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Meridional reorganizations of marine and terrestrial
productivity during Heinrich events
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[1] To study the response of the global carbon cycle to a weakening of the Atlantic Meridional Overturning
Circulation (AMOC), a series of freshwater perturbation experiments is conducted both under preindustrial and
glacial conditions using the earth system model of intermediate complexity LOVECLIM. A shutdown of the
AMOC leads to substantial cooling of the North Atlantic, a weak warming of the Southern Hemisphere,
intensification of the northeasterly trade winds, and a southward shift of the Intertropical Convergence Zone
(ITCZ). Trade wind anomalies change upwelling in the tropical oceans and hence marine productivity.
Furthermore, hydrological changes associated with a southward displacement of the ITCZ lead to a reduction of
terrestrial carbon stocks mainly in northern Africa and northern South America in agreement with paleoproxy
data. In the freshwater perturbation experiments the ocean acts as a sink of CO,, primarily through increased
solubility. The net atmospheric CO, anomaly induced by a shutdown of the AMOC amounts to about +15 ppmv
and —10 ppmv for preindustrial and glacial conditions, respectively. This background state dependence can be
explained by the fact that the glacial climate is drier and the terrestrial vegetation therefore releases a smaller
amount of carbon to the atmosphere. This study demonstrates that the net CO, response to large-scale ocean

circulation changes has significant contributions both from the terrestrial and marine carbon cycle.
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1. Introduction

[2] Paleoproxys clearly document [Vidal et al., 1997;
McManus et al., 2004] that Heinrich events, interpreted as
manifestations of major glacial ice sheet instabilities
[Heinrich, 1988], weakened the Atlantic overturning circu-
lation with impacts on the large-scale climate system. Ice
cores from Greenland [Dansgaard et al., 1993], marine
sediment cores from the North Atlantic [Bond et al., 1992;
Bond, 1993], the North Pacific [Harada et al., 2006] and the
Mediterranean Sea [Rohling et al., 1998; Cacho et al.,
1999] as well as lake and loess records from Europe [Shi
et al., 2003; Watts et al., 1996; Thouveny et al., 1994] and
Asia [Swann et al., 2005] provide unequivocal evidence for
a widespread Northern Hemispheric cooling during Hein-
rich events, prevailing for several hundreds to thousand of
years. Similar climate anomalies occurred in response to a
slow down of the Atlantic Meridional Overturning Circu-
lation (AMOC) [McManus et al., 2004] during the Younger
Dryas (YD) cold interval around 12.7—11.6 ka B.P. Unlike
the Heinrich events that were associated with iceberg surges
throughout the North Atlantic, the YD event has been linked
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to the drainage of Lake Agassiz [Teller et al., 2002; Carlson
et al., 2007], which added significant freshwater into the
North Atlantic [Fairbanks, 1989]. Although their triggers
were substantially different, it is conceivable to assume that
Heinrich events and the YD exhibited similar climate-
carbon cycle responses.

[3] The interhemispheric response pattern of Heinrich
events has been successfully reconstructed using high-
resolution Antarctic ice cores that were synchronized to
well-dated Greenland ice cores via methane concentrations
[Blunier and Brook, 2001]. The results support the notion of
a bipolar seesaw [Broecker, 1998; Stocker, 1998] which is
characterized to first order by an out-of-phase relationship
between northern and Southern Hemispheric temperatures.
Only recently have modeling studies elucidated the physical
mechanisms that are responsible for spreading the northern
North Atlantic cooling equatorward [Stouffer et al., 2006;
Timmermann et al., 2007; Krebs and Timmermann, 2007]
and for warming the Southern Hemisphere. While the
equatorward spreading of the North Atlantic sea surface
temperature (SST) anomaly involves air-sea coupling via
the wind-evaporation SST (WES) feedback, the South
Atlantic warming can be mostly explained in terms of
reduced meridional oceanic heat transports. Heinrich
anomalies were also associated with global sea level
anomalies in the order of 3—-30 m [Siddall et al., 2003,
Lambeck et al., 2002].

[4] Most recent modeling studies of Heinrich events have
focused on the large-scale physical effects. However, little is
known about the global carbon cycle response to a weak-
ened AMOC. Synthesizing existing proxy evidence of
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marine and terrestrial productivity changes during Heinrich
events has been hampered by the sparseness of these records
and the lack of suitable model simulations. Furthermore
understanding the apparent linkage between glacial CO,
changes [Monnin et al., 2001; Stauffer et al., 1998;
Indermiihle et al., 1999] and Heinrich events has been a
major challenge because the relative phasing among the two
is still difficult to establish. Possible linkages between
millennial-scale CO, changes and Heinrich events were
identified and elucidated using two-dimensional ocean-
energy balance marine carbon cycle models [Marchal et
al., 1998, 1999] and vegetation models, such as the Lund-
Potsdam Jena Dynamic Global Vegetation Model (LPJ-
DGVM). Neglecting vegetation effects Marchal et al.
[1998, 1999] found a 10—30 ppmv CO, change in response
to an AMOC shutdown. This response was explained in
terms of reduced ocean solubility, due to enhanced southern
ocean temperatures. On the other hand, employing only a
crude marine carbon cycle component but a complex
vegetation model Scholze et al. [2003b] and Kohler et al.
[2005] identified the Northern Hemispheric vegetation as an
important source for CO, during periods of reduced
AMOC.

[5] It is timely to revisit the issue of millennial-scale
carbon cycle dynamics using a model that captures both, the
terrestrial and the marine carbon cycle adequately and that
can be run for many centuries. The goal of our study is to
quantify the relative contributions of these two components
to the CO, sensitivity under millennial-timescale freshwater
forcing, both under present-day and glacial conditions.

2. Earth System Model LOVECLIM

[6] The atmospheric component of the coupled atmo-
sphere-ocean—sea ice—carbon cycle 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] in order to close the equations at the equator. The
model 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
computed. 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 stan-
dard version of LOVECLIM we enhanced the sensitivity of
ECBIlt to longwave radiation forcing by a factor of 2 [Timm
and Timmermann, 2007]. The simulated global mean tem-
perature response to such a perturbation amounts to about
3°C as compared to the 1.5°C for the standard sensitivity.
The qualitative structure of the climate change pattern is
stable to reasonable changes in the longwave sensitivity. For
our simulations, the time-varying daily averaged incoming
insolation is calculated as a function of latitude using the
algorithm of Berger [1978].

[7] The sea ice—ocean component of LOVECLIM, CLIO
[Goosse et al., 1999; Goosse and Fichefet, 1999; Campin
and Goosse, 1999] consists of a free-surface primitive
equation model with 3° x 3° resolution coupled to a
thermodynamic-dynamic sea ice model. Coupling between

MENVIEL ET AL.: DYNAMIC CO, RESPONSE TO A FRESHWATER INPUT

PA1203

atmosphere and ocean is done via the exchange of fresh-
water and heat fluxes, rather than by virtual salt 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).

[8] The terrestrial vegetation module of LOVECLIM,
VECODE, described by Brovkin et al. [1997], has recently
been coupled to the LOVECLIM model [Renssen et al.,
2005]. On the basis of annual mean values of several
climatic variables, the VECODE model computes the evo-
lution of the vegetation cover described as a fractional
distribution of desert, tree, and grass in each land grid cell
once a year. To better compare the results, we developed a
module to assign biomes based on VECODE and ECBilt
outputs. This module is equivalent to the one described by
Roche et al. [2006], except that we grouped the temperate
broadleaf forest and the cool mixed forest into a biome
called mixed forest. Within the LOVECLIM version used
here, simulated vegetation changes affect only the land
surface albedo, and have no influence on other processes
such as evapotranspiration.

[o] LOCH is a three-dimensional global model of the
oceanic carbon cycle with prognostic equations for dis-
solved inorganic carbon (DIC), total alkalinity, phosphates
(PO3"), organic products, oxygen and silicates [Mouchet
and Francois, 1996; Fichefet et al., 2006]. LOCH is fully
coupled to CLIO, using the same time step. In addition to
their biogeochemical transformations, tracers in LOCH are
advected with the CLIO circulation field and experience
horizontal and vertical mixing. The near-surface oceanic
uptake of CO, is governed by the solubility as well as the
regional biological processes. The partial pressure of CO, in
the surface waters is calculated from the total alkalinity and
DIC tracers. The difference between the partial pressure of
CO; in the ocean and in the atmosphere, modulated by a
wind-dependent exchange coefficient, determines the net
CO, 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 (PO3 ) and light, with a weak
temperature dependence. A grazing process together with
natural mortality limit the primary producers biomass and
provide the source term for the organic matter sinking to
depth. Remineralization of organic matter depends on
oxygen availability, but anoxic remineralization can also
occur. Depending on the silica availability, phytoplankton
growth is accompanied by the formation of opal or CaCO;
(calcite and aragonite) shells, which then sink to depth.
CaCOs; 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 by
the river influx of these components. The atmospheric CO,
content is predicted for each ocean time step from the air-
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Figure 1. Maximum of the meridional stream function (sverdrup (Sv) 1 Sv = 10° m* s7') in the North
Atlantic (solid line) for (left) FC and (right) FL. Anomalous freshwater flux (Sv) into the northern North
Atlantic (dashed line) for (left) FC and (right) FL is shown.

sea CO, fluxes calculated by LOCH as well as from the air-
terrestrial biomass CO, fluxes provided by VECODE.

3. Experimental Setup and Model Performance

3.1. Preindustrial and Last Glacial Maximum Control
Simulations

[10] The preindustrial steady state (PIN) was obtained by
forcing LOVECLIM with 278 ppmv of atmospheric CO,
during 500 years, then allowing the atmospheric CO, to
vary freely during 700 years.

[11] To obtain a quasi-equilibrium state for Last Glacial
Maximum (LGM) conditions (simulation LGM), ECBilt-
CLIO-LOCH were forced for 2200 years using LGM orbital
parameters, the glacial topography [Peltier, 1994], the
associated albedo pattern, LGM forest fraction [Crowley
and Baum, 1997] as well as with the LGM atmospheric CO,
concentration (191.85 ppmv) as recorded in the Taylor
dome ice core [Indermiihle et al., 2000]. The atmospheric
concentrations of CH, and N,O were prescribed to LGM
values, according to ice core data [Brook et al., 2000;
Sowers et al., 2003]. The LGM boundary forcing adopted
here is described in detail by Timmermann et al. [2005b]
and Justino et al. [2005]. After this 2200-yearlong forced
simulation the VECODE model was activated and the
coupled model ECBIlt-CLIO-VECODE-LOCH was forced
for an additional 1300 years with glacial greenhouse gas
concentrations. The model still used prescribed LGM orbital
parameters and glacial topography, as described above.
However, albedo and forest fraction were computed directly
from VECODE. Thereafter, the atmospheric CO, was
directly computed from the carbon balance between the
atmosphere, the vegetation and the ocean. Another fully
coupled 2000-yearlong simulation that was based on the

previous forced model run, was conducted using interactive
CO,. As will be documented below this iterative setup
generated a quasi steady state LGM simulation with rela-
tively stable CO, conditions at 202 ppmv and a weak trend
of 4 ppmv per 1000 years. For the short freshwater
perturbation experiments analyzed in this study, we antici-
pate that this weak CO, trend will not affect our main
conclusions.

3.2. Freshwater Flux Experiments

[12] To study the background state dependence of the
biogeochemical response to freshwater perturbations we
conducted water hosing experiments under preindustrial
(FC) and under LGM conditions (FL). To mimic a typical
Heinrich event, anomalous freshwater was injected into the
northern North Atlantic (55°W—10°W, 50°N—65°N). The
overall duration of the freshwater perturbation was
200 years. The freshwater flux increased linearly during
the first 100 years to 2 Sv (1 Sv = 10° m® s '), and
decreased at a similar rate in the following 100 years to
return to unperturbed conditions (Figure 1). The total
amount of anomalous freshwater released in these experi-
ments amounts to 6.3 x 10° km®, which is equivalent to a
global sea level rise of around 17.5m. Following the
freshwater perturbation the simulations FC and FL contin-
ued for another 800 years.

4. Results
4.1. Preindustrial and LGM Control Simulations
4.1.1. Climate Mean State

[13] As demonstrated by Driesschaert [2005] the prein-
dustrial and the present-day climate states are simulated
quite realistically by LOVECLIM, given the reduced
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