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ABSTRACT

Tunable parameters in an ocean general circulation model are assessed as modifiers to the
model response to several climate change scenarios. For the current climate scenario it is found
that vertical diffusivity plays a dominant réle as expected. An analysis of the horizontal diffusiv-
ity variation suggests that use of the peak value of the overturning streamfunction is a misleading
indicator of model flow strength. For the warming and cooling scenarios vertical and horizontal
diffusivity variations dominated the equilibria response. However, these tunable parameters are
of minor significance in the transient response in the cooling scenarios. The diffusively dominant
warming scenarios, in contrast, very much depend on the magnitude of the vertical diffusivity.
This has important implications for the use of coarse resolution models in coupled atmosphere-

ocean model climate change simulations.

1. Introduction

Coarse resolution ocean general circulation
models are commonly used in climate change
scenario simulations (Kattenberg et al., 1996).
These models are dependent on tunable para-
meters used to approximate sub-grid scale pro-
cesses. It is of interest to assess model parameter
sensitivity in the model’s response to typical cli-
mate change scenarios.

Coarse resolution models (> 1°) are not capable
of resolving mesoscale eddies, salt fingering,
double diffusion, internal breaking waves, and
convection. Mesoscale eddies mix laterally and
have traditionally been represented by horizontal
diffusion. More recently isopycnal mixing has been
used to more accurately represent mesoscale
eddies (Veronis, 1975; McDougall and Church,
1985; Gough and Welch, 1994; Danabasoglu et al.,
1994; Gent et al., 1995). This has improved the
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representation of CFC uptake (England, 1995;
Robitaille and Weaver, 1995). It has also mitigated
the Veronis effect — the anomalous interior
downwelling resulting from cross isopycnal mixing
(Gough and Lin, 1995). Sarmiento (1983) and
Toggweiler et al. (1989) speculated that using
isopycnal mixing would improve passive tracer
distribution.

Salt fingering, double diffusion and internal
breaking waves cause the vertical mixing of tem-
perature, salt and other ocean tracers. This has
been represented as vertical or diapycnal diffusion.
Convection occurs when vertical columns of sea
water become statically unstable. A number of
methods have been devised to remove this instabil-
ity (see Gough, 1997 and references therein). Bryan
(1987) found that the magnitude of the vertical
diffusivity was a crucial parameter which dictates
the strength of the meridional overturning, the
northward heat transport and the depth of the
thermocline. Large values of the horizontal diffu-
sivity have been associated the Veronis effect
(Gough and Welch, 1994; Gough and Lin, 1995).
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In the above discussion three processes in the
ocean are mentioned: diffusion, convection and
advection. Each of these processes operate on
different time scales. Diffusion typically operates
on millennial timescales. For example, using the
canonical value of 1 cm?/s for the diffusivity for a
4000 m depth ocean yields a time scale of 5000
years. In contrast convection operates on a time
scale of less than one year. Typically convection
is treated as intense vertical diffusion with a
diffusivity ranging from 10%-10° cm?/s. For a
4000 m deep ocean this leads to a time scale
ranging from 1 month to half a year. The advective
time scale for a basin such as the North Atlantic
is typically centennial. For a 50° latitude basin
with speeds approximate 0.1 cm/s, a time scale of
200 years is obtained.

The world’s oceans act as a massive geochemical
buffer for trace elements in the atmosphere. This
buffering activity plays a crucial role in determin-
ing the atmospheric concentration of greenhouse
gases. Up to 40% of anthropogenically released
carbon dioxide, for example, is sequestered by the
world oceans (Najjar, 1992). This, in turn, impacts
on the potential amount of global warming that
may occur in the climate system. It is therefore
important to understand the process and time
scale of tracer sequestering by the ocean, how this
process may be modified during a period of cli-
matic change, and how sensitive this uptake is to
model parameterization.

Bryan et al. (1984) examined the impact of small
warm and cold temperature anomalies at the
surface of an ocean general circulation model on
the ocean circulation. They noted changes in the
ocean circulation and the relative rates at which
the anomaly was assimilated by the ocean. The
cold anomaly produced an immediate intensifica-
tion of the flow and a more rapid uptake of tracer.
A long term response was not investigated. Gough
and Lin (1992) found strikingly different behavi-
our for the ocean’s transient and equilibrium
responses to warming and cooling anomalies. A
cooling anomaly produced, in the short term, an
intensified flow as was found in Bryan et al. (1984).
The equilibrium response, however, was that of a
weaker flow. The warming case produced the
opposite results. They concluded that the transient
response was dictated by the initial conditions
when the anomaly was imposed while the equilib-
rium response was attributed to the new upper
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boundary condition, i.e. the surface density gradi-
ent resulting from the restoring temperatures and
salinities. Qualitatively similar results were found
in Bryan and Spelman (1985).

The IPCC report (Kattenberg et al., 1996) pro-
vides us with usable estimates of future temper-
ature change. The most recent estimate is a
warming of 1.0°C to 3.5°C by 2100. This is a
globally averaged value and is lower than the 1990
estimate (Houghton et al., 1990) primarily due to
the inclusion of sulphate aerosols in the atmo-
sphere component of coupled models. The climate
change scenarios in this work are loosely based
on these predictions. We note though that we
consider only thermal changes. There is the poten-
tial for substantial changes to the fresh water and
momentum fluxes into the ocean as well and this
is not considered here.

In this work we contrast the impact of varying
model parameters such as vertical and horizontal
diffusivity to the impact of changing the thermal
boundary condition with current global warming
estimates on the model flow and the uptake of a
passive tracer. First, as a benchmark, we examine
tracer uptake during the “current” climate. Here
we find that the use of a traditional measure of
the ocean flow, the peak value of the vertical
overturning streamfunction, may be misleading
and we propose alternatives. Second we examine
the uptake of passive tracer under various climate
scenarios and various values of horizontal and
vertical diffusivity. It is found that although tracer
uptake is clearly dependent on temperature change
scenario, it is more sensitive to variations in the
vertical diffusivity for the equilibrium response
and plays a significant role in the transient
response to a warming scenario. However, vari-
ations in vertical diffusivity play only a minor role
in the transient response to a cooling scenario.

2. Model and experiments

2.1. Model

2.1.1. Governing equations. The model used in this
work is the widely distributed Bryan-Cox ocean
general circulation model. It is based on the
pioneering work of Bryan (1969). A detailed
description of the model can found elsewhere
(Cox, 1984; Pacanowski et al., 1991). The notation
used is standard.
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2.1.2. Boundary conditions. In this model the only
source of heat (temperature) and salinity forcing
is at the upper surface. Therefore, at the side walls
and bottom, a no-flux condition is imposed.

For the vertical side walls there is a no-slip (u,
v=0) condition. At the bottom boundary, the flow
is constrained to be parallel to the bottom topo-
graphy, w=0, in the case of this model with a flat
bottom. The condition on u and v is determined
by the imposed bottom friction,

7,=poCp (U?+v?) (u cos a—v sin &), (1)
T3 =poCp (W*+v?) (usin «—v cos «), (2)

where Cp, the drag coefficient, is 1.3x 1073 and
o, the turning angle is —10° for this study. For
the vertical velocity, the rigid lid approximation
is used (w=0 at z=0).

The horizontal momentum, at the upper surface,
is forced by the atmospheric winds. This is
accomplished by using idealized wind stresses (7,
7,) given by the following analytic representation,

1,=0.2-0.8 sin(6¢), (3)
1,=0.0, (4)

with the wind stress in units of dynes/cm?. This
particular choice is designed to roughly reproduce
the two gyre circulation in the North Atlantic,
the approximate region of the model domain.
The model has a 2°x2° horizontal resolution
extending from 20°N to 70°N and from 0-60°W.
There are 10 vertical levels of increasing thickness,
emphasizing the more active thermocline region
(Table 1).

In this work restoring boundary conditions are
used for both temperature and salinity (Haney,
1971). The restoring values are loosely based on
the Levitus (1982) data set and are presented as
eqgs. (5) and (6) for temperature and salinity
respectively.

5
T($)=27.0 — 5(([)—200), (5)

1
S($)=360 — % (¢—20°), (6)

where ¢ is the latitude and the temperature in
Celsius and salinity in parts per thousand. The
diffusion constant corresponds to a restoring time-
scale of 50 days for a 50 m upper layer.

The same restoring time scale is used for a

W. A. GOUGH AND T. ALLAKHVERDOVA

Table 1. The vertical structure of the model

Level Depth Layer thickness

(m) (m)

1 25 50
2 75 50
3 150 100
4 300 200
5 500 200
6 750 300
7 1100 400
8 1650 700
9 2500 1000
10 3500 1000

Each level is located at the midpoint of the correspond-
ing layer. The total ocean depth is 4000 m, the sum of
the layer thickness.

passive tracer. Typically air-sea gas exchange is
represented by a “piston velocity” (Najjar, 1992).
The piston velocity is dependent on the ocean
viscosity and diffusivity, the wind speed and ocean
temperature. The actual uptake is further modified
by the solubility of the geochemical. The piston
velocity of CO,, for example, has been estimated
at 10 m/month. Converting the restoring time
scale used in this model to a piston velocity yields
30 m/month representative of a less soluble tracer.
Variations in the piston velocity as a function of
temperature and wind speed have been ignored in
this study in order to more clearly identify the
dynamical processes (advection, convection,
diffusion) involved in tracer uptake.

2.2. Experiments

A series of 9 simulations are run in which the
vertical eddy diffusivity, Ky, and horizontal eddy
diffusivity, Ay, are varied. Three values of Ky are
used (0.5, 1.0, 2.0 cm?/s) and 3 values of Ay (1.0,
2.0, 5.0 x 107 cm?/s). Both Ky and Ay are larger
than can be justified from observations (Ledwell
et al, 1993). Ky is large in order to produce a
reasonable northward heat transport and depth
of the thermocline. Ay is large in order to suppress
numerical noise. These experiments serve to assess
model sensitivity prior to imposing the climate
change scenarios. The experiments are listed in
Table 2 in the next section.

For the temperature change scenarios, three
additional types of simulations are done, one
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Table 2. List of experiments and results of equilibria tracer experiments

Overturning 95% tracer
streamfunction equilibrium
Vertical Horizontal —_—
diffusivity diffusivity a b a b c
Case (cm?/s) (107 cm?/s) (Sv) (years)

1 0.5 1.0 11.36 4.83 631 617 664
2 1.0 1.0 13.93 6.63 476 458 499
3 20 1.0 17.19 9.52 341 334 354
4 0.5 2.0 11.95 5.63 548 540 565
5 1.0 2.0 14.84 7.59 424 416 443
6 2.0 2.0 19.16 10.86 316 313 332
7 0.5 5.0 9.94 5.50 503 497 541
8 1.0 5.0 13.04 7.82 394 377 412
9 2.0 5.0 17.82 11.72 276 274 290

For the overturning streamfunction, a designates the peak value and b designates the value at 45° and 1300 m.
For the tracer equilibrium values, column (a) designates the regular climate, column (b) represents the two warming
cases and column (c) the cooling case. Due to only minor variations, the two warming cases are represented by

one value.

cooling and two warming cases. The warming
scenarios consist of (1) a 3° warming of the surface
restoring temperature everywhere and, (2) a latit-
udinally ramped warming spanning three to five
degrees with the largest warming occurring near
the pole. This is done to mimic the expected polar
amplification of the warming. The cooling case is
a reduction of the restoring temperatures by three
degrees everywhere.

All cases are spun up from rest for 2000 years
(Bryan, 1984). At this time tracer is introduced at
the ocean surface. Assuming an infinite source of
tracer in the atmosphere (as the simplest first
order case), a restoring boundary condition is set
for the tracer with a value of 10.0 tracer units.
The efficiency of the tracer uptake can be measured
by the time it takes for the ocean to fill with
tracer. 95% full, for example, occurs when the
basin average is 9.5.

3. Results and discussion

3.1. Equilibrium simulations for standard climate

3.1.1. Basin averaged tracer uptake. To assess how
quickly the ocean model sequesters tracer, we
examine the time it takes for the ocean to become
95% “full” of tracer, i.c. the time it takes to reach
an average value of 9.5. This is presented in
Table 2 in column “a”. The time for this equilibra-
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tion ranges from 276 years to 631 years, a centen-
nial time scale indicating that advection is the
dominant process for tracer uptake. The Ky
dependency is seen by comparing the first three
cases. The sequestering time drops as Ky increases.
This is as expected. With a larger Ky, the model’s
circulation as measured by the peak value of the
meridional and zonal overturning streamfunctions
is more intense (Bryan, 1987) and leads to a more
rapid transport of tracer to deeper levels through
advection. The dependence on the horizontal eddy
diffusivity is seen by comparing cases 2, 5 and 8.
Here the vertical eddy diffusivity is held constant
at 1.0 cm?/s. The time to reach 95% of the equilib-
rium value does decrease with increasing hori-
zontal eddy diffusivity but much less so than with
vertical diffusivity.

Although the correlation between the peak
value of the overturning streamfunction and the
Ky dependence in the tracer uptake was clear,
it is not so in the Ay case. The overturning
streamfunction in Table 2 shows an increase as
the horizontal diffusivity increases from 1.0 x
107 cm?/s to 2.0 x 107 cm?/s but decreases for the
highest value of Ay. Even though the peak value
was lower for this high values of Ay, the over-
turning as measured indirectly by the tracer uptake
must have been stronger. The peak value of the
meridional overturning streamfunction may not
be the best representation of the overturning.
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Fig. 1. Graph of peak value of the meridional over-
turning streamfunction as a function of latitude and
horizontal diffusivity. Diffusivity is in units of 107 cm?/s,
overturning streamfunction in Sverdrups (1 Sv=
10° m3/s). K,=2.0 cm?/s for each case.

We examine this issue further by plotting the
maximum of the overturning streamfunction for
each latitude. This is presented for the range of
horizontal eddy diffusivities in Fig. 1 (cases 3, 6,
and 9). From this it is clear that there are more
sharply defined extrema for the lower values of
Ay, while for the larger value there is a broader
and less intense peak in the streamfunction value.
Two further diagnostics are suggested by this
analysis. The first is to select a median latitude
that is less susceptible to the polar intensification
of extrema as suggested by Winton (1996). The
second is to average the streamfunction over the
entire latitudinal range, essentially creating a
measure of the basin flow strength. These two
diagnostics as a function of the horizontal eddy
diffusivity are presented with the corresponding
curve for the peak value of the overturning stream-
function for the basin (i.e., isolating the northern
extrema in Fig.1). The two new diagnostics
(Fig.2) do not show a reduction in value for
larger Ay values. This is consistent with the uptake
analysis and supports the assertion that the use
of the peak value of the meridional overturning
streamfunction is potentially misleading even
when advection dominates.

In Table 3 we continue this analysis by compar-
ing power relationship between the strength of the
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Fig. 2. Plot of three measures of the basin overturning
flow: the peak value of the overturning streamfunction,
OSF (MAX), the basin average of the overturning
streamfunction, OSF (AVG), and the overturning
streamfunction at 45° N, OSF (45). All are plotted as
a function of the horizontal diffusivity measured in
107 cm?/s.

overturning streamfunction and vertical diffusiv-
ity, ie., OSF=aK¥. The strength of the over-
turning is measured in two ways, the traditional
peak value of overturning and the value of the
overturning at 45° and 1300 m. The first diagnostic
produces an n value similar to that found by
Bryan (1987) and Winton (1996) of approximately
1/3. The second diagnostic produces a larger value
of approximately 1/2 again consistent with Winton
(1996) but less than the 2/3 predicted by scaling
arguments. In the final two columns the 95% full
time scale is similarly analyzed and produces an
n value of approximately — 1/2, the negative sign
signifying a decreasing time for larger values of
K. This further confirms the dominant role that
vertical diffusivity has in the determination of
tracer uptake showing that it is directly propor-
tional to the strength of the meridional over-
turning, ie., an advectively dominated tracer
uptake regime. It should be noted, however, that
the two new diagnostics, basin averaged over-
turning streamfunction and the value of the stre-
amfunction at 45°, are appropriate only for the
domain used in this model and for equilibrium
simulations.
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Table 3. Power relationship between two measures of the overturning streamfunction (OSF ) and the
vertical diffusivity; a similar scaling is done for the tracer uptake timescale (period )

OSF (Peak) A In (OSF)/ OSF (45°) A In (OSF)/ Period A(In T)/
Ky (Sv) A In (Ky) (Sv) A ln (Ky) (years) A (In Ky)
0.5 11.36 — 4.83 — 631 —
1.0 13.93 0.29 6.63 0.46 476 —0.41
2.0 17.19 0.30 9.52 0.52 341 —0.48

The horizontal diffusivity is held constant at Ay=1.0 x 107 cm?/s for 3 cases.

3.2. Tracer uptake for different temperature change
scenarios

The tracer uptake for different temperature
change scenarios is examined in three ways. The
first is to look at tracer uptake beginning with the
equilibria circulation of four scenarios (standard,
cold and two warms). The other two ways involve
assessing the sensitivity of the uptake to periods
of climatic change. This is done in two ways, the
first is a sudden change in the surface temperature
boundary condition and the second is a gradual
change in the boundary condition ramped over
one hundred years. All simulations begin with the
standard climate and move toward one of the
other three scenarios, similar to the approach used
in Gough and Lin (1992).

3.2.1. Equilibrium uptake. In Table 2, the tracer
uptake time for the three scenarios is presented.
The two warming cases were essentially the same
and are represented in the table together in the
column labelled “b”. The cold case is reported in
column “c” while the regular or current climate is
in column “a”. The diagnostic used is the length
of time to reach 95% of the equilibrium value
of 10.0.

The variation in vertical diffusivity has the
largest impact on the results for the values chosen
in these experiments with the uptake timescale
being reduced by a factor of close to two as
illustrated by a comparison of cases 1 and 3. This
is as expected as it has been well documented that
larger values of vertical diffusivity intensifies the
thermohaline circulation (as measured by the over-
turning streamfunction), thus leading to a more
rapid sequestering of tracer to the lower levels by
advection (Bryan, 1987; Gough and Welch, 1994).
Larger values of the horizontal diffusivity also
decreases the uptake timescale, although less so
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than the vertical diffusivity. This is consistent with
the earlier analysis using the new diagnostics for
meridional overturning.

Of the three factors, the choice of temperature
scenario has the least impact. Consistently,
though, the warmer case has a shorter uptake
timescale than the regular climate and vice versa
for the cooler case. These results are consistent
with the previous results (Bryan and Spelman,
1985; Gough and Lin, 1992) in which warmer
equilibria climates produced a more vigorous ther-
mohaline circulation and the opposite for the
cooler climates.

3.2.2. Sudden change to the new temperature scen-
ario. In this set of experiments we begin with the
equilibrium ocean flow generated under a surface
temperature boundary condition that represents
the current or “regular” climate. The boundary
condition is then abruptly changed to the new
conditions for a warmer or cooler scenario.
Although the change in the surface temperature
boundary condition is instantaneous, the ocean
takes a period of 100s to 1000s of years to adjust
to this change (Gough and Lin, 1992) depending
on whether convection or diffusion dominates the
adjustment period. As a benchmark, the current
climate is also included (i.e., a scenario where no
change is imposed).

In Fig. 3 the uptake of tracer is displayed for
the four scenarios for 500 years after the change
scenarios are imposed. The basin averaged tracer
concentration is plotted as a function of time. The
cooling scenario approaches the equilibrium value
of 10.0 much more rapidly than the other scen-
arios. Within 50 years the average tracer value
exceeds 5.0 while this takes 100 years for the
current climate and over 300 years for the two
warming scenarios. This asymmetry is consistent
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Fig. 3. Time evolution of tracer concentration for the
four climate change scenarios for case 2 (Ky = 1.0 cm?/s).
R represents the standard climate. C represents a 3°C
cooling everywhere. W1 represents a 3°C warming every-
where. W2 indicates a polar amplified warming.

with the results of Gough and Lin (1992) where
cooling produces an intensification of both con-
vection and the thermohaline circulation and
warming produces a shutdown of the thermoha-
line circulation and cessation of convection. The
cooling experiment is convectively driven toward
a new equilibrium while the warming experiments
are diffusively driven and thus operate on vastly
different time scales. Polar amplification of the
warming produces qualitatively the same results
with a minor reduction in tracer uptake time.
Fig. 4 illustrates the impact of varying the ver-
tical diffusivity on the response to a sudden
change. This figure depicts the difference between
case 3 (Ky=2.0 cm?/s) and case 2 (Ky = 1.0 cm?/s).
For all the scenarios the higher vertical diffusivity
sequesters tracer at a more rapid rate. For the
cooling experiment this difference is relatively
minor and drops essentially to zero by the end of
the 500 year period. This is an indicator that
convection rather than advection dominates the
tracer uptake during the early part of the cooling
experiment. The warming experiments in contrast
have an increasing difference of over 2.0 tracer
units at 500 years. The polar amplified warming
produces only a small quantitative difference.
Once again we see an asymmetric response where
the value of the vertical diffusivity plays a more
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Fig. 4. Difference of time evolution of tracer variation
for four climate scenarios between case 3 (Ky=
2.0cm?/s) — case 2 (K,=1.0cm?/s). R represents the
standard climate. C represents a 3°C cooling everywhere.
W1 represents a 3°C warming everywhere. W2 indicates
a polar amplified warming.

important role in the warming experiments thus
indicating that the warming case is dominated by
diffusion rather than convection or advection. An
analysis of the horizontal diffusivity cases shows
a similar response, approximately 20% of the
vertical diffusivity variation.

These results show that the ocean’s role as a
buffer is mitigated during the transition to a
warmer scenario potentially leading to a positive
feedback in the climate system. They also show
that model parameters such as vertical and hori-
zontal diffusivity impact significantly on the times-
cale of adjustment processes. This is a crucial
point for climate change impact assessment.

3.2.3. Ramped change. In these experiments the
change in the upper surface temperature boundary
condition is ramped in over 100 years. To illustrate
the impact of the changes we present as a dia-
gnostic the difference of tracer uptake between the
ramped and corresponding sudden case. The abso-
lute value of the difference is plotted. In the cooling
experiment the sudden change uptake exceeds that
of the ramped change due to the more rapid
intensification of the flow and the reverse is true
for the warming scenarios. Fig. 5 shows this plot
for cases 2 and 3. For case 2, the ramped cooling
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TRACER

TIME

Fig. 5. Time evolution of the absolute difference between basin averaged tracer concentrations for corresponding
sudden and ramped scenarios. W represents the 3°C warming scenario and C represents the 3°C cooling scenario
for a) case 2 (Ky=1.0 cm?/s) and b) case 3 (Ky=2.0 cm?/s). For the cooling scenario the sudden case exceeds the
ramped case and for the warming scenario the ramped case exceeds the sudden case in tracer concentration.

scenario takes up tracer less rapidly with the peak
delay occurring at the end of the 100 year ramp
in period. After this time, the ramped change case
quickly approaches the sudden change uptake
becoming virtually indistinguishable after 400
years.

The ramped warming experiment has a less
pronounced departure from the corresponding
sudden experiment initially but maintains a differ-
ence well past the 500-year tracer integration
period. These results are consistent with the
dynamical response of the model flow to surface
warming and cooling (Gough and Lin, 1992). In
the cooling scenarios, the ramped change delays
and mitigates the intensification of the thermoha-
line circulation and convection, leading to the
pronounced difference in the first 200 years. In
the warming scenario, the ramped change delays
the shutdown of both the thermohaline circulation
and convective activity thus enabling more tracer
to be sequestered particularly in the first hundred
years. The very slow approach to the new equilib-
rium (compared to the cooling scenario) causes
the continued difference between the warming
ramped and sudden cases.

Case 3 (Fig. 5b) illustrates the impact of increas-
ing the vertical diffusivity. The cooling scenario
has a muted response compared to case 2 and the
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warming scenario has a slightly larger response
compared to case 2. With a larger vertical diffusiv-
ity the initial equilibrium state is a more intense
circulation (Table 2), thus the contrast between
the intensified (cooling scenario) and initial states
is less leading to a less pronounced difference
between the ramped and sudden cooling experi-
ments. Similarly for the warming experiment, there
is a greater contrast between the initial state and
the quiescent thermohaline circulation shutdown
enabling a greater tracer uptake in the ramped
case where the shutdown is both delayed and
mitigated. Similar behaviour (not shown) is
observed with increasing horizontal diffusivity.

4. Conclusions

In this work, we examine the role of model
parameters, vertical and horizontal diffusivity, in
the uptake of a passive tracer for several thermal
change scenarios. An initial analysis is done on
the current climate. It is found that the tracer
uptake operates on a centennial timescale and
therefore advection being the dominant uptake
process. Vertical diffusivity thus plays a dominant
role in determining the time scale of tracer uptake
and horizontal diffusivity plays a smaller, but not
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negligible, role. It is found, especially for the
horizontal diffusivity analysis, that the use of the
peak value of the overturning streamfunction is
not the best indicator of overturning strength as
was suggested by Winton (1996). A basin mean
value and the value in the mid basin region are
presented as measures and are consistent with the
tracer uptake behaviour for the particular
domain used.

The thermal change scenarios are assessed in
three ways. First the tracer uptake for new equilib-
ria is examined. Variations in the vertical and
horizontal diffusivity produced much more signi-
ficant changes to the model’s flow than did vari-
ations in thermal forcing. However a different
story emerged for the other two assessments, that
is, the model’s transient response to temperature
change. This is done in two ways: the transient
response to a sudden change in upper boundary
condition and a ramped change (over 100 years)
of the same net magnitude. In these results the
cooling scenarios are the least sensitive to vari-
ations of model diffusivity. Surface cooling causes
the densification of surface waters thus inducing
convection which operates at a much shorter time
scale than diffusion and advection. The warming
cases, however, respond asymmetrically to the
cooling cases and are very sensitive to variations
in the vertical diffusivity causing uptake delays of
the order of hundreds of years. This is a result of
the collapse of the thermohaline circulation. The
model thus responds on diffusive timescales rather
than convective. The ramped experiments
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mitigated the extremes of the sudden experiments,
i.e., less rapid tracer uptake for the cooling scen-
ario and more rapid uptake for the warming
scenario. This is a result of the less intense response
in the cooling scenarios and the delay of thermoha-
line collapse in the warming scenarios consistent
with behaviour found in Gough and Lin (1992).
Larger diffusivities exaggerated the difference
between ramped and sudden for the warming
scenario and minimized the difference for the
cooling scenario.

These experiments serve to illustrate some of
the potential problems of using coarse resolution
ocean models in coupled model climate simula-
tions. The ocean response both for passive and
active tracer variations is highly dependent on the
tuning of the horizontal and vertical diffusivities.
The convectively dominated climate cooling is
somewhat immune to these variations but the
more currently relevant warming scenarios are
very much dependent on these parameters. This
has important consequences in assessing the
ocean’s role as a thermal and geochemical buffer
and its role in positive and negative feedbacks in
the climate system, particularly on timescales of
immediate human interest, decadal and centennial.
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