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Abstract Intermittent convection and its consequences
on the stability of the thermohaline circulation are
investigated with an oceanic global circulation model
(OGCM) and simple box models. A two-box model
shows that intermittency is a consequence of the non-
linearity of the equation of state and of the ratio of
heat and freshwater fluxes at surface versus the fluxes
at depth. Moreover, it only occurs in areas, where the
instability of the water column is caused by temper-
ature or by salinity. Intermittency is not necessarily
suppressed by long restoring times. Because intermit-
tent convection causes temporal variations of the
ocean-atmosphere fluxes, an OGCM cannot reach an
exact equilibrium. After a switch to mixed boundary
conditions, changes of the convective activity occur in
areas where intermittency is observed. Intermittent
convection becomes either continuous or is stopped
depending on the method used for calculating the fresh-
water fluxes. Advective and diffusive fluxes between
these regions and their surroundings change in order to
balance the altered convective fluxes. A comparison
between the OGCM and a six-box model illustrates
that this may lead to an alteration of adjacent deep
convection and of the related deep water formation.

1 Introduction

Knowledge about the stability of the thermohaline
circulation is of crucial importance for the understand-
ing of past and future evolution of the world climate.
Paleoclimatic data suggest that in the past ocean circu-
lation was different from today (e.g. Duplessy and
Shackleton 1985; Sarnthein et al. 1994; Sarnthein et al.
1995). Duplessy et al. (1988) proposed that during the

last glacial maximum the major deep water source was
situated near Antarctica while North Atlantic Deep
Water (NADW) formation was drastically reduced.
Various pieces of evidence illustrate that the transition
between different circulation modes has occurred ab-
ruptly during the last glacial period (e.g. Street-Perrot
and Perrot 1990; Karpuz and Jansen 1992; Lehman
and Keigwin 1992; Keigwin and Lehman 1994).

In modelling studies the existence of multiple equilib-
ria of the thermohaline circulation was first observed in
simple box models. Stommel (1961) showed that the
thermohaline circulation may have two different re-
gimes. More recent investigations showed that multiple
equilibria of the world ocean circulation exist for highly
idealized geometries (Bryan 1986; Stocker and Wright
1991; Marotzke and Willebrand 1991) and for realistic
ocean basins (e.g. Hughes and Weaver 1994; Rahmstorf
1995). Transitions from one equilibrium to another
were achieved with transient forcing anomalies.

Rapid transitions between different modes of the
oceanic circulation comparable to that deduced from
the paleoclimatic archives were simulated by Wright
and Stocker (1993) and Mikolajewicz and Maier-
Reimer (1994). The transition process between different
equilibria was studied by Rahmstorf (1994) and Len-
derink and Haarsma (1994). They showed that ocean
models respond to slowly varying atmospheric forcing
by sudden changes of the convection pattern, which
lead to a change of the thermohaline circulation.

Rapid changes of the ocean circulation are also ob-
served after the transition from restoring boundary
conditions to more realistic ocean—atmosphere fluxes.
Bryan (1986) observed a spontaneous interruption of
the thermohaline circulation (halocline catastrophe) if
the ocean-atmosphere fluxes were switched to mixed
boundary conditions. Marotzke (1991) showed that
this can be prevented if the standard convection scheme
of Bryan (1969) is replaced by an algorithm that
guarantees a complete removal of static instabilities
or by an implicit vertical mixing. However, even if



Fig. 1 Forcing profiles for temperature, salinity and wind stress.
Temperature and salinity are based on analytical functions follow-
ing zonal averages of surface values in the Atlantic, while wind stress
is based on a zonal average of the surface values over the global
ocean

the convection scheme of Marotzke (1991) is applied, the
ocean circulation shows substantial changes after the
transition to mixed boundary conditions (Marotzke
and Willebrand 1991). A study by Tziperman et al.
(1994) suggests that the stability by the thermohaline
circulation can be increased when long restoring times
are used for sea surface salinity. In a recent work Cai
(1996) showed that the assumption of a zero-heat capa-
city atmosphere, in which the surface air temperature is
balanced between the sea surface temperature and
a radiative equilibrium temperature stabilizes the ther-
mohaline circulation.

The aim of this study is to investigate the mecha-
nisms responsible for the sensitivity of the deep circula-
tion to changes of the boundary conditions. We will
show that these mechanisms are related to intermittent
convection in an OGCM. For this purpose we investi-
gate the convective processes with the help of very
simplified box models. This approach is similar to that
of Pierce et al. (1995) who analyzed oscillations of the
convective activity in the Southern Ocean.

However, Pierce et al. (1995) focused on centennial
oscillations which occurred under mixed boundary
conditions. Intermittent convection observed in our
study occurs under restoring boundary conditions and
has periods of a few months. In contrast to the study of
Pierce et al. (1995), where convection is switching on
and off in the whole area of southern deep water forma-
tion, intermittent convection observed in our study is
limited to the surface layers of a few grid cells. The time
needed for destabilizing the water column after a con-
vective event is given by the restoring time and the
horizontal advective and diffusive fluxes between ad-
jacent grid cells. In our numerical experiments these
times are typically on the order of a few months which
corresponds to the length of the convective periods.

The outline of this study is as follows. After a brief
description of the numerical model we analyze the
convective processes in an OGCM under restoring
boundary conditions with a simple 2-box model. Then,
different evolutions of the ocean circulation obtained
after transition to mixed boundary are presented.
Finally, a spontaneous breakdown of deep water
formation simulated in the Southern Hemisphere is
investigated in detail using a six-box model.

2 Model description

We use the well-known Bryan—Cox ocean general circulation model
of Bryan (1969) in the version of Pacanowski (1995). The global
ocean is represented by two basins of equal angular width of 60°
each extending from 75 °S to 75 °N in latitude. A freely evolving
Antarctic Circumpolar Current (ACC) connects the two basins in
the south between 50 °S and 65 °S. The southernmost parts of the
basins between 65 °S and 75 °S are marginal basins, representing
an idealized Ross and Weddell Sea. Very similar geometries have
been used by Marotzke and Willebrand (1991) and Rahmstorf and
Willebrand (1995).

The bottom at 5000m depth is flat. The only exception is at
the connection of both basins between 5 °W—5 °E and 50 °S— 65 °S
where a 2500m deep sill builds a partial barrier. The horizontal
resolution is 2.5° in latitude and longitude while the vertical is
divided into 19 levels of varying thickness ranging from 30 m at the
surface to nearly 550m in the bottom layer.

Until a steady circulation is reached, temperature and salinity are
restored to zonally uniform profiles based on analytical functions.
The temperature follows roughly a zonal mean of observed surface
values in the Atlantic (Levitus et al. 1994). Wind stress also depends
only on latitude (Fig. 1).

Restoring salinity roughly follows the zonal mean between 30 °W
and the Greenwich Meridian (GM) (Levitus and Boyer 1994). This
explains the salinity plateau at 50 °N which reflects the transport of
salty water to high northern latitudes. By the use of a zonal mean of
the whole Atlantic basin, surface salinity would be too low in the
northern deep water formation areas to allow a reasonable rate of
deep water formation. The sharp increase of salinity between 60 °S
and 75 °S is motivated by the fact that the salinity values observed
around Antarctica at a depth of a few hundred metres are about
34.7, which corresponds to the salinity of Antarctic Bottom Water
(AABW) (Levitus and Boyer 1994). A similar approach has already
been used in other studies e.g. England (1993).

Horizontal viscosity and diffusivity coefficients are set to
2.5 ) 105m2s~1 and 2.5 ) 103 m2s~1, respectively, the vertical coeffi-
cients are 10~4m2s~1. Instabilities of the water column are removed
by using the convection scheme of Marotzke (1991) which guaran-
tees complete removal of static instabilities.

For the spinup, restoring times of 30 days and 150 days are used.
Integration is carried out for 7000 y until the variations of deep sea
temperature are less than 0.01°C/1000 y. The experiments with res-
toring times of 30 days and 150 days are denoted by R30 and R150,
respectively.

The horizontal and global meridional mass transports for experi-
ment R30 are shown in Fig. 2. The barotropic transport shows the
typical sub-polar, mid-latitude and tropical gyres in both basins.
With a mass transport of about 44 Sv, the ACC is too weak
compared to observational estimates of about 125 Sv (Whitworth
and Peterson 1985). Meridional overturning cells occur at high
northern and southern latitudes in both basins. In contrast to
Weaver and Sarachick (1990) the deep cell observed at the equator
may not be due to numerical instability. As in Klinger and Marotzke
(1997) it remained present when the vertical resolution or the vertical
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Fig. 2 Geometry and horizontal mass transport (upper panel) and
global meridional overturning (lower panel) after 7000 y for experi-
ment R30. Units for mass transport are Sv (1 Sv"106m3/s)

Fig. 3 a Convection depth in m for experiment R30. b Geographical
location of different types of convection. Temperature driven adjust-
ment is denoted by ¹, salinity driven adjustment, S and the mixed
type of temperature and salinity instability, ¹,S. Data represent
mean values over 5 y

diffusivity were increased. Single basin experiments of Klinger and
Marotzke (1999) show that the equatorial overturning cell occurs in
case of ‘‘slightly asymmetric’’ circulation i.e. when deep water is
formed at different rates in the northern and southern parts of the
basin. No deep equatorial cell is observed if deep water formation
occurs only in the northern or in the southern part of the basin.

3 Different types of intermittent surface convection

In the real world deep water is formed in the northern
and southern high latitudes due to different mecha-
nisms. According to Killworth (1983) the analysis of
water masses shows that near—surface waters with an
enriched salinity and warm temperature are trans-
ported into the northern area, where strong cooling
leads to deep convection. Around Antarctica, on the
other hand, the surface waters are near the freezing
point, and during ice formation the release of brine
leads to deep water formation (Carmack 1986). Both
mechanisms result in an unstable water column and
rapid vertical mixing.

Figure 3a shows the areas where deep convection
occurs in the OGCM for experiment R30. In the
Northern Hemisphere convective adjustment sets in at
about 45 °N with near—surface mixing and reaches the
bottom between 65 °N and 70 °N. This can be ex-
plained by a salinity plateau between 45 °N and 65 °N,
where salinities are almost constant while temperature
decreases towards the north, so that surface densities
increase with latitude (Fig. 1). In the south, deep con-
vection is restricted to the southernmost line of grid
cells. Marginal stability characterizes the Weddell and
Ross Sea for experiment R30 while in experiment R150
convection sets in at the southern border of the Antarc-
tic Circumpolar Current (ACC). In both experiments
instability of the water column also occurs at the north-
ern border of the ACC.
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Table 1 Stratification of two underlying grid boxes leading to con-
vective adjustment, z is positive upward

¹ driven S driven ¹ and S driven

Temperature L¹/Lz(0 L¹/Lz50 L¹/Lz(0
Salinity LS/Lz40 LS/Lz'0 LS/Lz'0

Note that convective adjustment gives rise to meridi-
onal overturning of the water masses but must be
clearly distinguished from it. At zonal boundaries con-
vection can trigger east—west pressure gradients, which
drive meridional overturning. In our model geometry
this leads to the northern and southern overturning
cells depicted in Fig. 2.

With the convective adjustment scheme both the
temperature and salinity of a grid box are instan-
taneously mixed with those of the underlying box. In
the upper box the temperature can increase or decrease
depending on whether the water column was stable
with respect to temperature or not. Because the same
holds true for salinity, three different cases of an unsta-
ble water column are possible, see Table 1. If the water
column is stable with respect to salinity (LS/Lz40),
convective adjustment will lead to increased temper-
ature and salinity of the upper grid box. Conversely, if
the column was thermally stable (L¹/Lz50), the mix-
ing reduces temperature and salinities of the upper
layer. In the case of instability of both variables, con-
vective adjustment will increase temperature and de-
crease salinity of the upper box. Therefore, the different
types of mixing result in different changes of the atmo-
sphere-ocean heat and salt fluxes. Note that the insta-
bility of the water column due to temperature and
salinity can only occur between two successive passes
of the adjustment scheme. In that case, advective, dif-
fusive and restoring fluxes of heat and salt have a per-
manent destabilizing effect. This state can only remain
as long the water column is not checked for stability. In
the other two cases the instability can remain for a long
time.

We have calculated temperature and salinity of the
surface to classify which type results in convective mix-
ing of the surface layer in the OGCM for experiment
R30. In Fig. 3b the global ocean is divided into different
areas depending on the kind of instability which leads
to convection at the surface. The areas were obtained
by comparing the surface values of temperature and
salinity before and after the application of the convec-
tion scheme. Unchanged temperatures and salinities
indicate that no instability occurred. Depending on an
increase or decrease of temperature and salinity the
type of the convective mixing was identified.

In most convective active areas a negative temper-
ature gradient contributes to the instability of the sur-
face layer, i.e. the surface is thermally unstable. This
follows climatological data (e.g. Levitus et al. 1994;
Levitus and Boyer 1994). Moreover, the temperature-

driven instability is found in the Southern Hemisphere,
where deep water forms and the whole water column is
mixed. In the Northern Hemisphere, instabilities due to
salinity are found only in connection with an instability
due to temperature in the western parts of both basins
at about 60 °N. This can be explained by the fact, that
temperature—driven deep convection between 65 °N
and 70 °N brings salt to the surface. It is transported
southward by the western boundary currents of the
sub-polar gyres (Fig. 2), and increases the contribution
of salt to instability.

At the northern boundary of the circumpolar current
all three types of instability are observed. In this area
cold, less saline circumpolar water mixes with warmer,
saltier mid-latitude water. Water masses adjacent to the
circumpolar current are dominated by low temper-
atures and low salinities, so instabilities are caused by
temperature there. In the latitudinal band between
40 °S and 20 °S the destabilizing influence of temper-
ature decreases, while it increases for salinity. In a nar-
row belt between 40 °S and 20 °S instability is caused by
both temperature and salinity or by salinity only. Fur-
ther north, high temperatures stabilize the water col-
umn. This follows closely the profiles of the restoring
temperature and salinity (Fig. 1).

In order to determine the areas, where intermittent
convection occurs in the OGCM, we examined
the maximum and minimum surface freshwater flux
during five years at the end of the spinup. The differ-
ences between the maximum and minimum values are
plotted in Fig. 4a. The strongest variations occur in
the Southern Hemisphere where convection is temper-
ature driven. There, amplitudes of the variations reach
more than 0.6m/year. In the rest of the basins
these variations are at least two orders of magnitude
smaller. Figure 4b shows time series over five years
of the restoring fluxes of salt and heat, for a single
grid box with strong variation of the freshwater flux
at (37.5 °S/57.5 °W). Convective events are visible
as abrupt changes of the freshwater and heat fluxes.
Each convective event causes a sudden decrease of
the freshwater flux of about 25 cm/y and about
6Wm~2 for the heat flux. This rise and breakdown of
convection introduces intermittency which indicates
that the ocean reaches a steady state only in a statistical
sense.

3.1 Convection in a simple two-box model

Here we use a two-box model as a simple tool to study
all three cases of instability. This model is similar to the
flip—flop mechanism presented by Pierce et al. (1995) or
Lenderink and Haarsma (1994) (Fig. 5). The boxes
represent the two uppermost ocean layers. The values
H

1
and ½ correspond to the thickness of the surface

layer and to the meridional extent of a grid cell of the
three-dimensional model, respectively. The equations
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Fig. 4 a Variation of the freshwater flux under restoring boundary
conditions. b Time series of freshwater flux and heat flux from the
ocean to the atmosphere for a typical grid cell at 37.5 °S/57.5 °W
with intermittent convection. Adjacent grid cells are not convecting
intermittently

Fig. 5 Two-box model for analyses of convection. The boxes have
thicknesses H

i
and length ½ with temperature ¹

i
, salinity S

i
and

density o
i
. ¹*, salinity S* are the restoring values for temperature

and salinity at the surface. ¹
3
, S

3
are kept constant so that the

dashed box is like an infinite reservoir of heat and salt. Exchange of
heat or salt is obtained by advective, diffusive, restoring and convec-
tive fluxes F

A
, F

D
, F

R
and F

C
. Parameter values are given in

Table 2

Table 2 Model parameters for the two-box model

Parameter Definition Value

H
1

Surface box thickness 30 m
H

2
Lower box thickness 30 m

½ Meridional extent 2.77 ) 105 m
K

d
Diffusivity 2.5 ) 103 m2/s

º Advective velocity 40.5 m/s
o
0

Reference density 1000 kg/m~3
1/c Restoring time 30 days

for temperature and salinity read:

d¹
1

dt
"c (¹*!¹

1
) , (1)

d¹
2

dt
"º

D*oD
o
0

(¹
3
!¹

2
)

½

#K
d

(¹
3
!¹

2
)

½2
, (2)

dS
1

dt
"c (S*!S

1
) , (3)

dS
2

dt
"º

D*oD
o
0

(S
3
!S

2
)

½

#K
d

(S
3
!S

2
)

½2
, (4)

D*oD"Do
3
!o

2
D . (5)

Advection and diffusion coefficients are denoted by º,
K

d
and the inverse restoring time scale by c. K

d
and

c are chosen according to the three-dimensional model.
Advection is proportional to the horizontal density
difference with advective velocity in the order of (º*o)/
o
0
+10~3 m/s.
All parameters are shown in Table 2. If convection

occurs (o
1
'o

2
), temperature and salinity are hom-

ogenized with a volume-weighted average according to

¹"

H
1
¹

1
#H

2
¹

2
H

1
#H

2

, S"
H

1
S
1
#H

2
S
2

H
1
#H

2

.

For the densities the full equation of state of sea water
(UNESCO 1981) is used. The densities are calculated
for the pressure at depth H

1
. The model equations are

solved with the explicit Euler forward scheme.
The arrangement of the two-box model allows us to

reproduce convection induced by temperature, salinity
or by both and to examine whether intermittency oc-
curs. In order to obtain intermittent temperature or
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Fig. 6a,b Restoring fluxes of heat in Wm~2 and salinity in m/y, for intermittent convection simulated in the two-box model. a Temperature
driven convection, b salinity driven convection

Fig. 7 Illustration of the different types of convection in a schematic
¹—S diagram. For temperature-driven convection, water masses
1 and 3 represent surface waters, while 2 is the water mass below.
Salinity driven convection is obtained with an interchange of water
1 and 2. The mixture of waters 1 and 2 is denoted M

a
. For temper-

ature and salinity driven convection mixture M
b

is obtained from
water masses 2 and 3

salinity driven convection, the restoring values ¹*,
S* and the reservoir temperature and salinity ¹

3
,

S
3

were chosen so that their densities are nearly identi-
cal. Instability was obtained by small changes of the
restoring values (this is also possible by changing S

3
or

¹
3
). Figure 6 shows time series of the restoring fluxes

for temperature and salinity.
Temperature-driven convection is shown in Fig. 6a

and salinity driven convection in Fig. 6b. The mixed
type of temperature and salinity driven convection is
always continuous and not intermittent. Note that the
temperature evolution of temperature—driven convec-
tion (Fig. 6a compares well with that of the OGCM, see
Fig. 4b).

The reasons for intermittency are clarified in a sche-
matic ¹—S diagram shown in Fig. 7. Consider two
water masses one above the other. The water at the
surface is forced towards S* and ¹* by restoring, while
temperature and salinity of the lower water are deter-
mined by advection and diffusion. Figure 7 shows dif-
ferent conditions under which convection can occur.
Surface waters are indicated by 1 or 3 in Fig. 7, lower
water is denoted by 2. First we consider water masses
1 and 2 which occupy the same isopycnal and are
neutrally stable with respect to each other. Convection
is induced when water mass 1 cools or becomes saltier.
The instability is then caused by temperature, because
salinity in the upper box remains smaller than that of
the lower box, see also Table 1. The density of the
mixture of both water masses is larger than the initial
one. After convection salinity and temperature are
driven towards their initial values 1 and 2 by restoring
or advection and diffusion, respectively. The surface
water and the lower water become less dense. If restor-
ing fluxes are stronger than advection and diffusion at
depth, surface water becomes less dense than the lower
water, which stabilizes the water column. Convection is

re-initiated when salinities and temperatures are again
on a common isopycnal. For our box model this is
always the initial isopycnal, i.e. convection restarts
when the temperature and salinity have reached their
initial values. Between successive convective events, the
water column is stable. In this case convection is inter-
mittent.

If the water masses 1 and 2 are interchanged (an
instability is then induced with a denser water mass 2),
we can induce a salinity driven convection. Here again,
stable phases can occur between convective events if
restoring is stronger than advection and diffusion.

An example for temperature and salinity driven con-
vection is shown in Fig. 7 with the water masses 2
and 3. The two water masses are already unstable.

Hirschi et al.: Intermittent convection and the stability of the thermohaline circulation282



Fig. 8 a Modified ¹—S diagrams for the two-box model. For con-
venience a straight line ¹"¹

1
#a (S!S

1
) with a"(¹

2
!¹

1
)/

(S
2
!S

1
) is subtracted from the temperature values of o

1
and o

2
.

Parameters chosen: H
2
/H

1
"1 and 0.2, ¹

1
"!1.0 °C, ¹

2
"

0.51 °C, S
1
"34.635 and S

2
"34.735. Surface water is denoted by 1,

deep water by 2 and the mixture by M. The isopycnals are denoted
by o

1
and o

2
(o

1
(o

2
). b Time evolution of densities at surface (solid

lines) and depth (dashed lines) for intermittent convection in the
two-box model

Their mixture is more dense than water mass 2 but less
dense than 3. Restoring fluxes make the surface water
denser, while advection and diffusion lighten the water
at depth. Stable phases as observed in the temperature
or salinity driven cases are not possible here, convec-
tion can only be continuous.

A prerequisite for intermittency is the non-linearity
of the equation of state, that allows a mixture which is
denser than surface water just before convection. Using
a linear equation-of-state suppresses intermittency. In
the heat-salt oscillator of Welander (1982) intermittent
convection was obtained with a linear equation-of-
state, because different restoring times were used for
temperature and salinity.

Intermittency occurs when the mixed water reaches
the initial density of the surface water earlier than that
of the deep water (Fig. 8 a). The mixed water mass M is
found on the mixing line at a position depending on the
volumes of the water masses. The time for mixed water
to reach its original value corresponds to the time to
pass from M to 2 and from M to 1. For the two-box
model these times are determined by the advec-
tive/diffusive time scales and the restoring time, respec-
tively. Therefore, intermittency is determined by three
parameters: the ratio of the volumes or depths H

2
/H

1
,

the advection/diffusion time scales and the restoring
time. For small ratios of H

2
/H

1
the lower water will

eventually pass through denser waters to reach its
initial value (Fig. 8b). This prolongs the periods be-
tween convective events. Increasing the restoring time
will decrease the amplitude of the ocean-atmosphere
fluxes (Fig. 9a). Eventually intermittency ceases and

convection becomes continuous. However, long restor-
ing times do not necessarily suppress intermittency. As
shown in Fig. 9b the intermittent convection will re-
appear if advection and diffusion are reduced. The
frequency of convective events therefore decreases with
increasing ratio of the restoring flux versus the advec-
tive and diffusive fluxes at depth.

Similar features can be observed in the OGCM.
Figure 10 shows the densities at location 37.5 °S/
57.5 °W for experiment R30. The typical situation of
intermittent convection is represented. One layer with
depth H

2
found between a permanently mixed upper

water column of total depth H
1
and the stable stratified

deep water is frequently involved in the convective
process. Because H

2
/H

1
(1 the evolution of the re-

spective densities follows closely the findings of the
two-box model (Fig. 8b, lower panel).

For experiment R150 intermittency occurs in areas
adjacent to the southern and northern borders of the
ACC. The maximum amplitudes of freshwater fluxes are
about 3 cm/y. Increasing the restoring time reduces the
amplitudes of temporal variations of the freshwater flux
by more than a factor of 10 but do not suppress them.

4 Transition to mixed boundary conditions

4.1 Experiments

A steady state circulation is a prerequisite for a smooth
transition to mixed boundary conditions because only
then are the fixed freshwater fluxes used under mixed
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Fig. 9a,b Restoring freshwater flux for different restoring times or
advection rates in case of intermittent convection with H

2
/H

1
"1.

a Restoring times are 30 days, 60 days and 150 days, respectively.

b For a restoring time of 150 days the advection and diffusion
coefficients º and K

d
are both changed by a factor a of 0.6, 0.5

and 0.4

Fig. 10 Intermittent convection in 37.5 °S/57.5 °W in the OGCM.
The solid line shows the density !1000 kgm~3 of the homogenized
layers 1—5 with total thickness H

1
"270 m, the dashed line the

density !1000 kgm~3 of layer 6 with H
2
"107 m

Table 3 Experiments under mixed boundary conditions (MBC)

Experiment Restoring time
for spinup

Switch to MBC

30A 30days Instantaneous
30B ’’ Time mean over 100 years
30C ’’ Lowest values of SSS
30D ’’ Highest values of SSS

150A 150days Instantaneous
150B ’’ Time mean over 100 years
150C ’’ Lowest values of SSS
150D ’’ Highest values of SSS

&&&&&&&&&&&&&&&&&&&&&&&&&&&&c
Fig. 12a,b Meridional overturning after transition to mixed bound-
ary conditions (at time"7200 y) for the experiments starting from
experiment R30. a experiments with different evolutions of the
Pacific and Atlantic circulations. b similar evolution in both basins.
Refer to the text for details

boundary conditions and the restoring fluxes identical.
Even after a spinup of several thousands of years,
however, restoring fluxes are not necessarily constant
because of intermittent convection. Therefore, the cir-
culation achieved with restoring fluxes during spinup
may change once a fixed freshwater flux is prescribed
under mixed boundary conditions. This was first ob-
served by Bryan (1986).

The initial states for the experiments under mixed
boundary conditions are given by circulations achieved
in experiments R30 and R150. Four different types of
sea surface salinity fields are employed for calculating
the freshwater flux E—P (evaporation!precipitation):

(A) instantaneous salinity field at the time of switch to
mixed boundary conditions; (B) time mean over the last
100 y before the switch; (C) lowest or (D) highest salin-
ity, which occurred in each grid cell, during the last 5 y
of the spinup. An overview of the experiments under
mixed boundary condition is given in Table 3. The
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Fig. 11 Zonal mean of freshwater flux for the initial states achieved under restoring times of 30 days (left panel) and 150days (right panel )
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Fig. 13 Evolution of the northern and southern deep water overturning cells. Experiments starting form the 150 days spinup all lead to
similar evolutions of the circulation in both basins

freshwater flux is calculated according to

E!P"

c )D
S
0

(S*!S) , (6)

where D is the thickness of the uppermost ocean layer,
S
0

a reference salinity of 35, c the inverse restoring
time and S* the restoring salinity. The value of S is
determined according to one of the four methods just
described. Note that the global mean of E—P is subtrac-
ted in order to guarantee the conservation of salt. The
zonal means of freshwater fluxes calculated at the end
of experiments R30 and R150 are shown in Fig. 11.

The transient behaviour after switching to mixed
boundary conditions is depicted in Fig. 12 for experi-
ments starting from R30 and in Fig. 13 for experiments
starting from R150. Both figures show the evolution of
the maximum meridional overturning north of 30 °N
and south of 30 °S below a depth of 500 m. Except
for experiment 150C (Fig. 13), where the circulation
shows only small alterations, important changes occur
in the overturning cells. In these cases the southern
overturning cells show strong increases or decreases
during the first decades under mixed boundary condi-
tions. In the Northern Hemisphere changes evolve
less rapidly during the first decades under mixed
boundary conditions. However, drifts are still
present in the northern cells even though no significant
further changes of the southern cells can be observed
(years 7250—7500). Abrupt decreases of the North
Atlantic cell occur after 300 y in experiment 30C
and after about 530 y in experiment 30B. This develop-
ment is probably related to the increased meridional
overturning in the South Atlantic and is not fully
understood yet.

5 Intermittent convection and southern ocean circulation

This section illustrates how intermittency leads to the
collapse of deep water formation in the Southern
Hemisphere seen in experiment 30D. A comparison of
the freshwater flux and surface heat flux obtained from
the OGCM and the two-box model is given in Fig. 14.
The aperiodicity of the OGCM fluxes is due to an
interaction with other sites of intermittent convection.
According to experiment 30D, the freshwater flux for
the two-box model was calculated with the highest
salinity value, which occurred during the last five years
under restoring boundary conditions. The resulting
most negative freshwater flux stabilizes the water col-
umn and intermittent convection is suppressed. The
heat flux increases rapidly, and within one year it
stabilizes. The reason for this development is the re-
duced heat transport to surface, which was mainly
supported by convection under restoring boundary
conditions. While the two-box model does not allow
horizontal advective and diffusive fluxes into the sur-
face box, the negative heat flux observed in the OGCM
can be explained by horizontal advective and diffusive
transports at surface.

5.1 Six-box model for the southern ocean

The collapse of the southern deep water formation
observed in experiment 30D under mixed boundary
conditions will be shown to be a consequence of a deli-
cate interplay of deep convection in the extreme south
and shallow intermittent convection in the adjacent
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Fig. 14 Comparison of the
transition to mixed boundary
conditions between the OGCM
and the two-box model in case of
temperature driven, intermittent
convection. The two upper panels
show the freshwater and heat
flux at 72.5 °S/7.5 °W for
the OGCM before (solid lines)
and after switching (dashed
lines) to mixed boundary
conditions. Results of the two-
box model are depicted in the
two lower panels. In the three-
dimensional model, as well as
in the two-box model, inter-
mittent convection ceases after
a switch to mixed boundary
conditions

Fig. 15 Six-box model used for analyzing the Southern Ocean. The
layer thicknesses are denoted H

i
, the mid-depth distances z

i
. The

temperatures and salinities ¹
i
and S

i
are determined by advection A,

diffusion D, restoring R and convection C. The restoring temper-
atures and salinities are denoted ¹*

i
and S*

i
. The values of ¹

7
, ¹

8
,

¹
9

and S
7
, S

8
, S

9
are kept constant so that the dashed boxes behave

like infinite reservoirs of heat and salt

Table 4 Model parameters for the six-box model

Parameter Definition Value

H
1

Thickness 30 m
H

2
Thickness 90 m

H
3

Thickness 4880 m
½ Meridional extent

of grid boxes 2.77 ) 105 m
K

d
Horizontal diffusivity 2.5 ) 103 m2/s

K
v

Vertical diffusivity 10~4 m2/s
º Advective velocity 40.5 m/s
1/c Restoring time 30 days

water column north of it. Horizontal advection and
diffusion of these areas with their surroundings play the
essential role. This situation is represented with
a simple six-box model shown in Fig. 15.

5.2 Model formulation

To compare the six-box model with experiment 30D
the thicknesses H

1
, H

2
and H

3
correspond to the thick-

nesses of layers 1, 2—3 and 4—19 of the OGCM (see
Table 4). The chosen thicknesses represent the typical
depths of convection observed in the OGCM. Shallow
convection occurs mostly within layers 1—3. Deep con-
vection typically covers the whole water column down
to layer 19.

The meridional extent ½ has the same value as in the
OGCM. Boxes 1—3 of this arrangement represent
the southernmost grid box line (of the ‘‘Weddell’’
or ‘‘Ross Sea’’) in the OGCM, where continuous
convection takes place over the whole water column.
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Boxes 4—6 represent the northern adjacent grid box
with intermittent convection in the upper layers. Tem-
peratures and salinities are kept constant in the boxes
7—9 so that they behave like infinite reservoirs of heat
and salt.

The model follows closely the two-box model de-
scribed before but vertical diffusion with coefficient
K

v
is added. The model equations (only shown for

temperature) read:

d¹
1

dt
"c (¹*

1
!¹

1
) #º

(¹
4
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)

½

Do
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!o

1
D

o
0

#K
d

(¹
4
!¹

1
)

½2
!K

v

(¹
1
!¹

2
)

z
1
H

1

(7)

d¹
2

dt
"º

(¹
5
!¹

2
)

½

Do
5
!o

2
D

o
0

#K
d

(¹
5
!¹

2
)

½2

#K
vC

(¹
1
!¹

2
)

z
1
H

2

!

(¹
2
!¹

3
)

z
2
H

2 D (8)

d¹
3

dt
"º

(¹
6
!¹

3
)

½

Do
6
!o

3
D

o
0

#K
d

(¹
6
!¹

3
)

½2

#K
v

(¹
2
!¹

3
)

z
2
H

3

(9)

d¹
4

dt
"c (¹*

4
!¹

4
)

#ºC
(¹

7
!¹

4
)

½

Do
7
!o

4
D

o
0

!

(¹
4
!¹

1
)

½

Do
4
!o

1
D

o
0 D

#K
d

(¹
7
!2¹

4
#¹

1
)

½2
!K

v

(¹
4
!¹

5
)

z
1
H

1

(10)

d¹
5

dt
"º C

(¹
8
!¹

5
)

½

Do
8
!o

5
D

o
0

!

(¹
5
!¹

2
)

½

Do
5
!o

2
D

o
0 D

#K
d

(¹
8
!2¹

5
#¹

2
)

½2

#K
vC

(¹
4
!¹

5
)

z
1
H

2

!

¹
5
!¹

6
z
2
H

2 D , (11)

d¹
6

dt
"ºC

(¹
9
!¹

6
)

½

Do
9
!o

6
D

o
0

!

(¹
6
!¹

3
)

½

Do
6
!o

3
D

o
0 D

#K
d

(¹
9
!2¹

6
#¹

3
)

½2
#K

v

¹
5
!¹

6
z
2
H

3

. (12)

The model parameters are given in Table 4. The values
for K

d
, K

v
and c were taken according to the OGCM,

while the advection coefficient º was chosen in order
to achieve an advective transport between boxes 6 and
9 comparable to the meridional overturning simulated
in the ‘‘Weddell’’ or ‘‘Ross Sea’’ of the OGCM. As in the

two-box model static instabilities are removed by tak-
ing the weighted averages and the equations are solved
with the explicit Euler—forward scheme.

The restoring values¹*
1
,¹*

4
and S*

1
, S*

4
, respectively the

reservoir values¹
7
—¹

9
and S

7
—S

9
were chosen in order to

find a spinup state under restoring boundary conditions
with continuous convection in boxes 1—3 and intermittent
surface convection between boxes 4 and 5. As in the
OGCM, convection is temperature—driven in both areas.

At the end of the spinup, temporal variations of the
restoring freshwater flux of box 4 reach amplitudes of
about 0.75 cm/y, which are of the same order of magni-
tude of those observed in the OGCM (see Fig. 14). The
values of E—P of box 4 are in good agreement with the
zonal means depicted in Fig. 11 in box 4, but for box 1
they are lower.

5.3 Comparison with OGCM

Starting from the state of the six-box model after
spinup we switched to mixed boundary conditions by
using minimum freshwater fluxes as in the OGCM. In
Fig. 16 the meridional overturning (see also Fig. 12b),
the temperatures and salinities in the Weddell Sea are
compared with results of the six-box model. The mer-
idional overturning is compared with the advective
transport between the boxes 6 and 9. For temperatures
and salinities we took averages of the layers 1, 2—3 and
4—19, at 75 °S and 72.5 °S in the Weddell Sea in order
to allow a comparison with the results of the six-
box model. The development after transition to mixed
boundary conditions is divided into two phases. In
the OGCM temporal variations of temperature and
salinity related to the intermittent convection observed
in the spinup state at 72.5 °S (solid lines) cease at the
beginning of phase 1. At this latitude a clear cooling
and freshening of the surface occur, while layers 2—3 are
slightly warmed. In the initially homogeneous water
column at 75 °S small vertical gradients begin to devel-
op between layers 1—3 and 4—19. During this phase
changes of meridional overturning remain small. Phase
2 starts about 13 years after the transition to mixed
boundary conditions, when strong cooling and freshen-
ing occur at 75 °S in layers 1 and 2—3. In the deep layers
4—19 a slight warming and increase of salinity can be
observed. Another 2—3 years later the meridional over-
turning decreases rapidly, and after a further 7 years its
value is less than 1 Sv. In both latitudes a clear vertical
stratification develops, with low temperatures and sa-
linities at surface and warmer saltier water at depth.

Though the 6-box model is only a rough approxima-
tion to the Southern Ocean, it captures quite well the
main features observed from the OGCM in this area. In
analogy to the OGCM, convection stops between
boxes 4 and 5 at the beginning of phase 1 but remains
continuous in boxes 1—3. The negative surface fresh-
water flux in box 4 is no longer compensated by
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Fig. 16 Comparison of the evolution of overturning, temperature
and salinity in the three-dimensional model (Weddell Sea, left) and
in the six-box model (right). Shown is meridional overturning (upper
panel), temperature (middle) and salinity (lower panel). For the
OGCM temperature and salinity represent zonal means at 75 °S

(dashed lines) and 72.5 °S (solid lines). For the six-box model boxes
1, 2, 3 are drawn with dashed lines and boxes 4, 5, 6 with solid lines.
The numbers represent the layers (italics) or the box numbers, respec-
tively. The switch to mixed boundary conditions occurs at t"5 y

convection and must be completely balanced by advec-
tive and diffusive salt transports. Salinity fluxes for box
4 read (Fig. 15):

FM
R
#FM

A1
#FM

D1
#FM

C
"0 , restoring, (13)

F
Rmin

#FM
A2

#FM
D2

"0 , mixed b. c., (14)

FM
C
'0 , F

Rmin
(FM

R
. (15)

Where FM
R
, FM

A
, FM

D
and FM

C
are the restoring, advective,

diffusive and convective salt fluxes, respectively. Over-
bars denote time average to average intermittency.
Subscript 1 denotes fluxes under restoring boundary
conditions, subscript 2 those for mixed boundary con-
ditions. Positive fluxes transport salt into box 4. F

Rmin
is

the minimum of the freshwater flux used under mixed
boundary conditions. From Eqs. (13) and (14) it follows
that FM

A2
#FM

D2
'FM

A1
#FM

D1
. Due to the fixed reser-

voirs (7—9) the increased advective and diffusive trans-
ports can only be maintained with a reduced salinity in
box 4. Convection between the boxes 1—3 is still con-
tinuous during phase 1, so that temperature and salini-
ties remain homogeneous there. The increased
advective and diffusive exchange between boxes 1 and
4 tend to stabilize boxes 1—3 with a marginal lowering

of the salinity. At the end of phase 1, convection stops
in boxes 1—3. During phase 2 the salinities of surface
boxes 1 and 4 decrease due to the reduced vertical
exchange with the deeper water. A similar behaviour
can be observed for surface temperatures, which are
rapidly driven towards their restoring values after the
breakdown of convection. However, the surface cooling
cannot compensate the strong freshening, so the water
columns remain stable, with strong vertical stratifica-
tions for salinity and temperature. Because of the re-
duced horizontal gradients of temperature and salinity
the advective transport at depth vanishes within 10 yr.

The beginning of phase 2 is marked in the six-box
model by an instantaneous breakdown convection with
accompanying exponential decrease of the deep advec-
tive transport. The OGCM exhibits a lag before meridi-
onal overturning ceases. This can be explained by the
differences in the driving mechanisms of the meridional
overturning in the OGCM and the advective transport
in the six-box model. While east—west pressure gradi-
ents give rise to meridional overturning in the OGCM,
the advective transport in the six-box model is deter-
mined by north—south gradients of density, which
change exactly at the same time as salinity and temper-
ature do.
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6 Conclusions

Based on OGCM circulations achieved under restoring
times of 30 days and 150 days we analyzed the pro-
cesses which lead to intermittent convection and to the
sensitivity of deep water formation if mixed boundary
conditions are used. Although three different scenarios
are conceivable for destabilizing the water column,
instability is caused by temperature (L¹/Lz(0) in
most convective areas of our OGCM experiments. This
is also the case in the Southern Ocean where the
ocean—atmosphere fluxes show oscillations with a time
scale on the order of 100—200 days. Such variations
are due to intermittent convection and can be ob-
served even if the OGCM is spun up for more than
7000 yr.

In order to reveal more of the mechanisms respon-
sible for intermittency, we used a simple two-box model
for the simulation of convection. We found that inter-
mittency only occurs if the instability of the water
column is caused by temperature (L¹/Lz(0,
LS/Lz)0) or by salinity (L¹/Lz*0, LS/Lz'0). Al-
though salinity driven intermittent convection was not
observed in our OGCM experiments, it is likely to
occur in studies of areas where strong evaporation
leads to convection (e.g. the Mediterranean Sea, Schott
et al. 1988).

As indicated by Pierce et al. (1995), an essent-
ial prerequisite for intermittent convection is the
non-linearity of the equation-of-state that allows a mix-
ture with higher density than the original water masses.
Moreover, intermittency is influenced by the volumes
of the water masses mixed during convection, and
by the ratio of the heat and freshwater fluxes at surface
versus the fluxes at depth. Stable phases between
convective events are favored if surface fluxes are
stronger than the fluxes at depth. The amplitudes of
temporal variations of the ocean-atmosphere fluxes
decrease if the restoring time is increased. Depending
on the ratios of the water volumes to be mixed during
convection and the ratio between diffusive/advective
fluxes and the restoring fluxes intermittent convection
can occur even for very long restoring times.

Depending on the method employed for calculating
the freshwater fluxes used for mixed boundary condi-
tions, the fixed freshwater fluxes lay between the
minimum and maximum values which occurred under
restoring boundary conditions. This led to different
circulations after the switch to mixed boundary condi-
tions. Rapid changes of the convective activity and of
the deep water formation occur, similar to the findings
of Lenderink and Haarsma (1994).

A detailed analysis of a spontaneous breakdown of
deep water formation in the Southern Hemisphere is
illustrated with a comparison between a simple six-box
model and the OGCM. This shows that the decrease of
sea surface salinity can be explained by the interruption

of convection in areas where intermittency was ob-
served. The absence of convective fluxes must then be
balanced by increased advective and diffusive trans-
ports of salt and heat between this area and its sur-
roundings. This stabilizes the adjacent water column
with continuous deep convection and leads to the col-
lapse of deep water formation in the south.

In our box-models as well as in the OGCM, intermit-
tency of temperature—driven convection ceases if
the ocean—atmosphere fluxes are switched to mixed
boundary conditions, i.e. intermittent convection is
either stopped (stable state) or it becomes continuous
(locally, statically unstable case). Tendencies of the circu-
lation, which were suppressed under restoring boundary
conditions can evolve freely. In our OGCM experi-
ments the first consequences are local anomalies of sea
surface temperatures and salinities. If these anomalies
are adjacent to deep water formation areas, they can
lead to major changes of the global ocean circulation.
This makes clear that the occurrence of intermittent
convection and its behaviour under different boundary
conditions are relevant factors for the understanding of
the evolution the ocean circulation after the coupling to
more realistic ocean-atmosphere fluxes.
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