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ABSTRACT

The authors report on a regular, interdecadal oscillation in a three-dimensional ocean circulation model. The
model is run using box geometry of size comparable to the North Atlantic and is driven by a constant, zonally
uniform, surface heat flux. The meridional overturning in the model exhibits a peak to peak oscillation of 7 Sv
about a mean of 15 Sv. The period is 50 years. The oscillation has many similarities to that found by Delworth

et al. in the GFDL coupled ocean-atmosphere model. In particular, the SST anomaly pattern during the oscillation .

is quite similar to that in the coupled model and also to interdecadal anomaly patterns seen in SST data from
the North Atlantic. Since the surface flux is constant, the oscillation is due to a balance between convergence
in the oscillating part of the poleward heat transport and changes in local heat storage. A similar balance applies
to the coupled model where changes in surface heat flux weakly oppose the oscillation. Including salinity, by
adding a zonally uniform surface salt flux forcing, acts to weaken the oscillation but does not change its form.
This is also consistent with the coupled model. The oscillation is also found when the surface heat flux is
calculated interactively, by coupling the ocean model to a zero-heat-capacity model of the atmosphere. The
authors suggest that an oscillation of this kind may have played a role in the warming of the North Atlantic
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surface waters during the 1920s and 1930s and the subsequent cooling in the 1960s.

1. Introduction

Recent results from the Geophysical Fluid Dynamics
Laboratory (GFDL) coupled ocean—-atmosphere model
{Delworth et al. 1993) have shown the existence of an
irregular oscillation in the thermohaline circulation in
the North Atlantic with a timescale of 40-50 years.
The irregular oscillation appears to be driven by density
anomalies in the sinking region of the thermohaline
circulation, combined with much smaller density
anomalies of opposite sign in the broad, rising region.
Figure 1, taken from Delworth et al. (1993), shows
that changes in the surface buoyancy flux play only a
weak role in the oscillation, with the changes in the
surface heat flux acting to oppose the contribution from
poleward heat transport but with the latter dominating
the total. The oscillation, therefore, appears to be a
mainly oceanic event. Indeed, Fig. 1 suggests that it
should be possible to produce a similar oscillation in
an ocean-only model driven by constant surface flux
fields. This forms the mandate of the present paper.

There is growing evidence to indicate the importance
of decadal variability in the climate system. Ghil and
Vautard (1991) have noted the importance of remov-
ing the decadal signal from globally averaged surface
air temperatures if we are to properly access the rate
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of global warming. The North Atlantic seems to be of
particular importance and has attracted the most at-
tention [see Gordon et al. (1992) for a review]. The
possible role of changes in the thermohaline circulation
and the associated poleward heat transport was first
raised by Bjerknes (1964) and is further discussed by
Bryan and Stouffer (1991). Kushnir (1994) has pre-
sented evidence to support the view that sea surface
temperature (SST) variations in the North Atlantic
with a 30—40-year timescale are influenced by changes
in the ocean circulation. Delworth et al. (1993) pointed
out the similarity between the SST anomaly pattern
associated with the 40-50-year oscillation in the cou-
pled model and the pattern of North Atlantic SST vari-
ability found by Kushnir (1994), lending support to
the coupled model results. Further evidence for the
role of the ocean circulation has been provided by Deser
and Blackmon (1993). These authors suggest that the
general warming in North Atlantic SST during the
1920s-1930s, followed by a cooling in the 1960s, may
have been associated with changes in the Gulf Stream.

.In particular, they point to the decrease in Gulf Stream

transport in the early 1970s, compared to the late
1950s, implied by the diagnostic calculations of Great-
batch et al. (1991) and supported by the work of Sato
and Rossby (1993). There is also evidence that the
subsurface structure of the North Atlantic exhibits
decadal variability. For example, by comparing com-
posites for the pentads 1955-59 and 1970-74, Levitus
(1989a,b,c) found that potential density surfaces within
the core of the subtropical gyre were as much as 50 m
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FiG. 1. The heat and salt budgets for the sinking region of the
North Atlantic thermohaline circulation in the GFDL coupled model
[taken from Delworth et al. (1993)]. Values greater than zero imply
a net flux into the sinking region. The details of the regression analysis
used to obtain these plots can be found in Delworth et al.

higher in the later pentad and up to 100 m lower in
the northern recirculation region (Hogg et al. 1986) to
the north of the Gulf Stream. Greatbatch and Xu
(1993) have shown that at 24°N the poleward heat
transport associated with these changes is reduced in
the 1970-74 pentad compared to climatology, although
it is not clear if such a reduction actually occurred.
Read and Gould (1992) have traced subsurface changes
in the thermohaline structure of the North Atlantic.
They relate these changes to the cessation of deep-water
formation in the Labrador Sea in the late 1960s and
early 1970s (Lazier 1980). This was associated with
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the “Great Salinity Anomaly” (Dickson et al. 1988)
and the capping of the waters in the Labrador Sea by
unusually fresh water.

Following Marotzke (1990) and Weaver and Sara-
chik (1991a,b), decadal and interdecadal oscillations
have been reported in a number of ocean-only models
run under mixed boundary conditions (that is, the use
of a restoring boundary condition on the surface tem-
perature and a flux boundary condition on the surface
salinity ). Examples are provided by Winton and Sar-
achik (1993), Weaver et al. (1993), and the coarse-
resolution North Atlantic model of Weaver et al.
(1994). Decadal oscillations have also been found in
models due to the coupling between the ocean and sea
ice (Yang and Neelin 1993; Zhang et al. 1994). Decadal
timescale oscillations under a constant flux condition
have previously been reported by Huang and Chou
(1994) in the context of the haline circulation with no
heat flux forcing and an overturning circulation with
deep water formed at low latitudes. Huang and Chou
did conduct one additional experiment in which they
reversed the sign of the freshwater flux forcing, leading
to an overturning circulation with sinking at high lat-
itudes. In this experiment, they found an oscillation
similar to that we shall present here. However, they
made no attempt to relate their work to that of Del-
worth et al. (1993) or the data studies of Kushnir
(1994) and Deser and Blackmon (1993), preferring
instead to emphasize the use of a flux boundary con-
dition as a model for the freshwater flux forcing of the
ocean.

The plan of this paper is as follows. Section 2 briefly
describes the ocean model. Section 3 presents the model
results. Section 4 provides a summary and discussion.

2. The numerical model

The model used is the planetary geostrophic ocean
general circulation model described by Zhang et al.
(1992). It is a geéneralization to many levels of Kill-
worth’s (1985) two-level model. The governing equa-
tions consist of the full prognostic temperature and
salinity equations and diagnostic momentum equa-
tions. The latter consist of the geostrophic balance and
a linear friction in the vertically averaged part in order
to provide a western boundary current. The equation
of state is quadratic in temperature and linear in salinity
and is given by

o(T, S)=3.0+0.778 — 0.072T(1 + 0.072T). (1)

Here T is temperature in degrees Celsius, S is salinity
in practical salinity units, and p is (density — 1000) in
units of kilograms per cubic meter. The coeflicients are
similar to those of Bryan and Cox (1972) but with
compressibility effects ignored. The convective over-
turning algorithm ensures a completely stable profile
after mixing (Marotzke 1991). The full model equa-
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tions, their physical justification, and the model veri-
fication can be found in Zhang et al. (1992).

The model uses spherical coordinates. For this study,
the model domain consists of a flat-bottomed, 60°
square box in latitude-longitude space extending be-
tween 5° and 65°N. The horizontal resolution is the
same as in Zhang et al. (1993): that is, 2° in both
latitude and longitude. Fourteen levels are used in the
vertical. Table 1 gives the depth at the center of each
level. The total depth of the model ocean is 4000 m.
There is no wind stress applied. The model was ini-
tialized with a state of rest and uniform values for the
temperature and salinity of 3.5°C and 33 practical sa-
linity unit (psu), respectively. The model was then spun
up using a specified surface heat flux, shown in Fig. 2,
that is zonally uniform and is kept constant throughout
the integration. The salt flux was set to zero so that the
salinity maintains the constant value of 33 psu. [Runs
including salt flux forcing are described in section 3.
Note that the ocean sees a freshwater flux. Here, this
is modeled as a “virtual” salt flux, as described by
Huang (1993).] The vertical and horizontal diffusivity
used in the temperature 7T and salinity .S equations
have uniform values of 1.00 X 10™* m?s~! and 1.5
X 103 m? s™!, respectively. The mean state, averaged
over the last 1000 years of integration, is shown in Fig.
3. Throughout this averaging period, the model exhibits
no drift. The zonally averaged temperature and the
SST fields are quite realistic in appearance and exhibit
a reasonable range between the tropical and polar lat-
itudes. The average magnitude of the overturning cir-
culation is 15 10¢ m?® s™! (Sv), with deep water being
formed at high latitudes.

3. Model results

The solid line in Fig. 4 shows the time series of the
overturning streamfunction. (The dashed line is for
the case with salinity to be discussed later in this sec-
tion.) After some initial adjustment, the model settles
down into a regular oscillation about a mean value of

TABLE 1. The depths of the center of each model level.

Layer number Depth (m)
1 23
2 75
3 140
4 223
5 327
6 458
7 623
8 831
9 1093

10 1423
11 1838
12 2362
13 2990
14 3664
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FIG. 2. The solid line shows the zonally uniform heat flux used to
drive the model. The units are °C per month for the 46-m top model
level. The dashed line shows the zonally uniform salt flux used in
the second experiment. The units are psu per month for the 46-m
top model level.

15 Sv. The period is near 50 years, and the peak-to-
peak amplitude is about 7 Sv. The oscillation persists
in the same regular fashion throughout a further 2000
years of integration.

Figure 5 shows anomalies (that is, with the mean
removed ) of zonally averaged temperature and merid-
ional overturning at 12.5-year intervals ( 1/4 of the os-
cillation period). The second and fourth rows are at
the time when the overturning streamfunction reaches
its maximum and minimum values, respectively. The
corresponding anomalies for the SST and surface ve-
locity are shown in Fig. 6. SST anomalies of up to 2°C
can be seen. These appear to rotate in a counterclock-
wise direction about a “center of action” near the west-
ern boundary at 55°N. Similar behavior is exhibited
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FiG. 3. The mean state, showing the overturning streamfunction
¢, zonally averaged temperature 7, SST, and the surface velocity
field. The contour intervals are 2.5 Sv and 2°C, respectively, and the
smallest arrow length corresponds to a velocity of 0.005 m 57, In
the upper two panels, the vertical scale is that of the model levels,
the depths of which are given in Table 1. This means that the figure
is distorted in the vertical direction, with the upper part expanded.

by the SST anomalies in the GFDL coupled model (T.
Delworth 1993, personal communication ) and also by
the anomalies of dynamic topography (surface to 915
m) computed by Delworth et al. (1993). Indeed, there
is a striking similarity between the pattern of our SST
anomalies and that of the dynamic topography anom-
alies shown in Fig. 7. The close similarity between our
surface velocity anomalies and the velocity anomalies
from the coupled model is also apparent. (Note that
whereas our plots extend from 5° to 65°N, Delworth
et al.’s extend from 20° to 90°N.) The temperature
anomalies seen at the surface in our model extend
throughout the depth of the thermocline. This can be
seen in Fig. 5 for the case of anomalies in the zonally
averaged temperature. Anomalies extending through-
out the depth of the thermocline are also a feature of
the data study of Levitus (1989a). Similarly, the cooling
event at the Panulirus station off Bermuda, noted by
Roemmich (1990) and centered around 1970, also ex-
tended throughout the upper 1500 m of the water
column.

Figure 8 shows SST difference fields computed by
Delworth et al. (1993) using output from the coupled
model, and by Kushnir (1994) using Comprehensive
Ocean-Atmosphere Data Set (COADS) data from the
North Atlantic. For comparison, Fig. 9 shows a similar
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SST difference field from our model. (In this case, the
difference is between averages over the 10 years fol-
lowing each of panels b and d in Fig. 6.) There is a
general similarity of shape between all three SST dif-
ference fields, although the amplitude in our case is
somewhat larger. There are probably many reasons for
the increased amplitude in our case, one factor being
our assumption that the surface heat flux remains con-
stant. (The opposing role played by changes in the sur-
face heat flux was noted in connection with Fig. 1.)
Another factor is likely to be the irregular nature of
the oscillation in the coupled model (and in the North
Atlantic data) compared to the very regular oscillation
in our model. In addition, we shall see later in this
section that including salinity in our model acts to re-
duce the magnitude of the oscillation and, hence, the
associated SST anomalies.

Comparing the anomalies in the meridional over-
turning with those of the zonally averaged temperature
(Fig. 5), we see that as the overturning becomes stron-
ger than the mean ( positive anomaly ), the zonally av-
eraged temperature increases in high latitudes. This is
associated with the northward movement of the posi-
tive SST anomaly as seen in Figs. 6a-c. Then, as the
overturning becomes weaker than the mean (Figs.
5d,e), the zonally averaged temperature decreases in
high latitudes, with the northward-moving positive SST
anomaly now replaced by a northward-moving nega-
tive SST anomaly. The mechanism of this oscillation
appears to be quite simple. Since the surface heat flux
is constant, the temperature anomaly at high latitudes
is controlled by the strength of the advection from low
latitudes. This means that when the overturning is
stronger than the mean, temperatures at high latitudes
increase, as we have seen above. On the other hand,
the strength of the overturning is itself influenced by
the temperature anomaly and can be expected to de-
crease in response to the increase in temperature at
high latitudes. In this way, the enhanced overturning
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FIG. 4. The maximum value of the overturning streamfunction
during the first 2000 years of integration. The solid line is for the
case driven by heat flux alone. The dashed line includes salt flux
forcing.
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FI1G. 5. Anomalies (that is, difference from the mean) of the over-
turning streamfunction (left column) and the zonally averaged tem-
peratures (right column). Each of (a), (b), (c), and (d) are 12.5 years
apart, with the meridional overturning being a maximum at (b) and
a minimum at (d). The contour intervals are 0.5 Sv and 0.5°C, re-
spectively. Negative anomalies are shown using dashed contours. As
in Fig. 3, the vertical scale is expanded in the upper part of the water
column.

contains the seeds of its own decline, and the over-
turning subsequently weakens and passes into the re-
verse phase. We can also understand this from another
point of view. Since there is a constant rate of heat loss
at high latitudes, the surface residence time of a water
particle determines the temperature anomaly at high
latitudes. When this residence time is short—as when
the overturning circulation is stronger than the mean—
less heat is removed by the high-latitude cooling and
positive temperature anomalies result. Such an anom-
aly can be seen in Fig. 6b along the path of the separated
western boundary current (see Fig. 3) at a time when
the surface velocity anomalies in Fig. 6b are enhancing
this current. This relatively buoyant water then acts to
reduce the strength of the overturning and, subse-
quently, to increase the surface residence time of water
parcels. Water parcels are then cooled more than be-
fore, leading to an elimination of the buoyant anomaly
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and its replacement by relatively dense water (Figs. 5d
and 6d) that sinks and acts to enhance the circulation.
In this way, the cycle repeats itself.

The above mechanism was put forward by Huang
and Chou (1994) as an explanation for the oscillations
they found under constant freshwater flux forcing.
Huang and Chou also noted that the frequency of the
oscillation increased almost linearly with the amplitude
of the freshwater flux. The oscillations were also very
sensitive to the values of the vertical and horizontal
diffusivity and the horizontal grid resolution, some-
times showing a doubling of the period and sometimes
chaotic behavior. We have not carried out such a com-
prehensive sensitivity study here. One problem is that
changing the strength of the forcing and the model
parameters also changes the structure of the mean state,
driving it away from the quasi-realistic state we have
in Fig. 3. On the other hand, both the period and am-
plitude of the oscillation are certainly sensitive to
changes in the strength of the forcing, model parameters
(see later), and also model resolution. For example, a
model using a two-hemisphere version of our 60° box,
but only 4° resolution instead of the 2° used here (and
correspondingly different model parameters ), exhibits
a very similar oscillation but with a period of 25 years
(Cai et al. 1994).

We have already noted the similarity between our
anomaly fields in Figs. 5 and 6 and those from the
Delworth et al. (1993) coupled model shown in Fig.
7. Figure 10 shows the different contributions to the

65°N =

(a)

@

5°N

(b)

(e)

(d)

HIX:D‘!I’J:’SE%:GR
FIG. 6. As Fig. 5 but for the surface velocity and the sea surface

temperature. The contour interval is 0.25°C, and the smallest arrow
length corresponds to a velocity anomaly of 0.005 m s™.



86 JOURNAL OF CLIMATE

-A[\\r’—////'14114-
P N PV A T P e

L T e

-

T T

75w 60 45 0

//~\~-\\A,‘
LA A N T N S S
/NN S

!
‘

\,.f/

T

&0 43

VOLUME 8

Lag +10 years

30 15w 0

FiG. 7. Anomalies of the velocity at 170-m depth (left-hand column) and of dynamic topography (surface to 915 m) from the GFDL

coupled model corresponding to Figs. 6a—c [taken from Delworth et al. (1993)]. The units of dynamic topography are 10> cm? s

252 and

values less than zero are stippled. The details of the regression analysis used to obtain these figures can be found in Delworth et al.

dynamic topography anomalies in Fig. 7 from each of
the temperature AD7 and salinity ADg. We see that
the dynamic height contribution due to salinity ADg
has a similar pattern to that of temperature but has the
opposite sign and about 1/3 of the magnitude. Thus,
the sign of the dynamic height anomaly in the coupled
model (Fig. 7) is determined by the temperature with
the salinity acting to reduce the anomaly. This has al-
ready been noted by Delworth et al. (1993). These

authors claim that the anomalous horizontal circula-
tion set up by the dynamic topography anomalies is
important for generating salinity anomalies in the
sinking region of their model and that the density in
the sinking region is primarily controlled by salinity.
They claim this is essential for the oscillation in their
model to occur. On the other hand, the oscillation we
have described occurs in a model in which the salinity
is everywhere uniform, with no freshwater flux forcing
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FIG. 8. (a) Differences in annual mean SST from the GFDL coupled
model between four decades with anomalously large thermohaline
overturning and four decades with anomalously low thermohaline
overturning. Units are in °C. Values less than zero are stippled. (b)
Differences in observed SST between the periods 19501964 (warm
period) and 1970-1984 (cold period). Units are in °C. Values less
than zero are stippled [adapted from Kushnir ( 1994)]. (c) As (a) but
for sea surface salinity. Units are practical salinity units. From Del-
worth et al. 1993.
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5°N

FIG. 9. The difference between the average of the model SST over
the 10 years following Fig. 6b, and that over the 10 years following
Fig. 6d. The contour interval is 0.5°C. Dashed contours indicate
negative values.

at the surface. We suggest instead that the oscillation
in the coupled model is entirely thermally driven and
that the role of salinity is to act as a brake on the os-
cillation by opposing the influence of the temperature
anomalies on the density.

aADy aDy

F1G. 10. Decomposition of the dynamic topography anomalies in
Fig. 7 into parts associated with temperature AD7T and salinity
ADg. Units are 107 ¢cm? s72, and the contour interval is 6 X 102
cm? s (From Delworth et al. 1993).
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We now illustrate this by describing an oscillation
in a model run that includes forcing by a zonally uni-
form salt flux. This is given by the dashed line in Fig.
2. In addition, the amplitude of the specified surface
heat flux is increased by 6%, and the values of the ver-
tical and horizontal diffusivities are changed to 1.33
X 104 m?s~ ' and 1.2 X 103 m?s™!, respectively (a
slight increase for the vertical diffusivity, slight decrease
for the horizontal diffusivity ). The model was spun up
as before, resulting in a realistic mean state (not
shown). Quite strong oscillations occur in the early
part of the spin up, but eventually a regular oscillation
is established with a period of 70 years (20 years longer
than before) and a peak to peak amplitude of 5 Sv.
(This is the dashed line in Fig. 4.) Figure 11 shows the
anomalies of the surface density together with the con-
tributions from temperature and salinity. The similarity
of these anomalies to those of the SST in Fig. 6 is im-
mediately apparent. (Note that the sign of the anom-
alies for the temperature contribution is opposite to
that in Fig. 6. This is because in Fig. 11 we are plotting
the density anomaly associated with the temperature
rather than the temperature anomaly itself.) We can
also see that the salinity contribution opposes that of
the temperature and acts to reduce the total density
anomaly. This agrees with the interpretation given
above that salinity acts to reduce the magnitude of the
oscillation. This is not surprising, since now the salinity
anomalies generated by the fluctuations in the merid-
ional overturning can be expected to have the opposite
effect on the density in high latitudes to that of the
temperature anomalies. For example; when the over-
turning is enhanced compared to the mean, the resi-
dence time of water parcels at the surface is reduced.
This means that surface water parcels will be cooled
less but also freshened less compared to the mean state,
leading to a warm, salty anomaly at high latitudes.
Clearly, the effect of the salinity anomaly is opposite
to that of the temperature anomaly, leading to a re-
duced density anomaly and a weakened oscillation.

An interesting feature of this experiment is that the
anomalies of temperature and salinity are highly cor-
related at all depths of the model ocean. In particular,
regions of anomalously low temperature are also re-
gions of anomalously low salinity, and vice versa, but
with the temperature anomaly always dominating and
determining the sign of the density anomaly. The same
behavior is exhibited by the difference fields of tem-
perature and salinity constructed by Levitus (1989a)
using North Atlantic data from the pentads 1955-59
and 1970-74. Indeed, Levitus found a positive corre-
lation between the temperature and salinity differences
1970-74 minus 1955-59 at all depths of the North
Atlantic, with correlations exceeding 0.8 throughout
the depth range 200-800 m. ,

We have also conducted additional experiments to
check the robustness of the oscillation. Increasing the
vertical diffusivity increases the magnitude of the os-
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F1G. 11. Anomalies in the surface density (left-hand column) and
the contributions from temperature (center column) and salinity
(right-hand column) in the experiment with both heat and salt flux
forcing. Each of (a), (b), (c), and (d) are 17.5 years apart, with the

meridional overturning being a maximum at (b) and a minimum at
(d). The contour interval is 0.05 kg m™,

cillation since there is more potential energy associated
with the deeper pycnocline. Decreasing the horizontal
diffusivity has the same effect since there is less damping
of temperature anomalies in the western boundary
current region. The sensitivity of the period to the val-
ues of the diffusivities, the strength of the forcing, and
the model resolution have already been noted in con-
nection with Huang and Chou’s (1994 ) work. Although
periods in the interdecadal range are always found,
these can vary considerably from case to case. This
indicates that the timescale of oscillations, such as
found by Delworth et al. (1993), is probably highly
model dependent but that the occurrence of interdeca-
dal variability is a robust feature. We have also found
damped oscillations that decay until a steady state is
reached. For example, introducing salinity forcing can
lead to damping (again consistent with our view that
salinity acts to oppose the oscillation). Also, when the
forcing is weak, decreasing the vertical diffusivity and
increasing the horizontal diffusivity can also lead to
damping. Diffusivities appropriate to the ocean are not
well known. However, the use of smaller horizontal
diffusivities in higher-resolution models may favor the
oscillation.

Experiments have also been carried out in which the
surface heat flux is calculated interactively by coupling
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our ocean model to the zero heat capacity atmosphere
model of Schopf (1983). The effect is to restore the
surface temperature in the model to a specified tem-
perature 7, on a timescale of several hundred days [ see
Zhang et al. (1993) for the details]. The temperature
T, corresponds to the radiative equilibrium tempera-
ture of the atmosphere in the absence of air-sea heat
exchange. Oscillations with the same character as under
constant heat flux have again been found [see Cai et
al. (1994) for an example]. Changes in the surface
heat flux act to weaken the oscillation, as happens in
the GFDL coupled model (Fig. 1). This is not sur-
prising. Positive SST anomalies are now associated with
anomalous heat loss from the ocean, and negative SST
anomalies with anomalous heat gain, in opposition to
the changes in local heat storage induced by the vari-
ations in the poleward heat transport. Oscillations are
also found in cases that include constant salt flux forc-
ing. It should be noted that these oscillations differ fun-
damentally from oscillations found under mixed
boundary conditions (Weaver and Sarachik 1991a,b).
Under mixed boundary conditions, the surface tem-
perature is restored to a specified “‘restoring tempera-
ture” on a timescale of tens of days rather than the
hundreds of days used here. For this reason, surface
temperature never departs far from the restoring tem-
perature. The sign of an anomaly in surface density is
then determined by the surface salinity. This contrasts
with the oscillations described in this paper, in which
the sign of an anomaly in surface density is determined
by the surface temperature, as in Fig. 11, even in cases
that include salt flux forcing. A detailed comparison
between the oscillations found here and oscillations
found under mixed boundary conditions will be given
in a future manuscript.

Finally, all the experiments in this paper use zonally
uniform forcing. It turns out that zonal uniformity is
not necessary. A small zonal redistribution of the sur-
face buoyancy flux, diagnosed from a restoring spin
up experiment, is enough to induce oscillations, as de-
scribed in Cai et al. (1994).

4. Summary and discussion

We have reported on a regular oscillation in an ocean
model driven by constant heat flux forcing. The period
is 50 years and the magnitude is 7 Sv peak to peak in
the case of the meridional overturning, about a mean
of 15 Sv. We used box model geometry of size com-
parable to the North Atlantic and have shown that the
oscillation has many similarities to that in the Atlantic
sector of the GFDL coupled atmosphere-ocean model
discussed by Delworth et al. (1993). In particular, the
model SST anomaly pattern agrees well with the cou-
pled model and with the North Atlantic data studies
of Kushnir (1994) and Deser and Blackmon (1993),
despite our use of a simple, zonally uniform, constant,
surface heat flux boundary condition. The mechanism
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is associated with the balance between the strength of
the poleward heat transport and local heat storage. This
is similar to what is found in the coupled model (Fig.
1), in which the changes in surface heat flux play a
weak, opposing role. Delworth et al. emphasized the
role played by horizontal advection of salinity in their
model. They argue that the thermally dominated dy-
namic height anomalies in Fig. 7 drive horizontal cir-
culations that change the salinity in the sinking region
of their North Atlantic overturning circulation. They
claim these changes in salinity drive the oscillation in
their model. On the other hand, the oscillation in our
model is entirely thermally driven. Indeed, the basic
experiment is run with no-salt flux forcing at the surface
and a uniform value of salinity. In an experiment that
includes salt flux forcing, we find a high correlation
between changes in temperature and changes in salin-
ity, with the resulting salinity anomalies acting oppo-
sitely on density from the temperature anomalies but
with the temperature anomalies determining the sign
of the density anomalies. In this way, salinity acts to
oppose the oscillation. A similar high correlation be-
tween temperature and salinity anomalies, with tem-
perature determining the sign of the density anomaly,
has been found by Levitus (1989a) in data from the
North Atlantic. '

The results reported here use zonally uniform, con-
stant surface flux forcing. The model parameters, forc-
ing, and output fields all exhibit realistic values. We
have associated our oscillation with the long timescale
(40-50 year) changes in North Atlantic SST noted by
Kushnir (1994) and Deser and Blackmon (1993), in
particular, the warming during the 1920s and 1930s,
followed by a cooling in the 1960s, associated with De-
ser and Blackmon’s EOF 1 shown in Fig. 12. Both
papers suggest a role for the ocean circulation in de-
termining these SST changes. Both also note the dif-
ferent nature of the observed variability at shorter in-
terannual to interdecadal timescales. For example, EOF
2 in Fig. 12 exhibits variability at a timescale near 10
years. As noted by Deser and Blackmon, for this EOF,
warm SST anomalies are associated with anomalous
heat gain by the ocean and cold SST anomalies by
anomalous heat loss. This suggests a local mechanism,
in which the changes in ocean circulation are unim-
portant and the SST anomalies are driven by heat flux
forcing from the atmosphere. It also contrasts sharply
with the heat flux variations found in models run under
mixed boundary conditions (e.g., Weaver and Sarachik
1991a). This is because under mixed boundary con-
ditions the use of the restoring boundary condition on
the surface temperature leads to enhanced heat loss
when the SST is anomalously high and to increased
heat gain when SST is anomalously low, in direct con-
trast to the observed data. Deser and Blackmon (1993)
show a connection between decadal variations in sea
ice in the Labrador Sea and the SST variations asso-
ciated with their EOF 2, with periods of greater than
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FiG. 12. (a) EOF 1 of North Atlantic SST anomalies based on unnormalized winter (November—March) means 1900-89 (bold contours).
Also shown is the climatological SST (thin contours). (b) Time series of EOF | (dashed curve) and smoothed with a five-point binomial
filter (solid curve). (c) and (d) As in () and (b) but for EOF 2 [ from Deser and Blackmon (1993)]. :

normal sea ice extent preceding, by about 2 years, pe-
riods of colder than normal SST east of Newfoundland.
This suggests a possible role for coupled ice-ocean os-
cillations, such as described by Zhang et al. (1994),
for explaining the behavior exhibited by EOF 2. It
should be noted that the oscillation we have described
also differs fundamentally from oscillations found in
models run under mixed boundary conditions. This is
because in our model, changes in the surface density
are dominated by changes in the surface temperature
(see Fig. 11), whereas under mixed boundary condi-
tions, changes in surface density are controlled by
changes in surface salinity. However, in both cases,
relatively low surface temperatures are associated with
relatively low surface salinities, and vice versa.

One final comment. We have also carried out an
experiment in which the model is initialized with the
state obtained by time averaging over many oscillation
periods (such as shown in Fig. 3). The oscillation al-
ways develops within a few hundred years and has the
same form and amplitude as before. It seems, therefore,
that for some steady, surface flux fields there is no cor-
responding steady response of the ocean.
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