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Abstract We present several equilibrium runs under
varying atmospheric CO, concentrations using the Uni-
versity of Victoria Earth System Climate Model (UVic
ESCM). The model shows two very different responses:
for CO, concentrations of 400 ppm or lower, the system
evolves into an equilibrium state. For CO, concentrations
of 440 ppm or higher, the system starts oscillating
between a state with vigorous deep water formation in the
Southern Ocean and a state with no deep water formation
in the Southern Ocean. The flushing events result in a
rapid increase in atmospheric temperatures, degassing of
CO,; and therefore an increase in atmospheric CO, con-
centrations, and a reduction of sea ice cover in the
Southern Ocean. They also cool the deep ocean world-
wide. After the flush, the deep ocean warms slowly again
and CO, is taken up by the ocean until the stratification
becomes unstable again at high latitudes thousands of
years later. The existence of a threshold in CO, concen-
tration which places the UVic ESCM in either an oscil-
lating or non-oscillating state makes our results intriguing.
If the UVic ESCM captures a mechanism that is present
and important in the real climate system, the consequences
would comprise a rapid increase in atmospheric carbon
dioxide concentrations of several tens of ppm, an increase
in global surface temperature of the order of 1-2°C, local
temperature changes of the order of 6°C and a profound
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change in ocean stratification, deep water temperature and
sea ice cover.
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1 Introduction

Millennial-scale oscillations in the climate system, often
referred to as Dansgaard-Oeschger cycles in the Northern
Hemisphere and to A-events in the Southern Hemisphere,
have been found in various paleoproxy records from the
entire Northern Hemisphere, as well as in South America,
New Zealand, Antarctica and the Southern Ocean (Hinnov
et al. 2002; Leuschner and Sirocko 2000 and references
therein). Although these oscillations are more pronounced
under cold, glacial conditions, some records of the recent
climate history indicate that millennial oscillations are also
part of the Holocene climate. For example, ice-rafting
events in the northern Atlantic recur at around 1,500-year
intervals (Bond et al. 1997).

The cause of these abrupt changes in climate is still
under investigation: whereas most climate scientists see
changes in the strength of the North Atlantic thermohaline
circulation (and subsequently changes in the oceanic
meridional heat transport) as a plausible candidate (e.g.
Clark et al. 2002), others state that variations in solar
output might be the cause of the ‘‘1,500-year‘* cycles
(Bond et al. 2001; Braun et al. 2005; also see Muscheler
and Beer 2006 for a critical review of that theory). For
example, Schmittner et al. (2003) combined reconstruc-
tions, climate model simulations and a conceptual model of
the glacial climate change on millennial time scales to
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examine the relationship between high latitude temperature
changes of both hemispheres. Their conclusions emphasize
the role of the thermohaline circulation in millennial-scale
climate variability. Most of the available data and theories
focus on the Northern Hemisphere, although there is
increasing evidence for millennial timescale oscillations in
the Southern Hemisphere (e.g. Partridge 2002; Kanfoush
et al. 2000; Shackleton 2001; see also Sect. 4.2 in this
paper).

In the 1980s and early 1990s, millennial-scale variabil-
ity was analyzed in ocean models of varying complexity.
Welander (1982) developed a vertical two-box model to
study the oscillatory behavior caused by convective insta-
bility. Marotzke et al. (1988), and Marotzke (1989, 1990)
analyzed millennial oscillations in a single-hemisphere
ocean general circulation model under mixed boundary
conditions. The system was switching between a state of
weak meridional overturning (later called the ‘‘decoupled’’
mode where the deep ocean and the surface layers are
decoupled) and a state of strong convection. During the
decoupled state a polar halocline catastrophe (Bryan 1986)
prevented the system from forming deep water. The deep
ocean accumulated heat due to diffusion until eventually
the water column became unstable and vigorous convec-
tion set in (“‘flushes‘* or ‘‘coupled mode’’) and released
the heat of the deep ocean that had accumulated over
thousands of years. At the end of the flush, the system went
into the decoupled mode again. Wright and Stocker (1991)
demonstrated analytically that a steady diffusive state is
unstable when using a linear equation of state in ocean
models and therefore has to lead to a flush. A similar
behavior was also found in other ocean models, which were
all run under mixed boundary conditions (e.g. Weaver and
Sarachik 1991; Winton 1993; Winton and Sarachik 1993;
Winton 1995). Weaver and Hughes (1994) used an ideal-
ized global ocean model and added a stochastic component
to the freshwater forcing. They showed that this random
and short timescale forcing could trigger millennial-scale
oscillations in the ocean model: the system was switching
between three modes of North Atlantic Deep Water for-
mation and stayed in each mode for up to a thousand years.
At the same time, serious doubts concerning the use of
mixed boundary conditions in ocean models and their role
in density driven instabilities were raised (e.g. Zhang et al.
1993; Power and Kleeman 1994; Lenderink and Haarsma
1994). Modelling studies with coupled atmospheres of fi-
nite heat capacities (e.g. Mikolajewicz and Maier-Reimer
1994; Tziperman et al. 1994; Rahmstorf 1995) suggested
that ‘‘the ocean may have a lesser degree of internal
thermohaline variability than portrayed in mixed boundary
condition experiments when a fast restoring timescale is
used on sea surface temperature‘ (Weaver 1999). Winton
(1997) and Sakai and Peltier (1997) showed that deep
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decoupling oscillations or flushes can exist under more
realistic boundary conditions, in this case a 2D energy
balance model combined with a fixed salt flux at the
ocean’s surface.

To the authors’ knowledge, Haarsma et al. (2001) are
the first modelling group which found millennial timescale
oscillation in a model of intermediate complexity in which
heat and fresh water fluxes are computed by a fully coupled
atmosphere model. Although there are a multitude of
studies with coupled atmosphere-ocean general circulation
models (AOGCMs) which indicate that multiple steady
states exist in the climate system, such a sustained
millennial timescale oscillation has not been found in
AOGCMs so far. An inherent problem with comprehensive
AOGCMs is their computational expense. Simulations with
AOGCMs are too expensive to be run long enough to
reveal millennial timescale oscillations. As noted by
Haarsma et al. (2001): ‘‘the observed deep ocean temper-
ature trends in AOGCMs are not necessarily a reflection of
the fact that the AOGCM is not yet in equilibrium, but that
they could be part of an ultra low-frequency oscillation.”
For a thorough historical review of millennial oscillations
in ocean models, the reader is referred to Weaver and
Hughes (1992), Weaver (1999) and Haarsma et al. (2001).
Here, we present results of the UVic Earth System Model
(UVic ESCM) which shows deep decoupled oscillations
under certain climate conditions. As our model includes a
fully coupled carbon cycle, we also quantify the effect of
these oscillations on the carbon cycle and atmospheric
CO,. The model will be described in Sect. 2, the results
will be analyzed in Sect. 3 and discussion and conclusions
are given in Sects. 4 and 5, respectively.

2 Experimental setting

The UVic Earth System Climate Model (ESCM) consists of
an ocean general circulation model (Modular Ocean Model,
Version 2, Pacanowski 1995) coupled to a vertically inte-
grated two dimensional energy-moisture balance model of
the atmosphere, a dynamic-thermodynamic sea ice model
based on Semtner (1976), Hibler (1979) and Hunke and
Dukowitz (1997), a land surface scheme and a dynamic
global vegetation model (Meissner et al. 2003). The model
including the atmospheric, ocean and sea ice model is de-
scribed in Weaver et al. (2001). It is driven by seasonal
variations in solar insolation at the top of the atmosphere
and seasonally-varying wind stress and wind fields (Kalnay
et al. 1996). All experiments presented here are computed
with near surface advection of specific humidity as
described in Weaver et al. (2001). The wind field used for
moisture advection is a humidity weighted average of long-
term climatological monthly means from all of the NCEP
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atmospheric levels available up to about 10,000 m (Kalnay
et al. 1996). Radiative forcing associated with atmospheric
CO, is applied in the model through a decrease in outgoing
long wave radiation, parametrized as

@)

F=F 0 lnﬁ s (1)
where C(¢) is the atmospheric CO, concentration at time f,
and Fy = 5.35 W/m? corresponds to a specified radiative
forcing of 3.7 W/m? for a doubling of atmospheric CO,
Ramaswamy et al. 2001]. The coupled model has a reso-
lution of 3.6° in longitude and 1.8° in latitude and con-
serves both energy and water to machine precision without
the use of flux adjustment.

The UVic ESCM also includes a fully coupled carbon
cycle taking into account the terrestrial carbon fluxes and
reservoirs (Meissner et al. 2003; Matthews et al. 2005) as
well as the inorganic (Ewen et al. 2004) and organic
(Schmittner 2005; Schmittner et al. 2005, 2007) carbon
cycle in the ocean. The dynamic global vegetation model
(DGVM) called ‘TRIFFID’ (Top-down Representation of
Interactive Foliage and Flora Including Dynamics) was
developed at the Hadley Centre for use in coupled climate-
carbon cycle simulations (Cox et al. 2000) and is described
in Cox (2001). TRIFFID defines the state of the terrestrial
biosphere in terms of soil carbon, and the structure and
coverage of five plant functional types (PFT): broadleaf
tree, needleleaf tree, C; grass, C4 grass and shrub. The
areal coverage, leaf area index and canopy height of each
PFT are calculated based on a ‘carbon balance approach’,
in which vegetation change is driven by net carbon fluxes.
These fluxes are derived for each vegetation type using the
coupled photosynthesis-stomatal conductance model
developed by Cox et al. (1999), which utilizes existing
models of leaf-level photosynthesis in C3 and C4 plants
(Collatz et al. 1991, 1992). TRIFFID is coupled to a land
surface scheme which consists of a simplified version of
‘MOSES’ (Met Office Surface Exchange Scheme) and is
described in (Meissner et al. 2003). The marine ecosystem/
biogeochemical model is an improved NPDZ (nutrient,
phytoplankton, zooplankton, detritus) model with a
parameterization of fast nutrient recycling due to microbial
activity (Schartau and Oschlies 2003). It includes two
phytoplankton classes (nitrogen fixers and other phyto-
plankton), two nutrients (nitrate and phosphate), oxygen,
dissolved inorganic carbon and alkalinity as prognostic
tracers. A complete description of the ecosystem/biogeo-
chemical model used for the present study can be found in
Schmittner et al. (2007).

In this study, we use version 2.8 of the UVic ESCM to
integrate 17 equilibrium simulations under varying atmo-
spheric CO, concentrations ranging from 180 to 720 ppm.

During these simulations, all forcing (continental ice sheets
and orbital parameters) other than the radiative forcing due
to atmospheric CO, was kept constant and equal to present
day conditions. To include the effect of changes in wind and
wind stress, anomalies were computed within the atmo-
spheric model and added to the NCEP data (see Sect. 3.3 for
an analysis of different wind forcings). As the model with
the fully coupled carbon cycle is very expensive to run for
long term simulations, we conducted the first 17 equilib-
rium simulations without the carbon cycle module. In
Sect. 3.3 additional simulations are analyzed testing the
parameter space of our simulations. Section 3.4 presents the
results of a simulation comprising the carbon cycle.

3 Results

The 17 equilibrium simulations can be bundled into two
different groups: for atmospheric CO, concentrations
ranging from 180 to 400 ppm the model reaches a quasi-
equilibrium state with no major oscillations. For atmo-
spheric CO, concentrations of 440 ppm and higher, the
model switches between two radically different quasi-sta-
tionary regimes: Long periods of weak overturning in the
Southern Ocean associated with a slow warming of the deep
ocean are interrupted by flushes of extremely strong deep
water formation in the Southern Ocean. The frequency of
the oscillations increases with increasing CO, forcing.

Figure 1a shows the time series of the globally averaged
ocean potential temperature for each simulation with an
atmospheric CO, concentration of 360 ppm or higher. For
clarity, only one and a half cycles are shown for each
experiment. Model results of the remaining 10 simulations
(180-320 ppm) are similar to the 360 and 400 ppm experi-
ments and are not shown. The model simulations have been
run in each case for several thousand years before their
results are shown in the time series and used for analysis.
The global mean ocean potential temperature increases with
increasing CO, concentrations in the atmosphere. Whereas
most of the simulations reach a quasi equilibrium state, the
five warmest runs show a strong oscillatory behavior on
millennial timescales. Southern Hemisphere sea ice area is
strongly reduced during the flushing events (Fig. 1b) and
global averaged atmospheric surface temperatures show a
warming of almost 1°C (Fig. 1c). The global mean density
of kinetic energy is shown in Fig. 1d; it increases by 25%
percent during the flushing events.

3.1 Southern Ocean flushes
The oscillatory behavior of the system is very similar

for the five warmest simulations. We will focus our
attention on only one of the simulations (atmospheric
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CO, =720 ppm) in this section for a further analysis of the
dynamical behavior.

Figure 2 shows the mean potential temperature (Fig. 2a)
and salinity (Fig. 2b) in the Southern Ocean south of 60°S
during a flushing event (dashed line) and at a time step
between two flushing events (solid line). Haline stratifica-
tion is more pronounced in the decoupled state between
flushes with a large freshwater anomaly at the surface. The
temperature gradient reverses between the two states; while
mid-depth and deep ocean potential temperatures are sub-
stantially warmer than surface temperatures in the decou-
pled state, potential temperature decreases with depth
during the flushing event. The strength of the meridional
overturning stream function is shown for both cases in
Fig. 2c and d. Sea ice cover is reduced during the flush
(compare Figs. 3a, b), and sea ice covers the deep water
formation sites between flushes (Fig. 3c). Surface air
temperature increases during the flushes, especially over
regions where important changes in sea ice cover (and
therefore surface albedo) occur (Fig. 3d).

Time series from one location in the Southern Ocean
(1.8°E, 65.7°S) are shown in Fig. 4. Please note that the
starting year of Figs. 1 and 4 differs. In Fig. 1 the time
series for all experiments were aligned at the onset of a
flush to facilitate the comparison between different simu-
lations. Here we start the time series before the first shown
flush, so that two full flushing events are well represented.
Deep ocean potential temperatures increase between flu-
shes and are cooled rapidly as soon as deep convection
starts at that location (Fig. 4a, dashed line). We chose to
show time series at 1.8°E, 65.7°S because this grid box lies
within the region with the strongest convection events.
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However, this grid box is not one of the first ones to start
convection at the beginning of each flushing event. Con-
vection starts in surrounding regions several hundred years
before the stratification at (1.8°E, 65.7°S) becomes unsta-
ble. Therefore, colder deep water is advected and diffused
into the box analyzed in this study prior to the convection
in the box, so that the deep ocean starts to cool gradually
before convection starts.

Surface temperatures (Fig. 4a, solid line) are stable and
at the freezing point between the flushing events. Due to
convection (warm water from the deep ocean) and advec-
tion and diffusion (warm water from low latitudes) the
surface temperatures increase during the flushes. Surface
salinity (Fig. 4b, solid line) is low between flushes and
increases mainly due to convection during the flushes. Sea
ice cover (Fig. 4c) oscillates between 55% between flushes
and 0% during convection events. The ventilation depth is
shown in Fig. 4d, and surface heat and freshwater fluxes
are shown in Fig. 4e and f. The heat loss of the ocean
increases dramatically during the flushing events as there is
no sea ice cover and the ocean surface temperatures are
relatively high compared to atmospheric temperatures. The
freshwater flux decreases during the flushes as evaporation
increases with less sea ice cover.

Time series of potential temperature, salinity and den-
sity in the deep Southern Ocean south of 61.2°S (1,000 m
depth to bottom) and at the surface south of 61.2°S (surface
to 130 m) are shown in Fig. 5b and a, respectively. The
temperature time series have been multiplied by —pg-o,
salinity time series by po-f to simplify the comparison
between the salinity and potential temperature effect on
potential density (the values chosen for o, f§ and pq are
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Fig. 2_ Annual mean (?cefn a) ocean potential temperature b) salinity
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1.7 x 107%K, 7.6 x 10 kg/g and 1,028 kg/m’, respec-
tively.). As can be seen in Fig. 5b, changes in potential
density are mainly thermally driven in the deep ocean
(factor 2 between thermal and haline driving). On the other
hand, potential density changes are mainly salinity driven
in the surface layers (Fig. 5a).

In conclusion, the system is showing oscillations on
millennial timescales which have been described analyti-
cally by Wright and Stocker (1991) and are very similar to
the oscillations described by Haarsma et al. (2001). Be-
tween two flushes, not only the deep Southern Ocean, but
the entire deep ocean is warming due to diffusive pro-
cesses. Sea ice and subsequently fresh surface waters (less
evaporation due to sea ice cover) prevent deep convection
in the Southern Ocean. The warming of the deep ocean in
subpolar and polar regions eventually results in an unstable
stratification, which than leads to extremely strong deep

water formation and a thermally-driven circulation (Mar-
otzke 1990; Weaver and Sarachik 1991). A schematic
picture of the different processes involved in the dynamical
behavior of the system is displayed as Fig. 8 in Haarsma
et al. (2001) and reproduced here in Fig. 6.

3.2 Timescales

There are four major processes transporting heat vertically
in the ocean model. These are due to large-scale circulation
(LSC), mesoscale eddies (MSE), convection (CON) and
small-scale turbulent mixing (SSM). Therefore, the rate of
change of global mean potential temperature below a cer-
tain depth level can be written as

0<0>

= = LSC+MSE + CON + SSM (2)
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Fig. 3 Annual mean fields of
area covered with sea ice
between two flushing events
(a) and during a flushing event
(b); ventilation depth during a
flushing event (c¢) and the
difference of surface air
temperature (coupled minus
decoupled mode, in °C)

(d). Results from the
equilibrium run with an
atmospheric CO, concentration
of 720 ppm

Fig. 4 Time series from the
equilibrium run with an
atmospheric CO, of 720 ppm in
one location in the Southern
Ocean (1.8°E, 65.7°S).

a Potential ocean temperature
(in °C) for the surface layer
(17.5 m, solid line) and deep
ocean (4,143 m, dashed line);
b salinity (in psu) for the surface
layer (17.5 m, solid line) and
deep ocean (4,143 m, dashed
line); ¢ sea ice area fraction

(1 = 100%); d ventilation depth
(in m); e downward surface heat
flux (in Wm™>) and f downward
surface freshwater flux

(in m/year)
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Fig. 5 Time series of potential a)
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Only the large-scale circulation is resolved in the model,;
the other three processes are parametrized. The effects of
mesoscale eddies are modelled by the Gent and McWil-
liams (1990) mixing scheme through the so-called thick-
ness layer diffusion, and also by isopycnal diffusion of
temperature (both set to 800 m*/s for the simulations de-
scribed in this paper). The convection is parametrized by
the scheme of Rahmstorf (1993). The small-scale vertical
mixing due to turbulence is parametrized as diffusion, with
vertical diffusivity following the Bryan and Lewis (1979)
profile and ranging between 0.306 x 10~ m%*s and
1.304 x 10~ m%s.

Between the flushes, the global mean potential temper-
ature in the deep ocean increases. Convection normally
removes heat from the deep ocean; if convection is

suppressed or weakened, the sum of the reminding terms
(LSC + MSE + SSM) is positive which leads to an accu-
mulation of heat in the deep ocean. As in Haarsma et al.
(2001), the main mechanism in our simulations is a
downward heat transport through vertical diffusion from
the tropical and midlatitude surface layers and a subsequent
horizontal diffusion to the deep Antarctic Seas. A simple
scale analysis of the diffusion processes leads to

Horizontal diffusion : or_ K, 62_T or 1=L*/K
“or - Ty - H
(3)
e O T 2
Vertical diffusion: —=Ky— or t=H"/Ky (4)
ot 0z?

@ Springer



168

K.J. Meissner et al.: CO, threshold for millennial-scale oscillations in the climate system

' ' ' ' With higher atmospheric CO, concentrations, the tem-
54l perature of the surface layers increases, whereas the deep
ocean potential temperatures after a flush are dictated by
52 I the surface temperature at deep convection sites and will
g always be near the freezing point. Therefore, the vertical
© 5t temperature gradient increases with increasing atmospheric
*5 CO, concentration, which results in stronger and faster
qéi 48 1 vertical diffusion of heat and a higher frequency of the
) a6 | oscillations. This phenomenon can be observed in our
simulations: the periods of the oscillations decrease with
44 increasing CO, concentrations (8,800, 6,200, 4,600, 4,400
and 3,900 years for the control runs under atmospheric
42 . . . . CO, concentrations of 440, 480, 560, 640 and 720 ppm,

0 5000 10000 yealr15000 20000 25000 respectively).

Fig. 7 Time series of the global mean ocean potential temperature

in °C for a sensitivity study forced with an atmospheric

concentration of 720 ppm. After integration year 6000 (indicated by

the black vertical line), the atmospheric winds are not allowed to

to the millennial-scale oscillations (seasonal winds are held constant)

where T is the potential temperature, ¢ time, y latitude, z

depth, and Ky and Ky are the horizontal and vertical

fusion coefficients, respectively. 7 stands for the time scale
and L and H for horizontal and vertical length scales,
respectively. For Ky = 800 m?/s, the time scale involved to
transport heat horizontally across the Antarctic Circum-
polar Current is of the order of magnitude of 100 years.

Taking a mean value of 10* m%s for Ky

H = 5,000 m, 7 is of the order of magnitude of 8,000 years
for vertical diffusion which is consistent with the period of

the oscillations described in this study.

3.3 Wind fields and initial conditions

Co,

Although the oscillations described in the present study
have been found in simpler models and are well under-
stood, it is interesting to investigate how robust these
oscillations are to changes in boundary conditions other
than atmospheric CO, concentrations in the more com-
prehensive UVic ESCM. As the UVic ESCM atmospheric
component is an energy moisture balance model, it cannot
compute the dynamical behavior of the atmosphere. To
take climate induced changes in the wind field into
account, we added a ‘“‘wind feedback‘‘ to present day
wind data for all the control simulations described in this
study. This method consists of the calculation of surface
pressure anomalies via surface atmospheric temperature
(SAT) anomalies. Wind and wind stress anomalies can

react

dif-

and

Flg. 8 T}me series of a the a) CO2 flux b) Atmospheric CO2 and mean ocean temperature
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then be calculated (see Weaver et al. 2001 for a detailed
description); and are added to the NCEP data Kalnay
et al. 1996. As this is probably one of the weakest points
in the UVic ESCM, we conducted several sensitivity
studies to analyze the role of the wind feedback in the
described oscillations.

To test if the wind feedback triggers the oscillations, we
““froze’’ the winds for a simulation under atmospheric CO,
forcing of 720 ppm (see Fig. 7). In this sensitivity study
(called 720_fixed hereafter), the wind feedback is held
constant after integration year 6000, which is indicated by
the vertical black line in Fig. 7. After year 6000, 720_fixed
is forced by NCEP winds plus a fixed wind anomaly due to
the different background climate compared to present day.
Therefore the wind anomaly cannot react to the oceanic
oscillations anymore. As can be seen in Fig. 7, the oscil-
lations are not damped after integration year 6000, ruling
out a mechanism which needs the atmospheric wind
feedback in the UVic ESCM to trigger the convection
events in the Southern Ocean.

The next question that arises is whether the fixed wind
fields are triggering the oscillations. The fixed wind fields
are the sum of climatological present day wind data
(NCEP) and the wind anomaly calculated by the model
and diagnosed from a control run. They depend on the
background climate (surface temperature anomalies) and
therefore on the atmospheric CO, concentration. Of spe-
cial interest are the control runs with atmospheric CO,
concentrations of 400 and 440 ppm because they are sit-
uated close to the threshold between non-oscillating and
oscillating regimes. Table 1 summarizes the results of
eight sensitivity experiments which were conducted with

Table 1 Sensitivity studies

Run  Initial conditions CO2  Wind feedback  Oscillations
A 440 440 Free Yes
B 440 440 440 fixed Yes
C 440 440 None Yes
D 440 440 400 fixed Yes
E 400 440 Free Yes
F 400 400 Free No
G 400 400 None No
H 440 400 Free No

Initial conditions indicates which restarts were taken (for example:
440 = run started from the 440 control run with CO, concentra-
tions = 440 ppm and a free wind feedback added to the NCEP data).
CO, indicates the atmospheric CO, concentration with which the
sensitivity run is forced. Wind feedback can be free (free wind
feedback reacting each time step to climate change), fixed (wind
feedback field extracted from a control run and kept constant during
the integration) or none (no wind feedback, just NCEP climatological
data). The last column indicates if the system is oscillating or not

different initial conditions and wind forcings. Analyzing
Table 1, several conclusions can be drawn:

e As already seen in Fig. 7, the interactive atmospheric
feedback is not responsible for switching the system
into an oscillatory regime. Runs B and D continue to
oscillate although the wind feedback is not interactively
coupled.

e More generally, the wind field used does not impact the
result of whether or not the system gets into an
oscillatory state. Runs A, B, C and D result in
oscillations although they are forced with very different
wind fields. Of special importance are runs C and D
which were forced with PD climatological data and
fixed 400 winds, respectively, and both continue to
oscillate. On the other hand, runs F and G do not
oscillate regardless of the inclusion of windstress
feedback.

e There is no evidence that multiple equilibria can occur
under the same boundary conditions. Run E is started
from a non-oscillational control run (400) and starts
oscillating, whereas run H is not oscillating, although it
was started from an oscillating run.

e The CO, concentration and hence radiative forcing
seems to be the only parameter in these sensitivity
studies which defines if the system is oscillating or not.

We can therefore conclude that the oscillations are a
robust feature in the UVic ESCM. The wind feedback
parametrization does not seem to play an important role in
the mechanism. The atmospheric CO, concentration,
however, does. One possible mechanism that could explain
the switch between oscillating and non-oscillating states
involves the extent of sea ice in our simulations. For low
concentrations of CO, the extent of sea ice over convective
regions suppresses the ability of oscillations. With higher
CO, concentrations, the sea ice retreats to higher latitudes
and convective areas are close to the sea ice margins which
makes oscillations possible.

3.4 Impact on the global carbon cycle

In order to investigate the impact that the millennial
oscillations have on the global carbon cycle, the 720 con-
trol was rerun with the fully coupled carbon cycle. Fig-
ure 8a shows the time series of the globally integrated
carbon flux at the air sea interface. During the flushes, the
flux is negative. Deep water enriched in dissolved inor-
ganic carbon (DIC) is brought to the surface where a net
flux of oceanic inorganic carbon into the atmosphere takes
place. It is the biological pump which is mainly responsible
for the accumulation of DIC in the deep ocean and there-
fore for the sign of the atmosphere-ocean CO, flux during
the flushes. This carbon accumulates in the atmosphere and
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Table 2 Impact of the coupled carbon cycle on oscillations

Coupled carbon cycle 720_fixed
ASAT 1.128°C 1.022°C
ASST 0.972°C 0.892°C
Atbar 1.054°C 1.139°C
A sea ice area SH 6.6409 x 10'* m? 6.7321 x 10"? m?
Period 4,870 years 4,500 years
A kinetic energy 0.0037 J/m® 0.0039 J/m*

A stands for the difference between the maximum and minimum
values in timeseries. SAT stands for global mean atmospheric surface
temperature, SST for global mean sea surface temperature, tbar for
global mean ocean potential temperature, sea ice area SH for the sea
ice area in the Southern Hemisphere, period is the period of the
oscillations and kinetic energy the global ocean kinetic energy density

results in an increase of the atmospheric concentration
which reaches a maximum of 752 ppm (Fig. 8b). The in-
crease in atmospheric carbon dioxide intensifies the
atmospheric warming due to albedo and sea surface tem-
perature (SST) changes. After the flush, the carbon flux
becomes positive and atmospheric CO, is slowly taken up
by the ocean again. The CO, flux shows a small positive
spike around year 2800. This spike is due to the rapid last
advance of sea ice in the Southern Hemisphere which
causes a global cooling and decrease in precipitation. The
consequences of this spike can also be seen in the global
carbon budgets (Fig. 8c) and the terrestrial carbon time
series (Fig. 8d). Once the Southern Hemisphere sea ice
reaches its maximum extent, atmospheric CO, decreases
more rapidly concurrent with a rapid increase in the mean
ocean potential temperature (Fig. 8b). The amplitude of the
oscillation in atmospheric CO, is 41 ppm (by amplitude we
refer to the difference between maximum and minimum
value).

Global carbon budgets are shown in Fig. 8c. The ocean
and atmosphere are the two carbon reservoirs with the most
important carbon exchange during the oscillations, the
terrestrial carbon plays a minor role. Finally, Fig. 8d shows
the variation in soil carbon, vegetation carbon and soil
temperature. Changes in vegetation carbon are negligible
on the global scale. Soil carbon varies opposite to the soil
temperature because soil respiration increases with tem-
perature (Cox 2001).

Whereas the oscillations impact the atmospheric CO,
concentrations significantly, the inclusion of the carbon
cycle affects the magnitude of the oscillations only slightly.
To be able to compare integrations with and without carbon
cycle, the coupled carbon experiment was run with the
same wind fields used for 720_fixed. As can be seen in
Table 2, the amplitude of global mean atmospheric surface
temperatures is increased by 0.1°C when compared to
720_fixed. During the flushing events, atmospheric CO,
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increases enhancing the atmospheric warming due to SST
and albedo changes. At the same time, the warming of
global mean SSTs is amplified by 0.08°C. On the other
hand, the amplitude of change in global mean potential
ocean temperature decreases by 0.08°C when the carbon
cycle is included. This small change is due to a small
change in the efficiency of the flushes. Whereas the tem-
perature profiles in the Southern Ocean before a flush are
identical for the coupled and non-coupled run, the tem-
perature in the deep ocean is slightly warmer after a flush
(not shown) when the carbon cycle is coupled. Changes in
Southern Hemispheric sea ice area reflect the same phe-
nomenon (the amplitude decreases by 1.3%) and the period
of oscillation is increased by 370 years. The change in global
ocean kinetic energy density decreases by 0.0002 J/m® which
corresponds to a change of 5%.

4 Discussion
4.1 Comparison with EcBilt

To the authors’ knowledge, EcBilt is the only other cou-
pled global model that has been able to capture similar
oscillations. Although both climate models belong to the
class of ‘‘Models of Intermediate Complexity‘‘ (Claussen
et al. 2002), their physical and numerical structure is dif-
ferent. Whereas the UVic model consists of state-of-the-art
ocean and sea ice models which are coupled to a simple
atmosphere model (see Sect. 2), EcBilt was built on a
different approach: The atmosphere model is a spectral T21
global three level quasi-geostrophic model with simple
parametrizations for the diabatic processes (Opsteegh et al.
1998). An estimate of the ageostrophic terms in the vor-
ticity and thermodynamic equations is included as a tem-
porally and spatially varying forcing. For the study of
Haarsma et al. (2001) the atmospheric model is coupled to
a simple coarse resolution Geophysical Fluid Dynamics
Laboratory (GFDL) type model and a thermodynamic sea
ice model. The horizontal resolution is 5.6 times 5.6 de-
grees, the ocean model has 12 levels and a flat bottom.

Although the models are different, our results are very
similar to the results published by Haarsma et al. (2001).
This might indicate that the millennial-scale oscillations
are a robust feature of the climate system (or at least of
some climate models).

4.2 Paleoproxy evidence in the Southern Hemisphere

If the oscillations described in the present paper are real-
istic, the oscillating regime would exist in the real ocean
for one or several specific combinations of boundary con-
ditions, which might or might not have been reached in the
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past. Unfortunately, the recent climate history of the planet
depicts colder conditions and lower CO, concentrations
than what we will encounter in the near future. The last
interglacial with comparable and even slightly warmer
conditions compared to today was 120,000 years ago and
the resolution and abundance of paleoproxy data from this
time are too poor to test our hypothesis. Furthermore, the
atmospheric CO, concentration did not exceed 310 ppm
for at least the last 800,000 years. It is nevertheless inter-
esting to investigate if paleoproxy data from the recent past
indicate the existence of millennial oscillations with similar
characteristics, as an oscillatory regime sharing the same
physical mechanism might be reached for several different
boundary conditions.

Numerous publications have discussed millennial time-
scale oscillations and their role in the global climate. One
of the main findings is that millennial-scale oscillations,
although existent throughout the records, are most pro-
nounced during episodes with intermediate ice volume.
Furthermore, the paleoproxy records suggest the existence
of two spatially distinct signals, the Dansgaard-Oeschger
events in the Northern Hemisphere and the A-events in the
Southern Hemisphere [for a thorough overview, the reader
is referred to Clark et al. (2007)]. We will focus in this
Section on the millennial-scale warmings in Antarctica (the
so-called A-events).

The imprint of millennial-scale oscillations in Antarc-
tica and the Southern Ocean can be found in ice rafted
debris (IRD), planktic §'®0 values (Kanfoush et al. 2000,
2002) and sea surface temperature (SST) reconstructions in
the southeast Pacific (Kaiser et al., 2005) amongst others.
Blunier and Brook (2001) emphasized the spatial scale of
these oscillations and stated: ‘‘The similarity of inner
Antarctic ice core records and many Southern Ocean SST
records suggest that the timing of millennial-scale climate
variability that we infer for Byrd characterized a large area
of the Antarctic continent and Southern Ocean and has
importance for understanding millennial-scale climate
variability.”’

There is also evidence that oscillations of the atmo-
spheric CO, concentrations were synchronous with
warming events in Antarctica (Indermiihle et al. 2000),
with atmospheric CO, concentrations peaking during the
warm A-events. A study conducted by Martin et al. (2005)
used climate models to estimate the slope of co-variation
between atmospheric CO, concentration and deep ocean
temperature for (a) the temperature-dependent solubility of
CO, in seawater and (b) the atmospheric CO,-dependent
radiative forcing for temperature. Paleoproxy data from
the deglaciation and from marine isotope stage 3 (MIS 3)
were then compared to the constructed slopes. The authors
concluded that different mechanisms were driving the
atmospheric CO, variability. Changes over the deglacia-

tion were consistent with a scenario where atmospheric
CO, changes, combined with ice albedo changes, were
driving the temperature change. On the other hand, mil-
lennial-scale variability during MIS 3 could be explained
by temperature-dependent solubility of the deep ocean
driving the atmospheric CO,. Variability in the production
of Antarctic Bottom Water, such as the flushes described
in the present study, might have been the cause for
changes in deep ocean temperatures, CO, solubility and
therefore CO, concentrations in the atmosphere. Along the
same lines, a planktic 6'°C record from the South Atlantic
(Charles et al. 1996) shows a shift of 0.6 to 0.89,, during
A-events, which cannot be explained by sea surface tem-
perature changes only (Broecker and Maier-Reimer 1992).
One possible scenario, which would explain the shift in
0'13C, is the outgassing of CO, from nutrient rich deep-
water (Clark et al. 2007). Additional evidence for an
increase in nutrient supply from the Southern Ocean due
to a weakening of stratification comes from 0'°N records
(Robinson et al. 2007), alkenone concentrations and or-
ganic flux to the sea floor (Sachs and Anderson 2005;
Clark et al. 2007).

We can therefore conclude that there is increasing evi-
dence that the Southern Hemisphere has played an
important role in past millennial timescale climate oscil-
lations (Kanfoush et al. 2000, 2002; Kaiser et al. 2005;
Blunier and Brook 2001). Furthermore, variability in
atmospheric CO, on millennial timescales seems to be
linked to warm events in the Southern Hemisphere
(A-events, Indermiihle et al. 2000), the variability in deep
ocean temperatures (Martin et al. 2005) and changes in
stratification and nutrient supply (Charles et al. 1996;
Sachs and Anderson 2005; Robinson et al. 2007; Clark
et al. 2007).

4.3 Possible impact on climate change scenarios

The UVic ESCM steps over a critical threshold for an
atmospheric CO, concentration between 400 and 440 ppm.
The present day concentration equals 383 ppm (Mauna
Loa record, 2007), the mean annual increase 2.28 ppm per
year (averaged over the last 5 years). The concentration of
400 ppm will be reached before 2020 and 440 ppm some
time between the years 2020 and 2040 (Houghton et al.
2001).

Although the threshold set by the UVic ESCM could be
reached during our life time, the reader should keep in
mind that the present study is a sensitivity study carried out
with a climate model that incorporates an important num-
ber but not all of the climate feedbacks that can play a role
in global warming scenarios. The result should therefore be
taken qualitatively and not quantitatively. The UVic ESCM
starts oscillating for high CO, concentrations, which is in
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agreement with the EcBilt study (the EcBilt simulation had
a positive temperature anomaly in the Southern Ocean;
Reindert Haarsma, personal communication).

The most important question arising from the described
simulations is: How realistic are these oscillations? Are
they an artifact of coarse resolution ocean models, which
may overestimate the diffusion processes? If the mecha-
nism described here is realistic, these type of oscillations
will exist in the real world and in other climate models
under certain boundary conditions. The present study made
a first step, exploring the parameter domain with regard to
the atmospheric CO, concentration.

As already mentioned in the Introduction, coupled
atmosphere-ocean general circulation models (AOGCMs)
indicate the existence of multiple steady states; as of today
their computational expense is too high however to
investigate millennial-scale oscillations. We hope that with
increasing computing power more modelling groups will
explore the existence and characteristics of this type of
non-linear oscillations and their relation to global warming
scenarios. One important result of the IPCC TAR report
(Houghton et al. 2001) relates global warming to an in-
crease in stratification in the ocean and a weakening of the
thermohaline circulation (and therefore deep water for-
mation). Both trends reinforce the decoupling of the sur-
face and deep ocean and therefore make an oscillatory
regime as described in the present study more likely.

5 Conclusions

We present several equilibrium runs under varying
atmospheric CO, concentrations using version 2.8 of the
University of Victoria Earth System Climate Model (UVic
ESCM). The model shows two very different responses:
for CO, concentrations below 440 ppm, the system gets
into an equilibrium state. For high CO, concentrations,
the system starts oscillating between a state with vigorous
deep water formation in the Southern Ocean and a state
with no deep water formation in the Southern Ocean.
Deep water formation in the North Atlantic is only
slightly affected by these oscillations. The flushing epi-
sodes result in a rapid increase in atmospheric tempera-
tures, degassing of CO, and therefore an increase of
atmospheric CO, concentrations and a reduction of sea ice
cover in the Southern Ocean. They also cool the deep
ocean worldwide. After the flush, the deep ocean warms
slowly again and CO, is taken up by the ocean until the
stratification becomes unstable again at high latitudes
thousands of years later. Although the mechanism of
thermally driven millennial-scale oscillations has been
known for decades, only two global coupled models with
realistic boundary conditions have found evidence of such
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a behavior so far (Haarsma et al. 2001, and the present
study). It has not been found in coupled atmosphere ocean
general circulation models (AOGCM:s), probably because
simulations with AOGCMs are too expensive to be run
long enough to reveal millennial timescale oscillations.
The existence of a threshold in CO, concentration which
places the UVic ESCM in either an oscillating or non-
oscillating state is intriguing. If the UVic ESCM captures
a mechanism that is present and important in the real
climate system, the consequences would comprise a rapid
increase in CO, of several tens of ppm, an increase in
global surface temperature in the order of 1-2°C, local
temperature changes of the order of 6°C and a profound
change in ocean stratification, deep water temperature and
sea ice cover.
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