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[1] Recent studies indicate that the tropical freshwater budget of the Atlantic is modulated by changes in El Niño-Southern
Oscillation (ENSO). If anomalies of the Atlantic freshwater balance persist on the order of decades, these might have a large
influence on the North Atlantic thermohaline circulation (THC). Here we present a sensitivity study in which we use a
model scenario for ENSO behavior during the last 120 kyr to force a simplified model of the THC with corresponding
freshwater exchange between the tropical Atlantic and Pacific. If the steady state strength of the North Atlantic THC is
similar to the present-day, its response to the forcing is of the order of 1–3 Sv (1 Sv = 106 m3 s�1). No mode changes of the
THC are simulated for reasonable values of the coupling constant between freshwater exchange and ENSO. If, on the other
hand, the steady state overturning is significantly weaker, a collapse of the THC occurs due to forcing from the tropics. The
modeled THC variation due to tropical freshwater perturbations are compared to those resulting from middle- and high-
latitude freshwater forcing due to long-term growth and decay of Northern Hemisphere ice sheets. It is found that both
forcings are of similar amplitude except during the deglaciation when high latitude forcing dominates. A possible out-of-
phase relationship between deep water formation in the North Pacific and North Atlantic is also explored. INDEX
TERMS: 4267 Oceanography: General: Paleoceanography; 1620 Global Change: Climate dynamics (3309); 1635 Global
Change: Oceans (4203); 1655 Global Change: Water cycles (1836); KEYWORDS: climate dynamics, oceans, water cycles,
paleoceanography, numerical modeling, El Niño

1. Introduction

[2] It has long been recognized that the North Atlantic Ocean
must have had a significant influence on global ice volume changes
because of its role as a moisture source adjacent to the large
Northern Hemisphere ice sheets [Ruddiman and McIntyre, 1981].
Broecker and Denton [1989] argued that changes in North Atlantic
thermohaline circulation (THC) are an integral part of the glacial-
interglacial swings in climate which are linked to changes in the
Earth’s orbital parameters. Imbrie et al. [1992] performed a
comprehensive investigation into the mechanisms linking solar
insolation changes at 65�N and ocean circulation with a near global
array of paleoceanographic indicators. Their work provides geo-
graphical perspective on the progression of changes in the global
ocean that are paced by the precessional and obliquity cycles.
However, those authors were unable to identify the actual mech-
anism linking solar insolation with ocean circulation. Rather, they
concluded that the initial response to orbital forcing must lay in the
Arctic Ocean, where there are no long records. Brickman et al.
[1999] perform ocean model experiments and show that the THC
operates as a filter to Milankovic insolation changes. However, the
direct impact of orbital changes on Atlantic THC over the last 3.2
Myr is small in their model. The link between orbital forcing and
ocean circulation remains unclear.

[3] Evidence has accumulated that the North Atlantic THC
might also have been actively involved in rapid climate fluctu-
ations on millennial timescales during the last glaciation [Bond
et al., 1993; Broecker, 1997]. These studies generally point to
the large ice sheets surrounding the North Atlantic during the
last glaciation as a freshwater source available for triggering
THC variations in the ultimate vicinity of the regions of deep
water formation [see Birchfield and Broecker, 1990; Alley et al.,
1999]. From modeling studies it is known that the Atlantic
THC is sensitive to freshwater perturbations [e.g., Bryan, 1986].
However, the origin of these meltwater pulses and their influ-
ence on North Atlantic Deep Water (NADW) is not clear from
the observations [Zahn et al., 1997; Moore et al., 2000]. Thus,
so far, the focus on processes triggering THC variability has
been put at the high latitudes. See Weaver et al. [1999] for a
review.
[4] Much less attention has been given to low-latitude pro-

cesses, although the role of the tropics in high-latitude climate
change has recently come into question [Cane, 1998; Stocker,
1998]. One process that may influence ocean circulation is the
hydrological cycle. The surface freshwater budget of the Atlantic,
which influences the strength of the THC [Stocker and Wright,
1991; Rahmstorf, 1996], is modulated by tropical atmospheric
moisture transport across the Isthmus of Panama [Weyl, 1968].
Latif et al. [2000], using a coupled ocean-atmosphere general
circulation model (GCM), and Schmittner et al. [2000], examin-
ing two reanalysis data sets, found that the surface freshwater
balance of the tropical Atlantic Ocean is altered by tropical
Pacific sea surface temperatures (SSTs). These results were
confirmed by another recent work focusing on multidecadal
variability [Latif, 2001]. The above studies suggest that during
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periods with warmer east Pacific SSTs (El Niño) atmospheric
water vapor transport from the tropical Atlantic to the tropical
Pacific is enhanced, leading to changes in atmospheric moisture
convergence. Tropical freshwater perturbations induced by
changes of ENSO can have a significant influence on the North
Atlantic THC if the perturbations persist longer than a few
decades [Schmittner et al., 2000].
[5] In this paper, we explore how this oceanic link between the

tropics and high latitudes may have operated under different orbital
configurations during the last glacial cycle. Clement et al. [1999]
used a simplified model of the tropical Pacific to show that orbitally
driven changes in the seasonal cycle over the last 150 kyr exert a
strong influence on the character of ENSO. They show that changes
in ENSO behavior result in a mean sea surface temperature change
that has an El Niño- or La Niña-like spatial pattern which varies on
the timescale of the precessional cycle (21 kyr). Here we use the
results of Clement et al. [1999] to explore how these orbitally
driven changes in ENSO over the last 150 kyr would influence the
high-latitude oceans.

2. Model Description and Forcing

[6] We use the zonally averaged ocean model from [Wright and
Stocker, 1991] consisting of three basins representing the Pacific,
Atlantic, and Indian connected through a zonally well mixed
Southern Ocean. Each basin has constant longitudinal width of
140� (Pacific), 70� (Atlantic), and 75� (Indian), flat bathymetry,
and coarse latitudinal resolution of �10�. Further details about
model geometry and resolution are described by Stocker and
Wright [1996]. This model is coupled to a one-dimensional energy
balance model of the atmosphere [Stocker et al., 1992] including a
simple representation of sea ice [Wright and Stocker, 1993] and an
active meridional water vapor transport [Schmittner and Stocker,
1999]. Present-day seasonal forcing is applied as by Schmittner
and Stocker [2001].
[7] The model is forced by the exchange of freshwater between

the tropical Atlantic and Pacific. The freshwater flux anomaly
(positive upward) in the Atlantic Ff w is taken proportional to the
NINO3 index according to

Ff w ¼ mNINO3; ð1Þ

where m is the coupling constant (in Sv K�1). The freshwater
anomaly is equally distributed in the three equatorial boxes
between 20�S and 20�N in the tropical Atlantic and is compensated
at the same latitudes in the tropical Pacific.

[8] Schmittner et al. [2000] estimated the change of the total
Atlantic freshwater balance due to a change in the Southern
Oscillation Index (SOI) by one standard deviation to be 0.05 Sv.
We have redone their analysis for the NINO3 index, which we
will briefly describe in the following. Figure 1 shows the
tropical Atlantic freshwater budget E–P integrated over the
Atlantic drainage basin from 20�S to 20�N for two reanalysis
data sets together with the NINO3 index. Note the shorter length
of the European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis compared to the National Centers for
Environmental Prediction (NCEP) reanalysis, which reduces
the significance of the analysis for the former. The correlation
r and slopes m between the NINO3 and the tropical freshwater
fluxes are r = 0.62 and m = 0.065 Sv K�1 for the NCEP
reanalysis and r = 0.55 and m = 0.074 Sv K�1 for the ECMWF
data set. A significant correlation at other latitudes has only
been found between 20� and 40�N, where the correlation was
negative in both data sets (r = �0.4 and m = �0.017 Sv K�1

for NCEP; r = �0.35 and m = �0.018 Sv K�1 for ECMWF).
This suggests that the change in the total Atlantic freshwater
budget for a change of the NINO3 index by 1�C is 0.048 Sv for
NCEP and 0.056 Sv for ECMWF. Considering the uncertainties
in the calculation of m, we perform runs with m = 0.05 Sv K�1

and m = 0.1 Sv K�1, where we regard m = 0.05 Sv K�1 as the
best estimate and m = 0.1 Sv K�1 as an upper limit. A more
detailed description of the calculation of significance intervals
and a discussion of the uncertainties and shortcomings can be
found elsewhere [Schmittner et al., 2000].
[9] As yet, there is no complete temporal reconstruction of

the state of the tropical Pacific over the last glacial cycle. In
particular, we are interested in how the east-west gradient in
SST evolves over time since the preceding work points to this
feature of the tropical climate as having a strong control over
the longitudinal structure of the hydrological cycle. Modeling
work by Clement et al. [1999] provides a plausible mechanism
by which the east-west structure of the tropical Pacific is
influenced by orbital forcing. Those authors generate a NINO3
index using the Zebiak and Cane [1987] coupled ocean-atmos-
phere model, which is forced by the solar insolation changes
over the last 150 kyr. The model’s active domain includes only
the tropical Pacific (124�E–80�W, 29�N–29�S). It is an anom-
aly model, with some aspects of the oceanic and atmospheric
physics linearized about the monthly climatology of the present.
The main dynamics in the atmosphere and ocean are described
by linear shallow water equations on an equatorial beta plane. In
the ocean an additional shallow frictional layer of constant depth

Figure 1. Tropical Atlantic freshwater balance E–P (left axis) as a function of time from the NCEP (thick solid line)
and ECMWF (thin solid line) reanalysis together with the NINO3 index (from NCEP; right axis, dashed line). A 12
month sliding window has been applied to the monthly data.
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(50 m) is included to account for the intensification of wind-
driven currents near the surface. The ocean and atmosphere are
coupled through a parameterization of the atmospheric heating
which is computed from the SST anomaly, the specified back-
ground surface wind divergence field, and the modeled diver-
gence anomaly. The Figure 2 (top) shows the resulting NINO3
SST anomaly for the last 120 kyr averaged over periods of 500
years. While the annual mean orbital forcing in the tropics is
close to zero, there is a significant annual mean change in SST
that varies on a precessional timescale. The mean change results
from a change in the interannual variability with warm (cold)
periods coinciding with more (less) frequent and larger (smaller)
El Niño events. The change in ENSO behavior is driven by the
orbitally induced changes in the seasonal cycle of solar radiation

on the equator (see Clement et al. [1999] for a more complete
description).

3. Model Response to ENSO-Induced
Freshwater Forcing

[10] Figure 2 shows the tropical freshwater forcing and the
response of the Atlantic THC in the standard model version.
Increased freshwater export from the Atlantic to the Pacific during
periods where the NINO3 index is positive (warm El Niño-like
state) leads to increased salinities in the tropical Atlantic which are
advected to the northern North Atlantic and cause enhanced deep
water formation. For the best estimate value of m = 0.05 Sv K�1

Figure 2. Time series of (top) NINO3 index, (middle) tropical freshwater forcing (positive values correspond to
freshwater transfer from the Atlantic to the Pacific), and (bottom) response of the North Atlantic THC as annual mean
maximum overturning below 1000 m depth. The black line corresponds to a small value for the coupling constant
(m = 0.05 Sv K�1; experiment LFHS; see (1) and Table 1), and the red line corresponds to a large value (m = 0.1 Sv
K�1; experiment HFHS). See color version of this figure at back of this issue.
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the amplitude of the THC variations is small with only �1 Sv
changes in overturning. The model response is approximately
linear to the forcing reflecting the dominant precessional cycle of
�20 kyr. The interannual variations in the forcing (not shown) are
effectively eliminated through mixing of the freshwater anomalies
during their travel from the tropics to high northern latitudes. The
background variability is of decadal and centennial timescale. This
background variability and the long-term (precessional) variations
increase nearly linear if the coupling constant m is doubled.
[11] Next, we want to assess the signature of the model response

in the surface properties of the Atlantic and Pacific Oceans. Since
the signal is rather weak, we show results for m = 0.1 Sv K�1. The
values presented should be interpreted as the maximum signal with
approximately linearly smaller response for smaller coupling con-
stant m. Since the anomalies in the freshwater forcing are similar
for each precessional cycle, we performed the sensitivity experi-
ments below for the first cycle from 120 kyr BP to 100 kyr BP
only. In Figure 3, salinity and temperature anomalies during the
first precessional cycle are shown. As expected, during the period
with more frequent El Niños around �110 kyr, the surface waters
get saltier in the Atlantic north of 20�N and fresher in the Pacific,
while during the period with more La Niña years around �104 kyr
the Atlantic gets fresher and the Pacific gets saltier. Anomalies in
the Pacific are �0.15 psu and reach maximum values of 0.2 psu in

the North Pacific. In the Atlantic, anomalies �0.03 psu with
maxima of 0.08 psu at 50�N are much smaller than in the Pacific.
[12] The different amplitudes in the Atlantic and Pacific are due

to the different mean circulation patterns (see Figure 4 (top)) in
these basins. In the Atlantic the tropical freshwater flux anomalies
are advected northward and through the formation of NADW
mixed into the deep ocean. In the Pacific where no deep water
formation occurs, the tropical anomalies accumulate in surface and
subsurface waters. While in the Pacific the salt anomalies have the
same sign throughout the basin, in the Atlantic a dipole emerges
with opposite signs north and south of 20�S. This dipole structure
as well as the fact that the signal is larger at high latitudes and
smaller in the tropics although the forcing is applied in the tropics
is due to circulation changes as we show in the following.
[13] Figure 4 (bottom) shows the circulation during the El Niño

phase around �110 kyr minus the the circulation during the La
Niña phase around �104 kyr. Production of NADW is enhanced
during the El Niño phase by �2.5 Sv compared to the La Niña
phase, all of which exits the Atlantic into the Southern Ocean. The
enhanced return flow of surface and subsurface waters leads to an
increased freshwater inflow from the Southern Ocean to the South
Atlantic, creating the negative salinity anomalies there. Increased
advection of warm tropical waters to the north is also the reason for
the warmer SSTs in the northern North Atlantic during the El Niño

Figure 3. (top) Sea surface salinity and (middle) temperature anomalies (differences from time mean) for the (left)
Atlantic and (right) Pacific Oceans as a function of time and latitude. The 100 year averages are plotted at the end of
the averaging period with 2 kyr intervals. Isoline difference is 0.02 psu for SSS and 0.05�C for SST with negative
values shown as dashed lines. (bottom) Time series of the annual mean maximum stream function below 1000 m
depth in the corresponding basin for reference. Every tenth year is plotted.
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phase (see Figure 3). In the North Pacific the formation of NPIW is
reduced during El Niño periods, leading to colder and fresher
conditions there. Generally, in this model version the response in
the Atlantic and Pacific Oceans is in antiphase. In section 5 we will
examine whether this out-of-phase response is robust and to what
extent it is a consequence of the tropical freshwater forcing.
[14] In the experiments described above the influence of the

tropical freshwater forcing on the THC was relatively small and
therefore approximately linear to the forcing. However, we
neglected all other influences on the THC during the last
glacial-interglacial cycle. It is now generally believed that the
production of NADW was substantially reduced during the Last
Glacial Maximum (LGM). The reader is referred to Boyle [1995]
for a review of the paleoproxy evidence and Weaver et al. [1998],
Ganopolski et al. [1998], and Winguth et al. [1999] for modeling
studies. As suggested by previous studies [Stocker and Wright,
1991; Rahmstorf, 1995], the influence of a given perturbation on
the THC depends on the mean state of the THC itself and the
fact that the same perturbation would have less of an impact
when applied to a strong THC than when applied to a weak
THC. Recent modeling studies [Ganopolski and Rahmstorf,
2002; Schmittner et al., 2002] indicate that the sensitivity of
the THC to a given perturbation is indeed largely increased if full
glacial boundary conditions are applied. In order to test the
influence of a different mean state on our model response,
additional experiments have been performed in which we tuned
the model such that the steady state THC is weaker. We produced
two different additional steady states of the model: one with

intermediate NADW formation rate and one with weak NADW
formation rate.
[15] The tuning procedure is as follows. In the present model

version the atmosphere is coupled to the ocean after an ocean spin-
up in which SSTs and sea surface salinities (SSSs) are relaxed to
observations. At the time of coupling, uncertain atmospheric
parameters, like meridional eddy diffusivities, are diagnosed such
that the steady state after coupling is close to the present-day
climate. See Stocker et al. [1992] and Schmittner and Stocker
[2001] for a detailed description of the coupling procedure. In
order to get realistic deep water salinities the value of the relaxation
SSS at the northern most box in the North Atlantic has been
increased by 0.5 psu during the ocean spin-up in the standard
model version. This value has been decreased to 0.3 psu in the
intermediate NADW model version. For the weak NADW model
version additionally, the parameterization of deep water formation
along the slope of Antarctica has been modified. The rate of sea ice
production which is used to form deep water in the southern ocean
[see Stocker and Wright, 1996] was increased from 0.5 to 2 Sv to
account for an increased Antarctic Bottom Water (AABW) pro-
duction during the LGM. Note that owing to the coupling proce-
dure described above these changes result in changes of
atmospheric parameters.
[16] The Atlantic THC from the steady state of the intermediate

and weak NADW model versions is shown in Figure 5. NADW
formation decreased from �23 Sv in the standard version (see
Figure 4) to 19 Sv in the intermediate overturning version IO and
to 16 Sv in the weak overturning version WO. AABW progres-

Figure 4. Stream function in the (left) Atlantic and (right) Pacific. Time mean state (top panels) is shown with
isoline differences of 3 Sv. Difference in circulation between the states with maximum Atlantic overturning at �110
kyr B.P. and minimum overturning at �104 kyr B.P. (bottom panels) are drawn with isoline differences of 0.5 Sv.
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sively moves north as NADW is weakened and eventually fills the
entire basin below 2500 m in version WO. This is broadly
consistent with d13C reconstructions of the circulation during
LGM [Duplessy et al., 1988] that show decreased and shallower
NADW and a spreading of AABW farther north. Note that this
should not be viewed as a simulation of LGM conditions since the
air temperatures, SSTs, and SSSs are still close to present-day
values. It is an attempt to examine the influence of the strength of
the THC to a given forcing.
[17] In order to examine the dependence of the model response

on the steady state strength of the Atlantic overturning in a general
manner we repeated the experiments from Schmittner et al. [2000]
(see their Figure 4) for the model versions with intermediate and
weak overturning. Therefore freshwater was exchanged between
the tropical Atlantic and Pacific at two different amplitudes, 0.02
and 0.04 Sv, which would correspond to a La Niña phase in the
precessional cycle for the low and high coupling constant m = 0.05
Sv and m = 0.1 Sv, respectively (see Figure 2). The persistence
time of the tropical freshwater perturbations was varied from 1 year
to 100 years. Each experiment was integrated for 1000 years. The
maximum response of the Atlantic overturning during the integra-
tion to these perturbations is shown in Figure 6 as a function of the
persistence time. While for the smaller-amplitude perturbations the
model version with intermediate overturning shows no mode
changes of the THC even for long persistence times (100 years
or more), the weak overturning version exhibits a breakdown of
NADW formation for persistence times longer than 90 years. For
the larger-amplitude perturbations (0.04 Sv) both model versions

show a collapse of the North Atlantic THC for long persistence
times. However, while for the weak overturning version a persis-
tence time of 40 years is sufficient for a shutdown of NADW, in the
version with intermediate overturning the circulation recovers for
persistence times <80 years. This shows that not only the ampli-
tude of a perturbation necessary for a breakdown of the Atlantic
THC depends on the initial strength of the circulation but also the
persistence time of such a perturbation. Further, these results
demonstrate that the tropical forcing can induce mode changes of
the THC.

4. Model Response to Freshwater Forcing
due to Long-Term Variations of Northern
Hemisphere Ice Sheets

[18] Here we want to examine the relative importance of the
tropical freshwater forcing described above to high-latitude
freshwater forcing. The surface freshwater balance of the Atlan-
tic during the last glacial-interglacial cycle is likely to be
influenced by the growth and decay of Northern Hemisphere
ice sheets. In order to include this effect in the simplest possible
manner we assume that the volume of freshwater trapped in
Northern Hemisphere ice sheets is proportional to global sea
level variations. This assumption is warranted since ice volume
in the Southern Hemisphere contributed <20% to the global sea
level changes between the Last Glacial Maximum and today
[e.g., Peltier, 1998; Clark et al., 2001, and references therein].
For the long-term variations of global sea level we use the
stacked, smoothed oxygen isotope (d18O) record from SPEC-
MAP [Imbrie et al., 1984]. We further assume that the surface
freshwater flux anomaly in the North Atlantic Ff w is proportional
to the temporal changes in Northern Hemisphere ice volume VNH

ice .
This leads to the following equation for the North Atlantic fresh-
water forcing:

Ff w ¼ C
@d18O
@t

; ð2Þ

Figure 5. Annual mean steady state stream function in the
Atlantic Ocean in Sv for the model versions with (top) intermediate
NADW formation IO and (bottom) weak NADW formation WO.
Isoline differences are 3 Sv.

Figure 6. Maximum change in North Atlantic Deep Water
formation rate as a response to stepwise tropical freshwater
perturbations as a function of the persistence time of the
perturbations. Circles correspond to the model version with
intermediate overturning (IO), and squares denote the model
version with weak overturning (WO). Different amplitudes of the
forcing are used (0.02 Sv, solid lines; 0.04 Sv, dashed lines).
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where C is a constant. In order to determine

C ¼ 0:9DV ice
NH

�
Dd18O; ð3Þ

where 0.9 arises from the different densities of water and ice, we
use estimates for Northern Hemisphere ice volume changes
between the LGM and present-day DVNH

ice and the appropriate
value for Dd18O = 4. Berger et al. [1998] report a relatively high
value of DVNH

ice = 50 � 106 km3 (corresponding to a 125 m global
sea level drop) in a transient coupled ice sheet climate model study.
A lower value of DVNH

ice = 25 � 106 km3 is based on steady state
simulations of an ice sheet model with realistic bed properties
[Licciardi et al., 1998] in which the volume of the Laurentide ice
sheet was estimated to be around 20 � 106 km3 and a crude
estimation of the smaller ice sheets of 5 � 106 km3. These values
for DVNH

ice lead to C = 1.13 � 107 km3 and C = 0.57 � 107 km3,
respectively. The total freshwater flux anomaly Ff w is equally
distributed in the North Atlantic boxes northward of 20�N. Note
that the spatial distribution of the freshwater anomalies does not
affect the model response qualitatively. However, the greater the
portion of the total anomaly supplied near the regions of deep
water formation, the larger the efficiency of the anomaly
[Rahmstorf, 1996].
[19] In the above approach, it is also assumed that the moisture

source of the Northern Hemisphere ice sheets is by and large the
Atlantic and that most part of the meltwater and calving ice bergs
from the ice sheets enter the North Atlantic drainage basin. These
assumptions are strong simplifications since it is likely that at least
the western part of the Laurentide ice sheet was supplied with
moisture from the Pacific and also lost freshwater to the east
Pacific through calving and melting. Note, however, that qualita-
tively, our results do not depend on these assumptions. If the
relative role of the Atlantic in changes of the Northern Hemisphere
ice sheet’s moisture balance would have been smaller, this could be
accounted for with a smaller value of C. In the present study,
however, we do not consider changes in the Pacific surface fresh-
water balance due to variations of Northern Hemisphere ice sheets.
[20] In Figure 7 the resulting freshwater forcing of the Atlantic

and the model response are shown. Global mean salinity changes
accordingly to the implied global sea level. The difference in
global mean salinity between present-day and the LGM is about 1
(0.5) psu for C = 1.13 � 107 km3 (C = 0.57 � 107 km3). North
Atlantic overturning increases during ice growth phases (e.g.,
around �150 kyr and �70 kyr) and decreases during melting
phases. Ice growth leads to an extraction of freshwater from the
North Atlantic. This increases salinity and density of near surface
water masses leading to stronger overturning. Figure 7 can be
directly compared to Figure 2 since the same model version was
used. Generally, the freshwater forcing due to ice sheet variations is
somewhat larger than the tropical anomalies due to changes in
ENSO. For the lower value of C and the most part of the simulation
with the larger C the response of the Atlantic THC to the forcing is
approximately linear (except for some minor jumps). The ampli-
tude of these linear changes is �2 Sv for C = 1.13 � 107 km3 and 4
Sv for C = 0.57 � 107 km3 and therefore similar to the response to
the ENSO induced changes (1–3 Sv; see Figure 2).
[21] However, the overturning collapses for the large value of C

during the last deglaciation around 16 kyr B.P. This is consistent
with other model studies concerning large meltwater input into the
North Atlantic during the last deglaciation [e.g., Manabe and
Stouffer, 1995; Fanning and Weaver, 1997] but also with evidence
from climate proxy records [e.g., Dansgaard et al., 1989; Venz et
al., 1999; Rühlemann et al., 1999].
[22] The sensitivity of the Atlantic THC to the forcing would be

increased for the model versions with an intermediate or weak
steady state overturning similarly to the results presented in
section 3.1. Since, for example, a tropical freshwater perturbation

of 0.04 Sv persisting longer than 80 years is sufficient to shut
down NADW in the intermediate overturning model version (see
Figure 6), we would expect that in this model version, NADW
formation stops during the last deglaciation even for the lower
value of C = 0.57 � 107 km3.
[23] Note that no clear phase relation between the tropical and

high-latitude forcings is present. However, analysis of lagged
correlation shows that high-latitude forcing leads the ENSO forc-
ing by �5–6 kyr. It is not surprising that there exists some relation
between the two signals because they are both caused by the
orbitally driven variations in insolation. A linear combination of
the two forcings would lead to mutual amplifications around �114
kyr B.P., �105 kyr B.P., �94 kyr B.P., �80 kyr B.P., �67 kyr B.P.,
�60 kyr B.P., �42 kyr B.P., and �10 kyr B.P.

5. North Pacific Ventilation Changes

[24] Present-day conditions in the North Pacific differ largely
from those in the North Atlantic. While in the North Atlantic, sea
surface salinities are relatively large (around 34.9 psu) and deep
waters are well ventilated, the North Pacific is fresh (32.5 psu), and
no deep water is formed [Warren, 1983; Weaver et al., 1999].
However, subsurface properties in the North Pacific have varied on
numerous timescales [e.g., Behl and Kennett, 1996]. Some sedi-
ment records suggest antiphase ventilation patterns between the
North Pacific and the North Atlantic during the last deglaciation
[van Geen et al., 1996], and it has been speculated whether they are

Figure 7. (top) Evolution of high-latitude freshwater forcing
(positive upward) due to Northern Hemisphere continental ice
volume changes calculated as the time derivative of the stacked,
smoothed d18O record from SPECMAP (see (2)). Model response
of (middle) global mean salinity and (bottom) Atlantic overturning
for different values of C = 1.13 � 107 km3 (solid line) and C = 0.57
� 107 km3 (dashed line).
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caused by variations in the tropical Atlantic to Pacific freshwater
exchange [Zheng et al., 2000].
[25] In this section we will focus on how changes in both the

tropics and in the North Atlantic may influence circulation changes
in the North Pacific. First, we examine model runs in which the
circulation changes are approximately linear to the tropical fresh-
water forcing. Subsequently, we will investigate the model
response in the North Pacific to rapid changes of the Atlantic THC.

5.1. Linear Circulation Changes

[26] In the present-day climate, ventilation of deep northern
North Pacific waters is prevented by the strong halocline [Warren,
1983]. In the standard model version used above, surface salinities
in the northern North Pacific are up to 1.5 psu larger than zonally
averaged observations from Levitus et al. [1994] (see Figure 8),
leading to a stratification that is too weak. Therefore we tuned
model parameters in order to get more realistic salinities there. In
the present model version the ratio of precipitation into the different
basins pn and the zonal mean precipitation P is constant cn = pn/P
[Schmittner and Stocker, 1999]. We changed the ratio cn in the two
northernmost boxes in the North Pacific such that more precip-
itation is distributed into the North Pacific. In order to conserve
precipitation the values of cn at the corresponding latitudes in the
Atlantic have been changed accordingly. This has the desired
effect of lowering North Pacific SSS to approximately the

observed values as shown in Figure 8, while the surface properties
elsewhere and Atlantic overturning rates (increased by 2 Sv) are
similar. The largest difference between the circulation patterns of
these two model versions is found in the vertical extent of the
meridional overturning cell of the North Pacific (not shown),
which in the low North Pacific salinity version is shallower than
500 m (compared with 1000 m depth in the high North Pacific
salinity version), while its strength increased only sightly from
15.8 to 17.6 Sv.
[27] In Figure 9 the maximum meridional heat flux in the Pacific

during the precessional cycle from 120 to 100 kyr B.P. is shown for
different model versions listed in Table 1. This is a measure of the
intensity of the meridional overturning cell in the North Pacific,
which in our model is closely related to North Pacific Intermediate
Water (NPIW) formation. In the standard model experiments
discussed above (high forcing, high salinity (HFHS)) the maximum
meridional heat flux in the Pacific shows changes of �10%
between the El Niño phase and the La Niña phase. In the model
version with lower SSS in the North Pacific (experiment HFLS)
northward heat flux in the North Pacific is more than one third
smaller than in the high North Pacific salinity version. It is
approximately constant and shows no response to the forcing. This
leads to the conclusion that the North Pacific-North Atlantic
antiphase response discussed above depends on North Pacific
SSS. In a model version with low northern North Pacific SSS
(exp. HFLS in Figure 9) and a strong halocline in the northern
North Pacific, similar to the present-day climatology, NPIW does
not respond to the tropical freshwater forcing. If northern North
Pacific SSSs are larger (experiment HFHS in Figure 9) with a
corresponding weaker halocline, then an antiphase relation
between NPIW and NADW formation is possible. Note that the
SSS anomalies (not shown) during the precessional cycle are
similar to the ones for the high North Pacific salinity version
shown in Figure 3 except that the maximum of the anomalies in the
Pacific is now located at low latitudes. SST anomalies in the
Pacific are negligible in experiment HFLS, while in the Atlantic
they are similar to the ones of experiment HFHS.
[28] Similar antiphase ventilation changes have previously been

found in different model studies with simplified ocean-atmosphere
models [Wright and Stocker, 1993] and also with fully coupled
ocean-atmosphere GCMs [Mikolajewicz et al., 1997]. In these
studies a breakdown of the Atlantic thermohaline circulation
induced by North Atlantic freshwater perturbations leads to a
cooling of Northern Hemisphere surface air temperatures, which
also cools North Pacific surface waters, increasing their densities
such that NPIW formation increases. Here our freshwater forcing

Figure 8. Annual mean sea surface salinities in the (top) Pacific
and (bottom) Atlantic Oceans of the steady states from two model
versions and present-day observations [Levitus et al., 1994].
Dashed lines correspond to a version with high North Pacific
salinity (HS), dotted lines to a version with low North Pacific
salinity (LS), and solid lines to the zonally averaged observations.

Figure 9. Maximum meridional heat flux in petawatts (1PW =
1015W) in the Pacific for different model versions listed in Table 1.
For model version HFLS, 0.34 PW has been added for axis scaling
convenience. Note that the time axis is in model years. To convert
into years B.P., subtract 125 kyr.
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affects tropical SSS in the Pacific directly which, after being
transported to the high northern latitudes, can induce changes in
NPIW formation. In order to address the question to what extent the
ventilation changes in the North Pacific seen in experiment HFHS
are a direct effect of the applied tropical forcing or merely a
response to changes in the Atlantic we performed an additional
experiment where the freshwater forcing was only applied in the
Atlantic (experiment HFHSA). Since no compensation in the
Pacific occurs, global mean salinity changes in this experiment.
As shown in Figure 9, in this case, the meridional heat flux changes
are only one third of the amplitude of those found in the experiment
where the forcing was also applied to the Pacific. This leads to the
conclusion that most of the change (two thirds) in NPIW formation
seen in the standard experiment (HFHS) is a direct response to the
freshwater forcing in the tropical Pacific, while only a smaller part
(one third) is due to changes in the Atlantic circulation.

5.2. Rapid Circulation Changes

[29] In order to extend the discussion of North Pacific circu-
lation changes to cases where a breakdown of the Atlantic THC
occurs we performed additional sensitivity experiments in which
such a collapse was forced by tropical freshwater perturbations in
different model versions. We exchanged 0.5 Sv from the tropical
Pacific into the tropical Atlantic for 100 years. This is a much
stronger freshwater forcing than applied in the previous sections
and is sufficient to force a breakdown of the Atlantic THC. In
Figure 10 the maximum meridional heat fluxes in the Atlantic and
Pacific are shown for different model versions (see Table 1).
[30] In the high North Pacific salinity version (HS) the break-

down of the Atlantic THC is accompanied by increased ventilation
in the North Pacific, which results in an increase of the maximum
meridional heat flux by nearly 0.5 PW during the first 100 years of
the experiment. For the next 900 years the circulation in the Pacific
shows a slight further increase to an equilibrium value of �1.5 PW.
In order to examine how much of these changes are a direct
consequence of the tropical freshwater forcing in the Pacific or
merely a response to the changes in the Atlantic THC a simulation
was performed in which only the Atlantic was forced (HSA)
similar to experiment HFHSA in section 5.1. In this case the
circulation in the North Pacific increases less strongly during the
first 100 years, but the equilibrium changes are very similar. This
indicates that in contrast to the linear changes discussed in section
5.1, a breakdown of the Atlantic THC is the major forcing
mechanism for the North Pacific circulation changes and not the
direct tropical freshwater forcing. The reason here is that cooling of
North Atlantic SSTs and northern high latitude air temperatures is
much larger if the Atlantic THC experiences a complete shutdown
compared to the case when it is only weakened. Cooler air
temperatures cause colder SSTs in the North Pacific via air-sea
heat exchange, decrease the stability of the water column, and lead
to increased ventilation in the North Pacific.

[31] Similar to the simulations in section 5.1, the response in the
North Pacific is strongly dependent on northern North Pacific SSS
in the steady state. For the low North Pacific salinity version (LS)
the circulation changes in the Pacific are much smaller than for
version HS. If the salinity in the North Pacific is reduced even
further to ‘‘very low salinities’’ (version VLS), the response is
largely suppressed in the North Pacific. Note that the spin down
time of the Atlantic THC is also dependent on North Pacific SSS.
The shutdown of the Atlantic THC leads to a strong cooling of
high northern latitude surface air temperatures (SATs). This is a
negative feedback for the spin down of the Atlantic THC since it
decreases North Atlantic SSTs and therefore increases surface
water densities. Increased North Pacific meridional heat flux, on
the other hand, tries to damp the cooling of high northern SATs and
hence weakens the negative feedback and therefore weakens the
stability of the Atlantic THC. The stronger the stratification in the
North Pacific the less Pacific meridional heat flux increases as a
response to the changes in the Atlantic. This results in an increased
stability of Atlantic THC as can be seen in the longer spin down
timescale for versions with lower North Pacific SSS in Figure 10.
[32] The equilibrium stream function in the Pacific Ocean after

the breakdown of the Atlantic THC is shown in Figure 11. In
version HS, surface waters in the northern North Pacific downwell
to intermediate depths between 1000 and 2000 m at a rate of 18 Sv.
Most of this water upwells in the North Pacific and interhemispheric
transport is small. Note that this circulation is fundamentally
different from that of the present-day Atlantic since it is confined
to the North Pacific and does not set up a global circulation with
interbasin water exchange. In version LS, North Pacific meridional
overturning is much shallower compared with version HS.

6. Summary and Discussion

[33] We have presented a plausible mechanism by which
variations of the orbital parameters cause changes in the for-
mation of deep water in the North Atlantic. This mechanism
involves orbitally driven changes in ENSO, which alter the
tropical Atlantic freshwater balance. The tropical freshwater
perturbations are advected to the regions of deep water formation
and lead to changes of the rate of NADW production. For a
quantitative assessment of this mechanism an idealized model of
the THC was forced with tropical freshwater exchange between
the Atlantic and Pacific Oceans. Variations of the NINO3 index
on precessional timescales (’21 kyr) with an amplitude of about
±0.4�C result in tropical Pacific-Atlantic freshwater exchange of
±0.02 to ±0.04 Sv. This leads to changes in the Atlantic THC of
1–3 Sv. These changes are considerably larger than those found
by Brickman et al. [1999], who used the direct orbital forcing.
The picture we advance here is very different from that of Imbrie
et al. [1992]. Those authors argued that insolation changes at 65�N
initially influence water mass formation in the Arctic ocean, which

Table 1. Abbreviations Used for the Sensitivity Experimentsa

m, Sv K�1 SSS NP Basinb Atlantic Overturning,c Sv

LFHS 0.05 high (34.3 psu) Atlantic and Pacific 23.0
HFHS 0.1 high (34.3 psu) Atlantic and Pacific 23.0
HFHSA 0.1 high (34.3 psu) Atlantic only 23.0
HFLS 0.1 low (32.4 psu) Atlantic and Pacific 24.6
HS . . . high (34.3 psu) Atlantic and Pacific 23.0
HSA . . . high (34.3 psu) Atlantic only 23.0
LS . . . low (32.4 psu) Atlantic and Pacific 24.6
VLS . . . very low (31.6 psu) Atlantic and Pacific 24.9

aHere m denotes the coupling constant between the NINO3 index and Atlantic to Pacific freshwater exchange (see (1)). SSS NP
denotes the SSS of the steady state in the northern North Pacific.

bThe basins to which the freshwater forcing is applied are listed.
cAtlantic overturning denotes the strength of the NADW formation rate in the steady state.
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is seen first in proxies from the Southern ocean and equatorial
region, and then later in the North Atlantic.
[34] The model used in this study lacks atmospheric dynamics

and zonal resolution. However, it has been extensively tested, and
the response to freshwater forcing is similar to three-dimensional
GCMs. The model is suitable for integrations on glacial-intergla-
cial timescales, which is not possible with fully coupled GCMs.
We concentrated on freshwater forcing induced by changes in
ENSO and Northern Hemisphere ice sheets and neglected other
forcings, such as atmospheric CO2 concentration, ice sheets,
vegetation, or solar insolation. Hence the aim of this study was
not a realistic simulation of the THC variations during the last
glacial-interglacial cycle. We note that this mechanism only oper-
ates on a precessional timescale. The 100 kyr cycle in global ice
volume and ocean proxies, and the link with eccentricity is
currently unexplained. However, it is known that the strength of
the THC has varied with the large climatic changes during the last
glacial-interglacial. Thus we performed sensitivity experiments
with different circulation strengths. For a weaker THC the tropical
freshwater perturbations are sufficient to trigger rapid mode
changes. An increased sensitivity of a weaker THC would apply
not only to tropical freshwater forcing but also to high-latitude
forcing. This raises the possibility that changes in the strength of
the Atlantic THC are the amplifier for rapid climate changes seen
during the last glacial period. Since recent modeling studies
indicate increased sensitivity of the THC under full glacial boun-
dary conditions [Ganopolski and Rahmstorf, 2001; Schmittner
et al., 2002], it is desirable that the present study is repeated
with a more realistic glacial background climate.

[35] As a first step to assess the relative importance of the
ENSO-induced freshwater forcing to high-latitude freshwater forc-
ing on an orbital timescale, the effect of long-term changes of the
Northern Hemisphere ice sheets on the North Atlantic freshwater
balance has been considered. Therefore the stacked, smoothed
d18O record from SPECMAP was used as a measure for North
Atlantic freshwater forcing. A comparison of these two forcing
mechanisms and the model responses to them suggests that except
for the last deglaciation, the two forcing mechanisms are of similar
magnitude, though the high-latitude forcing is somewhat stronger.
Therefore we conclude that the tropics might have significantly
contributed to THC variations during the last glacial-interglacial
cycle. However, during the last deglaciation, high-latitude forcing
clearly dominates.
[36] Once the THC is collapsed in our model, it remains in that

state. The stability of the state without NADW formation in our
model, while consistent with coupled GCM results [Manabe and
Stouffer, 1999], is presumably not realistic and is most probably due
to the absence of feedbacks which would destabilize this state. One
such mechanism is the reduced runoff from the continents associ-
ated with a cooling around the North Atlantic [Wright and Stocker,
1993]. This would lead to increased snow and ice accumulation on
land and therefore reduced freshwater input into the North Atlantic.
Other possible effects destabilizing the steady state without NADW
formation are associated with the dynamical response of the
atmosphere [Schiller et al., 1997; Fanning and Weaver, 1997] or
with an increased freshwater export out of the Atlantic drainage
basin in a state with no NADW formation [Lohmann et al., 2001],
which are also neglected in our model. Although it is possible to

Figure 10. Annual mean maximum meridional heat fluxes in the (top) Atlantic and (bottom) Pacific for different
model versions listed in Table 1. The model was forced with a strong (0.5 Sv) stepwise (100 year) tropical freshwater
exchange from the Pacific to the Atlantic, which leads to a shut down of Atlantic deep water formation.
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parameterize these effects we decided not to do so since we did not
attempt to simulate realistic variations of the THC during the last
glacial-interglacial cycle. Rather, we wanted to examine if a
particular forcing can induce mode changes or not.
[37] The model response in the North Pacific is highly depend-

ent on the steady state stratification in the northern North Pacific.
For weak stratification (or high SSS), tropical freshwater forcing
can induce changes in NPIW formation in antiphase to ventilation
changes in the North Atlantic. A breakdown of the Atlantic THC
can also lead to increased NPIW formation in case of weak
stratification via atmospheric cooling. Increased meridional heat
flux in the North Pacific due to increased NPIW formation causes
reduced cooling of high northern latitude air temperatures and, via

air-sea heat exchange, reduced cooling of North Atlantic SSTs.
This has a further destabilizing effect on the THC in the North
Atlantic. If northern North Pacific stratification is larger (low SSS)
and more consistent with present-day observations, the response of
NPIW formation to both the direct tropical forcing and the changes
in the Atlantic THC is much weaker.
[38] The processes thought to be responsible for the formation

of NPIW in the real world [e.g., Talley, 1993; Yasuda, 1997] are
unlikely to have a good representation in our zonally averaged
model. Particularly, all changes in wind stress have been neglected,
which are probably important [Mikolajewicz et al., 1997]. How-
ever, the response to the thermal and freshwater forcing on the
largest spatial scales should be captured by the model and is at least
qualitatively consistent with results from three-dimensional GCMs
[Rahmstorf, 1995; Mikolajewicz et al., 1997].
[39] The use of the model results of Clement et al. [1999] to

derive tropical freshwater forcing is a vast simplification of how
the tropical hydrological cycle may change on glacial-interglacial
timescales. In particular, orbitally driven changes in the monsoon
circulation are likely to be important and are not included in the
scenario advanced here. There is also likely to be some feedback
between high-latitude and tropical climate change which is not
taken into account here. For example, as ice builds at high
latitudes, the equator to pole temperature gradient would increase,
which would alter the mean winds and have a potentially strong
impact on the tropical coupled system [e.g., Bush and Philander,
1998]. The modeling studies by Hostetler and Mix [1999] and
Lohmann and Lorenz [2000] suggest that glacial tropical SSTs lead
to a net loss of fresh water from the Atlantic basin. Clearly, the
tropical hydrological cycle will be affected by both the full orbital
forcing and the glacial-interglacial changes in high-latitude climate.
Further work is necessary to evaluate this.
[40] While the scenario we present here is subject to a certain

number of caveats, it highlights the potential influence of the
tropics on high-latitude ocean circulation. We have shown that
orbitally induced ENSO-related freshwater perturbations in the
tropics could have significantly influenced deep and intermediate
water production at high northern latitudes during the last glacial-
interglacial cycle. Paleoceanographic records are becoming avail-
able which provide a more detailed view of the evolution of the
tropical oceans on this timescale [e.g., Lea et al., 2000]. Further
modeling and observational work is necessary to explore the link
between the low and high latitudes over glacial cycles.
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Figure 11. Annual mean steady state overturning in the Pacific
Ocean after the breakdown of the Atlantic THC. In the high North
Pacific salinity model version (top panel), increased downwelling
in the North Pacific occurs, while for the low North Pacific salinity
version (bottom panel) the ventilation changes are much smaller.
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Figure 2. Time series of (top) NINO3 index, (middle) tropical freshwater forcing (positive values correspond to
freshwater transfer from the Atlantic to the Pacific), and (bottom) response of the North Atlantic THC as annual mean
maximum overturning below 1000 m depth. The black line corresponds to a small value for the coupling constant
(m = 0.05 Sv K�1; experiment LFHS; see (1) and Table 1), and the red line corresponds to a large value (m = 0.1 Sv
K�1; experiment HFHS).
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