winds, (C) CO2.
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Fig. 12. (A) Sum of the three anomalous sea-level fields given in Fig. 11, (B) sea-level anomaly
resulting from application of all three forcings, (C) difference of the fields in A and B.
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Fig. 13. AMOC changes for individual forcings and for combined forcing.
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