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Abstract. Future sea level rise from thermal expansion
of the World Ocean due to global warming has been
explored in several recent studies using coupled ocean-
atmosphere models. These coupled models show that
the heat input by the model atmosphere to the ocean
in such an event could be quite non-uniform in differ-
ent areas of the ocean. One of the most significant ef-
fects predicted by some of the models is a weakening
of the thermohaline circulation, which normally trans-
ports heat poleward. Since the greatest heat input from
enhanced greenhouse warming is in the higher lati-
tudes, a weakening of the poleward heat transport ef-
fectively redistributes the heat anomaly and the asso-
ciated sea level rise to lower latitudes. In this study, the
mechanism of ocean circulation spindown and heat re-
distribution was studied in the context of a much
simpler, linearized shallow water model. Although the
model is much simpler than the three-dimensional
ocean circulation models used in the coupled model
experiments, and neglects several important physical
effects, it has a nearly 10-fold increase in horizontal re-
solution and clearer dynamical interpretations. The re-
sults indicated that advanced signals of sea level rise
propagated rapidly through the action of Kelvin and
Rossby waves, but the full adjustment toward a more
uniform sea level rise took place much more slowly.
Long time scales were required to redistribute mass
through narrow currents trapped along coasts and the
equatorial wave guide. For realistic greenhouse warm-
ing, the model showed why the sea level rise due to
ocean heating could be far from uniform over the
globe and hence difficult to estimate from coastal tide
gauge stations.

1 Introduction

This study is concerned with future sea level rise from
thermal expansion of the ocean associated with global

greenhouse warming. It follows the work by Bryan
(1996) who used a coupled GCM (basically that of Ma-
nabe et al. 1991) to study the effects of increasing at-
mospheric carbon dioxide on global sea level. In the
main experiment of Bryan (1996), atmospheric carbon
dioxide was increased at the rate of 1%/year for 100
years. In another experiment, atmospheric carbon
dioxide was decreased 1%/year, and a third experi-
ment was a control run in which the atmospheric car-
bon dioxide level was kept constant. The regions of
largest heat influx into the ocean were the subpolar
North Atlantic and the Southern Ocean. As heating
anomalies were greatest in subpolar latitudes, this led
to a weakening of the ocean thermohaline circulation.
Changes in thermohaline circulation caused a redistri-
bution of heat within the ocean from high latitudes to
the equator, producing a more uniform sea level rise
than would have occurred otherwise. In this study, the
ocean circulation spindown and heat redistribution
were studied using a much simpler shallow water mod-
el, which was able to provide insights on the mecha-
nisms and timescale of this redistribution process, and
thereby complement the coupled GCM study of Bryan
(1996). For a literature review on modeling the sea lev-
el rise problem, see Bryan (1996) and Warrick and
Oerlemans (1990).

The adjustment of the global sea level to a heat in-
put at given latitudes can be viewed as a modified
Rossby adjustment problem. Two experiments with
simple ocean models were run to study the adjustment
of the world ocean to gradually increasing sea level in
(a) the northern North Atlantic and in (b) the South-
ern Ocean, these being the main regions of surface
heat flux into the ocean under global warming as found
by Bryan (1996).

The purposes of running these simple ocean models
in addition to the coupled model were as follows: (1)
In the coupled GCM, the ocean resolution of 4.57 lati-
tude by 3.757 longitude, being an order of magnitude
larger than the mid-latitude ocean’s internal Rossby
radius, was far too coarse to properly resolve the coas-
tal Kelvin wave (Hsieh et al. 1983), a major player in
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the Rossby adjustment problem with side boundaries.
At this resolution, even the equatorial Kelvin wave
was ill-resolved (O’Brien and Parham 1992; Ng and
Hsieh 1994). These coarse resolution models would
give inaccurate transports along the continental mar-
gins and along the equator, possibly yielding inaccu-
rate global sea level distribution. By using simple shal-
low water models, we were able to run higher resolu-
tion studies with 1/3 degree resolution in both latitude
and longitude. (2) The simple Rossby adjustment study
with a linear shallow water model allowed us to identi-
fy separately the effects due to sources in the northern
North Atlantic and in the Southern Ocean. The simpl-
er dynamics also facilitated relating the observed mod-
el behavior to various wave phenomena and other sim-
ple theories (e.g., Stommel and Arons 1960a, b; Ka-
wase 1987).

2 Numerical experiments with a shallow-water model

Shallow-water models have been extensively used to
model the response of the thermocline to wind, parti-
cularly in problems associated with El Niño in the
Equatorial Pacific (Philander 1990). It is easiest to vis-
ualize the upper ocean as an active layer of uniform
density r1, over a deep inactive layer of greater density
r2. The linearized form of the governing equations
are exactly like the classical ocean tidal equations
except that gravity is multiplied by a small factor
gp(r2Pr1)/r1.

The linearized shallow water equations used in the
present model are:

itucfk!ucgg =hpPmu (1)

and

ithch=7upq, (2)

where up(u, v) is the horizontal velocity vector, k is
the local vertical unit vector, f is the Coriolis parame-
ter, g is the acceleration of gravity, h is the perturba-
tion of the upper layer thickness from h, the back-
ground upper layer thickness, which is assumed to be
constant, and q is a source term for upper layer thick-
ness perturbation, due to the effects of surface heating.
All frictional forces are assumed to be given by a linear
drag law with a drag coefficient of m.

Applying such a model to study the mass adjust-
ment of the thermocline to surface heating is a drastic
simplification. The key assumption is that there is no
interaction between the background circulation and
the adjustment process. More details are given in the
Appendix.

Alternatively, the linear shallow water model can be
interpreted as representing a particular baroclinic
mode under vertical normal mode decomposition (Gill
1982, Sect. 9.10). Wajsowicz (1986) and Wajsowicz and
Gill (1986) found that the adjustment process of an
ocean initially at rest to latitudinal potential tempera-
ture gradients was dominated by the first baroclinic

mode, with behavior very similar to that obtained with
a shallow water model. With global warming, we also
expect the response to be dominated by the first baro-
clinic mode, which can be modelled by a linear shallow
water model.

The shallow water model in spherical coordinates
used here was developed originally by R. C. Pacanows-
ki, based on the model of Sadourny (1975). The linear
C-grid model, with 1/3 degree horizontal resolution,
extended from 65 7N to 65 7S, with an equivalent depth
of 0.9 m, hence a gravity wave speed, c, of 3 msP1. The
only friction was Rayleigh damping in the momentum
equations, with a damping coefficient of (10 days)P1.
Since the damping time scale is much less than the pe-
riod of the Earth’s rotation, the equations of motion
are still in near geostrophic balance.

The heating of the lower atmosphere due to an en-
hanced greenhouse effect is proportional to the loga-
rithm of increased greenhouse gases (Manabe et al.
1991). Therefore, an exponential increase of atmos-
pheric greenhouse gases leads to a nearly linear in-
crease in global mean surface temperature, i.e., if kSSTl
is the globally averaged, sea surface temperature, then
we would expect D kSSTl, the change in kSSTl from glo-
bal warming, to be linearly proportional to the time t.
Bryan et al. (1984) show that in the case of a small per-
turbation of heat, or a neutrally buoyant tracer, the net
global flux of heat into an ocean general circulation
model obeys the same scaling laws as a simple diffusive
model, although the processes are much more com-
plex. This implies that the flux scales as tP1/2 in re-
sponse to a step function increase of kSSTl at the sur-
face. The total excess heat gained by the ocean is then
the integral of the flux, i.e.

Total heatp#DkSSTl tP1/2 dtp t3/2, (3)

(Bryan 1996). The same t3/2 law for total heat uptake
may be found in the exact solution for a semi-infinite,
uniformly conducting media, if the temperature at the
upper boundary increases linearly with respect to time
(Crank 1975, 2nd Edn., p. 33).

The sea level Eq. (2) contained a source term
qpCt1/2, representing the increase of sea level from
thermal expansion due to global warming. In the ab-
sence of the divergence term in Eq. (2), this form of q
causes hb to increase as t3/2, as expected from Eq. (3).
The distribution of the increasing oceanic surface heat-
flux in the coupled-model is shown in Bryan (1996, Fig.
6a). In experiment A, the source was at full value in
the northern North Atlantic from 65 7N to 60 7N, drop-
ping to zero at 50 7N by a cosine taper. Outside the
northern North Atlantic, the source term was zero. In
experiment B, with forcing in the Southern Ocean, the
source term again had a cosine shape in the meridional
direction, starting from zero at 45 7S, peaking at 55 7S
and dropping to zero at 65 7S. The constant C in the
source term was chosen so that at year 70 (about the
time the atmospheric carbon dioxide had doubled), the
global average sea level would have risen by about
15 cm (a value found in the coupled GCM simulation
by Bryan 1996).
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Fig. 1. a Results from the high-
resolution reduced gravity mod-
el monthly averaged sea level
(in cm) at month 4 from the
start of experiment A with
source in the northern North
Atlantic, showing the southward
transport of water by the Kelvin
wave along the east coast of
North America. b At month 12
and c month 24. Contours levels
are: 0.0001, 0.001, 0.01, 0.1, 1
and 5 cm

3 Adjustment to a source in the northern N. Atlantic

The Rossby adjustment problem was introduced by C.
G. Rossby as a simple tool to gain insight into how a
rotating fluid adjusts towards equilibrium (Gill 1982).
A step discontinuity in the sea level of an unbounded
fluid initially at rest would adjust, after the passage of
Poincaré waves, to a final equilibrium state where the
difference in the sea level remained, though the initial
sharp front would be widened to a width governed by
the Rossby radius of deformation. Later, greater com-
plexities were added to the Rossby adjustment prob-
lem to make it more relevant to the ocean. Side walls
were introduced by Gill (1976), and bottom topogra-
phy by Hsieh and Gill (1984). With side walls, the coas-
tal Kelvin wave, which has a major role in the adjust-
ment, eventually turns into a steady, coastally trapped

current in the equilibrium state. In order to illustrate in
a very simple way the redistribution of pressure caused
by high latitude warming, we carry out experiments
similar to those of Kawase (1987), who was investigat-
ing the outflow of deep water from high latitude source
regions.

Figure 1 illustrates the early stages of adjustment
from a source of rising sea level in the northern N. At-
lantic (experiment A). At 4 months (Fig. 1a), a Kelvin
wave had traveled down the east coast of North Amer-
ica and had converted to an equatorial Kelvin wave
traveling eastward across the Atlantic. The propaga-
tion speeds of the coastal and equatorial Kelvin waves
were consistent with the theoretical values for the
damped C grid model given by Hsieh et al. (1983) and
Ng and Hsieh (1994). At 12 months (Fig. 1b), the equa-
torial Kelvin wave had moved across the Atlantic, split



538 Hsieh and Bryan: Enhanced greenhouse warming and sea level rise

Fig. 2. Annual sea level (in cm)
for year 70 in experiment A of
the reduced gravity model
(North Atlantic source). Con-
tours levels are: 1, 2, 5, 10, 12,
14, 16, 20, 25, 30, 35, 40, 60, 100
and 150 cm

into coastal Kelvin waves, one moving northward up
the coast of Europe, and the other southward, then
around the Cape of Good Hope into the Indian Ocean,
where it propagated as an equatorial Kelvin wave. The
east coast Kelvin waves further radiated westward
propagating long Rossby waves with a theoretical
phase speed of around PbR2, where b is the Coriolis
gradient parameter and R the internal Rossby radius.
As R increases towards the equator, we expect the
westward propagation from the east coast to be faster
in the lower latitudes, as indeed observed in Fig. 1b. At
24 months, the equatorial Kelvin wave had traveled
across the Pacific Ocean, turning into coastal Kelvin
waves along the west coast of North and South Ameri-
ca. The Kelvin wave traveling northward along the
west coast of North America eventually reached Asia,
while the Kelvin wave traveling along the west coast of
South America eventually turned around Cape Horn
to travel northward along the east coast of South
America. Intriguingly, the center of the North Atlantic,
despite close proximity to the source region, remained
unaffected by the sea level rise after 24 months.

The westward propagating long Rossby waves emit-
ted by the coastal Kelvin waves from the eastern
boundary of the Atlantic Ocean began to set up pole-
ward interior flow, which could be inferred from the
positive eastward sea level gradient in Fig. 1c (as ex-
pected from Stommel and Arons 1960b). As the long
Rossby waves arrived at the east coast of South Amer-
ica, poleward boundary currents were set up, as mani-
fested by the sharp sea level gradients in Fig. 1c. For
the same reason, when the long Rossby waves arrived
at the east coast of North America, one would expect
the equatorward boundary flow to weaken slightly. In
summary, in the Atlantic, the first stage of the adjust-
ment involved the equatorward western boundary cur-
rent from the source region first turning into an east-
ward equatorial current, then transforming into east-
ern boundary Kelvin waves. In the second stage of ad-
justment, the propagation of long Rossby waves from
the eastern boundary set up the poleward interior flow,
and eventually, the cross-equatorial western boundary
flow in the Southern Hemisphere, as in Kawase
(1987).

At year 70 (Fig. 2), the sea level in the source re-
gion, averaging about 90 cm, was much higher than

outside. Excluding the source region, the Atlantic
Ocean had an average sea level rise of a little over
30 cm, the Indian Ocean, about 15 cm, and the Pacific
Ocean, about 12 cm. In the tropics, all three oceans
had higher sea level in the west than in the east, due to
the eastward propagating equatorial Kelvin waves. The
Southern Ocean experienced the least amount of sea
level rise, especially between 0 and 70 7W, where the
sea level rise was only about 1–2 cm, consistent with
the small increase in dynamic topography in this region
from the coupled model (Bryan 1996, Fig. 3). These
comparisons between the models must necessarily be
rather qualitative, as the Rossby adjustment problem
assumed the total heat input into the world ocean to be
concentrated in the northern North Atlantic. The large
sea level rise in mid-latitude North Pacific observed in
the dynamic topography from the coupled model
(Bryan 1996, Fig. 3) but not in the Rossby adjustment
model (Fig. 2) suggests its cause to be local heating
over the mid-latitude North Pacific.

Stommel and Arons (1960b) examined the steady-
state response of an ocean model to deep water forma-
tion at high-latitudes balanced by a uniform upwelling
over the remainder of the ocean. The theory is exam-
ined in more detail by Kawase (1987). In essence, the
Stommel and Arons (1960b) model is a shallow water
model similar to that used in this study. There is an
analogy between the steady state adjustment to a mass
source in high-latitudes balanced by a uniform sink in
low latitudes envisioned by the Stommel-Arons model
and the long term behavior of the present model in
which enhanced greenhouse warming introduces a
buoyancy source in higher latitudes, which is balanced
by a nearly uniform increase in sea level over the re-
mainder of the ocean. In Fig. 2 the sea level contours
in the Southern Ocean are tilted in the zonal direction
with higher values to the east. This is consistent with a
slow, geostrophically balanced, poleward drift, in
which the beta effect compensates the stretching of wa-
ter columns due to a rising sea level. This is the same
mechanism of the Stommel-Arons model except that in
their case the column stretching is interpreted as an
upwelling of deep water balanced by downward diffu-
sion of heat and salinity in the main thermocline.

The coastal currents seen in Fig. 2 are also the coun-
terpart of abyssal western boundary currents in the
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Fig. 3. Zonallyaveraged annual sea level of the reduced gravity
model for year 70 (solid curve), year 40 (dashed curve) and year
10 (dotted curve) in experiment A (North Atlantic source)

Stommel-Arons model. The poleward western bound-
ary current along the east coast of South America was
now established. However, as seen from the offshore
sea level gradient off the east coast of South America
(Fig. 2), this poleward boundary current stopped at
40 7S, and was replaced by an equatorward boundary
current further south, this being fed mainly by the Kel-
vin wave from the Pacific turning around Cape Horn
(Fig. 1c). At 40 7S an eastward jet crosses the Atlantic
to the southern tip of Africa, turning into an equator-
ward boundary current off the southeastern coast of
Africa. In general, the Antarctic Circumpolar Current
would be slightly enhanced due to the elevated sea lev-
el to the north.

The zonally integrated sea level at year 70 (Fig. 3)
showed high values at latitudes north of 50 7N, a rather
flat region from 50 7N to 35 7S, and a notable decline
further south, not unlike that found for the zonally in-
tegrated dynamic topography from the coupled model
(Bryan 1996, Fig. 4), (though the high sea level north
of 50 7N in Fig. 3 was essentially only contributed by
the North Atlantic).

Estimates of global sea level rise have been based
on coastal tidal data (Warrick and Oerlemans 1990),
with the assumption that sea level rises similarly in the
open ocean. To test the adequacy of such an assump-
tion for our model, we computed in experiment A the

Fig. 4. The reduced gravity model average global sea level (solid
curve) and average coastal sea level (dashed curve) as a function
of time during experiment A (North Atlantic source)

average coastal sea level along the world’s coastlines
and compared it to the average global sea level (Fig.
4). The average coastal sea level was rising much faster
than the average global sea level, especially in the early
years. The ratio of the average coastal sea level to the
global value was 4 in year 1, dropping to 2 in year 20.
Hence, there is a danger that the coastal tide gauges
may yield a completely inaccurate estimate of the sea
level rise associated with global warming, especially
during the early stages.

The discrepancy between global sea level and coas-
tal sea level shown in Fig. 4 arose from two factors.
One is that baroclinic Kelvin waves hug the coasts and
the equatorial wave guide as they propagate out from
source regions. The second factor is that some ocean
basins have a much lower ratio of coastal area to total
area than others. The importance of these two factors
can be separated to some extent by the time dependent
behavior. In the early stages of adjustment, the effect
of Kelvin waves hugging the coast was most important
and the ratio of coastal sea level rise to area averaged
sea level rise was 4 to 1. However, the Pacific basin has
a much lower ratio of coastal area to total area than
the Atlantic basin. As adjustment proceeded, Fig. 2
showed that the sea level gradients at the coasts were
no longer as tight, and the second factor also became
more important.
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Within the source region, the distribution of sea lev-
el was largely zonally uniform at the early stages due to
the zonally uniform source term (Fig. 1a). As found by
Wajsowicz and Gill (1986), the adjustment process in-
volved a Kelvin wave transmitting high sea level along
the east coast of North America and another Kelvin
wave transmitting low sea level into the source region
along the west coast of northern Europe and eventual-
ly traveling counterclockwise around the source region
(Fig. 1b, c). With further adjustment by Rossby waves
propagating low sea level information from the coast
towards the center of the source region (Wajsowicz
1986), the source region sea level displayed a hump
centered just south of Greenland by year 70 (Fig. 2),
indicating a clockwise circulation in the source region.

The transfer of excess water from the source region
seemed to depend heavily on the coastal current along
the east coast of North America. Very little transfer
appeared to occur in the open ocean near the source,
as we did not have lateral mixing in our sea level equa-
tion. Let v be the frequency of Rossby wave, and k
and l be the wave numbers with respect to x and y,
respectively. With a small internal Rossby radius at
high latitudes, the Rossby wave dispersion relation
(Gill 1982, Sect. 12.3)

v2pPbk/(k2cl2cRP2);PbkR2 (4)

yields a negligible meridional group velocity iv/il and
hence little meridional transfer of excess sea level in
the open ocean by Rossby waves.

At first sight, it appeared from the sea level con-
tours in Fig. 2 that the added water had mainly stayed
within the source region even at year 70. In fact, when
the volume was computed, there was almost eight
times more water added outside the source region than
inside the source region; hence the thin coastal current
was fairly efficient in transporting water out from the
source region.

To estimate the volume transport via the coastal
current, we used Gill’s (1976) solution of the Rossby
adjustment problem in a rotating channel. Initially, the
fluid was motionless but the sea level had a step dis-
continuity, with the up-channel side being higher by
the amount h0. The adjustment proceeded towards the
generation of a coastal current, transporting water
away from the high sea level region. When the channel
is much wider than the Rossby radius, the rate of vol-
ume change in the high sea level region is given by

dV
dt

pP2cRh0 (5)

where c is the gravity wave speed. If the up-channel
side is closed, with an area A, then the excess volume
V on the up-channel side is given by VpAh0. Hence
Eq. (5) can be approximately expressed as

dV
dt

pPV/t (6)

with the e-folding decay time scale

tpA/(2cR) (7)

For our problem, tp1.25 years, i.e., an initially high sea
level in the source region would decay exponentially
with an e-folding time scale of about 1.25 years. With
the continuous addition of volume, the excess volume
in the source region would be governed by

dV
dt

pPaV/tcbt1/2 (8)

where b was from the known source, and a, the un-
known parameter, allowed the outflow rate along the
coastal current to be different from the Gill solution.
There were three factors that explained why the out-
flow rate from Gill’s theory could be an overestimate
in our situation: (1) there was no step discontinuity in
the initial sea level, (2) in the source region, the count-
er-clockwise propagating low sea level Kelvin wave
originating from the eastern boundary eventually trav-
eled around to the western boundary, setting up a
clockwise recirculation in the source region, which
would diminish the outflow rate, and (3) the gradual
rise of sea level outside the source region reduced the
sea level difference between the source region and the
outside region, hence the outflow rate. If we set ap0 in
(8), V and hence the sea level would rise as t3/2, as ex-
pected from the exponential increase of atmospheric
carbon dioxide with time.

An analytic solution of this first-order nonhomo-
geneous equation could be written in terms of the in-
complete gamma function, though it was more straight-
forward to integrate Eq. (8) with a 4th order Runge-
Kutta scheme. Two curves corresponding to ap0.25
and 0.30 were plotted against the observed V in experi-
ment A (Fig. 5). There was good agreement in the ba-
sic shapes of the curves in Fig. 5, which all concaved
down instead of up as in the global sea level curve in
Fig. 4 (which rose as t3/2). The fact that the theoretical
curves in Fig. 5 had faster sea level rise than observed
in the experiment (solid curve) in the early decades,
but slower rise in the later decades implied that the
outflow term in Eq. (8) with a in the range 0.25–0.3 was
too low during early adjustment but too high during
later adjustment, consistent with factors (2) and (3) dis-
cussed earlier.

There was an additional numerical effect which
could cause the coastal current transport to be unreal-
istically low, resulting in the high sea level in the
source region. From Hsieh et al. (1983), we knew that
the ill-resolved coastal Kelvin wave in the C-grid
tended to be narrower than the continuum solution, in
contrast to the Kelvin wave in the B-grid (as used in
the ocean component of the coupled model) which
tended to be broader and more slowly propagating
than the continuum solution. Even with 1/3 degree re-
solution, the ratio of the grid spacing to the Rossby ra-
dius was up to 0.9 in mid- to high-latitudes, hence nu-
merical distortions would be significant. A numerically
narrowed Kelvin wave in the C grid could potentially
reduce the proper amount of outflow from the source
region.
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Fig. 5. Average sea level in the source region (solid curve) for
experiment A (North Atlantic source) of the reduced gravity
model, and the theoretical curves calculated by integrating Eq.
(8), with ap0.25 for the dashed curve, and ap0.3 for the dotted
curve

Fig. 6. Annual sea level (in cm)
for year 70 in experiment B of
the reduced gravity model
(Southern Ocean source), with
the source located in the South-
ern Ocean. Contour levels are:
3, 4, 5, 6, 8, 10, 20, 40, 60 and
80 cm

4 Adjustment to a source in the Southern Ocean

In experiment B, the zonally uniform source in the
Southern Ocean produced quite different sea level rise
in the various oceans. At year 70, the average sea level
rise was about 8–9 cm in the Atlantic, about 5 cm in the
Indian Ocean and about 3–4 cm in the Pacific (Fig. 6).
The relatively strong rise in the Atlantic was due to the
more effective coastal wave guide provided by the

South American continent which extended much fur-
ther south than either Africa or Australia. High sea
level from the Southern Ocean then traveled along the
east coast of South America into the Atlantic. Africa
also provided a coastal wave guide for flow into the
Indian Ocean and onto the Pacific via equatorial Kel-
vin waves. As our model truncated the Southern
Ocean at 65 7S, we could only speculate as to the sea
level rise around Antarctica if our model had extended
further south. Since much of the excess sea level only
extended northward by a few degrees from the zonal
source region, we estimated the southward spread to
be similarly limited, hence the sea level rise around
Antarctica would remain small despite having a source
in the 45 7S–65 7S band. The sea level distribution in the
Circumpolar Current region reveal a substantial
strengthening of the eastward flow in the northern part
of the Southern Ocean and a weakening of the east-
ward flow in the region close to Antarctica. This type
of source acting alone would cause a northward shift of
the Circumpolar axis. In general, the sea level in the
source region spread much less effectively to other
parts of the globe in experiment B than in experiment
A. For instance, in the region 50 7N–30 7S, the average
sea level rise at year 70 in experiment B (Fig. 7) was
less than a third that in experiment A (Fig. 3). This
major difference was due to the lack of adequate coas-
tal boundaries to efficiently transmit excess volume via
Kelvin waves from the Southern Ocean to other
oceans. The average coastal sea level around the globe
was also much lower than the average global sea level
in experiment B (Fig. 8), opposite to that observed in
experiment A (Fig. 4). This illustrates another danger
in using coastal tide gauges to monitor global sea level
rise, coastal sea levels around the globe are, in general,
oversensitive in responding to the Northern Hemis-
phere warming but are rather insensitive to Southern
Hemisphere warming, with the degree of oversensitivi-
ty and undersensitivity being worst during the early
stages of global warming.

Figure 2 and Fig. 6, which show the 70 year re-
sponse for experiments A and B, both show a greater
response in the Atlantic sector than the Pacific, which
is an apparent discrepancy with the coupled GCM sea
level rise shown in Bryan (1996, Figs. 3, 4). However,
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Fig. 7. Zonally averaged annual sea level of the reduced gravity
model for year 70 (solid curve), year 40 (dashed curve) and year
10 (dotted curve) in experiment B (Southern Ocean source)

Fig. 8. Average global sea level (solid curve) and average coastal
sea level (dashed curve) as a function of time during experiment
B (Southern Ocean source) of the reduced gravity model

Bryan (1996, Fig. 6a) shows that global heat input is
significantly larger between 07–40 7S than the Atlantic
heat input. This shows that there is a significant heat
input in the Indian-Pacific sector which is not repre-
sented in experiments A or B, which could account for
part of the discrepancy.

5 Summary and conclusions

To study the effects of the redistribution of heat by a
spindown of the thermohaline circulation associated
with greenhouse warming, we examined the Rossby
adjustment problem in a simple shallow-water model
of much higher horizontal resolution than the coupled
GCM of Bryan (1996). We examined the roles of coas-
tal and equatorial Kelvin waves and Rossby waves in
spreading the rising sea level away from the source re-
gions of high heat input. In experiment A, where the
source region was in the northern North Atlantic, the
excess volume was transferred out of the source region
mainly by a coastal current along the east coast of
North America, bending eastward at the equator as an
equatorial Kelvin wave, which generated poleward
Kelvin waves on the eastern boundary. As the Kelvin
wave continued around the Cape of Good Hope, the
high sea level was transmitted into the Indian Ocean

and then into the Pacific. In the Atlantic, westward
propagating long Rossby waves originating from the
eastern boundary set up poleward interior flow, as well
as cross-equatorial western boundary flow southward
along the east coast of South America. In experiment
B, where the source region was in the Southern Ocean,
the lack of adequate coastal wave guides hindered the
transport of excess volume out of the source region.

Coastal sea level was examined as a signature of
global sea-level rise. In our idealized model, coastal sea
level around the globe responded differently to the sea
level rise from the two source regions, being overly
sensitive to the rise in the northern North Atlantic, and
rather insensitive to the rise in the Southern Ocean,
with the degree of oversensitivity and undersensitivity
worst during the early stages of global warming. These
experiments cast doubt on the assumption that the
coastal tide gauges alone can provide a reasonable esti-
mate of the global sea level rise expected from an en-
hanced greenhouse warming.

There were two puzzling features of the sea level
rise predicted by the coarse resolution coupled ocean-
atmosphere climate model of Bryan (1996). One fea-
ture was the time scale of the ocean circulation “spin-
down”, which weakened the normal poleward trans-
port of heat. The second feature was the marked delay
in sea level rise in the Southern Ocean in the imme-
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diate vicinity of Antarctica. The simple, shallow water
model provided some insight on both of these features.
It showed that the time scale of response was not con-
trolled by the speed of coastal Kelvin waves, which
rapidly transmitted signals around the globe, but by a
much slower process of transport in coastal jets which
linked high and low latitudes. Coastal jets could not
penetrate into the Southern Oceans south of Cape
Horn, which explained the slow response of sea level
in the extreme poleward parts of the Southern Ocean
to buoyancy sources to the north.

Our linearized shallow water calculations were in-
tended to provide some insights into the mechanisms
of non-equilibrium sea level rise in response to
buoyancy sources. The schematic nature of the source
regions did not allow a detailed comparison of the sea
level rise shown in the calculations of Bryan (1996),
which showed the effects of a much more widely distri-
buted buoyancy source due to greenhouse warming. In
Bryan (1996) enhanced buoyancy input north of the
Antarctic Circumpolar Current gave rise to very little
sea level rise in the Southern Ocean south of the Cur-
rent. In the present study, the effects of a source region
in the Southern Ocean were largely trapped locally
with very little spreading to the north. The linearized
shallow water model showed that the geometry of the
Southern Ocean was a formidable barrier for commu-
nication by Kelvin and Rossby waves with the rest of
the World Ocean. In the lower resolution, but more
realistic model used by Bryan (1996) other factors such
as the great change in thermocline depth across the
Circumpolar Current and the Current itself may come
into play. Another uncertainty that comes into the in-
terpretation of the model results is the possible role of
mesoscale eddies in a more complete model. A key
factor in the timescale of the response shown in this
study is the constraint on adjustment played by the
very narrow coastal currents set up by Kelvin waves. In
a background of a variable thermocline depth and vig-
orous mesoscale eddies it is not clear whether coastal
or equatorial Kelvin waves act in the same way. The
present study must be considered only the first step in
the study of what may be called the “global ocean
Rossby adjustment problem”. There is a clear need for
continuing this work with more realistic, higher resolu-
tion, three-dimensional ocean circulation models.
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Appendix. The linearized shallow water equations

The linearlized shallow water equations are:

it ubcfk!ubcgg=hbpPmub (A1)

and

ithbc=7(uhbcubh)pqb (A2)

where the overbar denotes mean quantities and the
prime denotes perturbation quantities. Here nonlinear
effects in the momentum equation are omitted, but the
interaction of the upper layer thickness field with the
mean flow is retained in (A2). If (A2) is written out,

ithbcu7=hbcub7=hch=7ubchb=7upqb. (A3)

Assume ub, hb are O( ) quantities with respect to the
O(1) quantities, u, h. Also assume u and ub are ap-
proximately geostrophic to O(d) and O( d), respec-
tively. Ignoring terms of O( d), one can show that the
second and third terms on the left hand side of (A3)
cancel each other, while the ratio of the fifth term to
the fourth term in (A3) is

R;
hbhx

h hbx
;

hbv
h vb

. (A4)

As h is associated with the entire thickness of the ther-
mocline, not just the variations of thermocline depth
associated with the mean circulation, hence

hb
h

P
vb
v

. (A5)

As R would then be expected to be small, only the first
and the fourth terms on the left hand side of (A3) are
retained to yield Eq. (2) (with primes dropped). This
scaling breaks down, of course, if the full variations of
thermocline thickness in regions like the Antarctic Cir-
cumpolar Current are taken into account.
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