Climate Dynamics (1993) 8:103-116

© Springer-Verlag 1993

Century-scale variability in a randomly forced,
two-dimensional thermohaline ocean circulation model

LA Mysak, TF Stocker*, and F Huang

Department of Atmospheric and Oceanic Sciences and Centre for Climate and Global Change Research, McGill University,

805 Sherbrooke St. W., Montreal, Quebec H3A 2K6, Canada

Received December 8, 1991/Accepted April 3, 1992

Abstract. The response of a two-dimensional thermohal-
ine ocean circulation model to a random freshwater flux
superimposed on the usual mixed boundary conditions
for temperature and salinity is considered. It is shown
that for a wide range of vertical and horizontal diffusiv-
ities and a box geometry that approximates the Atlantic
Ocean, 200-300. yr period oscillations exist in the basic-
state, interhemispheric meridional overturning circula-
tion with deep convection in the north. These fluctua-
tions can also be described in terms of propagating sal-
inity anomalies which travel in the direction of the ther-
mobhaline flow. For large horizontal (K, = 15 x 10> m?/s)
and small vertical (K,=0.5x10"*m?/s) diffusivities,
the random forcing also excites deca-millennial oscilla-
tions in the basic structure of the thermohaline circula-
tion. In this case, the meridional circulation pattern
slowly oscillates between three different stages: a large
positive cell, with deep convection in the North Atlantic
and upwelling in the south; a symmetric two-cell circula-
tion, with deep convection in both polar regions and up-
welling near the equator; and a large negative cell, with
deep convection in the South Atlantic and upwelling in
the north. Each state can persist for 0 (10 kyr).

Introduction

To summarize and increase our understanding of the na-
ture and causes of century-scale climatic variability dur-
ing the Holocene, Stocker and Mysak (1992, hereafter
referred to as SM) recently presented a review of various
high-resolution proxy data records. Since substantial hu-
mankind-induced global warming is expected to occur
on this time scale, it is necessary to obtain further
knowledge of natural century-scale climatic variability
in order to be able to separate out the warming signal
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from fluctuations that are inherent in the climate sys-
tem. In the spectra of time series of proxy data derived
from oxygen isotope ratios in ice cores, tree ring indices,
pollen counts in lake sediments and sea-ice extents, SM
found signifciant cyclic variations with time scales rang-
ing from 50 to 400 yr. These signals were particularly
evident in data gathered from locations around the
North Atlantic (SM, Fig. 13), which suggests that this
may be an important region of climatic variability on
this time scale. On the basis of preliminary modelling
results, SM speculated that such variability, rather than
being externally forced by solar variations say, may be
due to natural fluctuations in the basic-state thermohal-
ine circulation of the ocean, which produce century-
scale oscillations in the ocean-to-atmosphere heat
flux.

The main purpose of this paper is to explore further
this hypothesis by presenting modelling results using the
one-basin (Atlantic Ocean) version of the thermohaline
ocean circulation model of (Wright and Stocker (1991,
herafter referred to as WS). This latitude-depth model,
for the zonally averaged flow in an interhemispheric
(pole-to-pole) basin (see Fig. 4 in WS), is based on the
diagnostic equations of momentum and mass, and the
time-dependent advection-diffusion equations of heat
and salt. In order to excite the natural oscillations asso-
ciated with the deep thermohaline circulation, the sur-
face freshwater forcing varies randomly in time about
the steady value.

We note here that zonally averaged models of the
thermohaline circulation are generally not suitable for
the study of decadal-scale ocean climate fluctuations be-
cause the latter centrally involve gyre-scale advective
processes (Dickson et al. 1988; Mysak and Manak 1989;
Mysak et al. 1990; Weaver and Sarachik 1991a, 1991b).
Such processes are not resolved in the type of model
considered in this paper. However, zonally averaged
models can be profitably used (Stocker and Wright
1991a and 1991b, hereafter referred to as SW1 and
SW2, respectively) to investigate the stability of the glo-
bal “conveyor belt” circulation (e.g. Gordon 1986;
Broecker et al. 1988) and the onset and evolution of oth-
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er century and longer time scale paleoclimatic phenom-
ena which centrally involve global-scale convective over-
turning motions (Stocker et al. 1992).

This paper builds on several earlier modelling studies
of the thermohaline circulation. These investigations
generally fall into one of two categories: (1) those that
describe the existence and the stability of various equili-
bria (or modes) for the circulation (e.g., Stommel 1961;
Rooth 1982; Bryan 1986; Marotzke et al. 1988; Manabe
and Stouffer 1988 (which involves a coupled ocean-at-
mosphere model); SW1; Weaver and Sarachik 1991a);
(2) those that deal with natural oscillations about a sta-
ble mode of the thermohaline circulation (e.g. Mikolaje-
wicz and Maier-Reimer 1990; Weaver and Sarachik
1991b; SM). .

This paper falls mainly into the second category and
particularily relates to the study of Mikolajewicz and
Maier-Reimer (1990, hereafter referred to as MM-R),
who describe the results of a numerical experiment in
which a three-dimensional global ocean circulation mod-
el was driven by a spatially correlated white-noise fresh-
water flux superimposed on the climatological fluxes.
MM-R found that in addition to the general red-noise
character of the oceanic response, the model exhibits a
pronounced low-frequency signal at around 320 yr, with
centers of action in the Southern Ocean and the North
Atlantic.

However, our study differs from MM-R in some im-
portant respects. Apart from the simpler geometry used
here (only a two-dimensional version of the Atlantic
Ocean without topography is employed), we also note
two other distinctions: the freshwater random forcing
used, while white-noise in form, is not spatially corre-
lated; secondly, the model response is investigated for a
wide range of horizontal and vertical diffusivities. The
strength and structure of the steady thermohaline circu-
lation depends strongly on the horizontal and the verti-
cal diffusivities (Bryan 1987); hence it is natural to ask
whether century-scale oscillations of MM-R type occur
for a wide range of diffusivities, and also, whether fluc-
tuations on other time scales can exist. These questions
cannot easily be resolved with three-dimensional models
because of computational limitations.

While the main goal of this research is to study cen-
tury-scale fluctuations, in the course of the analysis it
was found that for a relatively large value of the hori-
zontal diffusivity (K,=1.5x10*m?/s), the model also
contains large-amplitude, deca-millennial scale oscilla-
tions which can be characterized as “flips” between dif-
ferent modes of a relatively weak thermohaline circula-
tion. Further, these very slow oscillations cause the
cross-equatorial heat flux to change sign, which suggests
that this type of variability may shed light on the O
(10 kyr) paleoclimate fluctuations (1 kyr = 1000 yr) that
have been investigated by Broecker and Denton (1989),
Berger et al. (1991), Yiou et al. (1991) and others quoted
therein. Indeed, to understand these long-term oscilla-
tions, it may be necessary to invoke the full range of in-
ternal variability of the climate system, which is in con-
trast to the concept of regarding it mainly as a “nonli-
near climatic oscillator” forced by variations of the

Earth’s orbital parameters (e.g., Pestiaux et al. 1988;
Saltzman 1990).

The outline of this report is a follows. In the second
section the ocean model is described. In the third section
the numerical experiments are outlined, and the basic-
state, interhemispheric meridional overturning circula-
tion is described. A variety of solutions under random
forcing superimposed on the steady boundary condi-
tions are given in the fourth section. A discussion of sal-
inity anomaly propagation associated with the approxi-
mately 200-yr oscillation which occurs in the model for a
range of values of the diffusivities is presented in the
fifth section. Finally, a summary and some concluding
remarks are given in the last section.

The ocean model

The ocean circulation model employed here was devel-
oped by WS for use in paleoclimatic studies and builds
on an earlier two-dimensional model of Marotzke et al.
(1988). It is a zonally averaged, bouyancy driven model
for the annual mean thermohaline circulation in an in-
terhemispheric basin with a flat bottom. The model is
based on the diagnostic equations of horizontal momen-
tum, the hydrostatic approximation, the prognostic
equations for heat and salt (with the same horizontal
and vertical diffusivities in each equation) and a nonli-
near, pressure-independent equation of state. The east-
west pressure difference which arises upon averaging the
momentum equations is taken to be proportional to the
meridional pressure gradient, with a proportionality
constant of 0.5. This parameterization is discussed and
justified in WS. Although the seasonal cycle, wind stress
and sea ice are not included in this model, SW1 show
that the latitude-depth structure of temperature and sal-
inity, as well as the meridional overturning rate compare
reasonably well with observed estimates.

Satisfactory results for the large-scale flow can be ob-
tained using a fairly coarse resolution, which makes the
model suitable for long term integrations (thousands of
years). We use a single basin of 60° width in longitude,
which extends from 80°S to 80°N, and which is divided
into 15 latitude bands. There are 9 vertical layers with
the bottom of the layers being located at 70, 150, 250,
500, 1000, 2000, 3000, 4000 and 5000 m. The above spa-
tial resolution permits a time step of about 14 days. Ini-
tially the ocean is at rest and has a uniform temperature
of 4°C and a salinity of 35 ppt.

The model is first spun up from rest over a 2 kyr pe-
riod by relaxing the temperature T and salinity S in the
uppermost layer over a time scale of 70 days to:

T*=2412.5 (1+coss7s(1+ |s1)) (in °C), (la)
S* =36+ cos zs (in ppt), (1b)

where s=sin (latitude). Equation (1a) is an analytical
approximation used by SW1 for the zonally averaged
observed SST profile in the Atlantic (Levitus 1982),
whereas (1b) is the simple sea surface salinity profile
used by Marotzke et al. (1988) and WS. The resulting
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(essentially) steady state consists of a symmetric two-cell
circulation pattern with sinking in both polar regions
(see WS Fig. 3a).

At year 2000 the vertical salt flux at the surface is di-
agnosed and then used as the boundary condition for S
during a further 1 kyr integration period .(the restoring
boundary condition on T is retained). The symmetric
two-cell circulation becomes unstable upon a switch to
these mixed boundary conditions (Marotzke et al. 1988;
WS), and a transition to a one-cell global circulation
with deep water formation in only one high latitude re-
gion occurs. A small negative salinity anomaly (—0.1
ppt) is added to the surface of the southernmost grid
box during this second integration period to obtain sink-
ing in the northern hemisphere, which approximately
characterizes the present-day thermohaline circulation in
the Atlantic.

The experiments and basic steady states

A set of basic-state solutions under these steady mixed
boundary conditions was first obtained for various hori-
zontal and vertical diffusivities, which ranged from 1 to
15x10° m?/s for K, and 0.5 to 5x10~*m?/s for K,.
Included in this range is a canonical set of values, name-
ly, K, = 10° m?/s and K, = 10 ~* m?/s, which yields a cir-
culation with a maximum meridional transport of about
18 Sv. This is comparable to the estimate of 17 Sv ob-
tained from observations around 24°N in the North At-
lantic (Roemmich and Wunsch 1985).

For a given pair of diffusivities, a random freshwater
flux was superimposed at 3 kyr on the basic-state fresh-
water flux (derived from the diagnosed salt flux) and the
model was then run for another 5.5 kyr. The random
forcing was white-noise in time and had the same ampli-
tude in each grid box, namely, either 0.1 or 0.2 Sv; how-
ever, the area average of this forcing was zero at every
time step. This precluded any net salt input into the sys-
tem at any time. The value of 0.1 Sv is equivalent to a
freshwater flux of about 500 mm/yr, which is compara-
ble to the maximum diagnosed flux obtained for a mid-
latitude grid box after the initial 2 kyr run. Smaller val-
ues of the random forcing were also employed (0.05,
0.025 and 0.01 Sv), and yielded smaller amplitude re-
sponses at similar frequencies. We opted for the larger
values of the forcing amplitude in order to “shake the
system vigorously”, and bring out more clearly the full
range of physical behaviour of the system under random
forcing. In particular, the analysis of propagating salini-
ty anomalies (fifth section) is facilitated using larger
random forcing amplitudes. These cases also serve as
limits to the possible evolution of the randomly forced
system. More important, on short time scales (the time
step in the model is 14 days), the selected amplitude of
about 40 mm/month (corresponding to 0.1 Sv random
forcing in each grid box) represents a reasonable ampli-
tude.

MM-R used a weaker random white-noise forcing
whose globally averaged standard deviation was about
190 mm/yr. In addition, to simulate the nature of large-
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Fig. 1. a The steady mixed boundary conditions (restoring for
temperature as per (la) and freshwater flux for salinity as diag-
nosed after a 2 kyr (1 kyr = 1000 yr) initial integration period) for
the canonical diffusivity pair (K, =10°>m?*/s and K, =10"*m?/s);
b Contours of the meridional overturning sireamfunction in Sver-
drups (1 Sv=10°m?/s) at 3 kyr resulting from the application of
boundary conditions in a for the period 2-3 kyr; ¢ The density
anomaly (i.e. p—1000) in kg/m?® at 3 kyr corresponding to the
flow in b

scale two-dimensional weather patterns, their random
forcing also had a horizontal correlation scale of about
3000 km.

m/yr
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Various guantities, such as the maximum and mini-
mum values of the streamfunction, the depth-integrated
meridijonal heat flux just north of the equator (at 7.5°N)
and at 50°N, and the convection depth in each box,
were stored every 5 years during the 5.5 kyr random
forcing period. These time series were then used for sta-
tistical analysis. To check for aliasing due to this dis-
crete sampling, we compared the results against those
obtained from time series that were sampled every time
step. No evidence of aliasing was found.

Figurer 1a shows the meridional profiles of the mixed
boundary conditions that were applied to generate the
basic-state thermohaline flow seen in Fig. 1b for the case
K,=10*m?/s and K,=10"*m?/s, the canonical values
for the diffusivities. This flow has a maximum transport
of 18.3 Sv and a maximum (depth-averaged) meridional
heat flux of 0.915 PW in the low latitudes, which are
consistent with observations in the North Atlantic. Fig-
ure lc shows the corresponding density field at 3 kyr
and clearly reveals a well-mixed region from the surface
down to the bottom in the high northern latitudes,
where there is deep convection. In the southern lati-
tudes, the flow is characterized mainly by a slow upward
motion.

Results of the type shown in Fig. 1b, ¢ were obtained
for many pairs of diffusivities, and the properities of
these are summarized in Tables 1 and 2, which give the
maximum transport and maximum meridional heat flux
in each case. Consistent with other studies (e.g. Bryan
1987; Wright and Stocker 1992), we observe that the
transport increases with K, (for fixed K): over the range
of a ten-fold increase in the vertical diffusivity, the
maximum transport monotonically increases approxi-
mately four-fold. From Table 1 we note, however, that
for fixed K, the transport decreases fairly slowly with
increasing K,,: for a fifteen-fold increase in this parame-
ter the transport drops by about 30 to 40%. This behav-
iour is due to the fact that a larger K, tends to reduce
the meridional density gradient, which is the basic driv-
ing mechanism for the thermohaline circulation.

From Table 2 we observe that the meridional heat
flux changes with the diffusivities in the same general
way as in the case of the transport, but more gradually.
However, as K, approaches very large values for small
fixed K,, the maximum heat flux starts to increase rath-
er than continuing to decrease. This is because for large
K, in conjunction with the coarse resolution and weak
overturning, the diffusive part of the meridional heat
flux begins to dominate the advective part.

Randomly forced solutions
Basic statistics

From Table 3, which shows (i), the time mean of the
maximum streamfunction time series for various pairs
of diffusivities, we note that the basic flow (one large
positive meridional overturning cell as seen in Fig. 1b) is
generally stable to the random forcing (of 0.1 Sv in each
grid box) with mean values that are generally slightly

Table 1. Maximum values of the streamfunction (in Sv) at 3 kyr
for various pairs of diffusivities. The overturning transport de-
creases for increasing K, because the latter change reduces the
meridional density gradient

- K, (10° m?/s5)—

K, (10~* m?/s)
1)

1 2 5 10 15
0.5 11.8 11.2 10.2 7.89 7.58
1.0 18.3 17.8 16.4 13.5 11.2
2.0 27.9 27.3 25.7 23.2 16.5
5.0 47.4 46.5 44.4 40.6 30.7

Table 2, Maximum depth-integrated meridional heat flux (in PW)
at 3 kyr for various pairs of diffusivities

K, (107* m?/s) K, (10° m?/5)—
!

1 2 5 10 15
0.5 0.625 0.610 0594  0.553 0.651
1.0 0.915 0.894  0.861 0.802  0.816
2.0 1.31 1.29 1.23 1.23 1.05
5.0 2.07 2.02 1.93 1.87 1.61

Table 3. Mean ({)) and standard deviation (@) of time series of
maximum streamfunction for the randomly forced period 3-
8.5 kyr for various pairs of diffusivities. The random (white-noise)
freshwater flux has an amplitude of 0.1 Sv im each grid box. For
each fixed K,, the two lines of numbers represent respectively ()
(in Sv) and o (in Sv)

K, (10° m%/s)—

K, (10 % m?/s)
l

1 2 5 10 15
0.5 12.65% 12.04 10.67 8.98 5.49
' 1.84° 1.37 0.76 0.44 0.77
1.0 18.50 17.97 16.64 14.81 11.93
' 0.71 0.74 0.68 0.69 0.37
2.0 27.90 27.35 25.76 23.32  20.13
' 0.33 0.32 0.21 0.18 0.29
5.0 47.62 46.92 44.40 40.57 22.13
: 0.20 0.20 0.20 0.19 0.18
R
o
larger than those in Table 1. However, for

K, =15%10° m?/s and both K,=0.5 and 5x 10 ~*m?*/s,
{(w) has actually decreased substantjally because under
random forcing the one-cell circulation pattern reverts
back to a symmetric two-cell pattern with a maximum
transport in each hemisphere that is weaker than that in
a one-cell pattern.

The amplitude of the fluctuations under random
forcing is characterized by the standard deviation o; the
values of ¢ for the maximum streamfunction time series
are listed in Table 3 under the mean values. Note that o
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Table 4. Mean [(F})] and standard deviation (g;) of time series of
depth-integrated meridional heat flux across 7.5°N (F,), for the
randomly forced period 3-8.5 kyr for various pairs of diffusivi-
ties. The random (white-noise) freshwater flux has an amplitude
of 0.1Sv in each grid box. For each fixed K,, the two lines of
numbers present respectively (F) (in PW) and o, (10 "2 PW)

K, (107% m?/s) K, (10° m?/s)—
I

1 2 5 10 15

0.48* 0.46 0.41 0.37 0.19

0.5 2.88° 2.45 1.52 0.93 4,25
1.09 0.71 0.68 0.61 0.55 0.44
: 1.18 1.34 1.24 1.32 2.05
2.0 1.02 0.98 0.88 0.80 0.70
' 0.53 0.52 0.47 0.39 2.19
50 1.58 1.53 1.39 1.23 0.42
' 0.47 0.47 0.44 0.39 0.52
(F)
[

is generally less than 10% of (w) and that ¢ drops sub-
stantially as K, increases, i.e. the oscillations are strong-
ly damped for large diffusivities.

The mean and standard deviation of the randomly
forced meridional heat flux at 7.5°N (F}) for various
diffusivities are given in Table 4. For fixed K,, F, varies
slowly with K, up to 10x 10> m?/s. For large and small
K, and large K, however, F; drops substantially due to
small cross-equatorial flow in the two-cell circulation
which has formed in response to the introduction of the
random forcing. From Table 4 we also note that except
for the case of small X, and large K, the standard de-
viations are quite small (typically a few percent of F,).

Similar experiments were performed with random
forcing amplitudes in the range of 0.01 to 0.2 Sv. Gener-
ally, the mean values of the maximum streamfunction
did not differ by more than 2% from the values given in
Table 3. The standard deviations, as expected, increased
in an approximately linear fashion with increasing forc-
ing amplitude.

Time series

We first describe a selection of time series for the case of
the canonical diffusivity values (Fig. 2). From Fig. 2a
(solid line) we note that the maximum streamfunction
time series (associated with the large positive cell), is
dominated by a fairly regular sequence of oscillations
with a period in the range of 200-250 yr. The amplitude
of these ocsillations is approximately 5% of the mean,
which is consistent with the standard deviation of
0.71 Sv given in Table 3. Oscillations of a similar time
scale are also seen in the minimum (negative) stream-
function time series (Fig. 2a, dashed line), which de-
scribe the fluctuations in a small surface-intensified ne-
gative cell in the southern latitudes.
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Fig. 2a-d. 5.5 kyr time series of a maximum (solid) and minimum
(dashed) streamfunction; b depth-integrated meridional heat flux
F, (at 7.5°N); ¢ depth-integrated meridional heat flux F, (at
50°N); and d convection depth in the northernmost grid box co-
lumn (70-80°N) for the case of the canonical diffusivity pair and a
random forcing of 0.1 Sv in each grid box. The arrows E and E’
mark the beginning (at year 6830) and end of the large 240-yr os-
cillation event that is described further in Fig. 3. The arrows A4
and A’ bracket an approximately 208-yr oscillation beginning at
year 5043 that is further described in Fig. 10

The maximum streamfunction time series also shows
evidence of small-amplitude high-frequency motions
(about 50 yr time scales), which can be seen in the time
series for the minimum streamfunction as well. Howev-
er, the high-frequency signals are less prevalent in the
time series for the two meridional heat fluxes (Fig. 2b, c)
because, in contrast to the case for the streamfunction
maximum, the heat fluxes are sampled further south,
away from the high-latitude regions where changes in
convection depth have an immediate effect on the
streamfunction.

The two heat flux time series are highly correlated,
and as expected, each is positively correlated with the
series for the maximum streamfunction; this is generally
the case for time series for other diffusivities as well.
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Henceforth, we shall focus mainly on the near-equato-
rial heat flux F; when describing the temporal behaviour
of the solutions for other diffusivities.

Associated with the oscillations in the upper three
panels of Fig. 2 are large fluctuations in the convection
depth in the northernmost grid box column (Fig. 2d).
While convection tends to occur most commonly be-
tween layers 4 and 6 (500 to 2000 m), as indicated by the
many short heavy black vertical lines in this range, deep
convection or no convection also happen occasionally.

One noticeable event in Fig. 2 is the large-amplitude
240-yr oscillation indicated by EE’. (The oscillation

marked AA’ will be described in the fifth section.)
Around year 6830 the convection depth starts to de-
crease rapidly and then convection ceases for several de-
cades (Fig. 2d). Consequently, the lighter water arriving
from lower latitudes no longer sinks to the abyss, and
hence there is a sudden large drop (about 15% of the
mean) in the transport (Fig. 2a) with associated reduc-
tions in the meridional heat fluxes (Fig. 2b, c). After
year 6950 (half a cycle later), deep convection starts
again (Fig. 2d) and the transport becomes very strong.
As a result, the maximum streamfunction time series
overshoots the mean (see Fig. 2a), as do the time series
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for the heat fluxes. However, by the year 7070 (end of
cycle) all the time series have returned to around their
mean values.

Figure 3 shows the evolution of the flow field over
the course of the large-amplitude oscillation EE’. At
time #,=6830 yr (Fig. 3a), the flow pattern is “normal”
(cf. Fig. 1b); but a quarter of a cycle later (Fig. 3b), the
high-latitude convection zone has shifted south by one
grid box and convection is now shallower because this
zone has a more stably stratified water column than the
northernmost one. During this phase the supply of low-
latitude saline water is reduced and surface cooling pro-
vides a mechanism to enable deep convection to resume
in the northernmost box. Hence on the rebound (half a
cycle after time E), convection returns to this grid box
and again extends down to the bottom (Fig. 3c). Sixty
years later (Fig. 3d) convection is still deep and there is
now substantial southward flow along the bottom. In
Fig. 3e, at the end of the oscillation, the flow has re-
turned to normal, being similar to that in Fig. 3a.
Throughout the course of this event the ocean-to-atmo-
sphere heat flux is near zero (although slightly positive)
in the southern latitudes, and around —25 W/m? near
the equator. However, in the northernmost grid box, the
flux is 10-20 W/m? at the beginning of the oscillation
and then rises to 60-75 W/m? during the middle of the
cycle, indicating resumption of deep convection in this
grid box. Such an increase in this heat flux would pro-
duce a high-latitude warming in the lower troposphere
of about 3°C.

A higher vertical resolution run (with 15 layers) was
also carried out for the canonical diffusivity pair and the
same random forcing. Increasing the number of layers
results in less numerical diffusion and thus reduces the
effective vertical diffusivity and meridional overturning.
Consequently, the mean of the time series for the maxi-
mum streamfunction was found to be slightly reduced
(by about 5%), but the amplitude of the 200-yr fluctua-
tions was still about 5% of the mean. The amplitude of
the oscillation EE’ was reduced, however, and the large
drops in the heat fluxes were about 10% of the mean
(instead of about 20% - see Fig. 2b, ¢).

To check the frequency of occurrence of the large os-
cillation EE’ in Fig. 2, the model was run for a total of
100 kyr with the canonical diffusivity values and a ran-
dom forcing amplitude of 0.1 Sv. Figure 4 shows the
randomly forced time series for F,, over the period
3-100 kyr, which is characteristic of the time series for
other quantities. We note that the system is stable over
this long time interval: the flow retains its large positive
cell structure, but the large-amplitude oscillations are a
recurrent phenomenon. However, the interval between
these oscillations varies from about 2 to 8 kyr, and on
the average about 4 large oscillations occur in every
20 kyr time span.

We now describe the temporal behaviour of the solu-
tions for large K, (=15x10° m?/s) and either large K,
(=5%10"*m?/s) or small K, (=0.5x10~*m?/s) when
a random forcing of 0.1 Sv is applied. The mean values
of the maximum streamfunction (see Table 3) and heat
flux F; (see Table 4) were much lower than the respec-
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Fig. 4. As in Fig. 2b, except the random forcing period extends
from 3 to 100 kyr

tive means for a slightly smaller X, (= 10* m?/s) because
these solutions had switched from a large positive cell
circulation to a symmetric two-cell circulation, with
deep convection in both polar regions. For the case of
large K, the transition occurred quickly (within 500 yr)
after the random forcing was applied, and the standard
deviations of the resulting oscillations were small (Ta-
bles 3 and 4), indicating a stable solution. For the case
of small K,, however, the transition to a two-cell circu-
lation did not occur until around year 6000 and the

- standard deviations of the time series were relatively

large (Tables 3 and 4). For both sets of diffusivity pairs,
the same behaviour was also found for a 0.2 Sv random
forcing.

To see whether the two-cell circulation pattern for
small K, (and large K,) remained stable over a much
longer time span, a 100-kyr run (with a random forcing
of 0.1 Sv during the last 95 kyr) was carried out. The re-
sulting 95-kyr time series (from data sampled every
50 yr) are shown in Fig. 5. (Similar time series were also
found for a 0.2 Sv random forcing.)

Figure 5 indicates very clearly that over tens of thou-
sands of years, the randomly forced solution for large
K, and small K, undergoes large-amplitude oscillations
between three quasi-stable states (or modes), which
might be interpreted as attractors of the system: (1) the
usual large positive cell circulation (e.g. at time A); (2) a
symmetric two-cell circulation (e.g. at time B); and (3) a
large negative cell circulation (e.g. at time C). Asso-
ciated with each of these states are noticeably different
cross-equatorial heat fluxes, ranging from around
0.3 PW at time A to near 0.0 PW at time C (Fig. 5b).
These states last for 5-10 kyr, and since the transition
between states is quite rapid (a few thousand years or
less), the time series in Fig. 5 appears to be dominated
by very large-amplitude 10-20 kyr oscillations. Superim-
posed on these large-amplitude oscillations are higher
frequency signals with periods of a few hundred to a few
thousand years. However, as we shall see in next sec-
tion, the latter oscillations are not statistically signifi-
cant. A 100-kyr run was also carried out for a slightly
reduced K, (=10*m?/s) and the same small X,; in this
case, the large-amplitude O (10-kyr) oscillations were
not present in the time series.

The existence of each quasi-stable mode for only
about 5-10 kyr is related to the fact that this is the time
scale ¢, associated with the vertical diffusivity coefficient
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Fig. 5a-d. 95 kyr time series of a maximum (sofid) and minimum
(dashed) streamfunction; b heat flux Fy; ¢ convection depth in the
southernmost grid box column, and d convection depth in the
northernmost grid box column for the case of the diffusivity pair
K,=15%10*m?/s and K, =0.5x 10~*m?/s and a random forcing
of 0.1 Sv in each grid box. The arrows A, B and C mark the times
24, 36 and 42 kyr respectively, at which instants the streamfunc-
tion contours are shown in Fig. 6. In this experiment the steady
mixed boundary conditions were applied for the period 2-5 kyr,
and the random forcing was added thereafter

(t,=O(H*/K,), where H=10’m, the ocean depth), and
that diffusive processes on this time scale dominate the
relatively weak advective processes that occur for large
K, (see Table 3). Thus, due to the slow downward diffu-
sion of heat in a quiescent region, an instability develops
after several thousand years, causing the circulation to
flip into another mode. In addition, the random forcing
renders the two-cell circulation for this diffusivity pair
to be quasi-stable. Associated with the large swings be-
tween positive and negative cell circulation patterns is a
complementary behaviour in the convection in the
boundary grid box columns (see times A and C in Fig.
S¢, d).

Instantaneous plots of the streamfunction contours
at times A, B and C are shown in Fig. 6. In Fig. 6a we
note that in addition to the large positive cell, there is

Century-scale variability in a 2D ocean circulation model
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Fig. 6a~c. Streamfunction contours at time instants A, B and C
shown in Fig. 5. a 24 kyr; b 36 kyr and ¢ 42 kyr

also a shallow negative cell centred around 48°S. How-
ever, convection is not very deep to the south of this la-
titude, and indeed, the density anomaly contours are ho-
rizontal at depths of around 1000-1500m in these
southern latitudes (similar to what is seen in Fig. 1c).
Figure 6b depicts the symmetric two-cell state, and Fig.
6c, the large negative cell state with deep convection in
the far south. Note also the shallow positive cell in the
north for state 3; thus, this latter state is like the mirror
image of state 1. For the symmetric two-cell circulation
(state 2) the ocean-to-atmosphere heat flux is about the
same in both polar regions.

Spectra

Each time series extending over 5500 years (1100 data
points) was decomposed into a finite-sum Fourier series
(1024 terms). From each series the spectrum was com-
puted as the modulus of the coefficient vector from the
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sine/cosine Fourier series (Priestly 1989). Since the fluc-
tuations have most of their energy at periods longer than
50 yr, the spectra (in most cases) were plotted as a func-
tion of frequency which ranged from 0 to 0.02 cycles/yr.
Figure 7 shows the spectra of three of the time series in
Fig. 2 (canonical diffusivity case). In order to assess the
significance of various peaks in the spectra, a first-order
autoregressive model was fitted to each spectrum. We
then tested the hypothesis whether the time series is sig-
nificantly different from red-noise (Mitchell et al. 1966).
As might be expected from the time series in Fig. 2a and
b, there is a significant peak at about 227 yr in the spec-
tra of maximum streamfunction and the heat flux F;.
While there is also evidence of energy at higher frequen-
cies (e.g. at around 140 yr), the peaks in this range are
generally not as significant.

Figure 8 shows that for large K, and small K, (weak
circulation case), the F; spectrum of the 95-kyr time se-
ries has significant peaks at periods of 25 and 12.5 kyr,
which are due to the oscillations between the three possi-
ble states illustrated in Fig. 6. During the last glacial
maximum, it is now believed (Boyle and Keigwin 1987)
that deep water formation was reduced in the North At-
lantic and hence that the thermohaline circulation was
much weaker than today. If so, then it is tempting to
speculate that these diffusivity values might have ap-
plied to the ocean during that time, and also possibly
during the transition to the present warm (interglacial)
period. In particular, it is interesting to note in Fig. 5b
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the rapid Northern Hemisphere warming just after year
43000 as implied by the increase in F; and the concur-
rent transition to the two-cell circulation state (see Fig.
5a). Then around year 52000 there is another warming,
followed by a sudden cooling, and finally, a fairly large
warming after year 62000, which is accompanied by a
transition to a positive one-cell circulation. Although
this pattern of warming, cooling and warming is
stretched out over 18 kyr, it is similar to that which oc-
curred during the last glacial-interglacial transition
(which included short warming and cooling periods). In
reality, however, the sequence of observed changes took
place in less than 10 kyr (Broecker and Denton 1989),
about half the time period described. Nonetheless the re-
sults suggest that, although the random forcing has no
intrinsic time scale, it is able to excite very long-period
oscillations in the climate system through the interaction
of diffusive and advective processes in different parts of

the deep ocean. A characteristic of such a behaviour is
the fact that the transitions between states are rapid and
that individual states can appear stable for several thou-
sands of years. Although we do not attempt to apply
these findings directly to the observed record (because
the present model is too idealized; for example, there is
only one ocean basin and no land ice, which could play
an important role), the behaviour is instructive and cor-
roborates earlier work that suggests that atmospheric
freshwater fluxes could be important for major climate
changes (Broecker and Denton 1989; WS2).

To gain an overview of the sensitivity of the frequen-
cy response of the randomly forced model to a change in
the diffusivity values, we have plotted in each part of
Fig. 9, a K,-family of spectra of F; corresponding to a
fixed value of K,. Thus in Fig. 9a for example, the six
spectra shown correspond to the case of small X, and K,
ranging over six values. In this figure it is evident that
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the century-scale peak which is centred at around 250 yr
is largest for K,=10°m?/s (the canonical value of the
horizontal diffusivity), and that this energy drops off as
this parameter increases. This behaviour is consistent
with the pattern of decreasing o, in line 2 of Table 4.
For large K, (=15x10°m?/s), however, we note that
there is a low-frequency rise in the spectrum, indicating
substantial energy at periods longer than about 1 kyr,
which is consistent with the spectrum in Fig. 8.

From the front spectrum in Fig. 9b (the case for the
canonical diffusivity pair), we observe that the 227-yr
peak (which especially stands out in Fig. 7b) is not as
large as the approximately 250-yr peak that is so visible
in the front spectrum in Fig. 9a (small K, case). For
large K, there is a suggestion of some energy at around
500 and 1000 yr; this is due to small-amplitude quasi-
periodic fluctuations of this time scale in the corre-
sponding time series (not shown). However, the flow
pattern still consists mainly of one large positive cell.
When the random forcing is increased to 0.2 Sv, the re-
sulting time series (not shown) contains pronounced
1000-2000 yr oscillations, with F; ranging between 0.3
and 0.5 PW. The corresponding streamfunction pattern
shows the alternating development and decay of surface-
intensified (upper 2 km) negative cell between 15° and
80°S; a positive cell still dominates the flow, however.

For K,=2%10"*m?/s (Fig. 9c), the energy at the
century scale is very low for all K, except possibly for
large K}, (see rear spectrum). The spectrum for this latter
case, however, also shows a clear low-frequency rise, in-
dicating approximately millennial scale energy. Finally,
we note that for large K, (Fig. 9d), the case of a~very
diffusive ocean with a strong thermohaline circulation,
the spectra are fairly flat for all K, and have a relatively
low amplitude, indicating that all the steady states for
this K, value are very stable to the random perturba-
tions.

Propagation of salinity anomalies

In the MM-R study of a randomly forced, three-dimen-
sional global ocean circulation model, it was noted that
large, quasi-periodic events occurred in a number of
time series describing the flow and heat fluxes in the
North Atlantic and Southern Ocean. A spectral analysis
of the time series revealed a typical period of 320 yr.
While this signal stood out most clearly in the time series
of the mass transport through Drake Passage, it was
also noticeable in the ocean-to-atmosphere heat flux in
the North Atlantic (see Fig. 8 in MM-R). MM-R de-
scribed this oscillation as an “eigenmode” of the ther-
mohaline circulation whose structure spans the entire
Atlantic Ocean. To elucidate the nature of this oscilla-
tion more clearly, MM-R constructed meridional-plane
composites (“snapshots”) of the salinity anomaly field
every eighth of a cycle (see their Fig. 10). They found
that positive and negative salinity anomalies were ad-
vected by the thermohaline circulation. The cycle time
for the anomalies is about 320 yr.

We present pictures of the salinity anomaly field next
which suggest that the approximately 200-yr period os-
cillations seen in Fig. 6 may correspond to a zonally av-
eraged analogue of the MM-R eigenmode. While a very
similar structure is evident, the anomalies here are much
smaller than those in MM-R. There are several reasons
for this beyond the fact that their model is a 3-D general
circulation model. First, the model here uses explicit
vertical diffusivity as well as numerical diffusion, where-
as MM-R only have small numerical diffusion. Second,
it has been shown that the steady-state circulation in
MM-R’s model is very close to the transition point to a
second equilibrium (Maier-Reimer and Mikolajewicz
1989); thus the circulation they studied is likely to exhi-
bit larger deviations of salinity for a given random forc-
ing.

The century-scale eigenmode shows up most clearly
in the salinity field because salinity if a free variable at
the ocean surface (in contrast to temperature, which is
restored to an SST climatology). Thus the surface salini-
ty anomalies evolve independently and are not removed
by the freshwater flux anomalies at the surface. Hence
salinity is a key variable for the generation and propaga-
tion of long-period signals. ,

Figure 10a shows a 1000-yr salinity climatology for
the canonical diffusivity case, and Fig. 10b-f illustrates,
in a sequence of snapshots, the time evolution of the sal-
inity anomaly during the cycle AA’ (see Fig. 2a). Each
anomaly panel represents an average over ten years, cen-
tred on the year indicated at the top. From Fig. 10a, we
observe that the salinity of the surface waters increases
as they move northward from the south polar region be-
cause of the evaporation in the low latitiudes (see Fig.
la). The high-salinity surface waters (>35.2 ppt) then
sink north of about 50°N and form a deep return flow
at depths of 2000 m and greater (a representation of
North Atlantic Deep Water (NADW)).

Figure 10b, which shows a snapshot of the salinity
anomaly when the transport and meridional heat fluxes
are relatively low (see vertical dashed line through point
A in Fig. 2a), reveals the presence of a surface-intensif-
ied (upper 1000 m) positive (i.e. “salty”) anomaly in the
Southern Hemisphere and another positive anomaly in
the deeper part of the North Atlantic, which represents
NADW formed by the previous cycles. Most of the re-
mainder of the upper water column consists of a nega-
tive (i.e. “fresh™) anomaly, which reduces the meridion-
al density gradient and hence is reponsible for a slow-
down of the overturning. The maximum amplitude of
this anomaly, which occurs near the surface, is about
0.2 ppt. (This is about one tenth of the strength of the
anomaly that MM-R found.) A quarter of a cycle (52 yr)
later (Fig. 10c), in response to the increase in transport,
the positive surface anomaly in the Southern Hemi-
sphere; has surged northward (nearly as far as the equa-
tor), the NADW has moved southward, with a tongue
centred at about 36°N. Relatively fresh water now ap-
pears in the thermocline in the Southern Hemisphere
and down to the bottom in the far north.

Figure 10d shows that after another quarter of a cy-
cle, the Southern Hemisphere salty anomaly has moved
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Fig. 10. a Salinity climatology relative to 35 ppt for a thousand-
year period beginning at year 5054 (which essentially coincides
with point A in Fig. 2a) for the 0.1 Sv randomly forced solution
with canonical diffusivities. Contour interval is 0.2 ppt; b Salinity
anomaly relative to the climatology in a averaged over a 10-yr pe-
riod centred at year 5043 (time A in Fig. 2a). Solid and dashed
contours represent positive and negative anomalies respectively.
Contour interval is 1.5x 1072 ppt and contours near the surface

quickly to the northern boundary and begun to sink,
pushing the fresh anomaly downward and southward.
In the Southern Hemisphere a fresh anomaly slowly
moves upward. Another quarter of a cycle later (Fig.
10¢) the salty anomaly has sunk to the bottom and the
surface waters (south of about 40°N) are characterized
by a fresh anomaly. Finally, in Fig. 10f the anomaly
pattern is similar to that in Fig. 10b, indicating the the
oscillation has essentially completed its cycle.

Figure 10 helps to identify the processes that set up
the fluctuations seen in Fig. 2 and demonstrates that
they cannot be simply regarded as anomalies that propa-

gate around the entire loop of the thermohaline circula-

tion, which is the case in MM-R. Indeed, if we follow
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that are greater than 18 x 10~ have been ommitted; ¢ As in b, but
centred at year 5095 approximately a quarter cycle (52 yr) later. d
As in b, but centred at time 5147 yr, approximately a half cycle
(104 yr) later. e As in b, but centred at year 5199, approximately
three quarters of a cycle (156 yr) later. £ As in b, but centred at

year 5251 (time A’ in Fig. 2a), approximately one cycle (208 yr)
later

the surface anomalies from south to north, we observe
that they are continuously modified. For instance, the
large but spatially confined anomaly centred at about
20°S in Fig. 10¢ has disappeared in the next panel due to
mixing with the surrounding strong negative anomalies.
Although the anomaly propagates through an evapora-
tive zone (20°S to 20°N, see Fig. 1a), the flow there is in
the phase where it is relatively fast. Thus, the positive
anomaly does not have time to be replenished and dies
(Fig. 10f). Similarly, the fresh pool stretching from 16°S
to 40°N in Fig. 10e propagates quickly past the evapora-
tive latitude band unscathed. Once it sinks into the abyss
of the high northern latitudes (Fig. 10f), it is no longer
affected by surface fluxes but now influences the merid-
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ional density gradient (it weakens the latter) and subse-
quently alters the surface advection field by slowing it
down. Thus, upon returning to the early part of the cy-
cle (Fig. 10b, c), where the circulation is reduced, a large
positive surface anomaly centred at 20°S propagates
slowly through the evaporative zone. It thereby is en-
hanced and arrives as a strong positive anomaly in the
high northern latitudes (Fig. 10d).

From an examination of the whole cycle (Fig. 10b-f),
it is apparent that the salinity anomalies get entirely
mixed in the deep ocean; thus they are clearly visible in
only about half of the 200-year cycle. Thus it would ap-
pear that the 200-yr oscillations are generated by the in-
teraction of the variable surface advection field and the
P —E distribution through which the salinity anomalies
are advected.

Summary and concluding remarks

We have shown that over a wide range of vertical and
horizontal diffusivities, the large positive overturning
cell that exists under mixed boundary conditions in the
Wright-Stocker (WS) thermohaline circulation model is
generally stable to a time-dependent white-noise random
forcing field superimposed on the freshwater flux
boundary condition. For realistic values of X, (0.5 and
1x10*m?%/s) and K, (10° to 10*m?/s), the random
forcing exites a basin-wide oscillation which has a peri-
od of around 200-300 yr. This mode can be seen clearly
in the salinity anomaly field, as a disturbance that is ad-
vected near the surface by the meridional overturning
cell. It is a zonally averaged analogue of, but is not iden-
tical to, the Mikolajewicz-Maier-Reimer 320-yr period
eigenmode found in the Altantic Ocean part of their glo-
bal ocean model. For larger values of K,, however, well-

defined 200-300 yr oscillations are not excited by the‘

random forcing in the WS model.

For large K, (=15x10°m?/s) and small K,
(=0.5%10"%*m?/s), a very long-period (deca-millen-
nial) oscillation in the structure of the thermohaline cir-
culation was found. In this weak circulation case, the
usual circulation pattern, a large positive cell, changes
(“flips”) into a large negative cell, passing through a
symmetric two-cell circulation in the process. Each cir-
culation state persists for up to 10 kyr, and a transition
from one state to the next is relatively rapid (1-2 kyr).

Most of the results presented in this report are for a
0.1 Sv random freshwater forcing in each grid box (cor-
responding to a P—E flux of about 500 mm/yr). For
smaller forcing amplitudes, the century-scale oscillations
still exist, but are weaker.

We conclude by mentioning here some extensions
that naturally arise out of the present work. First, it
would be worthwile using a more realistic meridional
profile for the freshwater flux boundary condition.
Weaver et al. (1991) showed that the existence and
properties of decadal-scale oscillations in a three-dimen-
sional thermohaline circulation model are crucially de-
pendent on the details of this salinity boundary condi-
tion. It is conceivable that a similar situation may also

apply to century-scale oscillations. Secondly, it is impor-
tant to determine whether century-scale fluctuations also
occur in coupled atmosphere-ocean climate models,
such as the one recently developed by Stocker et al.
(1992). Clearly, in a coupled model with more realistic
feedbacks between the atmosphere and ocean, the na-
ture of internal ocean oscillations could change.
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