
Climate and marine carbon cycle response to changes

in the strength of the Southern Hemispheric

westerlies

L. Menviel,1 A. Timmermann,2 A. Mouchet,3 and O. Timm2

Received 1 February 2008; revised 2 June 2008; accepted 19 June 2008; published 4 October 2008.

[1] It has been previously suggested that changes in the strength and position of the Southern Hemisphere
westerlies could be a key contributor to glacial-interglacial atmospheric CO2 variations. To test this hypothesis,
we perform a series of sensitivity experiments using an Earth system model of intermediate complexity. A
strengthening of the climatological mean surface winds over the Southern Ocean induces stronger upwelling and
increases the formation of Antarctic Bottom Water. Enhanced Ekman pumping brings more dissolved inorganic
carbon (DIC)-rich waters to the surface. However, the stronger upwelling also supplies more nutrients to the
surface, thereby enhancing marine export production in the Southern Hemisphere and decreasing the DIC
content in the euphotic zone. The net response is a small atmospheric CO2 increase (�5 ppmv) compared to the
full glacial-interglacial CO2 amplitude of �90 ppmv. Roughly the opposite results are obtained for a weakening
of the Southern Hemisphere westerly winds.
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1. Introduction

[2] Atmospheric CO2 concentrations recorded in ice cores
[Petit et al., 1999] covaried with temperature and ice
volume changes on orbital time scales. While glacial-
interglacial CO2 changes of 80–90 ppmv certainly affected
global climate via the greenhouse effect, the origin of these
CO2 variations still remain elusive. Colder and drier climate
conditions during glacial times were associated with a
reduced terrestrial carbon stock. Hence, to account for the
glacial CO2 drop, large amounts of carbon must have been
sequestered in the ocean. Different mechanisms have been
suggested such as increased CO2 solubility, greater South-
ern Ocean stratification and sea ice cover [Francois et al.,
1997; Stephens and Keeling, 2000; Gildor et al., 2002],
deepening of the lysocline [Archer et al., 2000] and
increased marine export production due to either greater
marine nutrient inventory [Broecker, 1982, 1998; McElroy,
1983], or a higher Redfield ratio [Broecker, 1982; Omta et
al., 2006], or an increase in iron availability in surface
waters [Martin, 1990]. So far, however, model results and
theoretical considerations [Archer et al., 2003] suggest that
there does not seem to be a single mechanism that can
explain the full magnitude of the glacial-interglacial atmo-
spheric CO2 changes as well as their timing.
[3] Recently, Toggweiler et al. [2006] (hereinafter

referred to as T06) proposed that an overall weakening of

the Southern Hemispheric westerlies during glacial times
could have led to a substantial drawdown of atmospheric
CO2. The reasoning proposed in T06 is the following:
Presently, strong Southern Hemispheric westerlies generate
a northward Ekman transport that leads to upwelling of
nutrient and CO2-rich waters. A potential equatorward shift
or weakening of the westerlies during glacial periods could
have substantially reduced the supply of carbon-rich deep
waters to the surface, leading to an enhanced uptake of
carbon in the Southern Ocean. An atmospheric CO2 reduc-
tion leads to global cooling, and presumably an extension of
the Southern Hemispheric sea ice belt around Antarctica.
Not only could this substantially reduce the air-sea fluxes of
CO2 [Stephens and Keeling, 2000], but also move the
westerlies farther equatorward. T06 estimated that this
positive feedback could explain an atmospheric CO2 reduc-
tion of about 35 ppmv. It should however be noted that the
model employed in T06 does neither capture sea ice
dynamics properly, nor does it consider a primary produc-
tion consistent with the modified circulation. Indeed the
primary production in T06 is evaluated after restoring the
surface phosphate content to the present-day observed
values. Firstly, we will show that paleoproxy data as well
as the PMIP2 coupled model simulations are at odds with
the notion of a significant equatorward shift of the Southern
Hemispheric westerlies. Secondly, our study will demon-
strate that variable phosphate concentrations would alter the
T06 result substantially.
[4] As approximately 40% of the anthropogenic CO2

sequestration in the oceans occurs in the Southern Ocean
[Sabine et al., 2004; Mikaloff Fletcher et al., 2006],
understanding the impacts of Southern Hemispheric wind
changes on this CO2 sink at present and for future projections
is of great importance. Some recent modeling studies suggest
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that the strengthening and poleward shift of the Southern
Hemispheric westerlies observed over the last 30 years
[Thompson and Solomon, 2002] may have weakened the CO2

sink in the Southern Ocean [LeQuéré et al., 2007; Lovenduski
et al., 2007]. However, these results have been recently
challenged by Law et al. [2008] and Zickfeld et al. [2008].
[5] Our study is organized as follows: The intermediate

model setup for the wind sensitivity experiments is described
in section 2. In section 3 several paleoproxy records that are
sensitive to Southern Hemispheric westerly winds will be
discussed. The section also reviews the glacial wind response
in a series of coupled model simulations for the Last Glacial
Maximum (LGM, 21 ka B.P.). The results from the wind
sensitivity experiments will then be described in section 4.
The T06 hypothesis will be tested for enhanced and reduced
westerlies as well as for a fully prognostic phosphate concen-
tration and a climatologically prescribed one. The paper con-
cludes with a summary of our main results and a discussion.

2. Model and Experimental Setup

[6] The model used in this study is the Earth system
model of intermediate complexity, LOVECLIM [Menviel et
al., 2008], which is based on a somewhat simplified
atmosphere model, an ocean general circulation model, a
dynamic-thermodynamic sea ice model, and oceanic as well
as terrestrial carbon cycle components. For the sake of
simplicity, the model experiments presented here employ
a stationary preindustrial vegetation pattern.
[7] The atmospheric component of the coupled model

LOVECLIM is ECBilt [Opsteegh et al., 1998], a spectral
T21, three-level model, based on quasi-geostrophic equations
extended by estimates of the neglected ageostrophic terms
[Lim et al., 1991]. Themodel contains a full hydrological cycle
which is closed over land by a bucket model for soil moisture.
Synoptic variability associated with weather patterns is
explicitly simulated. Diabatic heating due to radiative fluxes,
the release of latent heat and the exchange of sensible heat with
the surface are parameterized. Compared to the standard
version of LOVECLIMwe enhanced the sensitivity of ECBilt
to longwave radiation forcing by a factor of 2 [Timm and
Timmermann, 2007]. The simulated global mean temperature
response to such a CO2 doubling amounts to about 3�C as
compared to the standard sensitivity of 1.5�C.
[8] The ocean-sea ice component of LOVECLIM, CLIO

[Goosse et al., 1999;Goosse and Fichefet, 1999;Campin and
Goosse, 1999] consists of a free-surface primitive equation
ocean model with 3� � 3� resolution coupled to a thermo-
dynamic-dynamic sea ice model. Coupling between atmo-
sphere and ocean is done via the exchange of freshwater and
heat fluxes. To avoid a singularity at the North Pole, the
oceanic component makes use of two subgrids: The first one
is based on classic longitude and latitude coordinates and
covers the whole ocean except for the North Atlantic and
Arctic Ocean. These are covered by the second spherical
subgrid, which is rotated and has its poles at the equator in the
Pacific (111�W) and Indian Ocean (69�E).
[9] LOCH is a three-dimensional global model of the

oceanic carbon cycle with prognostic equations for dis-
solved inorganic carbon (DIC), total alkalinity, phosphates

(PO4
3�), organic products, oxygen and silicates [Mouchet

and Francois, 1996; Fichefet et al., 2007; Menviel et al.,
2008]. LOCH is fully coupled to CLIO, using the same time
step as CLIO. In addition to their biogeochemical trans-
formations, tracers in LOCH are advected with the CLIO
circulation field and experience horizontal and vertical
mixing. The near-surface oceanic uptake of CO2 is gov-
erned by the solubility as well as the regional biological
processes. The partial pressure of CO2 in the surface waters
is calculated from the total alkalinity and DIC tracers. The
difference between the partial pressure of CO2 in the ocean
and in the atmosphere, modulated by a wind-dependent
exchange coefficient, determines the net CO2 air-sea fluxes.
LOCH computes the export production from the state of a
phytoplankton pool in the euphotic zone (0–120 m). The
phytoplankton growth depends on the availability of
nutrients (PO4

3�) and light, with a weak temperature depen-
dence. A grazing process together with natural mortality
limit the primary producer’s biomass and provide the source
term for the organic matter sinking to depth. Remineraliza-
tion of organic matter depends on oxygen availability, but
anoxic remineralization can also occur. Depending on the
silicate availability, phytoplankton growth is accompanied
by the formation of opal or CaCO3 (calcite and aragonite)
shells, which then sink to depth. CaCO3 shells are dissolved
depending on the calcite and aragonite saturation states,
whereas a simple constant rate is used for opal. The organic
matter that is not remineralized and the shells that are not
dissolved are permanently preserved in the sediments. This
leads to a loss of alkalinity, carbon, phosphates and silicates,
which is compensated for by the river influx of these
components. The atmospheric CO2 content is predicted
for each ocean time step from the air-sea CO2 fluxes
calculated by LOCH.
[10] The preindustrial steady state (PIN) was obtained by

forcing LOVECLIM with 278 ppmv of atmospheric CO2

during 500 years, then allowing the atmospheric CO2 to vary
freely during 700 years. Themodel was then run for 500 years
with fixed preindustrial vegetation. All sensitivity experi-
ments described in this paper start from this initial state.
[11] In experiment WINDP (WINDM), the zonal and

meridional 10 m wind velocities between 60 and 40�S were
increased (decreased) by about 15%. The wind modifications
were applied in the atmosphere-ocean-sea-ice coupling rou-
tine. Not only is the wind stress forcing of the ocean modified
but also the latent and sensible heat fluxes, in contrast to the
model setup of T06. To better understand the effects of
changes of marine primary production on the atmospheric
CO2, we also repeated WINDM using a climatologically
prescribed phosphate field, WINDMCP. WINDP, WINDM
and WINDMCP were run for 1,000 years.

3. Paleoproxies and Modeling Studies
of the Southern Hemisphere Westerlies During
the LGM

[12] Several recent pollen studies from Chile suggest a
wetter climate west of the Andes during the LGM than at
present [Moreno et al., 1999; Maldonado et al., 2005;
Valero-Garcés et al., 2005]. Corroborating evidence comes
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also from marine sediments cores from the Chilean margin
[Lamy et al., 1999; Stuut and Lamy, 2004]. The possible
mechanism to explain the greater precipitation is an equa-
torward shift and/or an intensification of the Southern
Hemisphere westerly winds and of the storm track
[Garreaud, 2007]. However, these recent studies are in
disagreement with other paleostudies: Reconstructed drier
LGM conditions in southern America [Markgraf et al.,
1992] have been explained in terms of weaker westerlies
and a weaker storm track. Trying to reconcile these
conflicting paleodata, Shulmeister et al. [2004] analysis
indicates that Southern Hemispheric westerlies were stronger
during the LGM than for interglacial conditions.
[13] Ice cores from the Antarctic Peninsula suggest that

the flux of dust originating from Patagonia was much larger
during the LGM than at present [Basile et al., 1997; Petit et
al., 1999; Delmonte et al., 2002]. The main mechanisms
which can explain the enhanced dust flux are (1) increased
westerly winds and (2) drier conditions in the source region,
which would be compatible with the hypothesis of weaker
westerly storm tracks. Therefore, dust records from Antarctic
ice cores do not provide unambiguous information on the
strength of the Southern Hemisphere westerlies.
[14] It is fair to say that the existing paleoproxy data do

not allow for a very accurate reconstruction, neither of the
strength, nor of the position of the mean glacial Southern
Hemispheric westerlies.
[15] To test the conjecture of shifted or reduced glacial

westerlies (T06) we analyze preindustrial and LGM Coupled
General Circulation Model (CGCM) simulations that were
compiled as part of the Paleoclimate Modeling Intercompar-
ison Project (PMIP2). All PMIP2 LGM CGCMs employ the
same forcing: the ICE-5G ice sheet reconstruction for the
period 21 ka B.P. [Peltier, 2004], prescribed glacial green-
house gas concentrations, lowered sea level and insolation
anomalies due to variations in the Earth’s orbit [Braconnot et
al., 2007].

[16] Our analysis focuses on the preindustrial and LGM
simulations that were conducted using a fixed continental
vegetation cover [Braconnot et al., 2007]. We analyze the
results from four PMIP2 CGCMs: the HadCM model (the
UK Met Office HadCM3M2 model [Gordon et al., 2000]),
the CCSM3 model (National Center for Atmospheric
Research CCSM3 model [Otto-Bliesner et al., 2006]), the
IPSLmodel(InstitutPierreSimonLaplace,IPSL-CM4-V1-MR
model [Marti et al., 2005]) and the MIROC model (CCSR/
NIES/FRCGC/MIROC3.2.2 medres model [K-1 Model
Developers, 2004]). The simulated wind changes in these
models are also compared with the ones obtained for our
LOVECLIM LGM simulation [Menviel et al., 2008]. The
latter differs somewhat from the PMIP protocol: we use
the ICE-4G orographic reconstruction, a fully interactive
vegetation model and the present-day sea level.
[17] Figure 1 shows the zonal component of the annual

wind stress zonally averaged for the preindustrial (solid
line) and LGM (dashed line) simulations for the
HadCM3M2, CCSM3, IPSL-CM4-V1 and MIROC3.2
CGCMs. The HadCM3M2 and the IPSL model exhibit
weaker Southern Hemispheric westerlies (�12%) during
the LGM, whereas the CCSM3 simulates stronger wester-
lies (+8%) in both hemispheres. The Southern Hemispheric
wind stress anomalies in the MIROC model are relatively
small (�6%). Consistent with the CCSM3 model result,
LOVECLIM also simulates stronger westerlies under LGM
conditions (not shown). Most strikingly however, none of
the CGCMs simulates large meridional shifts of the west-
erlies in the Southern Ocean, in contrast to the T06
conjecture of equatorward shifted westerlies under glacial
conditions. Even for the same boundary conditions, the
strength of the zonally averaged annual mean glacial South-
ern Hemispheric westerlies differs considerably among the
CGCMs. Analyzing the PMIP2 LGM CGCMs simulations,
Rojas et al. [2008] find a more consistent pattern of
weakened wintertime westerlies in the South Pacific region.

Figure 1. Zonally averaged zonal wind stress component
(Pa) corresponding to the preindustrial (solid line) and LGM
(dashed line) simulations for the models (top left)
HadCM3M2, (top right) CCSM3, (bottom left) IPSL, and
(bottom right) MIROC-medres.

Figure 2. Zonal wind stress component (Pa) zonally
averaged for PIN (solid line), WINDP (dashed line), and
WINDM (dotted line). The last 50 years of PIN were
averaged as well as the modeling years 480–500 of WINDP
and WINDM.
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[18] In summary, neither the proxy data nor the CGCM
simulations make a strong case for equatorward shifted or
substantially weakened zonal mean westerlies during the
LGM, in contrast to the T06 hypothesis.

4. Results

4.1. Climate

[19] The forced increase in Southern Hemispheric 10 m
winds in experiment WINDP leads to a 22% greater zonal
wind stress in this area (Figure 2). As a result, the Antarctic
Circumpolar Current (ACC) strengthens and the mass trans-
port through Drake passage increases by about 40%. The
northward anomalous Ekman transport enhances upwelling
of Circumpolar Deep Water (CDW) (Figures 3 and 4).
Because the upwelled deep water is colder and saltier than
the surface waters an overall cooling (Figure 3) and salinity
increase (not shown) are observed near the surface. The
stronger 10 m winds also lead to increased evaporation
(+20%), which further cools the ocean surface and increases
surface salinity south of 40�S. On the other hand, the greater
northward Ekman transport in the Southern Ocean induces
more convergence around 40�S and therefore increased

Figure 3. Same as Figure 2 but for Ekman pumping
velocity zonally averaged (m/s) for PIN (solid line),
WINDP (dashed line), and WINDM (dotted line).

Figure 4. Global stream function (Sv) (top) averaged for the last 50 years of the control run (PIN) and
averaged for years 450–500 of experiments (bottom left) WINDP and (bottom right) WINDM.
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