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[1] Global climate during the last glacial period was punctuated by abrupt warmings and occasional pulses of
freshwater into the North Atlantic that disrupted deepwater production. These massive freshwater pulses known
as Heinrich events arose, in part, from instabilities within the Laurentide ice sheet. Paleoevidence from the North
Atlantic suggests that these events altered the production of deep water and changed downstream climate
throughout the Northern Hemisphere. In the tropical western Pacific sea, surface temperatures and salinity varied
together with ocean and climate changes at high latitudes. Here we present results from coupled modeling
experiments that shed light on a possible dynamical link between the North Atlantic Ocean and the western
tropical Pacific. This link involves a global oceanic standing wave pattern brought about by millennial-scale
glacial density variations in the North Atlantic, atmospheric teleconnections triggered by meridional sea surface
temperature gradients, and local air-sea interactions. Furthermore, our modeling results are compared with

hydrological records from the Cariaco basin, the Indian Ocean, the Sulu Sea, and northern Australia.
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1. Introduction

[2] Proxy records covering marine isotope stage 3
(MIS3) (60,000—-25,000 years B.P.) reveal that the am-
plitude of climatic changes in the Northern Hemisphere
during the last glacial period was greater than it has been
during the Holocene. The last glacial period was charac-
terized by [Dansgaard et al., 1993] Dansgaard-Oeschger
(DO) stadial-interstadial (cold-warm) transitions that in-
volved abrupt temperature variations over Greenland of
up to 16K [Lang et al., 1999; Severinghaus and Brook,
1999]. In addition, this period was punctuated by Hein-
rich events that produced thick layers of ice rafted debris
(IRD) in marine sediments throughout the North Atlantic
[Heinrich, 1988]. Heinrich events, massive surges of ice-
bergs originating from the glacial ice sheets and shelves,
were accompanied by cold conditions in the North Atlantic
region, warm episodes in Antarctica [Blunier and Brook,
2001] and by increases of global sea level of up to 30 m
[Yokoyama et al., 2001; Sidall et al., 2003]. Furthermore, the
associated millennial-scale North Atlantic density changes
appear to have slowed or even terminated the meridional
overturning circulation in the North Atlantic [Keigwin and
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Lehman, 1994; Knutti et al., 2004]. While the amount of
proxy data documenting these transitions in the tropics is
growing [e.g., Schultz et al., 1998; Peterson et al., 2000;
Turney et al., 2004; Ivanochko et al., 2005], the physical
mechanisms responsible for these characteristic millennial-
scale variations and their global teleconnections have not
been fully disentangled.

[3] On the basis of a tropical model of intermediate
complexity, Cane and Clement [1999] argued that “abrupt”
Northern Hemispheric transitions can be triggered remotely
from abrupt orbitally driven regime transitions of the El
Niflo—Southern Oscillation (ENSO). Evidence for tropical
changes on millennial rather than precessional timescales
was recently provided by salinity reconstructions from the
Pacific warm pool area [Stott et al., 2002]. It was shown
[Stott et al., 2002] that millennial-scale variations of the
warm pool salinity varied with DO events in the North
Atlantic (see Figure 1). Salinities decreased during inter-
stadials and reversed during stadials [Stott et al., 2002].
(Note, however, that the exact phase difference between
these curves is uncertain and the apparent correlation
between stadials and saline conditions in the warm pool
may be an artefact of using the joint GISP2 timescale,
assuming already a certain type of wiggle matching and
correlation.) Because atmospheric teleconnections from the
North Atlantic to the warm pool area were considered to be
unlikely candidates to explain the observed correlation
between the tropics and the northern extratropics, Stott et
al. [2002] suggested the millennial-scale variations in the
North Atlantic were forced by ocean/atmospheric telecon-
nections analogous to the modern interannual variability
associated with ENSO [Livezey et al., 1997]. As the changes
in the North Atlantic and tropical Pacific occurred over
millennia the term super-ENSO was used to distinguish
these changes from those associated with the modern
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Figure 1. Extratropical-tropical connections: normalized and inverted time series of A§'%0 of
planktonic foramanifera (red) in the Pacific warm pool core MD98-2181 [Stott et al., 2002]. The largest
A8'®0 variations for Globigerinoides ruber represent local salinity variations and are coherent with the
Dansgaard-Oeschger (DO) cycles, as recorded in the normalized §'*0 of planktonic foraminifera (blue)
sampled off the Iberian margin [Shackleton et al., 2000]. Both records are shown on the Greenland Ice
Sheet Project 2 (GISP2) timescale [Blunier and Brook, 2001]. See color version of this figure at back of

this issue.

interannual variability. In contrast to Stott et al. [2002] a
recent analysis of a high-resolution record of surface
moisture [Turney et al., 2004] in Northern Australia
suggests a link between an El Nifio—like climate change
pattern and interstadials in the North Atlantic, rather than
a link between warm eastern equatorial Pacific SST and
stadial conditions in the North Atlantic. In both cases
variations of salinity or precipitation have been connected
to eastern equatorial temperature anomalies, rather than

with oceanic changes and/or changes of the meridional
position of the Intertropical Convergence Zone (ITCZ).
Our study presents evidence for a mechanism that can
explain the link between tropical Pacific salinity and
temperature and North Atlantic density anomalies trig-
gered by either Heinrich or Dansgaard-Oeschger events.
This mechanism involves panoceanic meridional changes
in the position and strength of the ITCZ and baroclinic
adjustments in the global ocean.

100°F

160°W

Figure 2. (left) Averaged ECMWF Reanalysis Data-Assimilation 40 (ERA40) 2-m temperature,
representing an estimate of the observed temperatures. (right) Simulated averaged 2-m temperature for a
280 ppm 2000-year-long control (CTR) simulation using ECBilt-Clio. See color version of this figure at

back of this issue.
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Figure 3. Reconstructed and simulated glacial sea surface
temperature (SST) anomalies. (top) Difference between
reconstructed North Atlantic GLAMAP [Sarnthein et al.,
2003] and Pacific and Indian oceans [CLIMAP, 1981] sea
surface temperature (time average of February and August)
for the Last Glacial Maximum (LGM) and the present-day
SST [CLIMAP, 1981]. (middle) Sensitivity of the simulated
annual mean SST to glacial boundary conditions as
quantified by the difference of the equilibrated time-mean
SST of the LGM experiment and the preindustrial CTR
experiment. (bottom) Simulated SST difference between a
collapsed thermohaline circulation (THC) state during the
LGM (time average of years 200-300 in experiment
meltwater (MW)) and normal LGM conditions. See color
version of this figure at back of this issue.

[4] In section 2 we briefly describe the five modeling
experiments conducted and analyzed here. Section 3 studies
the atmospheric teleconnections of a shutdown of the
meridional overturning circulation. Section 4 focuses on
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the oceanic component of the global teleconnection. The
study concludes with a summary of our main results and a
discussion thereof (section 5).

2. Model Experiments

[s] The analysis is based on a series of global atmosphere-
ocean-sea ice model simulations performed with the coupled
model ECBIlt-Clio. The atmospheric component ECBILT
[Opsteegh et al., 1998] of our coupled model is a three-layer
model with a quasi-geostrophic adiabatic core [Marshall and
Molteni, 1993] and a set of physical parameterizations for
the hydrological cycle [Held and Suarez, 1978] and a partly
linearized radiation code. It runs in T21 triangular trunca-
tion, which corresponds to an approximate resolution of 5.6°
in both latitude and longitude. The coupled ocean—sea ice
model CLIO [Goosse and Fichefet, 1999] is based on the
primitive equations using a free surface and thermodynamic/
dynamic assumptions, respectively. A parameterization of
vertical mixing [Goosse et al., 1999] is used that represents a
simplification of the [Mellor and Yamada, 1982] 2.5-level
turbulence closure scheme. The ocean model CLIO also
includes mixing along isopycnals and it captures the effect
of mesoscale eddies on transport [Gent and McWilliams,
1990]. Furthermore, a parameterization for the dense water
flow down topographic features [Campin and Goosse,
1999] is employed. The horizontal resolution of CLIO is
3°, and there are 20 unevenly spaced vertical levels in the
ocean. The individual models are coupled by exchanging
fluxes of momentum, freshwater, and heat. The simulations
are performed with weak freshwater-flux corrections,
which mostly affect the North Atlantic region. The model
is freely available from http:/www.knmi.nl/onderzk/CKO/
ecbilt.html. In the standard model setup an imbalance in
the global, interannual freshwater budget is compensated
globally for numerical reasons. However, in our experi-
ment the imbalance associated with surging icebergs is
intended and thus not compensated.

[6] A 2000-year-long control simulation (CTR) represents
preindustrial climate with an atmospheric CO, concentra-
tion of 0.28% [Timmermann et al., 2004]. Figure 2 (right)
shows the simulated 2-m air temperature for preindustrial
conditions. It compares quite well with the ECMWF Re-
analysis Data-Assimilation 40 (ERA40) simulated 2-m
temperatures (Figure 2, left), although small differences in
the CO, base state have to be considered.

[7] The Last Glacial Maximum (LGM) simulation
[Timmermann et al., 2004] performed here utilizes the
[Peltier, 1994] ice sheet topography of about 21,000 years
ago, an ice sheet—albedo mask, reduced CO, concentrations
(200 ppm), modified orbital forcing, and a LGM vegetation
index [Crowley and Baum, 1997] for which the deforested
soils and plant cover are replaced by their respective glacial
albedo. The inclusion of the ice sheet increases the albedo
by more than 60% in North America and Europe. The
associated changes in the river runoff and sea level drop
have not been included here. The surface climate of the
2000-year-long LGM simulation equilibrates after about
500 years. The simulated North Atlantic sea surface
temperature (SST) differences between LGM and CTR
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Figure 4. North Atlantic—tropical Pacific teleconnections. Simulated time series of the meridional
ocean transport across 30°S in the North Atlantic (Sv = 10° x m’/s) (blue) and area-averaged salinity
(psu) in the Pacific warm pool (15°S—15°N, 120°E—160°E) area are shown. See color version of this

figure at back of this issue.

(Figure 3) are smaller than in recent SST reconstructions
[Sarnthein et al., 2003]. Simulated LGM tropical sea
surface temperature anomalies attain minimal values of
—2 K to —3 K, consistent with alkenone reconstructions
of Lyle et al. [1992] and Bard [2001] and the cold tongue
record of Lea et al. [2000]. However, our modeling results
exhibit a cold bias in the tropical Pacific compared to
the Climate: Long-Range Investigation, Mapping, and
Prediction (CLIMAP) [1981] reconstruction and the
Galapagos record [Koutavas et al., 2002] and a warm bias
with respect to Hostetler and Mix [1999]. The simulated
positive SST anomaly in the northern Pacific (Figure 3) can
be attributed to an overall weakening of the atmospheric
westerlies in the North Pacific [Timmermann et al., 2004]. Tt
bears some similarities with the CLIMAP reconstruction
and a recent LGM modeling result [Kifoh et al., 2001].

[8] At the core of our analysis is a transient meltwater
(MW) experiment, which mimics the response of the glacial
climate to a North Atlantic density perturbation, such as the
one caused for instance by the Heinrich event 2. A Gauss-
ian-shaped (half width 100 years) freshwater flux anomaly
of 1.2 m/year (maximum value) is injected homogenously
into the North Atlantic between 40°—60°N. This length is
consistent with the most recent model-based estimates of
Roche et al. [2004]. The equivalent global sea level rise of
this hydrological forcing amounts to about 8 m.

[o] In order to study the atmospheric teleconnections
more in detail two other meltwater experiments have been

conducted. In MW1 the atmosphere does not respond to
SST anomalies triggered by the THC shutdown anywhere.
In this sense the atmosphere is generating variability and
air-sea fluxes based on global LGM SST climatology
obtained from the LGM experiment. The atmosphere is
decoupled from the actual ocean anomaly state globally, and
the ocean is driven by simulated atmospheric heat, fresh-
water, and momentum fluxes. The experiment MW?2 is very
similar to MW1, with the main difference that the atmo-
sphere in MW2 is insensitive to North Atlantic SST
anomalies induced by the shutdown of the meridional
overturning circulation, whereas it responds to SST anoma-
lies elsewhere.

[10] The physical mechanisms that generate DO events
have not been disentangled yet. Some recent modeling
evidence [Knutti et al., 2004] suggests that DO events are
associated with millennial-scale density-driven switches of
the meridional overturning circulation in the North Atlantic.
However, the origin of the initial density changes has not
been identified unambiguously. They may be generated by
internal oceanic processes [7immermann et al., 2003] or
may be due to external forcing [Rahmstorf, 2003]. Further
changes of the sea ice extent may help to amplify oceanic
changes into relevant atmospheric changes. Hence we
assume that the diagnosed link between North Atlantic
density anomalies and climate conditions in the Indian
and Pacific oceans holds for stadial-interstadial transitions
both with and without the involvement of Heinrich events.
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Figure 6. Variations in the strength of the Arabian
monsoon compared to changes in Greenland paleotempera-
ture. The Younger Dryas (YD) and Heinrich events (HI—
H6) are represented by shaded bands. Site 905 (10°46'N,
51°57'E) [Ivanochko et al., 2005] is located in the western
Arabian Sea. (a) Increased percent of Al in Site 905
indicating increased dustiness and a more arid continent
during periods of diminished monsoon rainfall. (b) Ba
(ppm) normalized to percent of Al (Ba/Al) reflecting the
biogenic Ba that is delivered to the sediments in association
with the flux of organic matter. At site 905, increased
productivity occurs when the strength of monsoon-induced
coastal upwelling increases [Honjo et al., 1999]. (¢) Core
905 nitrogen isotopic record. Monsoon-induced productiv-
ity mediates denitrification in the intermediate waters of the
Arabian Sea. Larger 6'°N values suggest increased
monsoon strength [Ivanochko et al., 2005]. (d) Past changes
in Greenland temperature inferred from the oxygen isotope
record from GISP2 [Grootes et al., 1993].

[11] The transient glacial meltwater pulse experiment
(MW) leads to a complete shutdown of the North Atlantic
meridional overturning circulation (see Figure 4), a cooling
of the North Atlantic by about 6—8 K (Figure 3), and a
complete recovery about 200 years after the anomalous
freshwater forcing has been decreased to zero. The shut-
down of the THC is accompanied by an increase in Pacific
warm pool salinity (see Figure 4) of about 0.3—0.5 psu. This
is less than the reconstructed local millennial-scale glacial
salinity changes in the Sulu Sea. Furthermore, the MW
experiment simulates a bipolar seesaw response (Figure 3),
similar to the reconstructed north-south temperature gradi-
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ent during Heinrich events [Stocker and Johnsen, 2003;
Knutti et al., 2004].

3. Atmospheric Teleconnections

[12] In order to quantify the effect of the cold North
Atlantic during the shutdown phase of the meridional
overturning circulation on the global atmospheric circula-
tion we compute the anomalies of air temperature, wind
stress and evaporation minus precipitation as simulated by
the MW simulation with respect to the LGM experiment as
well as the anomalies simulated by the MW experiment with
respect to the experiment MW2. The results (Figure 5)
reveal that North Atlantic SST anomalies as depicted in
Figure 3 influence the global climate. The downstream
response of the North Atlantic cooling is a cooling over
large parts of Asia, resulting in an enhanced meridional
temperature contrast and hence a weakening of the annual
mean winds over India and Southeast Asia and in particular
of the summer monsoon circulation. This pronounced wind
change is also reflected in an overall increase of evaporation
minus precipitation in the Arabian Sea and Bay of Bengal
and hence, drier conditions. This result is consistent with
most recent reconstructions [/vanochko et al., 2005] of
dustiness of Arabia, rainfall over India and the monsoon
strength, as shown in Figure 6. In addition, we observe
enhanced rainfall over evaporation in a band south of the
equator in agreement with recent moisture reconstructions
from northern Australia [Turney et al., 2004]. Furthermore,
as a result of cooling north and warming south of the
equator our model simulates enhanced dryness and en-
hanced trade winds over northern South America. In the
trade wind region also a positive air-sea feedback exists
between SST, wind strength and evaporation. This model
result is consistent also with the hydrological reconstruc-
tions of Peterson et al. [2000]. The tropical Atlantic
atmospheric response to the dipole-like SST anomaly near
the equator is reminiscent of a first-order baroclinic re-
sponse as predicted by the Gill [1980] theory. Evaporation
minus precipitation changes of 5—10 cm/yr can be found in
the warm pool, contributing to the increase of warm pool
salinity during the THC shutdown phase (Figure 4). The
freshwater flux anomalies in the warm pool may originate
from the relatively weak southern Indian warming (see
Figure 3) during the Heinrich event. A dynamical linkage
between an anomalously dry warm pool and positive Indian
Ocean SST anomalies during the winter and spring season
has been proposed by Watanabe and Jin [2003] and
Annamalei et al. [2005]. These authors argue that an Indian
Ocean warming triggers an atmospheric response in accor-
dance with linear baroclinic first mode theory [Gill, 1980],
which leads to a wind divergence in the warm pool area and
hence to reduced precipitation. The atmospheric model
employed here is capable of simulating such a kind of
atmospheric response [Timmermann et al., 2004] although
its amplitude may be too weak, because of the quasi-
geostrophic approximation and the low horizontal resolu-
tion of the model.

[13] MW?2 is designed such that the atmosphere is insen-
sitive to North Atlantic SST anomalies induced by the
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Figure 8. Thermocline response to a THC shutdown: difference of the time-averaged depth of the
isopycnal 26.0 kg/m® surface between a collapsed THC state (years 200—300 in MW) and an uncollapsed
LGM THC state (years 1-30 in MW). The 26.0 kg/m’ isopycnal surface separates upper ocean
thermocline waters from deep ocean waters. An overall deepening of the North Atlantic thermocline is
accompanied by a deepening of the thermocline in the other tropical oceans. See color version of this

figure at back of this issue.

shutdown of the THC. Figure 5 (left) and Figure 5 (right),
showing the effect only of North Atlantic SST anomalies,
are very similar, except for smaller amplitudes in the
tropics, simulated by MW2. This suggests that the main
anomalous features of the atmospheric circulation discussed
here directly result from the North Atlantic temperature
anomalies and their downstream signature, in contrast to the
assumptions of Stott et al. [2002]. This includes not only the
changes of the monsoon circulations over Asia and South
America but also an overall intensification of the trade
winds in the Northern Hemispheric tropical Pacific. This
will result in changes of the thermocline depth in the
equatorial Pacific as will be discussed further below. These
results illustrate the importance of the atmospheric bridge
and local air-sea interactions to spread the signal from the
Atlantic into the other ocean basins, supporting the con-
clusions of Dong and Sutton [2002].

4. Oceanic Teleconnections

[14] Density changes in the North Atlantic, as simulated
by the glacial meltwater experiment (MW) lead to a global
readjustment of the thermohaline circulation. This readjust-
ment is established by the propagation of coastally and
equatorially trapped Kelvin waves [Kawase, 1987; Hsich
and Bryan, 1996; Huang et al., 2000; Cessi et al., 2004;
Johnson and Marshall, 2002]. In coarse-resolution ocean
models these waves, which establish the overall mass
balance, are represented by viscous boundary waves [Hsieh
et al., 1983]. Their characteristics depend partially on the
numerical schemes employed by the ocean model and differ
somewhat from those of free Kelvin waves. However, on
long timescales such as those considered here this sensitiv-
ity can be disregarded. In the present simulation these
waves propagate from the North Atlantic to the equator;

they are forced to travel along the equator toward the coast of
Africa, where they split into a northern and southern branch.
While moving poleward, they radiate Rossby waves, which
readjust the interior transport of the North and South Atlantic
and weaken the boundary wave amplitude. The southern
wave branch travels around the southern tip of South Africa
into the Indian Ocean and subsequently the Pacific Ocean.
The baroclinic adjustment between Atlantic and Pacific to an
initial North Atlantic density anomaly takes from a few years
to decades [Cessi et al., 2004].

[15] The overall sea level and thermocline depth changes
can be described in terms of a standing wave pattern
(Figure 7), a global seiche [Cessi et al., 2004]. In agreement
with Cessi et al. [2004], a centennial sea level rise of about
40 cm in the North Atlantic is accompanied by an almost
instantaneous sea level drop of 15 and 8 cm in the Indian
and Pacific ocean, respectively. The globally averaged sea
level signal has been removed from our analysis. Figure 7
reveals that the THC does not recover from its forced
collapse for the MW1 experiment. This is due to the lack
of wind-driven transport of anomalous salinity from the
tropics to the extratropics, as will be discussed in a
forthcoming paper. However, during the initial shutdown
stages (years 0—150), the dynamical behavior resembles
that of the MW experiment. Experiment MW1 highlights
not only the importance of air-sea coupling for the recovery
of the THC but also the importance of oceanic wave
processes in establishing large-scale panoceanic connec-
tions on centennial to millennial timescales.

[16] As predicted by simple shallow water models
[Huang et al., 2000] these global baroclinic readjustment
processes are associated with thermocline changes in the
Atlantic, the Indian and the Pacific oceans. Figure 8 shows
that a collapse of the meridional overturning circulation in
the North Atlantic leads to changes in the depth of iso-
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Figure 9. Mechanism for warm pool salinity changes: time-depth diagram of area-averaged salinity
[psu] near the core site of MD98-2181 (shaded) and zonal currents (contour) (contour interval is 2 cm/s).
See color version of this figure at back of this issue.

pycnals characterizing thermocline waters in the tropical
Indian and Pacific oceans by up to 20 m, which is
comparable to warm pool thermocline depth anomalies
typically obtained during present-day ENSO events. How-
ever, it should be noted here that the simulated thermo-
cline anomalies in Figure 8 originate from two sources:
One is the oceanic global adjustment to North Atlantic
density anomalies triggering Kelvin and Rossby waves
and deepening the tropical Pacific thermocline. The other
source is the equatorial trade wind intensification depicted in
Figure 5 which is a direct result of hemispheric anomalies
of the temperature gradient during the Heinrich event. In
case the thermocline signal has an SST manifestation,
local positive air-sea interactions are expected to further
modify the thermocline signal. It should also be noted
that the Bjerknes positive air-sea feedback in the tropical
Pacific is underestimated in our coupled model. Western
tropical Pacific thermocline depth anomalies in the
uncoupled simulation (MW1) attain values of 5—10 m,
as compared to simulated 20 m in the fully coupled MW
experiment and the MW2 simulation which disregards
SST anomalies in the North Atlantic.

[17] Locally, the centennial-scale density and thermo-
cline depth anomalies in the tropical Pacific are accom-
panied by currents anomalies. In MW the thermocline
gradients as well as the intensification of the equatorial
trade winds lead to a strengthening of the South Equa-
torial Current as documented in Figure 9 and hence an
intensification of cold and saline water advection from the
eastern to the western tropical Pacific. This surface
transport anomaly in the warm pool area increases the

surface density of the warm pool waters, destroying the
very stable stratification of the warm pool that is estab-
lished by a shallow freshwater cap in both present-day
and simulated glacial conditions. Salinity maxima and
minima in the MW experiment (years 200—500) can be
observed at depths of 150-200 m and 500-1000 m,
respectively. In turn, the freshwater cap of the warm pool
is mixed with cold and salty waters from below. In
addition to the salinity and cold water advection due to
an enhanced South Equatorial Current, the vertical mixing
contributes to the generation of a positive sea surface
salinity anomaly (Figure 9) of about 0.3—0.5 psu and a
negative sea surface temperature anomaly of —0.6 K.

5. Summary and Discussion

[18] We studied the response of the global climate system
to Heinrich events using a coupled atmosphere-ocean model
of intermediate complexity. We presented modeling evi-
dence for a rapid oceanic teleconnection between sea level
variations in the glacial North Atlantic, such as those
recorded e.g., during Heinrich events, and sea level varia-
tions of opposite phase in the tropical Pacific. When sea
level in the North Atlantic increases because of meltwater
injections, a thermocline (see Figure 8) and sea level
gradient is established by baroclinic global ocean adjustment
between the ocean basins that drives anomalous geostrophic
surface and subsurface current anomalies and enhances the
transport of cold and salty waters into the Pacific warm pool.
(A part of the global oceanic standing wave travels through
the Indonesian passages as an equatorial viscous boundary
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wave. Because our LGM model configuration does not take
into account the drop of global sea level during glacial times
and the glacial topography of the Indonesian passages is not
represented precisely. The details of the wave propagation
around the maritime continent may have been different
during glacial periods. However, as these waves lead to an
overall baroclinic sea level and density adjustment we may
assume that under glacial topographic conditions also a
strong large-scale connection existed between the Indian
and Pacific oceans, partly provided by Kelvin waves travel-
ing around Australia.) This effect is furthermore amplified
by a trade wind intensification in the Pacific ocean and a
reduction of precipitation in the Pacific warm pool, triggered
by a change of the global meridional surface temperature
gradient during the shutdown phase of the meridional over-
turning circulation. (The coupled atmosphere-ocean-sea-ice
model employed here somewhat underestimates the tropical
air-sea coupling [Timmermann et al., 2004]. Hence the
amplitude of the thermocline anomaly pattern (see Figure 8)
generated during the THC shutdown phase may be too small,
but its qualitative structure appears to be robust.) Further-
more, this gradient leads to a weakening of the summer
monsoons over India and Southeast Asia as well as to
reduced precipitation over northern South America and an
intensification of precipitation over northern Australia, in
accordance with recent paleoreconstructions. Further evi-
dence supporting our conclusions comes from an analysis of
reconstructed Sulu Sea surface salinity variations [Rosenthal
et al.,2003] during deglaciation. Sea surface salinity anoma-
lies in this area parallel climate fluctuations in Greenland. In
the MD97-2141 record from the Sulu Sea area heavy §'*0
values (high salinity) coincide with Heinrich event 1 and the
Younger Dryas event [Rosenthal et al., 2003], whereas low
values are found for instance during the Bolling transition.
This general panoceanic pattern of reconstructed salinity
variations during the deglaciation is consistent with the
proposed global teleconnection mechanism which involves
both the ocean (Figure 8) and the atmosphere (Figure 5).
[19] Recently, it was found [Saenko et al., 2004] that a
collapse of the meridional overturning circulation in the
North Atlantic may lead to the establishment of an inter-
mediate overturning circulation in the North Pacific with
deep water formation in the northern North Pacific.
This North Atlantic—North Pacific seesaw effect is also
simulated in our MW experiment (see Figure 10). The
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Figure 1. Extratropical-tropical connections: normalized and inverted time series of A8'*0 of
planktonic foramanifera (red) in the Pacific warm pool core MD98-2181 [Stott et al., 2002]. The largest
A8'80 variations for Globigerinoides ruber represent local salinity variations and are coherent with the
Dansgaard-Oeschger (DO) cycles, as recorded in the normalized §'*0 of planktonic foraminifera (blue)
sampled off the Iberian margin [Shackleton et al., 2000]. Both records are shown on the Greenland Ice
Sheet Project 2 (GISP2) timescale [Blunier and Brook, 2001].
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Figure 2. (left) Averaged ECMWF Reanalysis Data-Assimilation 40 (ERA40) 2-m temperature,
representing an estimate of the observed temperatures. (right) Simulated averaged 2-m temperature for a
280 ppm 2000-year-long control (CTR) simulation using ECBIlt-Clio.

2 of 12

PA4008



PA4008

TIMMERMANN ET AL.: MILLENNIAL-SCALE GLOBAL SYNCHRONIZATION

60 °E 120 °E 180 ° 120°W 60 °W 0°
80 °N 80 °N
40°N 40°N
Eq Eq
40°S 40°S
80 °S 80°S
60 °E 120 °E 180 ° 120°W 60 °W 0°
60 °E 120 °E 180 ° 120°W 60 °W 0°
80°N ) _ ) ) - = < 40°N
40°N 20°N
Eq Eq
40°S 420°s
80 °S 40°S
60 °E 120 °E 180 ° 120°W 60 °W 0°
60 °E 120 °E 180 ° 120°W 60 °W 0°
80°N ) _ ) ) _ —< 80 °N
40 °N 40 °N
Eq Eq
40°S 40°S
80 °S = 80 °S
60 °E 120 °E 180 ° 120°W 60 °W 0°
-14 -12 -10 -8 -6 -4 -2 O 2 4 6
0
ASST[C]

Figure 3. Reconstructed and simulated glacial sea surface temperature (SST) anomalies. (top)
Difference between reconstructed North Atlantic GLAMAP [Sarnthein et al., 2003] and Pacific and
Indian oceans [CLIMAP, 1981] sea surface temperature (time average of February and August) for
the Last Glacial Maximum (LGM) and the present-day SST [CLIMAP, 1981]. (middle) Sensitivity of the
simulated annual mean SST to glacial boundary conditions as quantified by the difference of the
equilibrated time-mean SST of the LGM experiment and the preindustrial CTR experiment. (bottom)
Simulated SST difference between a collapsed thermohaline circulation (THC) state during the LGM
(time average of years 200—300 in experiment meltwater (MW)) and normal LGM conditions.
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Figure 4. North Atlantic—tropical Pacific teleconnections. Simulated time series of the meridional
ocean transport across 30°S in the North Atlantic (Sv = 10® x m’/s) (blue) and area-averaged salinity
(psu) in the Pacific warm pool (15°S—15°N, 120°E—160°E) area are shown.
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Figure 8. Thermocline response to a THC shutdown: difference of the time-averaged depth of the
isopycnal 26.0 kg/m® surface between a collapsed THC state (years 200—300 in MW) and an uncollapsed
LGM THC state (years 1-30 in MW). The 26.0 kg/m® isopycnal surface separates upper ocean
thermocline waters from deep ocean waters. An overall deepening of the North Atlantic thermocline is
accompanied by a deepening of the thermocline in the other tropical oceans.
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Figure 9. Mechanism for warm pool salinity changes: time-depth diagram of arca-averaged salinity
[psu] near the core site of MD98-2181 (shaded) and zonal currents (contour) (contour interval is 2 cm/s).
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