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Abstract An ocean general circulation model coupled
to an energy-moisture balance atmosphere model is
used to investigate the sensitivity of global warming
experiments to the parametrisation of sub-grid scale
ocean mixing. The climate sensitivity of the coupled
model using three different parametrisations of sub-
grid scale mixing is 3 °C for a doubling of CO, (6°C
for a quadrupling of CO,). This suggests that the ocean
has only a weak feedback on global mean surface air
temperature although significant regional differences,
notably at high latitudes, exist with different sub-grid
scale parametrisations. In the experiment using the
Gent and McWilliams parametrisation for mixing as-
sociated with mesoscale eddies, an enhancement of the
surface response in the Southern Ocean is found. This
enhancement is largely due to the existence of more
realistic sea-ice in the climatological control integra-
tion and the subsequent enhanced ice-albedo feedback
upon warming. In accordance with earlier analyses, the
Gent and McWilliams scheme decreases the global
efficiency of ocean heat uptake. During the transient
phase of all experiments, the North Atlantic overturn-
ing initially weakened but ultimately recovered, sur-
passing its former strength. This suggests that in the
region around the North Atlantic the ocean acts as a
negative feedback on local warming during the transi-
ent phase but a positive feedback at equilibrium. Dur-
ing the transient phase of the experiments with a more
sophisticated and realistic parametrisation of sub-grid
scale mixing, warmed Atlantic water was found to
penetrate at depth into the Arctic, consistent with re-
cent observations in the region.
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School of Earth and Ocean Sciences, University of Victoria,
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1 Introduction

The ocean, with its large heat capacity and ability to
transport heat poleward, is commonly thought to play
an integral part in regulating climate and climate
change. Indeed, this is readily apparent through the
comparison of the projections of climate change from
atmospheric models coupled to mixed-layer ocean mod-
els IPCC 1990) and ocean general circulation models
(OGCMs, TPCC 1992, 1995). Both classes of models
reveal reduced warming over the ocean relative to the
land (due in part to the high heat capacity of the ocean),
while significant differences exist between the two classes
of models in regions such as the Atlantic Ocean where
deep water formation occurs (due to changes in ocean
heat transport allowable in OGCMs, see Weaver 1993
for a review). Since OGCMs are known to be sensitive to
the parametrisation of sub-grid scale ocean mixing
(Bryan 1987), and as there is a great deal of uncertainty
in even the basic physics of such parametrisations, it is
important to examine whether or not projections of
future climate change are sensitive to the parametrisa-
tion of these unresolved ocean processes.

Gent and McWilliams (1990) recently introduced a
new parametrisation of mesoscale eddy-induced mixing
for use in coarse resolution ocean models. The idea was
to improve ocean models by adding isopycnal thick-
ness diffusion to account for the removal of potential
energy from the stratification due to baroclinic in-
stability. This new parametrisation has been shown
to greatly improve the climatology of ocean models
(Danabasoglu et al. 1994; Boning et al. 1995;
Danabasoglu and McWilliams 1995; McDougall et al.
1996), including ventilation rates and the distribution
of passive tracers such as CFCs (e.g. Robitaille and
Weaver 1995; England 1995).

The result of Hirst et al. (1996), that the introduction
of the Gent and McWilliams (1990) scheme into a
coupled model enhanced the asymmetry of the model’s
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response to increasing atmospheric greenhouse gases,
is in contrast with previous expectations (McDougall
et al. 1996) and provides some of the impetus for our
study. Here we use the recently developed energy-
moisture balance model (EMBM) of Fanning and
Weaver (1996) coupled to the GFDL MOM2 OGCM
(Pacanowski 1995) and to a thermodynamic ice
model based upon Semtner (1976) and Hibler (1979).
The simplicity of the atmospheric component of the
coupled model allows the coupled system to be integ-
rated through the transient phase of an imposed radi-
ative forcing to equilibrium without the use of explicit
flux adjustments. In addition, computational efficiency
allows us to conduct numerous sensitivity analyses.

The outline is as follows: in the next section we
briefly describe the model and the design of the experi-
ments, including the details of the forcing used to rep-
resent increasing concentrations of atmospheric CO,.
We then present (Sect. 3) the climatology obtained after
integrating the coupled model to equilibrium under
present-day forcing with various sub-grid scale mixing
parametrisations. We describe the coupled model re-
sponse to increasing atmospheric CO,, beginning with
the equilibrium response in Sect. 4, and then moving to
the transient response in Sect. 5. We discuss our results
and summarise our main findings in Sect. 6.

2 The coupled model and experimental design

The global coupled model is configurated with a meridional resolu-
tion of 1.8555° and a zonal resolution of 3.75°, extending to the pole
in the Northern Hemisphere, where an artificial island was inserted
due to the convergence of meridians and the potential existence of
a singularity there. In the Southern Hemisphere the grid extends to
79 °S, while in the vertical there are 19 levels, varying from 50 m
thickness at the first level to 600 m thickness at the deepest level
(with a maximum ocean depth of 5400 m). In all cases momentum
dissipation is accomplished through the use of a Laplacian operator
acting in the horizontal and vertical directions, with viscosity co-
efficients of 4, =25x10°m?s™! in the horizontal and A4, =
1.0x 1073 m?s~ ! in the vertical.

The EMBM is a vertically-integrated model of the atmosphere
which was designed to be extremely efficient, yet sufficiently realistic,
to allow for its use in long-time-scale climate integrations. When
coupled to an ocean model, the EMBM allows the realistic air/sea
feedbacks at the ocean surface, without the need for explicit flux
adjustments. As the EMBM contains no explicit dynamics, monthly
mean values of wind stress from de Silva et al. (1994) were interpo-
lated spatially and temporally onto the model grid and retained
throughout all experiments. The solar insolation was also recal-
culated at each time-step based on present day orbital parameters.
This, in conjunction with the monthly wind fields, allowed us to
simulate the seasonal cycle. The wind stress field was also converted
to a wind speed field for use in the model calculation of latent and
sensible heat fluxes at the air-sea interface. In the experiments
shown, a wind stress feedback parametrisation (Fanning and
Weaver 1997a) was not used although all experiments were repeated
with this feedback turned on, with no change in our results.

Atmospheric heat and fresh water transports in the EMBM
are parametrised through Fickian diffusion and precipitation is
assumed to occur in the model whenever the relative humidity
reached greater than 85%. Precipitation over land is assumed to
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Fig. 1 Schematic diagram of the experiments conducted in this
study. 1x represents the equilibrium present-day control equilibrium
while 2x and 4x represent transient CO,-increase experiments which
are then integrated to equilibrium once CO, has doubled or quadru-
pled, respectively. The three sub-grid scale mixing schemes used are:
horizontal with constant vertical diffusivity (H); horizontal with
depth-varying (Bryan and Lewis 1979) vertical diffusivity (HBL); the
Gent and McWilliams (1990) parametrisation (GM). The initial
condition consists of a horizontally-homogeneous ocean and dry,
isothermal atmosphere

instantaneously return to the ocean via one of 21 river drainage
basins (see Weaver et al. 1998). Ice-albedo feedbacks were also
incorporated into the coupled model whenever sea ice was present
and whenever the SAT over land was below —10°C, by locally
reduced the latitudinal profile of the coalbedo by 0.1 (Graves et al.
1993). More details regarding the ocean component of the coupled
model can be found in Weaver and Hughes (1996) while the EMBM
and thermodynamic ice model are discussed in Fanning and Weaver
(1996).

Three series of experiments were conducted with each series
characterised by the particular sub-grid scale diffusion parametrisa-
tion used (see Fig. 1). In the first series of experiments, denoted H,
the traditional Laplacian diffusion operator was incorporated with
a horizontal diffusivity of k, = 2.0 x 10° m?s~ ! and a vertical diffus-
ivity of k, = 1.0x 10"*m?s~ 1. The second series, denoted HBL,
was the same as H except that we used a vertically-varying vertical
diffusivity (taken from Bryan and Lewis 1979) which corresponded
to k,=03x10"*m?s™! at the surface, increasing to
k,=13x10"*m?s ! at the deepest model level. In the last series,
entitled GM, we replaced the horizontal/vertical mixing scheme by
the Gent and McWilliams (1990) parametrisation. This involved
rotating the diffusion tensor along isopycnals (using the Griffies
et al. 1998 method), setting the isopycnal diffusivity to k; = 2.0 x
103 m?s~ !, retaining the same vertical diffusivity as in H, and setting
the horizontal diffusivity to zero. In addition, isopycnal thickness
diffusion was added (with a diffusivity of k, = 2.0 x 103 m?s~1).
While we initially wished to conduct a fourth series of experiments
with the Gent and McWilliams (1990) parametrisation included
along with the Bryan and Lewis (1979) vertically-varying vertical
diffusivity, the present-day climatology corresponding with this
combination of mixing schemes did not have deep water formation
in the North Atlantic, making it unsuitable as a possible realisation
of the present climate. Control climatologies were obtained for each
H, HBL and GM by integrating the coupled model to equilibrium
(for 5000y) starting from a resting, horizontally-homogeneous
ocean and dry, isothermal atmosphere.

The EMBM includes a parametrisation of the water vapour/
planetary longwave feedback (Thompson and Warren 1982), al-
though the radiative forcing associated with increasing greenhouse
gases (here combined into a CO, equivalent) was externally imposed
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Fig. 2 CO, concentration (ppm) and equivalent radiative forcing

(Wm™?)as a function of time from the beginning of the perturbation

experiments. For each of our three model configurations (H, HBL,

GM) we conducted 2x and 4x experiments by allowing the

as a reduction of the planetary long wave radiation flux (see also
Fanning and Weaver 1997b). The anthropogenic forcing AF(t) was
calculated using

AF(t) = AF,,l o 1
( ) = 2x n(?) ( )

0

In accordance with Ramanathan et al. (1987) we specify AF,, to give
a radiative forcing of 4 Wm ™2 at the time of CO, doubling. In our
experiments we increased the concentration of CO, (C(t)) at a rate of
1% compounded per year (following the “business-as-usual” scen-
ario of IPCC 1990) starting from a present-day concentration of
C, = 350 ppm. For each of our three model configurations (H, HBL,
GM) we conducted 2x and 4x experiments by allowing the atmo-
spheric CO, concentration to increase until the time of doubling (2x)
or quadrupling (4x), after which time the CO, concentration was
kept constant until a new equilibrium was reached (after a total to
3000 y of integration). The atmospheric CO, concentration and its
associated radiative forcing throughout the transient phase of these
experiments are shown in Fig. 2

3 Equilibrium present-day control climatologies

The globally-averaged annual mean SAT and sea sur-
face temperature (SST) at the end of the spin-up to
equilibrium of the H, HBL and GM control climatolo-
gies are shown in Table 1. While all three present-day
realisations yield similar values, the SAT from our
control climates are about 1°C cooler than observa-
tional estimates (approximately 14°C with the mean
temperature of Northern Hemisphere winter being
124°C and that of northern hemisphere summer,
15.9 °C—IPCC 1995). Nevertheless, our values are not
unrealistic and are in fact about 1.5 °C warmer than the
global mean screen temperature of the standard inte-
gration of Manabe and Stouffer (1994, see their Fig. 2).

Upon first glance, the spatial SAT distribution at the
equilibrium of the three control experiments appear
similar, although difference plots (Fig. 3) reveal subtle
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atmospheric CO, concentration to increase until the time of doubl-
ing (2x) or quadrupling (4x), after which time the CO, concentration
was kept constant until a new equilibrium was reached

Table 1 Globally-averaged annual mean equilibrium sea surface
(SST) and surface air (SAT) temperatures at the equilibrium of the
three climatological control experiments

Experiments SST (°C) SAT (°C)
H 15.82 12.81
HBL 15.96 12.75
GM 15.98 12.67

changes between the H, HBL and GM climatologies.
The most notable differences occur in the tropics,
where HBL is warmer than H and GM; in the Southern
Ocean, where GM is warmer than H and HBL; at high
latitudes where HBL and GM are colder than H. As
the atmospheric component of our coupled model is
simple, the horizontal SAT inter-model anomaly distri-
bution represents a smoothed (through atmospheric
diffusion) version of the SST intermodel anomaly fields
(Fig. 4).

In the tropics, where isopycnals are approximately
horizontal, the values chosen for the vertical and hori-
zontal mixing in the H experiment are similar to those
in the GM case. The HBL experiment on the other
hand limits vertical mixing between the surface levels,
allowing the tropical SSTs to be warmer than in the
other two experiments. At high latitudes, especially
in the Southern Hemisphere, the GM and HBL control
models produce SSTs more similar to each other than
to those of the H model. In this case this is due to the
fact that the GM and HBL models constrain convec-
tion by increasing the stratification of the ocean. The
suppression of unrealistic large areas of deep convec-
tion (that exist in H) causes the surface layers to become
colder when exposed to cold polar air. The result is that
sea ice is also more extensive in HBL and GM, espe-
cially in the Southern Hemisphere (Table 2; bold line
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Fig. 3 a Annual mean surface air temperature (°C) for the present-
day climatology of the H model. b As in a but for differences between
HBL and H (HBL — H). ¢ As in b except for the GM model. The
contour interval is 4°C in a and 1°C in b and c. Shaded areas in
a indicate regions colder than 0°C, while in b and ¢ they show
regions colder than in the H model. The thick solid line gives the
annual mean sea ice extent (> 0%) over the ocean and the latitude of
the —10 °C contour over land in each of the respective climatologies

in Fig. 3), where the subsequent ice-albedo feedback
further cools the region. The ice cover is too extensive
in the North Atlantic in all models due to the coarse
resolution of the model which results in a relatively
weak Gulf Stream and correspondingly poor penetra-
tion of warm near surface water in the northernmost
North Atlantic.

In the Southern Ocean, the eddy-induced bolus
transport associated with the Gent and McWilliams
(1990) scheme largely cancels out the vertical overturn-
ing cell (known as the Deacon Cell) associated with the
northward Ekman transport of cold surface waters
and subsequent return flow at depth (Danabasoglu
et al. 1994). In addition, the alignment of diffusion
along isopycnals substantially reduces unrealistic dif-
fusive southward surface heat transport (Fig. 5), which
would otherwise cause spurious deep overturning and
mixed layers in the Southern Ocean. On the northern
side of the Antarctic Circumpolar Current (ACC) the
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Fig. 4a—c As in Fig. 3 but for sea surface temperature. The contour
interval in a is 3 °C, while in b and c it is 1 °C. Shaded areas in a are
colder than 0°C, while in b and ¢ they represent regions colder than
the H model

Table 2 Global and hemispheric ice covered area for all experi-
ments. SH and NH are the Southern and Northern hemispheres,
respectively

Total SH NH
Experiment (x10°km?)  (x10°km?)  (x10°km?)
H 11.9 0.7 11.2
H2x 8.5 0.0 8.5
H4x 6.5 0.0 6.5
HBL 19.7 6.1 13.6
HBL2x 11.0 0.6 10.4
HBL4x 8.3 0.0 8.3
GM 20.8 7.7 13.2
GM2x 12.0 2.1 9.9
GM4x 6.5 0.3 6.2

first process dominates, so that in the GM case large
areas of the Southern Ocean are substantially warmer
and more stratified than in both H and HBL. On the
southern side of the ACC the second process dominates
and spurious deep convection is suppressed.

It is well known that the strength of the overturning
is sensitive to the value of the vertical diffusivity (Bryan
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Fig. 5 a Annual mean global oceanic heat transport (PW) for the
present-day equilibrium climatology of the H model. Positive values
indicate northward heat transport. The solid line is the total heat
transport, the dotted line is the component due to advection, while
the dashed line indicates the component due to diffusion. b As in
a but for the HBL model. ¢ As in a but for the GM model. The
dash-dotted line in ¢ shows the eddy-induced bolus heat transport

1987). As such, it is not surprising to see that the HBL
model has about 13 Sv of deep water formation in the
North Atlantic relative to 24 Sv in H (Fig. 6a,d). This
follows since in the thermocline k, ~ 0.3 x 10~ *m?s ™!
in HBL relative to k, = 1.0x 10 *m?s ' in H. As a
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Table 3 Maximum oceanic heat transports (PW; IPW = 10'5W) at
the equilibrium of the three control models as well as from several
other coupled models and a range of observations (Russell et al.
1995). Acronyms are defined on the caption to Table 4 with GISS
- Goddard Institute for Space Studies, USA

Experimental/Group Maximum Heat Transport (PW)
H 1.4

HBL 0.8

GM 1.1

GFDL 1.5

GISS 1.4

MPI 1.3

UKMO 1.2

Observations 1.6-2.8

result in the Northern Hemisphere, the poleward heat
transport in HBL is the weakest (Table 3; Fig. 5) and
the North Atlantic the coolest (Fig. 3) of all. The North
Atlantic mass transport in GM is also around 13 Sv
(similar to HBL) although when one includes the
eddy-induced bolus transport the net tracer transport
increases to about 15 Sv (Fig. 6g). This reduced over-
turning relative to H also explains the cooler North
Atlantic (Fig. 4c) and reduced poleward heat transport
(Table 3) in GM. Deep water formation in the North
Pacific is absent in HBL and GM although there is too
much production of intermediate water in the North
Pacific in the H model (not shown). There is more
trapping of fresh water in the upper layers of the North
Pacific in the GM and HBL models which is respon-
sible for reducing convection and thus overturning
there. The deep AABW input into the North Atlantic
is about 4 Sv in all the experiments.

Due to the constraint imposed by the incoming solar
radiation, it is not surprising that the planetary heat
transport compares well with observations (Hartman
1994) in all our models (not shown). Nevertheless, as
illustrated in Table 3 and Fig. 5 there is a tendency for
our ocean to transport too little heat with the atmo-
sphere picking up the difference. This problem is not
confined to the present model but is in fact character-
istic of most coarse-resolution ocean models (Table 3).
Indeed, Fanning and Weaver (1997c) showed that in-
creased resolution in the oceanic component of this
coupled model results in improved oceanic heat trans-
ports primarily through better representation of west-
ern boundary currents.

The equilibrium control climates from the three
models (H, HBL and GM) are integrated for a further
3000y, in parallel with the CO,-increase experiments
(Fig. 1). The control climates, which remain stable
during that integration, are used as a reference for the
CO,-increase experiments, discussed in the next two
sections. We begin by examining the equilibrium re-
sponse to CO, doubling and quadrupling before
moving onto the transient response. Throughout our
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Table 4 Globally-averaged annual mean equilibrium sea surface
(SST) and surface air (SAT) temperature responses for the 2 x and
4 x CO, experiments. Results from other groups (taken from IPCC
1995) are also shown at the right for comparison. All values are for
2x CO, experiments where CO, was increased by 1% per year.
BMRC, Bureau of Meteorology Research Centre, Australia; CCC,
Canadian Centre for Climate Modelling and Analysis, Canada;
CSIRO, Commonwealth Scientific and Industrial Research Organ-
isation, Australia; GFDL, Geophysical Fluid Dynamics Laboratory,
USA; MPI, Max Planck Institute for Meteorology, Germany;
NCAR, National Center for Atmospheric Research, USA; UKMO,
United Kingdom Meteorological Office, United Kingdom

4 SST 4 SAT A SAT (2x)
Experiment (°C) (°O) (°O) Group
H2x 2.26 2.89 2.1 BMRC
HBL2x 2.29 3.00 35 CCC
GM2x 2.28 3.01 43 CSIRO
H4x 4.63 5.81 3.7 GFDL
HBL4x 471 6.01 2.6 MPI
GM4x 4.52 6.00 4.6 NCAR
2.7 UKMO

discussion we will focus on the effects arising from the
different parametrisations of sub-grid scale mixing.

4 The equilibrium 2x and 4xCO,, climate response

The globally-averaged SAT and SST change (Table 4)
at the equilibrium of the six (Fig. 1) CO,-increase ex-
periments is similar for all three mixing schemes, with
a doubling of CO, leading to about 3.0°C SAT (2.3°C
SST) warming and increasing linearly with the quadru-
pling of CO, to about a 6.0°C (4.6 °C SST) warming.
These numbers fall within the range of IPCC (1995)
tabulated results (see Table 4), representing a weak
to moderate climate sensitivity of our coupled model.
The similarity of the response between the three classes
of models (H, HBL, GM) suggests that on the global
average, there is little net ocean feedback on the equilib-
rium SAT and SST. This result is consistent with the
analysis of Weaver et al. (1998) where they concluded
that ocean feedbacks in their coupled model did not
contribute to the globally-averaged warming since the
last glacial maximum.

While the globally-averaged SAT and SST may be
similar between the H, HBL and GM models, there are
substantial spatial differences between the equilibrium
responses (e.g. Fig. 7 for 2xCO, and Fig. 8 for
4 x CO,). The greatest warming in the H2x model
(Fig. 7a) took place over the high latitude North Atlan-
tic, where the SAT increased by a maximum of 7 °C in
the annual average. This is a direct result of two pro-
cesses. The first involves a positive-albedo feedback,
whereby the ice edge in the H model was forced back by
the warming atmosphere and ocean, causing a reduc-
tion in albedo and thereby locally enhancing the
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Fig. 7a—c¢ Annual mean surface air temperature (°C) equilibrium
2 x CO, response for the a H2x model; b HBL2x model; ¢ GM2x
model (the contour interval is 0.5 °C). The response was calculated as
the difference between the 2x experiment and its respective control.
The thick solid line gives the annual mean sea ice extent (> 0%) over
the ocean and the latitude of the —10 °C contour over land

warming. The zonally-averaged responses shown in
Fig. 9 clearly illustrate the differences in the high-latit-
ude responses of the three models. The second process
involves a positive ocean feedback (discussed in more
detail in the next section), whereby increased equilib-
rium North Atlantic overturning (Fig. 6b) lead to in-
creased northward heat transport (Fig. 10a), thereby
warming the region there (and contributing to en-
hanced ice melt and subsequent ice-albedo feedback).

There is almost uniform warming in the Pacific,
Indian and Southern Ocean of the H2x model, in con-
trast with the patterns of warming in the GM2x
(Fig. 7b) and HBL2x models (Fig. 7c). In the latter
models the southern high latitudes experience en-
hanced warming relative to lower latitudes. While the
2 x CO;, equilibrium SAT response in the H2x case has
a pronounced interhemispheric asymmetry compared
to the HBL2x and GM2x cases, this is not primarily
due to differences in the Southern Ocean heat uptake
but rather to differences in the ice-albedo feedback.
The HBL and GM climatologies both have far more
extensive ice cover in the Southern Ocean (Fig. 3;
Table 2), resulting in a stronger ice-albedo feedback
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Fig. 8a—c Asin Fig. 7 but for the equilibrium 4 x CO, response (the
contour interval is 1.0 °C)

which allows for the amplification of the 2 x CO, re-
sponse. In all cases (H2x, HBL2x, GM2x), the North
Atlantic overturning (Fig. 6), and hence northward
heat transport (Fig. 10), increased at the 2 x CO, equi-
librium, such that the ocean acted locally in the North-
ern Hemisphere as a positive feedback to warming.

In the equilibrium 4 x CO, case (Fig. 8), the ice-
albedo feedback continues to be the dominant process
leading to interhemispheric symmetry in the HBL4x
and GM4x cases, and asymmetry in the H4x case
(where there is little ice in the Southern Hemisphere
control climatology). The maximum annually-averaged
warming in the Northern Hemisphere now occurs in
the GM4x case (rather than H4x), due to a substantial
decrease in Northern Hemisphere ice (Fig. 8c) asso-
ciated with dramatically increased equilibrium over-
turning (Fig. 61) and hence northward heat transport
(Fig. 10f).

McDougall et al. (1996) suggested that one should
expect a reduced efficiency in the uptake of heat by the
ocean in response to climate warming when GM-type
sub-grid scale mixing is used. The inspection of the
globally-averaged equilibrium results (Table 4) sug-
gests that the equilibrium climate response is relatively
insensitive to the particular sub-grid scale parametrisa-
tion used, although warming is actually slightly re-
duced in the H2x and H4x cases compared to the
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Fig. 9a,b Zonal profiles of the average surface air temperature
response for a the 2x a and b 4x experiments. The H, HBL and GM
model responses are shown with dash-dotted, dashed and dotted lines,
respectively

GM2x and GM4x cases. While at equilibrium the glo-
bally-averaged heat flux is zero, over the region south
of 50 °S the air-sea heat flux is 2.9 Wm ™2 larger in H2x
than GM2x, while it is 2.1 Wm ™2 larger in HBL2x than
GM2x. This suggests that the inclusion of GM has
reduced the heat uptake as expected (relative to H and
HBL) in the Southern Ocean, which is compensated
for by increased heat uptake at other latitudes so that
the global average is zero. Nevertheless, the impact of
the ice-albedo feedback in the GM case swamps the
local reduction in heat uptake, and so is primarily
responsible for the strong warming that occurs there. In
the next section we will examine the transient response
of this Southern Ocean heat uptake more closely.

5 The transient 2x and 4xCO,, climate response

In this section we focus our attention on three aspects
of the transient response of the climate system to in-
creasing anthropogenic greenhouse gases. We begin by
examining the transient response of the North Atlantic
thermohaline circulation, focusing on the importance
of heat versus freshwater flux forcing. We then
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re-address the issue of heat uptake efficiency through
an intercomparison of the results from our suite of
three models. Finally, we examine the intrusion of
subsurface warm water into the Arctic Ocean which we
find in our model experiments.

5.1 North Atlantic thermohaline circulation

As noted in the previous section, the equilibrium
2 x Co, and 4 x CO, overturning in the North Atlantic
was stronger than the climatological overturning in all
cases (H, HBL, GM), which, through enhanced ocean
heat transport, represents a positive equilibrium feed-
back to high northern latitude warming. The sign of
the ocean feedback is negative in the earlier stages of
the transient integration (Fig. 11), where in all cases
a reduction in overturning strength ensues once the
radiative forcing starts to increase. This reduction dur-
ing the early part of the transient phase is consistent
with the results of most coupled atmosphere-ocean
GCMs (IPCC 1995). The reestablishment of thermoha-
line circulation in all the 4 x CO, experiments to values
higher than their respective present-day climatological
values is, however, in contrast with the results of
Manabe and Stouffer (1993). In their 4 x CO, experi-
ment the overturning collapsed completely, although it
recovered after about 3000 years.

The transient phase of the 4 x CO, integration over
the first 70 y (by which point a doubling of CO, has
been reached) is identical to the corresponding 2 x CO,
integrations. The H models (Fig. 11a) show the great
reduction in overturning strength, reaching almost 3 Sv
(12%) at the time of CO, quadrupling. In the HBL4x
case (Fig. 11b), the drop is only 1.6 Sv (once more
representing a 12% drop relative to the present-day
climatology), whereas in the GM case (Fig. 11c) it is
only 1.1 Sv (about 8.5%). The GM results are unique in
that unlike the H and HBL cases, the reduction does
not continue past the point of CO, doubling. In GM4x
the overturning begins to increase more rapidly than
in GM2x shortly after CO, doubling is reached.
In the H4x and HBL4x cases, the strength of the
overturning continues to diminish as the CO, concen-
tration increases from 2 x to 4 x CO,.

Through the Clausius-Clapeyron equation, a
warmer atmosphere implies a higher saturation specific
humidity. As such, consistent with coupled GCMs
(IPCC 1995), our suite of experiments all reveal an
intensification of the hydrological cycle with enhanced
net tropical evaporation, poleward moisture transport,
and subsequent net middle-high latitude precipitation,
especially in the Northern Hemisphere (Figs. 12 and
13). Since the haline forcing (precipitation minus evap-
oration) acts to brake the North Atlantic overturning,
and thermal forcing (heat exchange) acts to drive it (see
e.g. Weaver 1995), the weakening and subsequent rees-
tablishment is largely due to the transition from the
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dominance of increased high-latitude freshening to
increased low-latitude warming. The result of this
transition is an increased meridional density contrast
which (see next section) causes the weakened North
Atlantic overturning to recover and surpass its initial
strength. In the case of Manabe and Stouffer (1993) the
opposite dominance occurs and the overturning (in the
4 x CO, scenario) remains weak. Parallel experiments
with the wind stress feedback turned on did not greatly
effect the weakening/reestablishment time scale or its
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Fig. 12 Anomalous zonal mean evaporation (dashed line) and pre-
cipitation (dotted line) for the three 2x experiments

magnitude, so that wind-feedbacks through enhanced
Ekman and gyre oceanic salt transport are not crucial
to our results.

The reduction that we find in the transient phase of
all CO,-increase experiments is less than that found in
several coupled atmosphere-ocean GCMs (e.g. Manabe
et al. 1991; Manabe and Stouffer 1993; Murphy and
Mitchell 1995; Gordon and O’Farrel 1997). This may
be partially related to the fact that these coupled mod-
els employ flux adjustments to maintain a stable equi-
librium present-day climate. That is, if a perturbation
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Fig. 13 Difference (relative to the control) of the zonally-averaged
evaporation minus precipitation (m/y) at the equilibrium of the
GM2x experiment (GM2x-GM). The H2x and HBL2x models are
qualitatively similar

caused a slight reduction in the intensity of convection
(or a horizontal shifting of its location, Lenderink and
Haarsma 1994), then the flux adjustment could act as
a positive feedback, applying extra freshwater where
it was needed in the control integration. Since there is
no effective mechanism for the removal of sea surface
salinity (SSS) anomalies, this process would further
reduce convection until a balance was reached in the
ocean (e.g., through enhanced Ekman and gyre fresh-
water transport away from the now stratified convec-
tive region). Since the flux adjustment issue is not likely
to shed light on our response relative to those of
coupled atmosphere-ocean GCMs, we turn to the role
of changes in surface buoyancy forcing.

As noted earlier, the thermohaline circulation is
driven by the competing effects of thermal and fresh-
water forcing. In response to increasing CO,, the hy-
drological cycle intensifies, resulting in increased net
precipitation at high latitudes and evaporation in the
tropics (Fig. 13). In addition, the SAT response is mag-
nified at high latitudes (largely due to an ice-albedo
feedback). Due to the nonlinearity of the equation of
state, density of cold water (i.e. at high latitudes) only
depends weakly on temperature. As such, small salinity
perturbations have a more significant effect than ther-
mal perturbations on density. For warmer temper-
atures (i.e. at low latitudes), temperature changes affect
the density more strongly. The dynamic response of
the termohaline circulation is then determined by the
changing meridional density gradient resulting from
the competing effects of thermal versus freshwater flux
forcing.

To investigate this issue more thoroughly, we now
examine the evolution of the surface density flux
throughout the transient phase of our integrations.
Heat and freshwater fluxes were combined to create
density fluxes (F,) following Gill (1982) and Schmitt
et al. (1989):

E =221 o~ P)s, @)
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where Q is the upward heat flux, C,, is the specific heat of
water and p its density, E — P is the difference between
evaporation and precipitation (m/s), S is the salinity in
psu and o and f are the thermal and haline expansion
coefficients for sea water, given respectively by:

1 dp _1dp

aZ_EG_T’ ﬂ—ﬁﬁ 3)

Equations 2 and 3 give the density flux in units of mass
per unit area per unit time, with F, > 0 implying that
the surface layer is gaining mass. Using annual mean,
zonally-averaged SST, SSS, Q, and E — P in the Atlan-
tic Ocean, we calculated o and f, and hence F,, every
five years for the first 300 y of integration of the 2x
experiments (H2x, HBL2x, GM2x). Since the results for
H2x and HBL2x were qualitatively similar, we focus
our attention on GM2x (Fig. 14).

During the early phases of the transient integration,
changes in the hydrological cycle caused increased high
latitude North Atlantic freshening (Fig. 14b) at the
expense of low-latitude evaporation (Fig. 14d). This
freshening reduces high-latitude convection and hence
the meridional overturning (Fig. 11c). Initially the
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Fig. 14a—d Surface density fluxes (10~ 8 kgm ™25~ !) in four latitude
bands in the North Atlantic during the transient of the GM2x
experiment. The horizontal axis gives the time in years from the
beginning of the 2xCO, experiment. a covers the arctic

(70°N-90°N); b covers the deep water formation region
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ocean acts as a negative feedback in the high-latitude
North Atlantic, counteracting the radiative forcing
associated with the increasing levels of atmospheric
CO,. At lower latitudes the effects of increasing atmo-
spheric CO, add buoyancy to the surface of the ocean
(Fig. 14c-d), until the forcing is held fixed (around 70 y)
and the climate system is allowed to approach equilib-
rium. The reestablishing North Atlantic overturning
transports anomalously (relative to the control climate)
warm waters poleward so that the ice edge starts to
melt back. As such, the sea surface, once insulated from
the atmosphere by sea ice, is now able to release heat
and so the density flux is increased, eventually domina-
ting over the high-latitude freshening to create a nega-
tive buoyancy flux (Fig. 14b). The increasingly positive
density flux at high latitudes acting in concert with the
increasingly negative density flux at low latitudes, acts
to further increase the overturning to values greater
than the respective present-day climatologies. The
North Atlantic ocean now acts as a positive feedback to
enhance local warming.

In order to help separate the high- and low-latitude
effects we now examine the depth-integrated steric

b F,at62°
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20, 100
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0 100 200 300
(50°N-70 °N); ¢ covers the mid-latitudes (25 °N-50 °N); d covers the
tropics (0°N-25°N). The solid line is the density flux which is

decomposed into its haline component (dashed) and thermal com-
ponent (dotted)
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Table 5 Equilibrium zonally-averaged depth-integrated steric height (@) and corresponding changes in the North Atlantic overturning
strength () in the three families of models. The model experiment is listed in column 1. Columns 2 and 3 give the depth integrated steric
height (relative to 925 m and scaled by po) at the latitude of maximum zonally-averaged surface density and the Equator, respectively. The
difference between columns 2 and 3 is given in column 4. Column 5 gives the maximum value of North Atlantic overturning and column
6 gives the increase relative to the respective control experiment. Columns 7 and 8 show the percentage increase of the depth integrated steric
height gradient and overturning strength compared to the control climatology of each suite. The final column shows the ratio of column 4 to
column 5 confirming the near linear dependence of overturning rate to meridional depth-integrated steric height gradient

D5 Dy As_ NP b4 AV % increase % increase As_NP/V

Model (10~ ®kgm™1) (10~ kgm™1) (10" kgm™1) Sv Sv Ag_y® A¥
H 1.72 1.48 0.24 24.3 0.010
H2x 1.80 1.45 0.36 29.2 4.9 49 20 0.012
H4x 1.90 1.45 0.45 30.9 6.6 86 27 0.015
HBL 1.65 1.47 0.18 13.1 0.014
HBL2x 1.72 1.51 0.21 16.6 35 18 27 0.013
HBL4x 1.80 1.56 0.25 18.6 5.5 37 42 0.013
GM 1.69 1.47 0.22 132 0.017
GM2x 1.80 1.51 0.29 15.4 2.3 29 17 0.019
GM4x 1.90 1.55 0.35 20.0 6.9 56 52 0.018
height @, defined by: 2.2 . : : . .

—:

(4)

0z’ _
(p — j j‘<p0 p;:y S, P)>dZ,dZ,

Zo Zo

where po is a reference density and p(T, S, P) is the in
situ potential density. The depth integrated steric
height (@) gives a measure of the depth-integrated pres-
sure above a reference level (scaled by g1, the inverse
of the acceleration due to gravity), yielding a cumulat-
ive measure of the ocean response to the density fluxes
discussed already. When the net density flux over time
is positive into the surface of the ocean, @ will decrease.
Hughes and Weaver (1994) showed that for a suite of
ocean GCM configurations the maximum strength of
the overturning in the Atlantic Ocean was approxim-
ately linearly proportional to the meridional difference
in zonally-averaged &. Table 5 illustrates this result for
all of our equilibrium climatologies, although here the
difference is taken between the latitude of maximum
zonally-averaged surface density in the north and the
Equator. The GM and HBL model experiments verify
the linear dependence although the H suit of experi-
ments are less linear. This is likely due to breakdown in
our assumption of the existence of a constant level of no
motion (925 m) in the H case (with the most vigorous
overturning).

The annual mean, zonally-averaged, depth-integ-
rated steric height field (relative to 925 m) clearly sum-
marises the equilibrium Atlantic Ocean response to the
competing effects of heat and freshwater flux forcing
(shown for GM in Fig. 15). In the South and tropical
Atlantic, there is a near linear increase in depth-integ-
rated steric height (relative to the control climatology)
with increasing equilibrium atmospheric CO, levels.
Changes at the high northern latitudes, while also lin-
ear with increasing CO,, are much smaller than at

18~

Steric height
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240
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Fig. 15 Zonally-averaged annual mean Atlantic depth-integrated
steric height (relative to 925 m; 10~ °kgm™!) at the equilibrium
climatologies of GM (solid line), GM2x (dotted line) and GM4x
(dashed line)

lower latitudes (due to enhanced high-latitude precipi-
tation and the dominance of salinity changes over tem-
perature changes at low temperatures in the equation
of state). In response to the increased meridional depth-
integrated steric height gradient, the overturning in the
North Atlantic also increased relative to the present-
day control climatology.

5.2 Efficiency of heat uptake

McDougall et al. (1996) found that the global efficiency
of the uptake of a passive tracer was 77% larger (after
20y) in an H-type case relative to a GM-type case.
Most of this increase arose from changes in the South-
ern Ocean where the efficiency was 100% larger. They
further suggested that this factor should carry over into
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Fig. 16 Difference between the volume-averaged global ocean po-
tential temperature from the transient 2 x CO, runs and the respect-
ive control runs. The H2x-H, HBL2x-HBL and GM2x-GM cases
are given by the dashed-dotted, dashed and dotted lines, respectively

the SAT response of a coupled model in response to
increasing atmospheric CO,, provided that the air-sea
heat flux was similar both with and without the addi-
tional eddy parametrisation. We now look at this issue
more carefully through an examination of the transient
oceanic heat uptake in our suite of experiments (H,
HGL, GM).

The volume-averaged global ocean potential temper-
ature change (relative to the control experiments) as
a function of time through the transient CO,-increase
experiments (Fig. 16), confirms the result that the Gent
and McWilliams (1990) parametrisation reduces the
efficiency of heat uptake relative the the H2x case.
In fact this is the case throughout the transient phase
of the GM2x experiment, where globablly-averaged
equilibrium ocean temperatures warmed about half as
much as in H2x. Interestingly, the reduced efficiency of
the GM2x case is also associated with a faster equili-
bration time-scale to the imposed radiative forcing
perturbation. The reduced near-surface vertical diffus-
ivity in HBL2x is, on the other hand, the most effective
of all in reducing globally-averaged heat uptake effi-
ciency during the first 700 y of the transient integration.
Eventually the ocean in HBL2x is also warmer than in
GM2x, although the equilibration time-scale is much
longer. GM2x shows the smallest change of the three
experiments as it is the most effective in isolating sur-
face changes from the deep ocean. When lateral mixing
is used (H and HBL), spurious convection can arise
when heat is diffused poleward across outcropping
isopycnals (i.e. at high latitudes). In GM, mixing is
aligned along isopycnals so convection is substantially
reduced.

The decreased global heat uptake efficiency is in
agreement with the ocean-only GCM results of
McDougall et al. (1996), as well as the coupled model
results of Hirst et al. (1996). The magnitude of this
decreased efficiency is, however, substantially smaller

Wiebe and Weaver: Sensitivity of global warming experiments

in our case than in McDougall et al. (1996), and is more
in line with the findings of Hirst et al. (1996). After 20 y,
there is only a 5% difference is globally-averaged ocean
temperature change between GM2x and H2x. The use
of restoring boundary conditions (and implied infinite
heat capacity atmosphere) in McDougall et al. (1996)
probably overestimates differences in the uptake of
passive traces in convective regions (where the restor-
ing boundary conditions create large heat fluxes).

5.3 Intrusion of warm water into the arctic

An intriguing result found in our increasing atmo-
spheric CO, experiments, under GM and HBL sub-
grid scale mixing, was the subsurface intrusion of warm
North Atlantic waters into the arctic (Fig. 17). After
300 years in the HBL2x experiment the entire arctic at
900 m is warmed by more than 0.25 °C. Water warmed
by more than 0.75 °C has also reached the North Pole.
In the GM2x case, the warm water intrusion is less
extensive, with water warmed by about 0.25 °C reach-
ing the North Pole by 300 y. While the H2x model has
distinct surface warming, there is no apparent subsur-
face warm water intrusion north of 75°.

The mechanism for warming in both the HBL2x and
GM2x experiments is quite similar and initially in-
volves enhanced subsurface transport of warm Atlantic
waters into the arctic. The arctic is not well represented
in our coupled model so that the Atlantic waters enter
an environment of relatively weak circulation where
further spreading occurs on slow advective and dif-
fusive time scales. In the H2x case, there is enhanced
intrusion of the surface waters (Fig. 6a—c) which dra-
matically melts back the ice edge (Fig. 7a), exposing the
ocean surface to the cold polar air. Strong convection
then wipes out the signature of the warm Atlantic
waters entering the arctic. The ice edge in the HBL2x
and GM2x cases is not as greatly affected in the
2 x CO, equilibrium climates (Figs. 7b—c).

The initial enhancement of subsurface transport of
Atlantic waters into the arctic (across 70 °N) in the H2x,
HBL2x and GM2x experiments is portrayed in Fig. 18.
As there is only one oceanic connection between the
arctic and the rest of the world oceans, transport across
this latitude sums to zero over depth. In all three cases
there is enhanced surface intrusion by 50 y with return
flow at deeper levels. In the HBL2x case, a subsurface
local maximum near 1400 m develops and intensifies
slightly with time (Fig. 18e,f). A similar subsurface
maximum of northward transport develops in the
GM2x case (Fig. 18h, i), although at slightly shallower
depth. In both the GM2x and HBL2x experiments, the
subsurface ocean remains insulated from the polar air
(due to the existence of sea ice at the surface) through-
out the transient CO, integration, which is not the case
in the H2x experiment. During the initial stages (first
50y) H2x and HBL2x have very similar transport
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profiles (Fig. 18a, d), with a local subsurface maximum
developing in H2x as well. The strong northward trans-
port in the near surface regions of the H2x experiment,
however, melts back the sea ice, thereby exposing the
ocean surface to cold polar air which initiates vigorous
convection, mixing the water column vertically.

Once the warm waters enter the arctic they spread
both advectively and diffusively. Using an advective
velocity scale of U = 0.1 cms ! (Fig. 18f) as represen-
tative of the subsurface transport, and an along-path
length scale L = 2.2 x 10° m (20° of latitude), gives an
advective time-scale of T, ~ + = 70 y. The time-scale
for diffusive spreading of the warmed waters, once they
are present in the arctic, is T; ~ %, where k,, is the
horizontal (or isopycnal in GM) diffusivity. Setting
k, =2x103m?s ! gives T; ~ 80y, which is similar to
T,. Both these time-scales are consistent with the intru-
sion time-scale seen in the HBL2x model, although
they are somewhat too fast for the GM2x model. This is
possibly due to the fact that isopycnal surfaces are not
aligned horizontally in the arctic so that the isopycnal
diffusion (GM) differs substantially from horizontal
diffusion (HBL). As such, the effective k;, in GM2x is
substantially smaller than k, =2x10®m?s~ 1. The
subsurface transport in GM2x is, however, stronger
than in the HBL2x case, so that the advectice time-scale
is shorter. Vertical diffusion, whose effects would be
to slowly remove thermal anomalies, is larger in GM2x
than in HBL2x and so may also be responsible for the
diminished signal in GM2x.

6 Summary

We have explored the sensitivity of global warming
experiments to the parametrisation of sub-grid scale
ocean mixing. This was accomplished using an EMBM
coupled to a thermodynamic sea ice model and an
OGCM, in which three distinct sub-grid scale tracer
mixing schemes were used: (1) Laplacian diffusion with
constant horizontal and vertical diffusivities (H); (2)
Laplacian diffusion with a constant horizontal diffus-
ivity and a vertically-varying vertical diffusivity taken
from Bryan and Lewis (1979) (HBL); (3) the Gent and
McWilliams 1990 scheme (GM). The computational
efficiency of our coupled model allowed us to integrate
the coupled system through the transient phase of
CO,-increase until a new equilibrium was reached.
The climate sensitivity of all three classes of models
was a 3.0°C increase in globally-averaged, annual
mean SAT for a doubling of atmospheric CO,, within
the range of estimates provided by IPCC (1995). The
similarity of the global mean equilibrium 2 x CO, and
4 x CO, SST and SAT, in models using three distinct
sub-grid scale mixing schemes, suggests that at equilib-
rium, the ocean provides little global climate feedback.
This is of course not true on the regional scale or during
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the transient phase of the integrations where significant
differences exist between model classes.

In the initial stages of the transient phase of all of
our CO, experiments the thermohaline circulation in
the North Atlantic reduces, due to an enhancement of
the hydrological cycle and subsequent increase in mid-
high-latitude precipitation. The weakened overturning,
however, reestablishes in all cases to surpass its clima-
tological strength. This occurs due to the eventual
dominance of low-latitude warming over high-latitude
freshening leading to an increased meridional depth-
integrated steric height gradient. A secondary positive
feedback also occurs during the reestablishment pro-
cess. As the conveyor builds in strength its northward
transport of heat also increases, which, together with
high-latitude CO,-induced radiative warming, melts
back the sea-ice edge. The newly exposed ocean water
is no longer insulated from the atmosphere and so loses
buoyancy, thereby reinforcing the strengthening con-
veyor. This process continues until a new equilibrium,
with stronger overturning, is reached. At equilibrium
the ocean therefore provides a positive feedback to
regional North Atlantic warming, through enhanced
heat transport, in both the 2 x CO, and 4 x CO, cases.
During the early phases of the transient response, the
sign of the ocean feedback is negative through reduced
ocean heat transport associated with a weakening con-
Veyor.

We also examined whether or not the incorporation
of the Gent and McWilliams (1990) parametrisation
reduced the efficiency of oceanic heat uptake during
the transient phase of CO,-increase experiments, as
implied by McDougall et al. (1996). In accordance with
expectations, the H experiments were more effective in
taking up heat compared to the GM case, although not
as effective as in the uncoupled ocean-only experiments
of McDougall et al. (1996). Unlike Hirst et al. (1996),
however, we found a symmetric climate response to
increasing atmospheric CO, in the GM (and HBL)
experiments. This symmetric response in GM and
HBL, and asymmetric response in H, was largely due to
the existence of more realistic sea ice in the climatologi-
cal control integrations and the subsequent enhanced
ice-albedo feedback upon warming.

In our transient CO,-increase experiments using
the GM and HBL mixing schemes, subsurface warm
waters were found to intrude into the arctic. This arctic
intrusion was not found in the H2x case due to the
onset of enhanced high-latitude North Atlantic convec-
tion, which rapidly mixed the water column as the ice
edge retreated. Once in the arctic, these waters were
slowly advected and diffused throughout the basin,
filling the middle layers with an anomalously warm
water mass of Atlantic origin. This warming of the
mid-depth Arctic Ocean is qualitatively similar to re-
cent observed patterns of subsurface Arctic Ocean
warming (Carmack et al. 1995). While the magnitude of
anomalous warming in our model is similar to these
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observations, the intrusion time-scale and depth of
maximum warming is not. The lack of a proper repres-
entation of the Arctic Ocean in our model severely
limits our ability to quantitatively capture the dynam-
ics of the region. Nevertheless, it is interesting that the
observed warming trend is consistent with our model
response to increasing atmospheric CO,.

In summary, we have attemped to emphasise the
importance of the parametrisation of sub-grid scale
mixing on the transient evolution and regional re-
sponse of the climate system to increasing anthropo-
genic greenhouse gases. While apparently of little im-
portance to the climate sensitivity of the global coupled
system, small-scale processes in the ocean can feed back
on the basin-scale ocean circulation to cause substan-
tial differences in model solution depending on how
they are parametrised. As such, increased understand-
ing of the basic physics and parametrisation of these
unresolved ocean processes is important in order to
improve the realism of regional climate change fore-
casts from coupled GCM:s.
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