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ABSTRACT

This comment discusses two issues raised by a recent study of the stability of the thermohaline circulation
(Tziperman et al.). A numerical problem is pointed out that may have affected the results of the reported
calculations. In addition, it is argued that the state transition of the model circulation found in the above study
is triggered by a convective instability mechanism, not the advective mechanism discussed by its authors. Should
this be the case, then the conclusion .of Tziperman et al. that the ocean is close to a stability transition point

must be questioned.

1. Introduction

Tziperman et al. (1994, hereafter TTFB) have re-
cently published an analysis of the stability of the ther-
mohaline circulation in an OGCM when it is switched
from restoring boundary conditions to mixed boundary
conditions. They find that the stability of their model
during this switch depends on the salinity restoring time
used during spinup. If the model is spun up to equilib-
rium with a salinity restoring time of 30 days, the ther-
mohaline circulation collapses upon transition to mixed
boundary conditions. On the other hand, if it is spun
up with a restoring time of 120 days the circulation
remains stable. The difference is attributed to the dif-
ferent freshwater fluxes diagnosed from the two spinup
experiments and used subsequently after switching to
mixed boundary conditions.

2. Numerical artifact related to low Baltic salinity

The diagnosed freshwater flux for both experiments
of TTFB is shown in their Figs. 1 and 2. It can be seen
that for the 30-day restoring time (their Fig. 1) a nu-
merical artifact is present in form of a 2A x wave across
the Atlantic near 55°N.

I encountered the same time-independent wave pat-
tern when spinning up the GFDL model in a very sim-
ilar configuration to that of TTFB. A close-up view of
this problem is shown in Fig. la. Large freshwater
fluxes at single grid points, alternating in sign, extend
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across the Atlantic from an embayment representing
the North Sea and part of the Baltic in the model. The
origin of the numerical noise is the very low surface
salinity in the Baltic. When Levitus (1982 ) data for the
top 50 m are interpolated to the model grid, salinity
values in this open embayment are as low as 7.5 psu at
the inside end.

The problem disappears when the salinity to which
the model is restored at the two innermost grid points
in the embayment is adjusted to a more moderate value
(32.5 psu). This adjustment seems an ad hoc fix, but
it also makes physical sense. The freshwater outflow
from the Baltic into the Atlantic is very small as the
Baltic is separated off by narrow, shallow straits. A
coarse model can only represent the Baltic as an open
embayment, giving Baltic waters an unrealistic influ-
ence on the Atlantic. By adjusting the model salinity in
the embayment toward open ocean values this influence
is reduced. The diagnosed freshwater flux from a
spinup using this salinity adjustment is shown in Fig.
1b. In all other respects the model run was identical to
the one shown in Fig. la; in both cases a salinity re-
storing time of 30 days was used.

Before we discuss the significance of this adjustment
for the stability problem considered by TTFB, a related
problem in a second region of the model should be
mentioned. Figure 2a shows the diagnosed freshwater
flux in the Drake Passage region; here a maximum
where net precipitation exceeds 6 m yr ™! appears just
off South America. This is also clearly visible in Figs.
1 and 2 of TTFB and is due to a strong minimum (<30
psu) in the Levitus near-surface salinity in this area.
When the Levitus values are superimposed on a map
of the South American coastline, it is revealed that
these low salinity values originate from inside the
f jords of Tierra del Fuego. Due to the coarse resolution
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FIG. 1. (a) Freshwater flux (in meters per year) in the North Atlantic
diagnosed from a spinup experiment with restoring boundary con-
ditions. Tick marks show the model grid. Note the numerical noise
near 55°N. (b) Same as (a) except that the very low salinity values
used during restoring at two grid points inside the Baltic were re-
placed by higher values.

(and the wide Drake Passage) of the present model
configuration, the salinity of some ocean grid points is
derived mainly from these low values. This is clearly
unrealistic and leads to the excess net precipitation vis-
ible in Fig. 2a. It can be corrected by setting a lower
limit for the restoring salinity in this region; 33.4 psu
as recorded in the hydrographic atlas (Olbers 1992)
would seem to be realistic. Figure 2b shows the diag-
nosed freshwater flux from a spinup with this correc-

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 26

tion; the strong precipitation maximum has disap-
peared.

We will now turn to the question of whether the nu-
merical wave in the North Atlantic may have affected
the experiments of TTFB. In their experiment with a
30-day salinity restoring timescale, the overturning cell
in the North Atlantic collapsed after the switch to
mixed boundary conditions. The mechanism for such
a collapse is the so-called ‘‘polar halocline catastro-
phe,”” where convection in the northern North Atlantic
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FIG. 2. (a) Freshwater flux (in meters per year) near South America
diagnosed from a spinup experiment with restoring boundary con-
ditions. The real coastline is superimposed on the model grid. (b)
Same as (a) except that the low salinity values used during restoring
near the fjords of Tierra del Fuego were replaced by higher values.
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is interrupted and a freshwater lens caps the former
deep-water formation region (see section 3). Whether
the collapse is triggered thus depends on how easily
convection can be interrupted. This can in turn depend
not only on the freshwater forcing but also on the de-
tails of the convection pattern in the model equilibrium
(see Rahmstorf 1995b; Rahmstorf and Willebrand
1995). In the TTFB model, the convection region south
of Greenland where North Atlantic Deep Water
(NADW) forms is strongly affected by the numerical
artifact. Figure 3 shows the convection depth in this
region for the two model equilibria shown in Fig. 1,
that is, with and without the numerical wave originating
from the Baltic. It is clear that the numerical noise in
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FiG. 3. Convection patterns for the final state of the two spinup
experiments shown in Figs. 1a and 1b. Vertical columns show con-
vection depth in kilometers, shading is convective heat loss in watts
per square meter. Note the spurious deep convection near 55°N in
(a), caused by the numerical noise shown in Fig. 1a.
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Fic. 4. Time series of NADW overturning in the North Atlantic
after switching from restoring to mixed boundary conditions at ¢ = 0.

the freshwater forcing generates spurious deep convec-
tion in Fig. 1a. This might affect the stability behavior
of this model as well as its water mass properties and
tracer uptake (e.g., Toggweiler 1989; Toggweiler et al.
1989; England 1993).

In order to test whether the collapse of the thermo-
haline circulation discussed by TTFB also occurs when
the numerical problem in the North Atlantic is re-
moved, I have repeated their experiment' with Baltic
salinity corrected as discussed above. The model equi-
librium shown in Figs. 1b and 3b, obtained with a 30-
day restoring time on both salinity and temperature,
was switched to mixed boundary conditions and inte-
grated further for 2500 years. The time series of the
NADW overturning cell in the North Atlantic for this
experiment is shown in Fig. 4. There is no collapse of
the thermohaline circulation; instead it increases from
18 to 22 Sv (Sv = 10° m® s ™!) under mixed boundary
conditions. This agrees with further experiments that I
performed with a salinity restoring time of 50 days,
where the thermohaline cell in the Atlantic also in-
creased after switching to mixed boundary conditions
(Rahmstorf 1995a). Power and Kleeman ( 1994) report
similar experiments where the spinup was performed
with even shorter restoring time (20 days), also re-
sulting in a stable state with 22 Sv overturning after
switching to mixed boundary conditions. They also
used the GFDL model but with a different global to-
pography that does not include the Baltic. These re-
sults, which are contrary to those of TTFB, suggest that
the collapse of the thermohaline cell observed by TTFB
may be dependent on the numerical 2A x wave in their
freshwater forcing.

3. Mechanisms of thermohaline state transitions

In the remainder of their paper, TTFB use a box
model analysis to explain the varying stability of the
thermohaline circulation in their two GCM experi-

' Some model details may differ, most importantly diffusivity val-
ues (not reported by TTFB). Also I have used my own interpolation
of Levitus data to the model grid (based on the mean value of the
Levitus grid cells overlapping a model grid box, weighted by the area
of overlap) that differs somewhat from the interpolation used at
GFDL.
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ments. In this section we will discuss the validity of
this box model analysis.

The analysis of TTFB is based on an advective box
model modified from Stommel’s (1961) classical box
model. This type of model has either one or three equi-
librium solutions for a given freshwater forcing. With
strong net precipitation in high latitudes, only ‘‘inverse
flow’’ (i.e., deep water forming in low latitudes) is
possible; with net evaporation only ‘‘normal flow”’
(deep water forming in high latitudes) is possible; but
for weak net precipitation the effects of cooling and
freshening compete in high latitudes and allow three
equilibria: a strong normal flow, a sluggish normal
flow, and an inverse flow. In Stommel’s box model, the
sluggish normal branch is unconditionally unstable,
and it is generally accepted that the strong normal flow
is the box model’s equivalent of today’s overturning
circulation in the North Atlantic.

TTFB split the two boxes of Stommel in the vertical
to obtain four boxes and then show that in this case part
of the ‘‘strong, normal’’ branch is also unstable. The
point that separates the stable and unstable parts of this
branch is termed *‘stability transition point’’ by TTFB;
it is a critical value of the net freshwater forcing in high
latitudes beyond which no stable solution exists under
mixed boundary conditions. TTFB’s argument rests on
the idea that the two spinups of their GCM produced
two different freshwater forcing fields that are on either
side of the critical value. The experiment with less net
precipitation therefore remained stable, and the one
with more net precipitation collapsed after switching to
mixed boundary conditions. Because the two forcing
fields (obtained with two salinity restoring time scales)
do not differ very much in their average net precipita-
tion over the northern North Atlantic, TTFB conclude
that both GCM experiments must be close to the ‘‘sta-
bility transition point,”’ that is, the critical freshwater
forcing value.

" There is an alternative interpretation of the collapse
of the circulation in TTFB’s experiment, namely, that
it was triggered by the interruption of convection. This
convective instability mechanism is often called a ‘‘po-
lar halocline catastrophe.”” This mechanism has not
been considered by TTFB and cannot be modeled by
Stommel’s or TTFB’s box model. Through this mech-
anism it is possible for the circulation to collapse after
switching to mixed boundary conditions, even if fresh-
water forcing does not exceed the critical value iden-
tified by TTFB for their box model. An example of this
behavior is found in the experiments of Hovine and
Fichefet (1994), where a stable conveyor circulation
under mixed boundary conditions was perturbed by a
step function decrease in high-latitude precipitation. As
expected, this intensified the overturning circulation.
However, when the perturbation was turned off again
after 100 years and the fluxes returned to those that
previously had driven the stable conveyor, a polar halo-
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cline catastrophe occurred and the circulation col-
lapsed.

The concept of convective instability can also ex-
plain the transition to stronger overturning as found in
the experiment shown in Fig. 4. Experiments both with
idealized models (Hughes and Weaver 1994; Rahm-
storf 1994; Rahmstorf 1995b) and with realistic global
models (Rahmstorf 1995a) show that not only one but
many equilibrium states with a conveyor belt circula-
tion exist in three-dimensional models due to the ex-
istence of multiple stable convection patterns. Transi-
tions between these are easily triggered by a change in
surface feedback (Rahmstorf 1995a). The transition to
a new state with a different NADW formation rate can-
not be explained by TTFB’s instability model. In this
model, when forcing is beyond the critical value, no
stable solution with high-latitude sinking exists; the ex-
istence of a stable conveyor belt circulation under
mixed boundary conditions requires that freshwater
forcing is less than TTFB’s critical value.

The convective feedback mechanism was analyzed
in detail by Lenderink and Haarsma (1994). Convec-
tive feedback determines whether deep convection at
each model grid point is stable under mixed boundary
conditions; it can make the spinup equilibrium unstable
and cause a transition to a new equilibrium, either with
NADW formation or without, depending mainly on
whether deep convection is completely interrupted af-
ter switching to mixed boundary conditions or whether
convection simply rearranges into a new stable pattern.

The mechanism can be illustrated with a simple con-
vective model of two vertically stacked boxes (Welan-
der 1982). It should be noted, however, that this model
has no unconditionally unstable equilibria like Stom-
mel’s box model but requires a finite perturbation at
one grid point to trigger an instability, followed by the
kind of chain reaction described by Lenderink and
Haarsma (1994). Such perturbations are always pres-
ent, even in a fully equilibrated model with steady forc-
ing?. The mechanism is best understood as a three-
dimensional interplay of local flow and convection in
a whole region. It is not fully determined by the be-
havior of individual convective columns, though the
strong nonlinearity in the convection must be the main
ingredient in the instability. For example, Rahmstorf
(1995b) describes model experiments where freshwa-
ter flux anomalies were applied to an individual grid
point. Below a certain threshold this had a negligible
effect, but when the threshold was passed where con-
vection at this one point was interrupted, a dramatic

2 One cause of such small perturbations is the leapfrog time-step-
ping scheme of the GFDL model (Bryan 1969). To prevent the **split-
ting”’ of the model into two solutions, every nmix time steps a for-
ward step is substituted for the leapfrog step. Time series of convec-
tion show that regular convective events are triggered on this forward
time step.
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state transition was triggered, resembling the one
shown in Fig. 4.

4. Why the convective instability mechanism?

There are several reasons why instability of the con-
vection pattern would seem to be the correct explana-
tion for the model transitions that take place after
switching to mixed boundary conditions.

The first reason is the timescale of the transition. In
our experiments with an idealized circulation model we
have seen both types of transition (Rahmstorf et al.
1996): a fast collapse of the conveyor circulation after
a brief freshwater pulse that interrupted convection (a
‘‘polar halocline catastrophe’’) and a winding down of
the NADW circulation after a permanent increase of
precipitation in high latitudes, which did not interrupt
convection but made it impossible to sustain a con-
veyor (this is the mechanism analyzed by TTFB). The
former transition typically shows a strong initial re-
sponse within decades, the latter slowly adjusts over
centuries. This indicates that both the collapse within
100 years described in TTFB and the transition shown
in Fig. 4 were probably caused by a convective insta-
bility; the advective mechanism is too slow to produce
such a rapid response. It is interesting that Bryan
(1986) already encountered these two timescales for
transitions from a symmetrical circulation to a pole to
pole circulation. With a negative salinity perturbation,
convection was interrupted and a fast collapse (taking
50 years) of the symmetrical state occurred. With a
positive salinity perturbation, convection continued,
and the symmetrical state decayed on a timescale of
hundreds of years. Bryan rightly attributed this differ-
ence to the different feedbacks: convective in the fast
case, advective in the slow case. TTFB show from the
box model that their advective mechanism can have
different timescales, but close to the ‘‘stability transi-
tion point’’ the timescale of the instability should be
very long.

The sequence of events in the transition shown'in
Fig. 4 is another strong indication of convective insta-
bility operating at least in this case. In the time series,
changes in convection generally precede changes in
overturning. For example, ten years before the over-
turning peak visible in Fig. 4, convective heat loss in
the northern North Atlantic peaked. Figure 5 shows
time series of the five years before and after the switch
to mixed boundary conditions in this experiment. Fig-
ure 5a demonstrates that rearrangements in the North
Atlantic convection pattern (and likewise in the South-
ern Ocean, not shown here) start within the first week
after switching to mixed boundary conditions, with
some previously convecting points shutting down and
some previously stratified points- starting to convect.
Figure 5b gives a more large-scale view of convection.
It shows that about a year after the switch there is a
sudden increase in convective heat loss in the northern
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FiG. 5. High-resolution time series of the experiment shown in Fig.
4, showing the five years before and after switching to mixed bound-
ary conditions at ¢+ = 0. Sampling interval is 7 days. (a) Average
convection depth of four grid cells just off the southern tip of Green-
land. At one of these points convection already starts within the first
week after the switch. At other grid cells (not shown) convection
shuts down immediately after the switch. (b) Atlantic overturning
(i.e., maximum of the NADW cell in 10° m® s™') and convective heat
loss averaged over the North Atlantic north of 49°N (in watts per
square meter). Note that convection changes precede overturning
changes.

North Atlantic, which precedes any change in over-
turning. These results strongly suggest that convective
changes trigger adjustments in large-scale flow rather
than the other way round.

An indication of convective instability in the TTFB
model is the zonal-average freshwater flux for both
their experiments, shown in their Fig. 5. The two curves
are very similar except at the latitudes of deep convec-
tion. This is a characteristic feature of restoring bound-
ary conditions. When the restoring timescale is de-
creased, the model is forced closer to the observations;
in deep convection areas this requires much larger
fluxes than in regions where only the surface level of
the model is affected. This means that in high-latitude
convection areas large net precipitation will be found
in a restoring run with a short restoring timescale. After
switching to mixed boundary conditions, this precipi-
tation makes convection unstable, and the model makes
a transition to a new convection pattern. It is possible
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that all deep convection in the North Atlantic is inter-
rupted or that convection merely shifts to grid points
with less precipitation. TTFB point out that the isolated
peaks in the E — P pattern make little difference to the
large-scale freshwater forcing and thus to their pro-
posed large-scale advective instability mechanism,; this
leads them to conclude that the model must be close to
the ‘‘stability transition point.”” However, the doubling
of net precipitation near 60°N makes a big difference
to the stability of convection in this area and therefore
quite naturally explains the difference between their
two runs if convective instability is the relevant mech-
anism.

A final argument is that practically all other pub-
lished studies with global ocean models under mixed
boundary conditions or coupled to an atmosphere
model are in a parameter regime where both types of
equilibria are possible, with or without conveyor belt
circulation (e.g., Manabe and Stouffer 1988; Maier-
Reimer et al. 1989; England 1993; Moore and Reason
1993; Power and Kleeman 1993). These models are
clearly not beyond TTFB’s stability transition point, as
beyond this point there is no stable conveyor equilib-
rium (see TTFB’s Fig. 4). I am aware of only one
exception: in the coupled scenario calculation of Ma-
nabe and Stouffer (1994) for a quadrupling of CO,,
the conveyor circulation slowly winds down, appar-
ently not through a ‘‘halocline catastrophe’’ but in a
way consistent with TTFB’s advective mechanism.

5. Discussion

A major conclusion of TTFB is that their ocean
model under mixed boundary conditions is close to a
‘‘stability transition point.”” This conclusion is based
on two GCM experiments and on the assumption that
the collapse of the conveyor in one of these GCM ex-
periments is due to an advective instability mechanism
described by a simple box model. TTFB further con-
clude, ‘‘this also implies that the ocean itself is near
this transition point.”’ ‘

In this comment I have argued that a collapse or
other state transitions of the thermohaline circulation
after switching to mixed boundary conditions are prob-
ably caused by an instability of convection, not by a
large-scale advective instability. Arguments were pre-
sented as to why this convective mechanism (together
with the numerical problem in TTFB’s spinup run) is
likely to have caused the thermohaline collapse in
TTFB’s model rather than the mechanism investigated
by the authors.

If the proposed convective mechanism is responsible
for the thermohaline state transitions, then there is no
basis for the conclusion that the ocean is close to the
stability transition point proposed by TTFB. Rather, the
transitions are entirely a result of changing a model
from restoring to mixed boundary conditions. They are
an artifact of the spinup procedure and tell us nothing
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about how easily state transitions in the real ocean
might be triggered.

Even should the stability analysis of TTFB be ap-
plicable, their conclusion about the stability of the real
ocean implies considerable confidence in the OGCM.
In particular, it requires that the model’s freshwater
forcing is close to the actual fluxes. More importantly,
it tacitly assumes that the strong thermal restoring
boundary condition used by TTFB, with a coupling
constant of 80 W m™* K ™!, allows a realistic stability
behavior of the model. Power and Kleeman (1994 ) and
Zhang et al. (1993 ) have shown that the stability of the
circulation depends strongly on the thermal coupling
constant (it being more stable for weaker coupling),
and Rahmstorf and Willebrand (1995) show from a
simple atmospheric energy balance that the coupling
sensitivity depends on the scale of the process consid-
ered and should be 9-12 W m™ K~! for large-scale
changes in the thermohaline circulation. It is therefore
likely that the model of TTFB is too unstable. '

The question of how close the North Atlantic is to
an instability is of great importance for environmental
policy because of the concern as to whether man-made
climate changes could cause a transition or even a col-
lapse of the thermohaline conveyor belt. It remains to
be established how much it takes to trigger a ‘‘polar
halocline catastrophe’’ or a more subtle shift in con-
vection sites, which could also have major climatic re-
percussions (Rahmstorf 1994). Global ocean models
are not yet capable of representing NADW formation
in the Greenland Sea and its subsequent overflow over
the Iceland Sill in a realistic way, and coupled models
have the additional problem of large flux corrections in
this region. Therefore, present climate models are in
my view not likely to give a reliable estimate of the
sensitivity of North Atlantic deep circulation.
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