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Abstract. The global adjustment of the thermocline
in response to deepwater formation is studied in a sin-
gle mode model on a beta-plane. The signal is carried
from ocean to ocean by Kelvin waves, which travel equa-
torward along western boundaries, eastward across the
equator, poleward at the eastern boundaries, and then
eastward around the southern tip of continents into the
next ocean basin. The interior is filled by Rossby waves
emanating from eastern boundaries. Stronger (weaker)
deepwater formation induces an upward (downward)
motion of the main thermocline in the world oceans.
The adjustment is completed on centennial time scales.

1. Introduction

Paleoproxy evidence indicates that production of
North Atlantic Deep Water (NADW) was much re-
duced or even shut down at times in the past [Oppo
and Fairbanks, 1987] which coincide with rapid changes
in global climate. However, Cane [1998], citing both
theory and general circulation model (GCM) results,
argues that the global extent of these rapid changes is
evidence against NADW shutdown as the prime cause.
The atmospheric response is confined to the Northern
Hemisphere. Advection through the deep ocean is too
slow and too small in magnitude to have the necessary
global impact. Cane [1998] overlooked a mechanism
[previously suggested by Déscher et al., 1994] that could
effect rapid global changes: planetary wave propagation
through the world ocean. This letter seeks to elucidate
the global adjustment process by studying a reduced
gravity model of the global ocean.

2. Model Formulation

We begin with a linear shallow water equation for
the upper ocean on an equatorial beta plane [Kawase,
1987):
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ug — Byv = —ghy — Ku (1)
v + Byu = —ghy, — Kv (2)
hi + H(ug + vy) = —Ah 4+ Q (3)

The continuity equation includes a deepwater source
distribution @ and a simple Rayleigh damping —Ah.
These equations can be non-dimensionalized by intro-
ducing the following scales for velocity, length, depth,
and time:

c=(KgH/\NY?, L=(c/B)? H, T=(cB)"?
For A\ = K, this equation set is reduced to
U —yv=—hg —ru, ve+yu=—hy—rv, (5)

he + (ug +vy) = —Th+ Q'

where r = KT is the new non-dimensional friction pa-
rameter, @ =TQ/H.

Apart from the western boundary, the solution con-
sists of equatorial Kelvin waves leaving the western
boundary. At the eastern boundary the Kelvin waves
are reflected as westward Rossby waves, which establish
the circulation in the interior. Along the wave path-
ways, the amplitude gradually declines due to dissipa-
tion. As the circulation approaches equilibrium, the
time-dependent terms drop off, and the steady state so-
lution in an ocean bounded at X = 0 at the west and
X = Lp at the east is [Cane, 1989):

h = AF, F = (COSh 2r§)1/2e*y2/2-tanh2r§ (7)

where A is a constant for each basin to be determined
by mass balance in the model. F = e~ for very
small r and F' = 1 along the eastern boundary and the
equator, and ¢ = (Lp — X)/L is the non-dimensional
zonal coordinate.

When r is very small, the mass communication M be-
tween two adjacent basins is primarily controlled by the
semi-geostrophic current around the southern tip of the
continent separating the basins. Denoting its latitude
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by y*, M = Ah/y*, where Ah is the layer thickness
across the boundary current. Thus the mass balance
in, say the Indian Ocean, is the influx being balanced
by the upwelling inside the basin and the flux out:

(Aa—ArFrw)/yar = 7”// hdxdy+(Ar—ApFpw)/Yi p
St
(8)

The subscripts A4, I, and P indicate the Atlantic, the
Indian, and the Pacific Oceans; Sy is the surface area
of the Indian Ocean; Fr, =~ e_’f“"y?fyi?, &1 is the
western boundary of the Indian Ocean; y3 ; (y7 p) is
the southern tip of the continent separating the At-
lantic and Indian (Indian and Pacific) Oceans. For
small friction, r [[g hdzdy ~ rArS; to the first order
in . There is a similar relation for the Pacific:

(Ar— ApFpy)fyp =7 / / hdedy + Apfypa (9)

Sp

In addition, we have the total mass balance in the world
ocean:

Q' :T(AASA-i-AIS[-l-APSp) (10)

The solution can be found by combining equations (8,
9, 10). When r is very small, the first term on the
right-hand side of (8, 9) can be neglected.

3. Numerical Experiments

The numerical model, which uses the INC scheme
(Israeli et al., 2000), is integrated using Az = 1°
and AY = 0.5°, and a time step of At = 10 hours.
The equivalent depth scale is H = 0.92 m, and the
Rayleigh friction and damping coefficients are K = A =
4 x 10719s~1  which corresponds to a non-dimensional
friction coefficient r = 4.8 x 10%. For a mean ther-
mocline depth of 300 m, this corresponds to a diapyc-
nal mixing of 0.36 cm? s~!, somewhat larger than the
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Figure 1. Circulation in the idealized world oceans
driven by a point source of deep water Q. Sa, Sr, and
Sp are the area of each ocean, and yf p is the southern
tip of the continent separating the Indian and Pacific.
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from tracer release experiments. We choose this larger
value for the mixing rate because the basin mean di-
apycnal mixing inferred from global tracer budget is
O(1 em?s™ ).

A source of 10 Sv, approximately the rate at which
NADW currently crosses the equator from the North
Atlantic, is uniformly distributed within a band north
of 50°N in the North Atlantic. After 500 years the so-
lution seems to approach a quasi-steady state; however,
a slow trend of adjustment can be seen from the time
evolution of the solution. Note that a slowdown in deep-
water formation is equivalent to a source of upper layer
water and a sink of lower layer water. Thus, the A field
discussed below should be interpreted as the downward
motion of the thermocline in response to a slowdown of
deepwater formation, or its upward motion in response
to increased deepwater formation.

We have run many numerical experiments, includ-
ing cases in which the world oceans are represented by
the highly idealized rectangular basins shown in Fig-
ure 1. All results from these numerical experiments fit
our simple formulas very closely. Here we show only
experiments in which realistic coastlines are used, Fig-
ure 2.

First, for the control case, the Indonesian Passage is
closed, and corresponding southern tips of the conti-
nents are 34°S, 44°S, and 55°S, respectively, and the
amplitude of the thermocline depth perturbation in the
world oceans is Aa : A; : Ap = 105 : 87 : 46 (m),
Figure 2a. Thus, the two-layer model predicts that a
deepwater formation rate of 10 Sv induces an upward
motion of the thermocline on the order of 50-100 me-
ters. Assuming r ~ 0, equations (8, 9, 10) are in error
by less than 10%. Errors are due to the approximation
in neglecting friction, additional dissipation in the nu-
merical model for realistic, jagged coastlines, and the
fact that the solution has not completely reached the
steady state. It is interesting to note that there is a
current of 3 Sv going through the Drake Passage. From
(10), it is readily seen that if the friction/damping co-
efficient is reduced 10 times, this recirculation will in-
crease 10 times because the amplitude of the perturba-
tion is inversely proportional to 7.

In the second case, the Indonesian Passage is open,
the thermocline perturbation ratio is A4 : A : Ap =
106 : 67 : 54, Figure 2b. The effective southern tip of
the boundary between the Indian and Pacific is moved
up t0 9.1°8, still far enough from the equator so that the
boundary current is still controlled by the geostrophic
relation. The deepwater flow takes a shortcut through
the Indonesian Passage. This direct path gives rise to a
slightly larger thermocline depth perturbation in the
Pacific. The mass flux through the Indonesian Pas-
sage is 3.3 Sv. This deepwater flux is inversely propor-
tional to the friction parameter 7; thus, if r is reduced
10 times, this deepwater flux should increase 10 times.

In the third case both the Indonesian and Drake Pas-
sages are closed; the thermocline perturbation ratio is
Ay Ap: Ap =98 : 81 : 43, Figure 2c. With the Drake
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Figure 2. The displacement of the thermocline (m)

induced by NADW source of 10 Sv.

Passage closed, equations (8) and (9) need modification:
the last term on the right-hand side of (9) is eliminated
and the area of the Pacific basin is expanded to the
Antarctic coast. It is interesting that in this simple
model the thermocline adjustment in the global oceans
is not sensitive to whether the Drake Passage is open
or closed. However, because the Drake Passage plays
such a vitally important role in controlling the thermo-
haline and thermocline circulation in the world oceans,
the meaning of this result should be interpreted with
caution.

To test the sensitivity of the model to the friction/
damping parameter r, we carried out several numerical
experiments. As suggested above, decreasing r from
its already small value will increase the thermocline
displacement everywhere approximately inversely with
r. If r is increased by a factor of 5 and the Indone-
sian Passage is closed, the depth perturbation ratio is
Apg: Ar o Ap = 49 : 25 : 4.5. Thermocline perturba-
tions are now mostly confined to the Atlantic Ocean,
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with much smaller amplitude in the Indian, and ex-
tremely low amplitude in the Pacific. For such a large
r, the friction terms dominate the right-hand sides of (8,
9). In each basin, the layer depth perturbation along
the equatorial boundary, the western boundary, and the
eastern boundary is larger than in the ocean interior. As
r is further increased, layer depth perturbations will be
further confined to these boundary layers where Kelvin

-waves carry the signal through the world oceans.

Both Kelvin waves and Rossby waves establish the
steady solutions discussed above. When NADW is
formed, Kelvin waves start to carry the deep water to
the world ocean via the deep western boundary cur-
rent. Kelvin waves travel very fast: 3 m/s for the first
baroclinic mode. Within a month a signal will reach
the western equatorial Atlantic. From here the Kelvin
waves travel along the equator. Reaching the east-
ern boundary, the signal propagates poleward along the
coast into both hemispheres, generating Rossby waves
that propagate westward, carrying the signal to the
ocean interior.

The southern branch of the coastal Kelvin waves
reaches the southern tip of the African continent and
turns eastward into the Indian Ocean, where it travels
toward the equator. The first signal will reach the equa-
torial Indian Ocean within a year, but it takes about
5 years for the amplitude there to become appreciable.
From there it takes another 5 years to generate a sig-
nificant signal in the equatorial Pacific, though the first
sign of change will reach the equatorial Pacific within a
year.

The eastern coast of South America consists of three
regimes, Figure 1, controlled by Rossby waves gener-
ated along the southern coast of Africa (S4), along the
coast of Australia (Sy, the shaded area), and along the
western coast of South America (Sp). Given the much
longer arrival times of the Rossby waves at high lat-
itudes and over longer distances, the response of the
thermocline at these locations to changes in deepwater
formation in the North Atlantic is much delayed.

4. Discussion

In contrast to an explanation relying on advection in
the deep ocean, our model explains how a signal may be
transmitted globally from the North Atlantic in times
short compared to the O(1500-year) time scale of the
Dansgaard—QOescher cycles. The signal is transmitted
rapidly from basin to basin by coastal and equatorial
Kelvin waves, and is carried into the interior by Rossby
waves. In our model the amplitude is substantial: a
10-Sv change in the rate of NADW formation gave a
100-m thermocline depth change in the Atlantic, and
a 50-m change in the Pacific. Note that a slowdown
or shutoff of NADW formation, which will cause the
North Atlantic SSTs to cool, will deepen the thermo-
cline elsewhere, which tends to make SSTs warm. This
is not consistent with observations, e.g., for the Younger
Dryas, when cooling was prevalent globally. Note that
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the GCM response to cooling in the North Atlantic typ-
ically shows a mild warming over much of the globe in
response to a shutdown of NADW, e.g., Manabe and
Stouffer [1988].

While the adjustment mechanism we describe surely
operates in the real ocean, our model is very simple and
inferences for the real ocean must be drawn cautiously.
Our results apply to a two-layer ocean, or, equivalently,
to the first baroclinic mode. The low friction limit
would not be expected to hold for higher baroclinic
modes. Thus the signal in higher modes will be strongly
diminished outside the Atlantic. To take the results in
Figure 2 literally is to put the signal all into the first
baroclinic mode; this surely overstates the change in
thermocline depth. If the signal is carried out of the
North Atlantic by perturbations with the scale of the
mean deepwater flows, then the response to a change in
NADW involves many modes and the distant response
would be far weaker than suggested by our first baro-
clinic mode results. Results from the GCM do show a
weak global signal.

Perhaps the most unrealistic feature of our model is
its treatment of the Southern Ocean. As noted above,
it made little difference whether the Drake Passage was
open or closed, a finding in disagreement with a sub-
stantial literature. In our flat-bottomed model with no
Scotia Arc there is no way to transmit a signal across the
latitudes of the Drake Passage. ‘There is no baroclinic
eddy or other frictional mechanism to move proper-
ties across the Antarctic Circumpolar Current. Perhaps
most important in view of the literature on the subject,
there is no interaction between North Atlantic Deep
Water and water formation in the Southern Ocean. It
remains for future work to consider the rapid global ad-
justment mechanism discussed here in a more realistic
context.
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