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ABSTRACT

A global version of the GFDL modular ocean model is forced using conventional restoring boundary conditions
(BCs), mixed BCs (i.e., restoring the upper-level temperature but specifying a fixed salt flux), and stochastic
fluxes of both heat and freshwater.

The climatology of the model is found to drift if stochastic freshwater fluxes are applied at high latitudes
under mixed BCs. The drift is global in extent: the ocean is generally warmer in the North Pacific and Weddell
Sea but cooler and fresher at depths elsewhere in the Southern Ocean and in the North Atlantic. There is a
slight reduction (by about 5%) in the meridional overturning of the Southern Ocean and the North Atlantic.
The drift of the barotropic flow is most pronounced in the Southern Ocean and is associated with a permanent
meandering of the Antarctic Circumpolar Current.

The drift occurs within a few decades, suggesting that it may be important in enhanced greenhouse scenarios
for early next century that have been obtained using coupled atmosphere-ocean GCMs. It is also possible that
some of the intrinsic variability identified in the same models is actually a residual drift.

The drift depends upon convective adjustment to occur but can be amplified by the surface heat flux param-
eterization, both locally and by an additional feedback associated with large-scale flow changes. In an extreme
case, the latter leads to a total collapse of the thermohaline circulation associated with North Atlantic Deep
Water Formation. A similar mechanism underlies the drift that can occur when the switch from restoring to
mixed BCs is made.

The heat flux feedback represents the atmosphere-ocean coupling in the model, so this aspect of the drift
can be regarded as a coupled mode that actually contributes to the mean state of the coupled system. The
existence of such modes makes some climatic drift in coupled models inevitable, if the individual components
are equilibrated separately prior to coupling.

The applicability of these results to more sophisticated coupled models depends, in part, upon how well the
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restoring BC on temperature captures the heat flux feedback they exhibit.

i. Introduction

A number of climate models consisting of coupled
global atmosphere and ocean general circulation mod-
els (GCMs), with sea ice components of varying so-
phistication, have been used to investigate climatic
variability on interannual and decadal timescales. (See
Meehl 1990, 1992 for recent reviews). If the surface
fluxes are not adjusted to compensate for systematic
model errors, then existing models tend toward a state
in which each component exhibits a climatology quite
different to the one it exhibited prior to coupling.

To avoid this systematic change or “climate drift”
most groups employ some form of flux adjustment
(e.g., Sausen et al. 1988; Manabe and Stouffer 1988;
Manabe et al. 1991, 1992), in which information pass-
ing from one component of the coupled model to an-
other is modified. This adjustment ensures that the
climatologies of the fluxes each component receives is
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not very different from those necessary to maintain the
decoupled climatologies.

The adjustment methods are not entirely successful
as some drift is stili evident particularly at high southern
latitudes (e.g., Cubasch et al. 1991; Mitchell 1992;
Lunkeit, F. 1992 personal communication; Santer et
al. 1993). One possible reason for this drift might be
due to the fact that while the seasonal fluxes of heat
and freshwater are (usually) adjusted, the deviations
exhibited by the fluxes about these cycles are not (Sau-
sen et al. 1988). As a result, the presence of nonlin-
earities in the various model components (and in the
coupling terms) can lead to an asymmetric response
to these deviations, that is, a net drift.

This is especially important if the corrections are
based on separate integrations of the individual com-
ponents. For example, usually monthly climatological
atmospheric data (or its proxy) is employed to force
the decoupled ocean model. As a result, the impact of
atmospheric variability on most timescales is neglected.
When the models are coupled, however, there is tre-
mendous variability on daily, day-to-day, and longer
timescales.
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One way of helping to alleviate this problem might
be to calculate the flux adjustments during a prelimi-
nary coupled phase, but even then there is no guarantee
that the statistics of the deviations under the artificial
restoration required during this phase will remain the
same once the restoration is abandoned and the models
are fully coupled (and flux adjusted). This is because
the more extreme fluxes will tend to be moderated by
the restoration employed. As a result, once the OGCM
(ocean GCM) is coupled it will find itself in a new
environment. Similarly, the coupled atmosphere will
begin to “see” sea surface temperatures more extreme
than it had previously.

Here we will employ various surface boundary con-
ditions and apply both heat and freshwater flux noise
to a global version of the Geophysical Fluid Dynamics
Laboratory at Princeton OGCM, to see if it has any
effect upon the climatology exhibited by the model.

A number of studies have already applied freshwater
flux noise to ocean models, but all were primarily in-
terested in variability rather than any mean drift. Mi-
kolajewicz and Maier-Reimer (1990), for example,
found that the Hamburg Large-Scale Geostrophic
OGCM exhibited pronounced variability in a fre-
quency band centered around 320 years. Weaver et al.
(1993) found that the decadal variability exhibited by
their flat.60° single basin version of the GFDL model
could persist in the presence of stochastic forcing under
certain circumstances. Mysak et al. (1993) employed
a flat, latitude—depth, single basin version of the model
developed by Wright and Stocker (1991) and also
found variability under stochastic forcing, provided
that the vertical diffusion was small enough.

Of more interest here, however, is the mean drift or
shift in the climatologies exhibited by these models un-
der these conditions. Mikolajewicz and Maier-Reimer
(1990) found that a mean drift in the magnitude of
the transport of the Antarctic Circumpolar Current
through Drake Passage (from 126 to 118 Sv: Sv = 106
m? s™!) occurred, while Mysak et al. (1993) concluded
that the model they employed was generally stable to
noise but that quite different equilibrium solutions
could be obtained for certain combinations of the hor-
izontal and vertical diffusivities. In a more recent study,
Stommel and Young (1993) showed that multiple
equilibria could exist for a simple box model under
stochastic forcing.

In this study we will apply the stochastic fluxes to
different parts of the globe under various accompanying
tracer flux conditions. Additionally, different versions
of a simple 1D forced diffusion model with convective
adjustment will be used in conjunction with the OGCM
results, to help determine some of the dominant un-
derlying mechanisms of the drift. ,

The remainder of the paper is divided into five sec-
tions. In the following section we will briefly describe
the OGCM and the various kinds of tracer boundary
conditions employed. The results from the OGCM and
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the 1D model are presented in sections 3 and 4, re-
spectively. Here, we take the view that the OGCM,
when combined with simple surface flux feedback pa-
rameterizations, constitutes a very crude coupled
model. This is done to highlight the uncertainties as-
sociated with applying the results to more sophisticated
coupled models. These results, together with the un
certainties, are discussed in section 5. The paper con-
cludes with a summary of the main findings in sec-
tion 6.

2. The OGCM and tracer boundary conditions
(BCs)

a. The OGCM

The OGCM used here is a recent version of the
GFDL code (Pacanowski et al. 1991) based on the
work of Bryan (1969) and Cox (1984) and given the
acronymm MOM (modular ocean model).

The horizontal tracer grid was initially designed for
coupling to an atmospheric model (Moore and Gordon
1993). It is compatible with an R2! Gaussian grid,
which has a longitudinal spacing of 5.625° and a lat-
itudinal spacing of approximately 3.2°,

There are 12 vertical levels ranging in thickness from
25 m at the surface to 900 m in the deep ocean. The
horizontal eddy viscosity is artificially large (9 X 10°
m? s~!) to ensure that the western boundary currents
have horizontal scales that are resolved by the coarse
grid. The horizontal eddy diffusivity is 2.5 X 10°
m? s™!. The vertical eddy viscosity and diffusivity take
the same numerical values of 20 X 107*, 1.5 X 1074,

and 1 X 107*m? s~ in the first, second, and subsequent

levels, respectively, in order to crudely simulate a sur-
face mixed layer. Further details regarding the config-
uration of this model have been given by Moore and
Reason (1993) and Power and Kleeman (1993).

Most of the results that will be presented here rep-
resent quasi-equilibrium solutions, which have been
obtained using the acceleration techniques discussed
by Bryan and Lewis (1979) and Bryan (1984): the
time step is increased with depth and a much larger
time step is used in the tracer equations than in the
barotropic and baroclinic equations. A time step of 2
days is used for the tracer equation and 1200 s for the
baroclinic and barotropic equations. Acceleration fac-
tors ranging from 1 at the surface to 8 at the bottom
are also employed. All of the experiments are integrated
for at least 200 000 surface time steps to ensure that
they are close to equilibrium (e.g., the globally averaged
salinity has a trend less than or equal to approximately
1.8 X 1073 ppt per century in all cases).

b. The tracer BCs

The preliminary experiments conducted are repre-
sented in Fig. 1. First, the OGCM is integrated while
restoring both the upper level temperature (7°) and
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FIG. 1. A schematic representation of the experimental method employed. Here R is the solution
obtained under restoring boundary conditions (BCs), M the solution obtained under mixed BCs,
and N the solution obtained under mixed BCs with an additional stochastic (or noisy) tracer flux.
The legs were integrated for either 200 000 (R and M) or 300 000 (N) 2-day (surface) time steps
with an acceleration factor varying from unity in the top level to 8 in the deepest level.

salinity (.S), with a time lag of 20 days, to annually
averaged climatological values based on the data com-
piled by Levitus (1982). This leads to the restored so-
Iution represented as R in Fig. 1. A number of ocean
modelers (Stommel 1961; Welander 1986; Bryan 1986;
Weaver and Sarachik 1991 ) have argued that while the
restoration of 7 is justifiable on the basis of observa-
tional work of Haney (1971) and Oberhuber (1988),
there is no compelling reason to suppose that sea sur-
face S anomalies are damped by atmospheric processes.
To model this a fixed freshwater flux condition is im-
posed. The term “mixed BCs” is sometimes used to
refer to this condition in combination with the con-
ventional restorative condition on T.

In order to apply mixed BCs we need to have some
estimate of the freshwater flux field. One way of ob-
taining this estimate is to diagnose it from the restored
solution R. This is done over a period of about 50
surface years [after Weaver and Sarachik (1991) and
Moore and Reason (1993)]. Averaging is necessary
because the surface fluxes fluctuate, especially at high
latitudes where intermittent deep convection occurs.
Then R is integrated further under mixed BCs to obtain
the second solution M.

¢. The noise

In order to obtain the third solution N (also depicted
in Fig. 1), a stochastic flux is also applied in conjunc-
tion with the fluxes described above. The noise is white,
normally distributed with a zero mean and has a stan-
dard deviation of 1.8 mm day ~! for the freshwater flux
and 50 W m™2 for the heat flux. The noise has no spatial
(or temporal) coherence. The first value lies between
the extremes considered by Mysak et al. (1993) and
Weaver et al. (1993). Recent results from a 10-yr in-
tegration of the BMRC atmospheric GCM using re-
alistic SSTs rather than climatological values (R. Col-
man 1993, personal communication ) indicate that this
choice is rather modest, especially at low latitudes [see
also Latif et al. (1990) and Mikolajewicz et al. (1993)].
During January 1980, for example, there are regions
where the standard deviation of the precipitation ex-

ceeds 25 mm day"!. As a result the magnitude of the
drift exhibited here can probably be regarded as a lower
bound. The value chosen for the heat flux is rather
arbitrary, but we shall see that heat flux noise plays
only a minor role.

A relatively large number of experiments are con-
ducted in order to help determine the dynamics of the
drift. The noise is applied (i) globally, or is restricted
to either (ii) an equatorial band between about 25° N
and S, or (iii) high latitudes north (south) of 55°N
(S). Heat and freshwater flux noise is applied together
in some experiments and separately in others.

3. Results
a. The drift

To begin with, consider the equilibrium solution
obtained after integration under mixed BCs with a
noisy freshwater flux applied at high latitudes only.
The model climatology has drifted away from the con-
trol. To illustrate this, first consider the difference in
the barotropic transport streamfunction before and af-
ter the noise is added (i.e., N — M) in Fig. 2a. The drift
is most pronounced in the Southern Ocean and is con-
sistent with an anomalous meandering of the Antarctic
Circumpolar Current. The drift is modest, amounting
to about a 2.5 Sv change in the zonally averaged hor-
izontal transport (Fig. 2b).

The ocean is generally warmer and saltier at depth
in the North Pacific and Weddell Sea but cooler and
fresher at depth elsewhere in the Southern Ocean and
in the North Atlantic (Figs. 2¢,d). Other differences
include a surface freshening of the polar oceans (except
along the section of Antarctic coast south of Africa and
the Indian Ocean), a surface cooling over the Southern
Ocean (except in the southwest Pacific), and a weak-
ening of the (maximum) magnitude of the overturning
in the Southern Ocean and in the North Atlantic (as-
sociated with North Atlantic Deep Water Formation)
by about 5%. The evolution of the latter is depicted in
Fig. 3a (along with the upper-level temperature of the
Southern Ocean in Fig. 3b).
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There has also been a slight increase in the
rate at which convective events occur at most
depths and at most locations. There are excep-
tions to this. First, the rate has been reduced
in the northern North Pacific and North Atlan-
tic, off the West Australian coast, around north-
ern New Zealand, and over a significant fraction
of the Southern Ocean. Second, there is a substan-
tially increased rate in a few regions near the Ant-
arctic coast. These results are consistent with those
of Lenderink and Haarsma (1994), who showed that
there can be regions which have the potential to con-
vect, while in other regions convection 1s easily sup-
pressed.

Similar experiments were conducted under the var-
ious BCs described in the previous section and the re-
sults are presented in Fig. 4. The drift is again measured
here as the maximum change in the barotropic trans-
port streamfunction in the Antarctic Circumpolar
Current (ACC). [The connection between the ther-
mohaline forcing and the ACC is no coincidence:
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Fi1G. 2. The difference (N — M) in (a) the barotropic trans-
port streamfunction and (b) its zonal average; (c) the tem-
perature and (d) salinity at a depth of 2350 m, when a white
noise freshwater flux is applied at high latitudes only. Contour
intervals of (a) 2 Sv, (c) 0.1°C, and (d) 0.01 ppt are used.
Dashed lines indicate negative values.

Power et al. (1993 ) have shown that a barotropic ACC
of about 80 Sv can be generated in this model under
restoring BCs by thermohaline forcing with no wind
forcing whatsoever. This is consistent with findings in
other ocean models (W. Cai, D. Olbers 1993 personal
communication).] Recall that restoring, mixed, and
fixed BCs are considered. The symbols 7 and § in-
dicate that noise has been applied to the temperature
or salinity equation. (The symbol “7 & & indicates
that noise was applied to both.) The 3D plot depicts
the results when the noise was applied in the equatorial
band (bars closest to the front), globally (middle bars),
or at high latitudes only (bars at the back).

The first thing to notice is that there is very little
drift if the noise is applied at equatorial latitudes alone.
Second, the drift is small under restoring BCs on both
T and S. Third, the greatest drift occurs under mixed
BCs and then only if a noisy freshwater flux is applied.
The last point to note is that under the fixed flux con-
ditions the drift due to the imposed noisy freshwater
flux is substantially reduced. Thus, significant drift de-



JUNE 1995

e
<+

3
2

e
(8]

Overturning (Sv)
3

(5]

0 100 200 300

.| |, BIGN

—

e

Temperature (deg C}

. N

300 400 500
Time

0 100 200 600

Fi1G. 3. (a) Evolution of the maximum magnitude of the overturning
streamfunction in the North Atlantic for M {control experiment, no
noise added), N (freshwater noise added at high latitudes under mixed
BCs), and BIGN, an additional experiment similar to N except that
the standard deviation of the noise is increased ten-fold. (b) Evolution
of the average of the Southern Ocean. Time is measured in units of
1000 surface days.

pends upon the restorative condition on 7 as much as
it does on having a noisy freshwater flux at high lati-
tudes.

The impact of the noise is not immediate, however,
nor is the OGCM totally insensitive to the noise in the
absence of the restoring BC. In fact the heat flux feed-
back plays only a minor role in the very early response
to the freshwater noise. To illustrate this, freshwater is
exchanged impulsively in the upper level of the OGCM.
It is added in one case (p) and subtracted in another
(m). The linear combination p + m — 2¢, where c is
a control experiment in which no freshwater anomaly
is applied, is depicted in Fig. 5, first with the heat flux
feedback operating (Fig. 5a) and then when it is not
(Fig. 5b). The temperature in a vertical section along
65°S is presented. If the response was perfectly sym-
metric, then the field would be zero. In both cases the
response to the imposed anomalies is asymmetric. We
know, however, that the eventual drift is small without
the heat flux feedback. So despite the early asymmetry
in the response, the water column eventually settles
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down into something very similar to the control, unless
the surface feedback operates. When the acceleration
methods are employed, the bulk of the adjustment in
N occurs within the first 2000 surface days.

b. Why no vacillation?

Mikolajewicz and Maier-Reimer (1990) also applied
a noisy freshwater flux (globally) to their large-scale
geostrophic model and they found that in addition to
a modest drift there was a significant vacillation with
a period of about 320 years. In contrast, the response
evident does not exhibit any significant variability. This
is illustrated in the evolution of the maximum merid-
ional overturning associated with North Atlantic Deep
Water Formation (Fig. 3a) and the average temperature
of the entire Southern Ocean (Fig. 3b). This difference
in behavior will be discussed at length in sec-
tion 5.

¢. Timescale of the drift

We have seen that the climatology of the OGCM
under mixed BCs drifts. In transient, enhanced CO,
experiments, scenarios are often given for early next
century. So if the drift occurs in the first 40 years or
so, then it will be of some significance in this context.

The rates of change quoted above applied to the ac-
celerated case in which timescales are distorted. In order
to obtain a more faithful estimate the acceleration
techniques were abandoned, and the model integrated
for 4500 days. By this time the drift had reached 4 Sv
(Sv=10°m? s~ ') in the barotropic transport and was
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F1G. 4. The stochastic drift (Sv) as measured by the maximum
change in the barotropic transport for the various experiments con-
ducted. Noisy fluxes are applied to the temperature (7) and salinity
(S) equations either globally, at high latitudes or in an equatorial
band, under either restoring, mixed, or fixed BCs.
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FIG. 5. Linear combination (p + m — 2¢) of the temperature in a zonal section along 65°S
after freshwater has been impulsively exchanged with the top level. Freshwater was extracted in
p and added in m. The symbol ¢ stands for the control experiment in which no anomalous
freshwater was exchanged. Two cases are considered one in which the heat flux feedback operates

(a) and the other in which it does not (b).

again restricted to the Southern Ocean. Thus, the drift
does occur quickly enough to be of significance in CO,
experiments, and certainly in experiments aimed at
diagnosing variability on the same (and longer) time-
scales.

An additional control experiment was also con-
ducted in which the integration was performed syn-
chronously but no noise was added. In this case the
drift amounted to no more than 0.9 Sv after the same
period. Integration of both the anomaly (N) and con-
trol (C) runs for a further 13 500 days produced drifts
of 7and 1 Sv for N and C, respectively, indicating that
the bulk of the drift is stimulated by the addition of
noise rather than by the abandonment of the acceler-
ation techniques.

d. Noise amplitude and heat flux feedback

One might expect that the drift is a strong function
of the noise amplitude. In order to determine the de-
pendence of the drift upon the amplitude, a number
of further experiments under mixed BCs were con-
ducted, with a noisy freshwater flux again applied at
high latitudes only. In each additional experiment the
standard deviation of the noise was altered, and the
acceleration techniques specified previously were again
employed to obtain new equilibrium solutions. The
results are depicted in Fig. 6, where we see that the
magnitude of the drift does indeed increase with the
standard deviation of the noise but that the relationship
is not a near-linear one [as found by Mysak et al. (1993)
in their simplified model}].






