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e Département AGO, Univerisite de Liége, Belgium
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The responses of North Pacific intermediate and deep water ventilation and ocean biogeochemical

properties to northern North Atlantic glacial freshwater perturbations are evaluated with a coupled

atmosphere–ocean general circulation model MIROC and an earth system model of intermediate

complexity LOVECLIM. When the Atlantic meridional overturning circulation (AMOC) is weakened as a

result of the North Atlantic freshwater discharge, both models simulate subthermocline and inter-

mediate water warming in the Pacific Ocean. The sensitivities of the Pacific meridional overturning

circulation (PMOC) to AMOC weakening differ significantly between the two models. MIROC simulates

a small enhancement of the deep sinking branch of the PMOC in the North Pacific. On the contrary, the

LOVECLIM freshwater experiment exhibits intensified deep water formation in the North Pacific,

associated with a maximum transport change of 19 Sv. Despite the significant differences in ocean

circulation response, both models successfully reproduce high-oxygen and low-nutrient conditions of

intermediate and deep waters, in accordance with sediment core based paleoproxy reconstructions

from the North Pacific and Bering Sea during Heinrich event 1. Emergence of younger intermediate and

deep water in the North Pacific can be partly attributed to an overall enhanced mixing as well as

intensified overturning circulation of the subpolar North Pacific. Our models simulate broad features

observed in several paleoproxy data of the Pacific Ocean: biological production decrease in northern

Japan, cooling in the western North Pacific Ocean, and the southward shift of the Pacific intertropical

convergence zone.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Ice core records from Greenland reveal a high degree of millen-
nial-scale variability during the last glacial period (Dansgaard et al.,
1993). Some of the associated warm–cold transitions that occurred
during this period were accompanied by huge iceberg discharges
into the northern Atlantic region; these are known as Heinrich
events (Bond and Lotti, 1995; Heinrich, 1988). It has been argued
that freshwater discharge caused by melting icebergs reduces the
surface water density in the North Atlantic Ocean, thereby weak-
ening and shoaling the Atlantic meridional overturning circulation
(AMOC) (Sarnthein et al., 1994). Evidence for an AMOC collapse that
occurred at the beginning of the last glacial termination � 17;500
ll rights reserved.

ikamoto).
years ago and coincided with Heinrich event 1 (H1) is suggested by
Pa/Th data from the subtropical North Atlantic Ocean (McManus
et al., 2004). Numerous paleoclimatic records from both hemi-
spheres have shown that Heinrich events in conjunction with AMOC
cessation exerted a powerful influence on the global climate during
glacial times.

The influence of Heinrich events on the Pacific climate is well
established. Spatio-temporal reconstructions of sea surface tem-
perature (SST) in the Pacific Ocean during H1 (Kiefer and Kienast,
2005) demonstrate a high degree of coherence between the Atlantic
and Pacific oceans. Prominent decrease in SST during H1 is found in
planktonic foraminiferal Mg/Ca values in the western North Pacific
(Sagawa and Ikehara, 2008) and alkenone temperature reconstruc-
tions from the Okhotsk Sea (Harada et al., 2006, 2012). During this
period, benthic and planktonic radiocarbon age differences indicate
the existence of younger intermediate and deep waters in the
western North Pacific (Ahagon et al., 2003; Okazaki et al., 2010;
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Sagawa and Ikehara, 2008) and older waters in the eastern North
Pacific at intermediate depths (Marchitto et al., 2007; Mix et al.,
1999; Stott et al., 2009). Decreasing ventilation ages at intermediate
depths in the western North Pacific Ocean suggest an increased level
of mixing and water mass formation. Greater oxygen concentrations
during H1 in a Bering Sea sediment core from a depth of about
2000 m further corroborate this conclusion (Okazaki et al., 2005). In
addition, Kienast et al. (2006) showed that biological production
increases in the eastern equatorial Pacific Ocean during Heinrich
events, which is attributable to the upwelling of abundant nutrient-
rich deep water.

Using an idealized earth system model by forcing a North
Atlantic freshwater perturbation, Saenko et al. (2004) showed
that a Pacific meridional overturning circulation (PMOC) can be
established with AMOC weakening. They found AMOC weakening
by creating an artificial PMOC through freshwater extraction in
the North Pacific. The actual existence of such pan-oceanic inter-
play is an interesting topic that requires further investigation. A
strong PMOC was also obtained in waterhosing experiments
described in Timmermann et al. (2005). While these studies
describe idealized modeling solutions, we attempt to further link
the existing paleo-proxy evidence for major reorganizations of
North Pacific flow with climate model sensitivity experiments
conducted using two climate–carbon cycle models.

In our modern continental configuration, freshwater is exported
from the Bering Sea into the Arctic Ocean. A major freshwater
perturbation in the North Atlantic, often used in idealized water-
hosing experiments, raises the sea-level in the Arctic and leads to the
reversal of Bering Strait throughflow. The freshwater perturbation
from the North Atlantic/Arctic Ocean then spills into the North
Pacific, thereby preventing the formation of deep water. Under
glacial conditions, however, the Bering Strait was closed (Dyke
et al., 1996) and the dilution of North Pacific waters by additional
North Atlantic freshwater discharge was prevented (Hu et al., 2007;
Okumura et al., 2009). Such conditions may have preconditioned the
North Pacific for intensified intermediate and deep water formation.

In this study, we describe the results of a North Atlantic
freshwater perturbation experiment using two coupled climate
models under glacial conditions (including a closed Bering Strait)
to investigate the oceanic and biogeochemical response of the
North Pacific to an AMOC shutdown. We describe the global
climate response to an AMOC shutdown in both models, and then
focus our research more specifically on climate and carbon cycle
response in the North Pacific. Finally, we compare the results of
both models with paleo proxies.
2. Models and experiments

2.1. Two coupled models

In this study, we use a coupled atmosphere–ocean general
circulation model (CGCM) MIROC version 3.2 (K-1 Model
Developers, 2004), and an earth system model of intermediate
complexity LOVECLIM (Goosse et al., 2010; Menviel et al., 2008).
Because this CGCM predicts climate and ocean fields without
marine carbon cycle, we additionally employ an off-line ocean
biogeochemical model forced by the ocean circulation and diffu-
sion fields obtained from MIROC. In LOVECLIM, the climate and
carbon systems are fully coupled.

MIROC includes an atmospheric state-of-the-art GCM with T42
resolution (approximately 2.81) and 20 hybrid vertical levels in
addition to an ocean GCM with 1.41 longitude �0.91 latitude and
44 vertical levels. The marine carbon cycle is simulated by a
marine biogeochemical model with an offline tracer advection
scheme and a one-layer atmosphere (Oka et al., 2008).
In the tracer calculations, monthly ocean model fields are
interpolated to 2.81 latitude �2.81 longitude grids for the bio-
geochemical model from the spatial resolution of the ocean GCM
to reduce the computational cost (Chikamoto et al., 2011; Oka
et al., 2011). By this method, the water-column structure derived
from MIROC is approximately maintained, although the linear
interpolation reduces the spatial resolution of the ocean biogeo-
chemical model.

Tracer advection is prescribed using monthly data. Our model
therefore allows access to the transient response of the marine
carbon cycle through climate oscillations. The biological model is
based on a simplified ecosystem model (Palmer and Totterdell,
2001), and the biogeochemical component is composed of two
plankton function groups, phytoplankton and zooplankton; sus-
pended and sinking particulate detritus; four dissolved inorganic
components of alkalinity, dissolved inorganic carbon (DIC),
nitrate, and oxygen; and two carbon isotopes, 13C and 14C. The
atmospheric d13C and D14C are set to �6.5 and 0%, respectively.
This model enables estimation of conventional radiocarbon age of
water mass.

LOVECLIM consists of an atmospheric spectral T21 model
ECBILT with three levels and a free-surface primitive equation
ocean model with 31�31 resolution coupled to a thermody-
namic–dynamic sea ice model CLIO. ECBILT dynamic core is based
on the quasi-geostrophic vorticity equation, and is extended by
estimates of ageostrophic terms. The atmosphere–ocean–sea ice
model is coupled to an ocean carbon cycle model (LOCH) and a
dynamic vegetation model (VECODE), and explicitly simulates the
fluctuation of carbon inventory in the ocean, atmosphere, and
land biosphere. The biogeochemical components in the ocean
carbon cycle model are DIC, total alkalinity, phosphate, organic
matters, dissolved oxygen and dissolved silica (Menviel et al.,
2008).

To compare the MIROC and LOVECLIM results for nutrients, we
estimated the nitrate concentration from the phosphate simu-
lated by LOVECLIM assuming a constant stoichiometric ratio of
N:P (¼16:1; Redfield et al., 1963). The nitrate distributions that
estimated in LOVECLIM and that simulated by MIROC can be
directly compared because MIROC neglects nitrate fixation
and denitrification processes that in actuality affect the nitrate
inventory.
2.2. Model setup and experimental design

We conduct a last glacial maximum (LGM) control run and a
North Atlantic waterhosing experiment under LGM background
conditions using MIROC and LOVECLIM. The LGM control run
uses the experimental protocol of the Paleoclimate Modelling
Intercomparison Project (Braconnot et al., 2007), with respect to
continental ice sheet conditions (Peltier, 2004), greenhouse gases,
and Earth’s orbital parameters (Berger, 1978). The topography
is similar to previous LGM experiments (Chikamoto et al., 2011;
Menviel et al., 2008), with the exception of the bathymetric
configuration that accounts for a closed Bering Strait. In the
LGM hosing experiment, an additional freshwater input of
3.15�106 km3 is added into the northern North Atlantic (501N–
701N) (Fig. 1A). The anomalous forcing is applied at a rate of 1 Sv
(1 Sv¼106 m3 s�1) for 100 years (Fig. 1B). This forcing mimics
a strong Heinrich event such as H1 although the duration
of the applied freshwater pulse may be shorter than that of
actual conditions. The integration is continued without the fresh-
water hosing (Fig. 1B). The biogeochemical tracers of the LGM
control experiment were used as a reference for each model.
Model results averaged over 100–300 years are analyzed in this
study.



Fig. 2. SST in the LGM control experiments in (A) MIROC and (B) LOVECLIM and SST reconstructions (circles) by paleoproxy (MARGO Project Members, 2009).

Fig. 1. (A) Area of freshwater addition (gray shaded area), (B) periods of freshwater addition (contour, Sv) and analysis in this study (gray shaded area), and (C) time series

of maximum meridional overturning circulation (Sv). Black and gray thick lines are the results of MIROC and LOVECLIM, respectively, in the Atlantic Ocean, and black and

gray thin lines are those of MIROC and LOVECLIM, respectively, in the Pacific Ocean.
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3. Results

3.1. Glacial climate and carbon cycle simulations

In the LGM control runs, the global mean surface air tempera-
tures are 5.0 and 4.5 1C lower in MIROC and LOVECLIM, respectively.
The maximum North Atlantic Deep Water (NADW) flow is 26.3 and
27.5 Sv, respectively. The NADW flow may have been partly affected
by the Bering Strait closure, which prevents freshwater transport
from the North Pacific to the North Atlantic (Hu et al., 2010). The
resulting changes in the poleward heat transport affect the SST
(Fig. 2) and sea ice concentration in the polar regions. In the
northern North Atlantic, the surface air temperature decreases
significantly. In addition, the Greenland, Weddell, and Ross seas
are characterized by near-freezing water temperatures. The mod-
eled temperatures in the northern North Atlantic are lower than the
annual-mean SST reconstructions (Fig. 2). In the North Pacific Ocean,
the equator–subpolar and west–east SST gradients are in good
agreement with the proxy records in both models. On the contrary,
the equatorial Pacific temperatures simulated by the two models
differ slightly from the SST-reconstructions; MIROC underestimates
SST, while LOVECLIM overestimates.

Precipitation as a result of proximity to the Intertropical
Convergence Zone (ITCZ) is significant in the equatorial Pacific
Ocean in MIROC, which is along a temperature contrast between
equator and subtropics. LOVECLIM simulates lower precipitation
over the equatorial Pacific and western North Pacific Ocean than
that simulated by MIROC under LGM conditions. This discrepancy
in the precipitation field leads to greater salinity in these areas by
LOVECLIM compared to that by MIROC.

Export flux of particulate organic carbon (POC) decreases by
1.1 GtC year�1 in MIROC. In LOVECLIM, export production remains
constant in the modern and LGM simulations. In both models,
biological production in the polar region is reduced in the LGM
simulation because the sea ice coverage limits light in the ocean,
thus preventing biological productivity. This response is consistent
with proxy records of export production (Kohfeld et al., 2005).
Biological production in the North Pacific also agrees well with this
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data (Kohfeld et al., 2005), although the data from the Pacific Ocean
are sparse. Chikamoto et al. (2011) and Menviel (2008) describe the
details and reproducibility of the climatological and biogeochemical
fields under LGM simulations but with an opened Bering Strait.

3.2. Climate response to North Atlantic freshwater discharge

The freshwater pulse in the northern North Atlantic causes a
significant AMOC weakening in both models (Fig. 1C). The max-
imum AMOC rapidly weakens during the first 10 years after the
hosing, and then recovers 670 and 500 years later in MIROC and
LOVECLIM, respectively.

The sensitivity of the PMOC to the freshwater discharge differs
significantly between the two models (Fig. 3). In MIROC, the PMOC
changes marginally from the LGM control run. The cyclonic circula-
tion cell in the North Pacific Ocean extends further south. Conversely,
LOVECLIM simulates a substantial intensification of the PMOC. The
strength of the meridional streamfunction in the North Pacific Ocean
increases to 5 Sv in MIROC, whereas it increases to 19 Sv in LOVE-
CLIM (Fig. 1C). Antarctic Bottom Water (AABW) formation in the
North Pacific decreases from 12 to 8 Sv in MIROC and from 10 to 8 Sv
in LOVECLIM. The difference in PMOC sensitivity between the two
models relative to the AMOC shutdown is discussed in Section 4.2.
Fig. 3. Pacific meridional overturning circulation (Sv). Results of LGM control in (A) MI
The freshwater inflow and associated AMOC shutdown affect the
global ocean dynamics, as summarized in Table 1. In both models, the
AMOC weakening causes the characteristic meridional dipole pattern
of SST in the Atlantic Ocean during the first 300 years (Fig. 4A and B),
as simulated by other CGCMs (Stouffer et al., 2006). A large cooling
trend appears in the western North Pacific in association with severe
cooling of the overlying atmosphere in the Northern Hemisphere.
This response intensifies the Aleutian low, as shown by Okumura
et al. (2009).

In the Atlantic Ocean, we also observe a strong north–south
contrast in sea surface salinity (SSS) (Fig. 4C and D) with an
anomalously low SSS spread south of the equatorial Atlantic Ocean.
In the South Atlantic, the SSS increase is caused by redistribution of
surface water between low and high latitudes. In MIROC, precipita-
tion increases in the South Atlantic and South Pacific oceans
(Fig. 4C). This implies a southward shift of Atlantic and Pacific ITCZ.
In LOVECLIM, the ITCZ initially shifts southwards in both the
Atlantic and Pacific oceans. However, once the PMOC is established,
the Pacific ITCZ reverts to its initial position.

Significant difference exist in the North Pacific climate response
between MIROC and LOVECLIM. Salinity in the Atlantic equatorial
region is lower in MIROC than in LOVECLIM. This variation indicates
that fresh water remains in the equatorial Atlantic region in MIROC,
ROC and (B) LOVECLIM, and those of LGM hosing in (C) MIROC and (D) LOVECLIM.



Table 1
Summarized results in MIROC and LOVECLIM and reconstruction of proxy data.

Factors Area (ocean dep.) LOVECLIM L Proxy

Climatology

Commonalities NADW NA � � �(1)

AABW SO þ þ þ(2)

PMOC NP (þ) þ þ(3)

SST NA � � �(4)

SST SA þ þ þ(5)

SST Western NP � � �(6,7,8)

SST SP þ þ þ(9)

SSS NA � � �(10,11)

Precip. SA þ þ þ(12,13)

Water temp. NP (500–1500 m) þ þ

Water density NP (500–1500 m) � �

Differences SST Eastern NP � þ �(14), þ(15)

SST Eastern tropical Pac. þ (�) �(16)

SST Western tropical Pac. þ � þ(9)

SST Ind. þ � �(17)

SST SO � þ

Precip. Eastern tropical Pac. � 0 �(18)

Precip. Western tropical Pac. � þ �(19)

SSS Eastern NP � þ

Salinity NP (500–1500 m) � þ

Density NP (500–1500 m) � þ

Biogeochemistry

Commonalities O2 NP (500–2000 m) þ þ þ(20,21)

O2 SP (42000 m) � �

Nutrient NP (500–2000 m) � � �(22,23)

Nutrient NP (4m) þ þ

Export POC Western NP � � �(24)

Differences O2 NP (43000 m) � þ

Nutrient Western NP (0 m) � þ þ(25)

Export POC Eastern tropical Pacific � þ þ(15)

þ , positive; � , negative; 0, not change. References are numbered as follows: 1. McManus et al. (2004); 2. Rickaby and Elderfield (2005); 3. Okazaki

et al. (2010); 4. Vidal et al. (1997); 5. Vidal et al. (1999); 6. Sagawa and Ikehara (2008); 7. Harada et al. (2012); 8. Ahagon et al. (2003);

9. Tachikawa et al. (2009); 10. Rosell-Mele et al. (1997); 11. Bard et al. (2000); 12. Peterson et al. (2000); 13. Wang et al. (2004); 14. Kennett et al.

(2000); 15. Seki et al. (2002); 16. Kienast et al. (2006); 17. Bard et al. (1997); 18. Leduc et al. (2007); 19. Partin et al. (2007); 20. Okazaki et al.

(2005); 21. Behl and Kennett (1996); 22. Hoshiba et al. (2006); 23. Robinson et al. (2005); 24. Kienast et al. (2004); and 25. Brunelle et al. (2010).

Fig. 4. Anomalies of annual (A and B) SST (shaded) and surface wind stress (vectors, N m�2) and (C and D) SSS (shaded) in the LGM hosing experiment from the LGM

control experiment. Contours in Fig. 4C and D are the annual precipitation change. Contour levels are �0.3 and �1.0 mm day�1 for red and 0.3 and 1.0 mm day�1 for blue.
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which is compatible with the longer timescale of the AMOC recovery
(Fig. 1C).

In the Pacific Ocean, except for the Okhotsk Sea, SSS is slightly
reduced north of 401N in MIROC. In contrast, LOVECLIM simulates a
larger SSS increase in the entire North Pacific Ocean. This response
can be explained by the positive Stommel feedback (Saenko et al.,
2003; Stommel, 1961), whereby an intensified PMOC leads to an
enhanced poleward salinity transport from the subtropics to the
extratropics. With a closed Bering Strait, the additional fresh water
from the North Atlantic/Arctic Ocean cannot escape in the North
Pacific. Therefore, salinity change in the North Pacific Ocean
represents the combined effects of anomalous precipitation minus
evaporation, meridional salinity gradient in the Pacific Ocean, and
salinity transport from the equatorial regions. In LOVECLIM, the
transport through the Indonesian Throughflow is strongly reduced,
which leads to a greater transport of warm and saline equatorial
waters to the North Pacific.

The responses of North Pacific temperature also differ between
the two models. In MIROC, the negative SST anomaly extends
eastward. In the tropical Pacific, the surface water warms, and the
northeasterly trade winds are slightly enhanced. In LOVECLIM, the
warming begins in the eastern North Pacific because poleward heat
transport is intensified by the establishment of a strong PMOC.

In both models, the winter mixed layer depth deepens in the
North Pacific Ocean (Fig. 5C and D). In MIROC, the mixed layer
deepens near the Kamchatka region and in the western boundary
currents (Fig. 5C), corresponding to the strong mixing of surface
and subsurface waters. In LOVECLIM, the mixed layer depth
deepens by 67 m, and the mixing area extends over the subpolar
region (Fig. 5D). In addition, deep convection increases by 600 m
in the western North Pacific (not shown). In both hosing experi-
ments, intense mixing occurs in areas with weak stratification
under LGM conditions (Fig. 5A and B).
3.3. Response of North Pacific intermediate and deep water to the

freshwater perturbation

To compare the model representation of Heinrich events with
multiple paleoproxy data in the North Pacific Ocean, we analyze
the water properties in the ocean interior and the biogeochemical
Fig. 5. (A and B) Winter mixed layer depth (m) and (C and D) anomalies of the winter m
response to the AMOC shutdown. The AMOC weakening leads to
significant changes in North Pacific intermediate and deep water
temperatures in both models (Fig. 6A and B). In MIROC, the North
Pacific subsurface water becomes colder and fresher (Fig. 6A and
C), which indicates that the surface water sinks to deeper levels at
high latitudes in the North Pacific Ocean. The overall intermediate
water warms, which reflects reduced return flow of Pacific deep-
water at low latitudes that are probably linked to the PMOC fields
and the enhanced mixing and ventilation at mid latitudes, as
shown by a slightly smaller vertical density gradient (Fig. 6E). In
LOVECLIM, positive temperature and salinity anomalies at depths
greater than 1000 m in the North Pacific Ocean exist (Fig. 6B and
D), thus suggesting dense water penetration to intermediate
depths in the North Pacific Ocean in association with the strong
PMOC. Both models simulate a warming effect to a depth of
1200 m in the Pacific basin between 301N and 301S, which could
lead to changes in ocean stratification and ventilation.

The prominent changes in the subthermocline and intermediate
waters contribute to greater oxygen concentration in the water
column because of such reduced stratification and enhanced venti-
lation. In MIROC, the oxygenated layer extends to 2000 m depth
(Fig. 7A). The oxygen concentration increases at intermediate depths
near the oxygen minimum zone, which is controlled by the mass
balance of oxygen-deficient deep water and oxygen-rich surface
water. The model also represents highly oxygenated water near
3000 m along the northern continental margin, which would be a
result of stronger PMOC and convection. The oxygen concentration
decreases in the abyssal ocean, probably because of the weakened
overturning cells of AABW (Fig. 3C). In LOVECLIM, the strong PMOC
leads to a greater dissolved oxygenation content from the surface to
depths greater than 3000 m (Fig. 7B). Higher oxygen concentration
at intermediate depths and lower concentration in the deep ocean
are consistent with previous freshwater experiments (Schmittner
et al., 2007).

The existence of younger water in the North Pacific Ocean is
also verified by radiocarbon age simulated by MIROC. Conventional
radiocarbon ages of isopycnal surfaces (potential density ¼ 27.5)
in the LGM control experiment are shown in Fig. 8A. The water
decreases in age near the coast of Kamchatka, where the surface
water is subducted in this model, as evidenced by isopycnal
doming. The young water is distributed advectively along the
ixed layer depth in the LGM hosing experiment from the LGM control experiment.



Fig. 6. Anomalies of annual (A and B) temperature (1C), (C and D) salinity (psu), and (E and F) potential density (kg m�3) in the Pacific Ocean in the LGM hosing experiment

from the LGM control experiment (shaded). Contours are (A and B) temperature, (C and D) salinity, and (E and F) potential density (sy426:5) in the LGM control

experiment.
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Fig. 7. Zonal mean oxygen concentration change in the LGM hosing experiment from the LGM control experiment (shaded) and the oxygen concentration of the LGM

control experiment (contours) in the Pacific Ocean (mmol m�3) in MIROC and LOVECLIM.

Fig. 8. (A) Conventional radiocarbon age (shaded, years) as simulated by MIROC in the LGM control experiment along the 27.5-isopycnal surface and isopycnal depth

(contours, m) of the LGM control run. (B) Radiocarbon age difference (shaded, years) as simulated by MIROC between the LGM hosing and LGM control experiments and

the isopycnal depth of the LGM hosing experiment (contours, m).
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isopycnal surface. Changes in radiocarbon age and isopycnal depth
are shown in Fig. 8B. In the water hosing experiment, the depth of
27.5-isopycnal surface increases in large parts of the North Pacific.
On z-levels, this change translates into a decrease in the water
mass age in the western North Pacific, indicating ventilation in
surface waters deeper than 900–1200 m. The intermediate water
extends to 151N through advective processes and high diapycnal
mixing within the subarctic gyre. In our simulation, ventilation
increases up to a depth of 1100 m in the eastern North Pacific.
Older waters appear in the tropical Pacific, which may be explained
by simulated changes in deepwater upwelling or interbasin water
transport via the Indonesian Throughflow.

To determine the effects of altered ocean circulation on nutrient
distribution and biological productivity in the North Pacific Ocean,
we focus on a biogeochemical response to AMOC weakening. Fig. 9
shows nutrient concentration averaged over the euphotic zone
(0–100 m depth) and zonal mean nitrate concentrations over the
Pacific Ocean. In MIROC, the nitrate concentration decreases in the
North Pacific subarctic gyre and eastern equatorial Pacific, and
slightly increases in the North Pacific subtropical gyre (Fig. 9A).



Fig. 9. Nitrate concentration changes in the euphotic zone of (A) MIROC and (B) LOVECLIM (shaded, mmol m�3) and the sea ice thickness in February (black contours) in

the LGM hosing experiments (0.15 and 0.3 m). Zonal mean nitrate concentration changes in the Pacific Ocean of (C) MIROC and (D) LOVECLIM (shaded, mmol m�3). Grey

contours in Fig. 9C and D are the nitrate concentration changes at 2.0 mmol m�3 intervals.

Fig. 10. Change in export flux of POC (shaded, molC m�2 year�1) in the North Pacific region and the sea ice thickness in February (black contours) in the LGM hosing

experiment (0.15 and 0.3 m) of (A) MIROC and (B) LOVECLIM.
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The zonal mean nitrate concentration is significantly decreased at
intermediate depths in the North Pacific (Fig. 9C). Nitrate depletion is
caused by increased ventilation at deeper levels, which is consistent
with the simulated oxygen and radiocarbon age (Figs. 7A and 8B).
Nutrient-deficient waters also appear at the subsurface in the South
Pacific Ocean. This is possibly due to changes in the characteristics of
water originating from the Southern Ocean. Lowered surface nutrient
concentration in the Pacific Ocean could have been caused by change
in basin-scale nutrient supply from the Antarctic circumpolar cur-
rent. In LOVECLIM, the nutrient depletion at intermediate and deep
depths of the North Pacific is also apparent (Fig. 9D), in agreement
with MIROC results and the existence of low-nitrate and oxygen-rich
waters at intermediate depths.

A significant difference is evident in the surface nutrient
response between MIROC and LOVECLIM (Fig. 9A and B). In MIROC,
an increase in the North Pacific subpolar gyre tends to remove
nitrate from subpolar regions and transport it to subtropical regions
(not shown), thus resulting in surface nitrate concentration decrease
in subpolar regions and slightly increase in subtropical regions. In
LOVECLIM, large increase in surface nitrate is related to the stronger
PMOC state. The PMOC intensifies mixing of nutrient-rich waters to
the surface layers in subpolar regions.

The redistribution of nitrate in the euphotic zone contributes
to biological production (Fig. 10). In MIROC, the change in the
supply of nutrient-rich deep water leads to a significant reduction
in export flux of POC in the entire North Pacific Ocean and to a
minor increase in the eastern equatorial Pacific (Fig. 10A). In
contrast, LOVECLIM shows a significant increase in export flux of
POC in high-nutrient waters of the North Pacific surface (Fig. 10B).
Both models show a decrease in POC export over the western
North Pacific sea ice area. In this study, limitation of light because
of expanded sea ice reduces biological productivity.
4. Discussion

4.1. Paleoproxy reconstruction of Heinrich 1 meltwater event

We compare the model results with multiple proxy data
obtained for H1 (Table 1). In the hosing experiment, both models
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simulate a cooling effect in the North Atlantic and western North
Pacific, which agrees well with proxy data based on foraminiferal
d18 O in the North Atlantic (Vidal et al., 1997) and Mg/Ca and
alkenone temperatures in the western North Pacific and Okhotsk
Sea (Harada et al., 2008, 2012; Sagawa and Ikehara, 2008). The
South Atlantic and South Pacific warming in the two models is
also inferred from warm water species and foraminiferal d18 O
records (Tachikawa et al., 2009; Vidal et al., 1999). A southward
shift of the ITCZ in the Atlantic (Fig. 4C and D) is supported by
sediment fluctuation in terrigenous iron deposition (Peterson
et al., 2000) and color reflectance (Wang et al., 2004) in the
tropical Atlantic.

In the eastern North Pacific, however, MIROC simulates cooling
unlike LOVECLIM, which simulates warming. The eastern North
Pacific paleo-reconstructions do not offer clear evidence for SST
changes in the region. Kennett et al. (2000) indicate a cooling in the
eastern North Pacific during H1 from the planktonic oxygen isotope
record, whereas Seki et al. (2002) suggest a warming from the
alkenone-derived SSTs. MIROC simulates precipitation decreases in
the western tropical Pacific (Fig. 4C), supporting the evidence of a
weakened east Asian monsoon (Partin et al., 2007). Several monsoon
records suggest that the precipitation decreased during H1 in
eastern China (Wang et al., 2001), the western tropical Pacific
(Partin et al., 2007), and the Arabian Sea (Altabet et al., 2002).

Both results of MIROC and LOVECLIM are consistent with the
high oxygen conditions at intermediate depths in the Bering Sea
during H1 (Okazaki et al., 2005). Benthic–planktonic 14C age
reconstructions from the North Pacific (Okazaki et al., 2010)
indicate higher ventilation during H1.

Uncertainty remains the amplitude of water age fluctuation in
the western North Pacific. The simulated age changes are less
than 200 years, while the compiled data of 14C ventilation ages
provide ages 800 years younger during H1 than LGM reconstruc-
tion (Okazaki et al., 2010). This finding indicates that our simula-
tion with MIROC does not reproduce the amplitude of the
ventilation change recorded by paleoproxy data. The applied
freshwater pulse may not have been sufficiently long to repro-
duce the overall changes in the North Pacific Ocean that occurred
during H1. Furthermore, the underestimation could be caused by
the minor change in PMOC strength in our simulation. In fact,
when the PMOC intensity increases up to 10 Sv in an idealized
experiment by LOVECLIM, intermediate and deep waters display
younger ventilation ages by approximately 1000 years (Okazaki
et al., 2010). Understanding of the extent of deepwater formation
and its migration trend eastward is needed to comprehend the
dynamics of North Pacific intermediate water during Heinrich
events.

The low nutrient signal in the subpolar North Pacific (Fig. 9A
and B) is well documented by the isotopic change of benthic
foraminifera at 1366 m depth in the northwestern Pacific sedi-
ment cores obtained during H1 (Hoshiba et al., 2006). In addition,
sea ice capping weakens biological production (Fig. 10A and B),
which is consistent with the record of sediment opal contents
from northern Japan (Kienast et al., 2004 and reference therein).
Brunelle et al. (2007) suggest that surface nutrient was relatively
abundant in the North Pacific, but biological production remained
stable. Our experiment results lack these responses. Eastern
equatorial Pacific sediment cores show enhanced export POC
(Kienast et al., 2006), which may be compatible with the
enhanced biological productivity in LOVECLIM (Fig. 10B).

4.2. Combined effects of PMOC intensity and mixing on water

properties

In the water hosing experiment, MIROC simulates only a
slightly enhanced PMOC, whereas LOVECLIM simulates a largely
intensified PMOC state (Fig. 3). Although the PMOC states differ
between the two models, both obtain a similar pattern of
oxygenated and low-nutrient water propagation in the inter-
mediate and deep waters of the North Pacific. The intermediate
water oxygenation would be affected by three factors: PMOC
intensity, mixing, and biological production. In MIROC, the signal
of oxygenated water extends in the upper 2000 m of the entire
North Pacific and deeper than 2000 m north of 501N (Fig. 7A),
apparently due to increasing intermediate water ventilation
through PMOC intensity, vertical mixing, and convection. With
regard to PMOC intensification, the return flow of Pacific deep
water and upwelling decreases, which prevents the supply of low
oxygen content deep water to intermediate depths in the tropics.
Indeed, the reduction of upwelling from the abyssal ocean would
contribute to the warming of the tropical intermediate waters.
The intermediate water migrates eastward along the isopycnal
horizon, extending from the northern North Pacific (Fig. 8B). This
suggests that mixing across isopycnal horizons supplies oxygen at
intermediate depths. In addition, because cold water enhances
oxygen solubility, physical processes in colder surface waters can
deliver more oxygenated waters to the subsurface. Weakening of
export production may have also changed the oxygen condition
below the euphotic zone. Because decrease in export production
reduces remineralization that consumes oxygen within the water,
significant reduction in export POC would contribute to the
oxygen increase in the tropical Pacific Ocean. In MIROC, changes
in PMOC strength, mixing, and biological processes play a role in
increasing oxygen of the subsurface and intermediate waters. In
LOVECLIM, on the contrary, the PMOC state is a dominant
controlling mechanism for the oxygenated and low-nutrient
water transport into the high-latitude deep ocean. Indeed, the
oxygenated water extends to depths of 3000 m (Fig. 7B). Further
sensitivity studies and analysis of proxy data at depths greater
than 2000 m will reveal the quantitative association of the deep-
water formation and mixing strengths with intermediate and
deep water properties in the North Pacific Ocean.

The difference in PMOC structures generated by MIROC and
LOVECLIM in the hosing experiment may be affected by the
difference in background climate states in the LGM control run.
The simulated glacial tropical SSTs are 2.8 and 1.4 1C lower in
MIROC and LOVECLIM, respectively, compared with the prein-
dustrial climate state. This cooling respectively represents the
upper and lower limits of the proxy record reconstruction (1.7–
2.7 1C) (Ballantyne et al., 2005; MARGO Project Members, 2009).
The North Pacific SSTs are lowered by 2.6 1C in MIROC and 2.2 1C
in LOVECLIM. The glacial mean North Pacific cooling is stronger in
MIROC compared with that in LOVECLIM. In addition, the glacial
salinity field and corresponding density stratification (Fig. 5A and
B) may have contributed to PMOC sensitivity. In MIROC, reduced
evaporation north of 401 N (not shown) contributes to the salinity
decrease at the sea surface. In contrast, in LOVECLIM, the
precipitation minus evaporation slightly decreases (not shown),
thereby contributing to the salinity increase over the eastern
North Pacific. Moreover, it should be noted that LOVECLIM due to
its relatively weak trade winds underestimates the freshwater
transport from the Atlantic to the Pacific under present-day
conditions. To correct this effect a weak freshwater redistribution
is applied. The effect of this present-day correction on the
generation of high North Pacific salinity under glacial freshwater
hosing condition needs to be further explored. However, the
amplitude of change in precipitation minus evaporation is smaller
in LOVECLIM than that in MIROC, which suggests that the change
is insufficient to cause a larger North Pacific salinity change in
LOVECLIM compared to MIROC. The meridional gradients in
surface salinity may also contribute to the change in surface
salinity (Fig. 4D). Positive feedback between the saline water and
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the strong PMOC state is possible (Saenko et al., 2003). Salinity
increase at high latitudes produces water of greater density at the
surface, allowing stratification to collapse. This response would
amplify the PMOC. Moreover, the intensified PMOC supplies the
subtropical saline water to high latitudes. In this case, the
stronger PMOC would be maintained as a positive feedback, in
accordance with the Stommel feedback scenario (Stommel, 1961).
In contrast, in MIROC, the salinity in the North Pacific and the
PMOC state would be more stable. Schmittner et al. (2007) argued
that the PMOC response to the AMOC shutdown would be altered
by the basic North Pacific stratification conditions.

We find that the PMOC is established by changes in oceanic
heat and salt transport in response to the AMOC shutdown in
addition to changes in atmospheric heat and moisture transport.
Our interpretation of the pan-oceanic interplay is in agreement
with Menviel et al. (2012) who discuss the efficiency of the
Stommel feedback.
4.3. Global responses of carbon and nitrate to AMOC weakening

Ice core records from Antarctica reveal that the atmospheric
pCO2 increased gradually by about 30 ppm during H1 (Monnin
et al., 2001). Previous studies highlighted the contribution of
vegetation change to the atmospheric pCO2 increase (Obata,
2007) and its sensitivity to the background climate state
(Menviel et al., 2008). In this study, the ocean acts as a carbon
sink in both MIROC and LOVECLIM. In MIROC atmospheric pCO2

decreases by 15.1 ppmv, neglecting changes in the terrestrial
carbon cycle. In LOVECLIM, the terrestrial carbon stock decreases,
leading to a net atmospheric pCO2 decrease of 4.4 ppmv.

Schmittner and Galbraith (2008) obtained an atmospheric
pCO2 increase over a thousand-year time scale of AMOC shut-
down using an earth system climate model. In their experiment,
the atmospheric pCO2 increase was caused by a decrease in the
marine carbon reservoir as a result of reduced biological produc-
tivity and oceanic carbon sequestration. The ocean biogeochem-
ical contribution to atmospheric pCO2 increase was also shown by
a long-term simulation using an earth system model; however,
the results were insufficient to explain the full pCO2 increase
(Chikamoto et al., 2008).
5. Conclusion

The responses of North Pacific intermediate and deep water
ventilation and biogeochemical fields to North Atlantic fresh-
water perturbations were evaluated using the MIROC and LOVE-
CLIM models. In our study, the North Pacific Ocean circulation and
corresponding water properties were sensitive to the AMOC
shutdown. Both models succeeded in reproducing the deeper
penetration of high-oxygen and low-nutrient younger water at
intermediate depths in the North Pacific Ocean. The existence of
oxygenated water was governed by the transport of oxygenated
water due to the PMOC, as suggested by Okazaki et al. (2010).
However, the PMOC was significantly weaker in MIROC than in
LOVECLIM. Therefore, the North Pacific water chemistry in MIROC
was additionally affected by three factors: (1) weakening of
Pacific deep water return flow linked to the PMOC establishment
reduced delivery of oxygen-deficient deep water to the inter-
mediate depth in the tropics; (2) mixing transported oxygen-rich
surface water to the subsurface and intermediate layers; and
(3) significant reduction in biological production may have con-
tributed to the decrease in oxygen consumption through remi-
neralization, resulting in increased oxygen concentrations below
the euphotic zone. The combined effects of PMOC, mixing, and
biological processes altered the characteristics of the subsurface
and intermediate waters.

The difference in PMOC states between MIROC and LOVECLIM
may be explained by different initial stratifications in the sub-
polar North Pacific. In MIROC, the winter mixed layer depth was
deeper near Kamchatka margin than the control condition. Con-
versely, in LOVECLIM, significant deepening of mixed layer and
convection depth occurred in the entire subpolar North Pacific
where the mixed layer originally developed in the control
experiment. This mechanism may reveal that the simulation with
weaker stratification allowed for a collapse of stratification and
associated deepwater formation in the subpolar North Pacific. In
addition, the representation of density stratification based on
glacial salinity and temperature fields may have been instru-
mental for abrupt climate transitions in a coupled atmosphere–
ocean model.

Limited paleoproxy record from the North Pacific and dating
issues make it impossible to conclude on which model can best
represent Heinrich events. In addition, due to coarseness of these
models, locations of deep-water formation might be very model
dependent.

Water properties in the North Pacific were simulated using
glacial boundary conditions with a closed Bering Strait. If the Bering
Strait was opened, the anomalous freshwater transport from the
Arctic to the North Pacific Ocean would cause a significant salinity
decrease in the North Pacific Ocean (Okumura et al., 2009). Our
results emphasize that the glacial climate fields and conditions are
important for understanding ocean stratification, ventilation, and
associated biogeochemical fields in the North Pacific Ocean during
Heinrich events.
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