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ABSTRACT The glacial water properties and circulation changes in the North Pacific Ocean are investigated
using a coupled ocean-atmosphere-sea-ice climate model. With glacial boundary conditions, an increase in
potential density in the upper layers of the northern North Pacific makes the water column highly unstable and
eventually results in the enhancement of North Pacific Intermediate Water (NPIW) production, consistent with
proxy evidence. The NPIW outflow reaches deeper layers than in the present-day ocean, but remains largely con-
fined to the North Pacific. The increase in potential density is predominantly caused by the increase in salinity
and, to a lesser extent, by decreases in temperature. The increase in surface salinity is especially high in the Sea
of Okhotsk and the western Bering Sea, which are possible source areas of glacial NPIW production. In these
regions, an increase in brine release due to a marked increase in sea ice, evaporation exceeding precipitation,
and a reduction in river discharge contribute to the increase in surface salinity. In short a reduction in freshwater
input to the northern North Pacific is the main reason for the increase in the production and outflow of glacial NPIW.

RESUME  [Traduit par la rédaction] Nous étudions les changements dans les propriétés et la circulation glaciaire
dans ’océan Pacifique Nord au moyen d’un modeéle climatique couplé océan-atmosphére-glaces de mer. Avec des
conditions glaciaires aux limites, une augmentation de la densité potentielle dans les couches supérieures du
Pacifique Nord septentrional rend la colonne d’eau tres instable et entraine éventuellement une accélération de
la production d’eaux intermédiaires du Pacifique Nord, qui s’accorde avec les preuves indirectes. La sortie
d’eaux intermédiaires du Pacifique Nord atteint des couches plus profondes que dans l’océan actuel mais
demeure largement confinée au Pacifique Nord. L’accroissement de densité potentielle est principalement causé
par accroissement de la salinité et, dans une moindre mesure, par des diminutions de température.
L’accroissement de la salinité en surface est particulierement marqué dans la mer d’Okhotsk et dans 1’ouest de
la mer de Béring, qui sont des régions sources possibles de production d’eaux intermédiaires du Pacifique Nord
glaciaires. Dans ces régions, une augmentation du rejet de saumure causé par une augmentation marquée des
glaces de mer, I’exces de I’évaporation sur les précipitations et une réduction des débits fluviaux contribuent a
’accroissement de la salinité en surface. En résumé, la réduction de I’apport d’eau douce dans le Pacifique Nord
septentrional est la principale raison de I’accroissement dans la production et la sortie d’eaux intermédiaires du
Pacifique Nord glaciaires.

1 Introduction

The circulation and properties of the oceans play a critical
role in regulating the Earth’s climate, such as moderating heat
and freshwater balances and influencing atmospheric CO,
concentration (Broecker, 1997). Understanding the glacial/
interglacial variations in the deep ocean is thus critical in
assessing and predicting future climate change.

In the present-day ocean, the deep water is largely com-
prised of two distinct water masses: relatively warm and
saline North Atlantic Deep Water (NADW) and relatively
cold and fresh Antarctic Bottom Water (AABW) (Warren,
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1981; Killworth, 1983). Unlike the North Atlantic and
Antarctica, deep convection does not occur in the North
Pacific because the surface water in the northern North
Pacific is too fresh with annual mean salinities of approxi-
mately 32.7 psu which is much lower than the underlying
deep water salinities of 34.6-34.7 psu even when the surface
water freezes (Warren, 1983). In the northern North Atlantic,
on the other hand, the average surface salinity is 34.9 psu and
is much closer to the deep water salinities (34.9-35.0 psu).
Therefore, the northern North Atlantic is less stably stratified
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so that deep convection could be induced by a weak buoyan-
cy loss, in contrast to the northern North Pacific.

Above the deep waters, relatively fresh intermediate waters
are found in both the North Atlantic and the North Pacific.
The intermediate waters are composed of Labrador Sea Water
(Talley and McCartney, 1982) and Antarctic Intermediate
Water (AAIW) (McCartney, 1977; Molinelli, 1978; Schmid
et al., 2000; Sgrensen et al., 2001) in the North Atlantic, and
North Pacific Intermediate Water (NPIW) (Talley, 1985,
1993) in the North Pacific. NPIW is characterized by a well-
defined salinity minimum at 500-700 m with a relatively nar-
row density range from 26.7 to 26.9 kg m= (Svedrup et al.,
1942; Reid, 1965; Talley, 1985, 1993, 1997; Yuan and
Talley, 1996; Yasuda, 1997; Freeland et al., 1998; Watanabe
and Wakatsuchi, 1998; Kobayashi, 1999; Shcherbina et al.,
2003). Even though NPIW is widely distributed at depths of
300-800 m in the North Pacific, it is not yet clearly under-
stood where and how it is produced. The preponderance of
recent observations suggests that NPIW might be produced in
the Sea of Okhotsk by wintertime brine rejection (Kitani,
1973; Talley, 1991, 1993; Yasuda, 1997; Freeland et al.,
1998; Gladyshev et al., 2000; Shcherbina et al., 2003). The
Sea of Okhotsk provides favourable conditions for initial
dense water formation by high ice production in the north-
western polynya combined with cyclonic circulation
(Shcherbina et al., 2003). The production rate of NPIW is
suggested to be about 2 Sv (1 Sv = 1 x 10° m? s71)
(Macdonald, 1998; Talley, 2003).

Some geological and geochemical evidence suggests that
during the last glacial period the ocean circulation in the
North Pacific differed from present-day conditions. For
example, by using 8'3C measured in benthic foraminifera as
a water mass tracer, Oppo and Fairbanks (1987) showed that
the water mass from the Southern Ocean was dominant in the
North Pacific, with little NADW contribution during glacial
periods. Curry et al. (1988) and Duplessy et al. (1988) report-
ed the 8'3C distribution in the world ocean from benthic
foraminifera and obtained a glacial §'3C concentration in the
North Pacific that is lower than at present and is as low as that
of the Southern Ocean. By measuring glacial nutrient content
using Cd/Ca content, Boyle (1992) concluded that the Cd
content of the glacial deep waters of the northwest Pacific
was 20-30% lower than that of the present-day ocean. These
two results indicate a new source of nutrient-depleted water in
the North Pacific. Okouchi et al. (1994) compared the Cd
concentration in bottom sediment cores sampled in the north-
western Pacific off Japan at depths of approximately 2700 m
with those sampled in the western equatorial Pacific off New
Guinea (160°E). In the northwestern Pacific, the Cd concen-
tration is about 20% lower during the last glacial period than
it was during the Holocene, whereas in the western equatori-
al Pacific it increases slightly. They suggested that there was
a convection cell in the North Pacific that was not strong
enough to expand to equatorial regions where the nutrient-
rich water originating in the Southern Ocean is found. From
stable isotopes and geochemical evidence, Gorbarenko
(1996) suggested that there was a possible intensification of

intermediate water formation in the northwestern Pacific
including the Okhotsk and Bering seas during the glacial peri-
od. By synthesizing sediment cores of benthic foraminiferal
813C and 8'30 in the North Pacific, Keigwin (1998) conclud-
ed that during the glacial period there were better ventilated
and fresher water masses at intermediate depths, but deep
water was as nutrient-rich as today, in contrast to previous
estimates. Even though there is some disagreement regarding
the glacial deep water status, the majority view is that the
production of the glacial intermediate or upper deep water
shallower than about 2500 m was enhanced in the North
Pacific.

Boyle (1997) summarized the glacial intermediate/deep
ocean circulation based on both §!3C and Cd/Ca estimates of
benthic foraminifera (see Fig. 1 in Boyle (1997)). He divided
major flows into upper deep (about 1.5-2.5 km) and lower
deep (2.5-5 km) sections. In the glacial period, NADW shifted
to shallow depths and recirculated to the north at the tip of
Africa into the Indian Ocean without fully reaching the
Southern Ocean. AABW appears to flow more extensively to
the north in all ocean basins including the North Pacific.
Although highly uncertain, it is suggested that there are possi-
ble sources of intermediate/deep water in the Sea of Okhotsk
and the Bering Sea as there was in the glacial North Atlantic.

Geological and geochemical proxy data have provided use-
ful information for glacial ocean conditions, but these data are
limited in their ability to reveal how the ocean conditions
were determined. As a complement to proxy studies, a hierar-
chy of physically based numerical models has been used to
study the mechanisms associated with glacial climate change.
Fully coupled models (i.e., models that include three-dimen-
sional representations of atmospheric and oceanic general cir-
culation, including sea-ice physics) represent relatively
comprehensive and physically based tools for simulating past
ocean changes. Several fully coupled model glacial simula-
tions have been reported (e.g., Bush and Philander, 1999;
Hewitt et al., 2001; Kitoh et al., 2001; Shin et al., 2003; Kim
et al., 2002, 2003; Kim, 2004a, 2004b; Peltier and Solheim,
2004; Kageyama et al., 2006; Yanase and Abe-Ouchi, 2007),
but to our knowledge detailed analyses of glacial ocean cir-
culation and property changes in the North Pacific have not
yet been made. In this study, the ocean circulation and prop-
erty changes of the intermediate or deep water masses in the
North Pacific during the glacial period are examined using a
coupled model.

2 Numerical model and experimental design

The model employed in the current study is the second gen-
eration Canadian Centre for Climate Modelling and Analysis
(CCCma) coupled general circulation model. The atmospher-
ic component of the coupled model is a primitive equation
model characterized by T32 horizontal resolution correspond-
ing to a 3.75° Gaussian grid, and 10 vertical levels
(McFarlane et al., 1992). Cloud formation is parameterized
through relative humidity and the surface albedo is evaluated
depending on the surface type. A simple river routing scheme
is included to represent the freshwater flux to the ocean. The
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oceanic component is a modified from the Geophysical Fluid
Dynamics Laboratory Modular Ocean Model (GFDL MOM)
version 1.1 (Pacanowski et al., 1993). The horizontal and ver-
tical resolutions are 1.875° x 1.875° and 29 vertical layers.
Ocean mixing is represented by vertical and isopycnal diffu-
sion along with the eddy-induced mixing parameterization of
Gent and McWilliams (1990). The isopycnal diffusivity is
1000 m2 s7! with a background horizontal diffusivity of
100 m? s~!. Vertical diffusivity is 3 x 10 m? s~!. When the
density stratification is unstable, convective adjustment is
performed by increasing the vertical diffusivity. The coupled
model includes a representation of sea-ice thermodynamics
from Semtner (1976) and sea-ice dynamics from Flato and
Hibler (1992). A more detailed description of the atmosphere,
ocean, sea-ice, and land surface components of the coupled
model is given in other papers (Flato and Boer, 2001; Kim et
al., 2002, 2003, and references therein).

The atmospheric and oceanic components interact once per
day exchanging heat, fresh water, and momentum. A fixed
annual cycle of heat and freshwater flux adjustment fields
computed from a preliminary run of the coupled model are
applied over both ice-covered and open ocean and do not
change as the climate evolves. The flux adjustment has been
applied in some climate modelling and is used to account for
biases in various components that would otherwise cause the
model to exhibit a secular drift in its control climate. All
experiments are undertaken as perturbations about this con-
trol climate. To avoid any artificial feedbacks associated with
these flux adjustments, they are applied in the control and
glacial experiments in exactly the same way and do not vary
with time and space. Boer et al. (2000a, 2000b) and Flato and
Boer (2001) applied similar flux adjustments to those used in
this study in their climate simulations for the twentieth and
twenty-first centuries and obtained a reasonable degree of
future climate change, including regions of sea-ice change, in
comparison to other non-flux corrected simulations. This
indicates that flux adjustment fields obtained from present
conditions hold true under different climate scenarios.

Two simulations are analyzed in this study. The control
simulation has a specified CO, concentration of 330 ppm and
a contemporary land mask and topography. The glacial simu-
lation features a decreased CO, concentration of 235 ppm, a
value chosen to reproduce the greenhouse gas forcing differ-
ence between pre-industrial (280 ppm) and glacial maximum
conditions (200 ppm from Petit et al. (1999)), and ice sheet
topography using the ICE-4G reconstruction at 21,000 years
before present from Peltier (1994). The ice sheet volume
requires an estimated glacial sea level drop of 120 m
(Fairbanks, 1989; Yokoyama et al., 2000; Clark et al., 2001).
This is equivalent to about 3% of the total ocean volume and
results in an increased global mean salinity of about 1 psu
(Broecker, 1982). In the glacial simulation, the land mask is
modified to match the sea level change, but for convenience
the ocean volume (thus the global salinity) is not modified.
Because the salinity increased homogeneously throughout the
entire glacial ocean by long-term diffusion as reported in

Boyle (2002), it may not influence global ocean dynamics.
Orbital parameters and vegetation and soil types are
unchanged. During the last glacial maximum (approximately
21,000 years before present) the periods of obliquity (41,000
years) and precession (23,000 and 19,000 years) are almost
the same as at present and the eccentricity (with a period of
100,000 years) is also basically unchanged. Therefore, the
annual-mean radiative forcing change induced by glacial
orbital parameters is indeed negligible as shown by several
model studies (e.g., Hewitt and Mitchell, 1997; Broccoli,
2000). Although the effect of vegetation on the glacial climate
may not be negligible on a regional basis, the global impact is
of less importance (Crowley and Baum, 1997; Wyputta and
McAvaney, 2001). To save computing effort, the ocean com-
ponent is accelerated in the glacial simulation using a period-
ically synchronous coupling method (for more details see
Kim et al. (2003)).

3 Results and discussion

In order to check how the model reproduces the present-day
climate, observed salinity and temperature are compared with
the control simulation. Figure 1 compares the zonally and
meridionally averaged annual-mean sections of observed
salinity with the salinity from the control simulation in the
North Pacific. The most distinctive feature of the observa-
tions is the southward extension of a fresh tongue of salinity
less than 34.5 psu at a depth of about 500-700 m. This salin-
ity minimum tongue is the NPIW outflow reported in many
earlier studies (Svedrup et al., 1942; Reid, 1965; Talley et al.,
1995; Talley, 1997; Yasuda et al., 1996; Yasuda, 1997;
Kobayashi, 1999). In the meridional section, the outcrop of
the 33.8 psu isohaline marks the southern boundary of the
subarctic front, while the outcrop of the 33.0 psu isohaline
defines the northern boundary of the frontal zone (Yuan and
Talley, 1996). Although the location of the front varies with
time and space, the subarctic front is usually found between
40°-45°N and accompanies the North Pacific current. The
shallow salinity minimum layer is found north of the front.
The shallow salinity maximum layer is observed at about
25°N and relatively saline water originating from the
Southern Ocean is found below the NPIW tongue.

The features found in the observed sections are reproduced
reasonably well in the control simulation as displayed in
Figs 1b and 1d. First, the propagation of the fresh NPIW out-
flow tongue to the south is clearly reproduced. Second, the
subarctic front is represented between 35°-45°N, slightly
south of the observed location. Third, the relatively saline
subtropical water to the south of the front and the salinity
minimum to the north of the front are well simulated. Finally,
in the zonal section the simulated salinity minimum layer
resembles that of the observed layer. The salinity of the sim-
ulated NPIW tongue is slightly higher than observed. The
saltier property of the simulated NPIW seems to be due to
both the slightly more saline surface water in the northern
North Pacific and the more saline deep water below.

Figure 2 displays the observed and simulated zonal- and
meridional-mean potential temperatures, respectively. The
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Fig. 1  a) Observations and b) control simulations of annual mean meridional sections of salinity zonally averaged over the Pacific. c) Observations and d) con-
trol simulations for annual mean zonal sections of salinity averaged between 20° and 40°N. The observations are taken from Levitus and Boyer (1994).

observed potential temperature at the subarctic front and
NPIW ranges from about 6°-~10°C, whereas in the simulation
the potential temperature of the NPIW is warmer by about
2°C. Again the warmer intermediate water, typical of the sim-
ulation, is due to the warmer surface and deep waters.

Figure 3 shows the meridional sections of the simulated
glacial salinity and potential temperature and their changes
from the control simulation. The glacial salinity and temper-
ature sections are quite different from present-day conditions.
First, salinity is greater except for the deep ocean, especially
near the surface at high latitudes, where salinity increases by
more than 2 psu. As shown later, the salinity increase origi-
nates from the Sea of Okhotsk and the western Bering Sea.
Even though the salinity increase at high northern latitudes is
substantial in the glacial simulation, the salinity at upper and
intermediate depths is still lower than that in deep waters as
suggested by Keigwin (1998).

Second, potential temperature in the glacial simulation is
lower throughout the entire water column, as would be
expected. The temperature reduction is substantial in the
upper water column, shallower than 300 m from about 20°N
to 50°N, especially at about 40°N due to a southward shift of

the subtropical gyre, as illustrated later. To the north of 50°N,
surface temperature reduction is relatively small because the
high latitude ocean temperature is already low. In deep layers
below 2000 m, potential temperature decreases to less than
0°C and it becomes less than —1°C below 3000 m. Boyle
(2002) compiled glacial temperatures and salinity of ocean
deep water and reported that the potential temperature in the
Pacific deep water is about —1.3°C and that salinity is lower
than in the Antarctic during the glacial period by about
1.0 psu within some range of uncertainty. The simulated
glacial deep ocean temperature is close to this proxy estimate.
Kim (2004b) showed that the simulated deep ocean salinity in
the Pacific is lower than in the Antarctic for the glacial run
and this result is qualitatively consistent with the observed
proxy estimate.

Third, there is a signature of vertical mixing to the north of
the subarctic front showing steep isohalines and isotherms with
low salinity. The relatively low salinity water originating from
the northern North Pacific propagates to the south and the fresh
tongue approaches the equator. The potential temperature of
this water mass is less than 2°C. The relatively cold and fresh
water mass is compatible with NPIW in the control simulation.
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Fig.2 a) Observations and b) control simulations of annual mean meridional sections of potential temperature zonally averaged over the Pacific. c)
Observations and d) control simulations of annual mean zonal sections of potential temperature averaged between 20° and 40°N. The observations are

taken from Levitus and Boyer (1994).

Figure 4 displays the zonal sections of salinity and poten-
tial temperature averaged between 20° and 40°N from the
glacial simulation. The upper layer salinity maximum found
in the meridional section at 25°N is located in the western
Pacific between 140° and 160°E. The salinity minimum lay-
ers associated with NPIW in the control simulation are found
at levels shallower than 1000 m; in the glacial simulation they
are located at deeper levels, around 2000 m, and on the west-
ern side of the Pacific.

The change in salinity and potential temperature leads to a
change in potential density. Figure 5 displays the meridional
potential density distribution in the control and glacial exper-
iments and the changes in the upper layers. In the control sim-
ulation, the North Pacific is strongly stratified as would be
expected from the low salinity at high latitudes and relatively
high temperature at low to mid-latitudes (Figs 1 and 2). It has
long been known that the potential density of the NPIW salin-
ity minimum tongue ranges from 26.7-26.9 kg m~ (Reid,
1965; Talley, 1993; Talley et al., 1995; Yasuda et al., 1996)
and does not outcrop (Reid, 1965). This is a different feature
from other intermediate waters with a salinity minimum such

as AAIW (Talley, 1993). In the control simulation, the NPIW
potential density surfaces do not outcrop, which is consistent
with observations.

In the glacial simulation, the increase in salinity and
decrease in potential temperature leads to a substantial
increase in potential density, especially in the upper layers
(Figs 5b and 5c). The largest density increase of more than
2 kg m~3 is found south of 35°N and north of 60°N. The den-
sity increase at high latitudes weakens the vertical stability
substantially. Isopycnals become steep so that the 27.6 kg m™
isopycnal comes close to the surface.

In order to confirm which property has more effect on the
total change in potential density, we distinguish the density
due to the change in temperature and salinity. Because
potential density is a function of salinity (S), potential
temperature (0), and pressure (p), we can represent density as
Oy = 0(S, 0, p). Because p is the same for the two cases and
does not influence the change in potential density, the differ-
ential can be represented as:

80, = 580 + 635 + n,
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Fig. 4

where the first term on the right-hand side represents the
change in potential density due to potential temperature, the
second term represents the change due to salinity, and the
third term represents the change due to higher degree non-
linear terms. The left-hand side is shown in Fig. 5c and the
three terms in the right-hand side are shown in Fig. 6. The
decomposition shows that south of about 50°N the tempera-
ture reduction plays a dominant role in increasing the glacial
potential density, whereas north of about 55°N the increase in
salinity plays the dominant role in increasing the density
because the increase in salinity is greater to the north. The
non-linear effect of temperature and salinity appears to play a

Annual-mean zonal sections averaged between 20°—40°N for a) salinity and b) potential temperature simulated in the glacial experiment.

minor role, being one or two orders of magnitude lower. This
analysis suggests that the increase in salinity is mainly
responsible for the weakening of stability in the northern
North Pacific in the glacial simulation.

The density increase in the upper layers of the northern
North Pacific and associated weaker stability imply that there
must be some change in thermohaline circulation. Figure 7
shows the North Pacific overturning circulation obtained in
the control and glacial simulations. In the control run, the
strong positive cell at low latitudes is associated with the
wind-driven subtropical circulation, while the negative cell at
mid-latitudes is associated with the subpolar gyre. The
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Fig. 5 Annual-mean meridional sections zonally averaged over the Pacific of the potential density (G,) for a) the control experiment, b) the glacial experiment,
and c) the changes between the control and glacial experiments. (Units are kg m=.)

positive cell at high northern latitudes and depths between (Macdonald, 1998; Talley, 2003). The negative cell reaching
300-500 m is related to the NPIW production, which is about the bottom at low latitudes is the northward outflow of
2 Sv in the control simulation, consistent with observations AABW.
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In the glacial simulation, circulations associated with both
the subtropical and subpolar gyres are intensified due to an
increase in surface wind in the North Pacific sector (Kim et

al., 2003). The NPIW production increases to 3 Sv and its out-
flow reaches deeper layers, up to more than 2000 m, consis-
tent with the water mass propagation tongue seen in Figs 3a
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Fig. 7  Annual-mean meridional streamfunction for the North Pacific domain simulated in a) the control experiment and b) the glacial experiment. (Units are

Sv (106 m? s71).)

and 4a. The AABW outflow is much more intensified and
extends farther to the north in the glacial simulation than in
the control case. The stronger and deeper NPIW (or glacial
North Pacific Deep Water) production and the more extensive
AABW outflow obtained in the glacial simulation are consis-
tent with that suggested by proxy evidence (see Section 1).
In order to examine how far NPIW propagates to the south
in the control and glacial simulations, we examine the merid-
ional velocities averaged over 20°-40°N and 0°-20°N
(Fig. 8). In the control case, the southward propagation is
widespread and covers almost the entire Pacific basin reach-
ing depths up to 1500 m in the northern latitudes, but it

becomes shallower towards the south, presumably due to the
northward propagation of the water mass originating in the
Southern Ocean below the NPIW. At low latitudes, there is a
western boundary current tongue at about 1500 m. In the
glacial case, the southward circulation is deeper than in the
control simulation, reaching more than 3000 m in northern
latitudes. As in the control case, the southward flow shoals
towards southern latitudes. In the glacial simulation, the west-
ern boundary current becomes much stronger and deeper,
reaching depths greater than 3000 m.

The weakening of the vertical stratification in the glacial
simulation over the northern North Pacific, evident in Fig. 5,
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intensifies the formation of NPIW and subsequently strength-
ens and deepens the North Pacific overturning circulation.
This weaker vertical stratification is due to a relatively greater
increase in surface salinity at high northern latitudes in the
Pacific than at greater depths, as shown in Fig. 3c, and than
the southern part of the of the North Pacific, as shown in Fig.
9, which presents the change in surface salinity and tempera-
ture between the two experiments. In the glacial simulation, a
large increase in surface salinity is seen in most of the North
Pacific. The salinity increase is especially large in the north-
ern and eastern Sea of Okhotsk and the western Bering Sea.
In those areas, salinity increases by more than 2.4 psu to
become as large as about 34.4 psu. Warren (1983) suggested
that for deep convection to reach 1000 m and 2000 m, surface
salinity should be at least 34.08 psu and 34.39 psu, respec-
tively. The simulated glacial salinities are within this range.
The Sea of Okhotsk and the western Bering Sea are suggest-
ed as possible glacial deep water source regions as in Boyle
(1997). In the western Sea of Okhotsk, the salinity increase is
smaller than in the eastern region. This seems to be associat-
ed with the increase in river discharge from the Amur River
in the glacial simulation, illustrated later. In low to mid-
latitudes, surface salinity increases overall associated with a
change in the hydrological budget. There is a narrow region
of salinity reduction at about 40°N. This is due to precipita-

tion exceeding evaporation and the southward shift of the
subtropical gyre as shown later.

With glacial conditions, surface temperature decreases
everywhere in the North Pacific as would be expected
(Fig. 9b). Several studies based on geological records suggest
that the northern edge of the subtropical gyre moved south-
ward during the glacial period (Kent et al., 1971; Sawada and
Handa, 1998; Tanimura, 1999; Lee and Park, 2003). The sim-
ulated control barotropic streamfunction displayed in Fig. 10
shows that the northern edge of the subtropical gyre is at
about 43°N but in the glacial simulation the boundary moved
southward and is found at about 40°N consistent with the
observational proxy evidence. This southward shift of the
gyre would result in a marked temperature drop along the
Kuroshio Current to the south of Japan and the northern
boundary of the gyre along 40°N. The southward movement
of the subtropical gyre is, in part, due to the change in zonal-
mean wind stress, which is displaced to the south by about 3°
in the glacial simulation (Fig. 11a), associated with the south-
ward shift of the Aleutian low pressure centre (Fig. 11b).

Another area of marked cooling is the East/Japan Sea
where the surface is cooled by more than 10°C. In the control
simulation, sea surface temperature (SST) in the southern part
of the East/Japan Sea ranges from 10° to 16°C (not shown),
which is comparable with observations (Chu et al., 2001;
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Fig. 9  Geographic distribution of the change in annual-mean surface a) salinity and b) temperature in the North Pacific. Glacial salinity increases of more than

1.6 psu and temperature reductions of more than 6°C are shaded.

Morimoto and Yanagi, 2001). The relatively high temperature
here is due to the inflow of the Tsushima warm current
through the Korea Strait as a branch of the Kuroshio Current.
In the glacial simulation, on the other hand, the Tsushima
warm current was largely restricted and only partly allowed
due to the sea level drop (approximately 130 m). The limita-
tion of the warm water influx to the East/Japan Sea leads to
substantial cooling in the glacial simulation. The marked sur-
face cooling in these regions is also found in the CLIMAP
(1981) reconstruction, which shows a cooling of up to 8°C in
August.

The spatial pattern of the surface ocean in the North Pacific
in the glacial simulation is consistent overall with the
CLIMAP (1981) reconstruction, but the degree of cooling is
larger in the simulation, although the CLIMAP reconstruc-
tions of surface ocean temperature are believed to be overes-
timated as shown by a recent evaluation of the Paleoclimate

Modelling Intercomparison Project (PMIP) and other model
simulations (Kageyama et al. (2006) and references therein).
A more detailed description of the glacial SST change is
found in Kim et al. (2002, 2003).

Because the increase in surface salinity in the Sea of
Okhotsk and the western Bering Sea is crucial in driving the
glacial NPIW production, we examine possible reasons for
the increase in surface salinity in those regions. First, the
marked surface cooling enhances sea-ice growth. Figure 12
shows the annual mean distribution of sea-ice thickness in the
control and glacial simulations. In the control simulation,
thin sea ice is found in the Sea of Okhotsk and the western
Bering Sea. Some authors suggest that, at present, brine rejec-
tion occurs in the northwestern and northern shelves of the
Sea of Okhotsk and this is a probable place for the formation
of NPIW (Kitani, 1973; Talley, 1991, 1993; Martin et al.,
1998; Gladyshev et al., 2000). Recently Shcherbina et al.
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Fig. 11  Annual and zonal mean over the Pacific for a) the wind stress, and b) mean sea level pressure.

(2003) found a substantial increase in bottom salinity by brine
rejection during an ice-covered period in the northwestern
Sea of Okhotsk. In the glacial simulation, sea ice becomes
thicker and more extensive covering a large portion of the
northwestern Pacific Ocean. Sea ice is especially thick in the
northwestern Sea of Okhotsk and the western Bering Sea,
where brine release from sea-ice formation might contribute
to the marked increase in sea surface salinity shown in
Fig. 9a. In the glacial simulation, the southern margin of sea
ice reaches northern Japan. By analyzing ice-rafted debris in
fine sediment cores, Ikehara (2003) found that during the
glacial period the southern margin of seasonal sea ice was
probably located in the vicinity of the Matsumae Plateau and
occasionally extended further south to near the Oga Peninsula
at about 40°N. The simulation slightly overestimates the
southern extent of sea ice.

Second, in addition to brine release, a change in the hydro-
logical budget plays an important role in increasing surface

salinity. In the present ocean, the low salinity of surface water
in the northern North Pacific is mainly due to a small region-
al evaporation rate, which allows a net freshwater input to the
surface layer from precipitation and runoff (Warren, 1983).
The low evaporation rate is due, in turn, to the relatively low
surface temperature. Figure 13 displays the changes in pre-
cipitation minus evaporation (P-E), precipitation, and evapo-
ration. In the glacial simulation, both precipitation and
evaporation decrease in the northern North Pacific. The
reduction in precipitation is due both to the reduction in evap-
oration associated with surface cooling and to the reduction in
horizontal advection of water vapour. The precipitation
decrease in the northern North Pacific in the glacial simula-
tion is consistent with other coupled model simulations
reported based on recent PMIP2 results (Yanase and Abe-
Ouchi, 2007). In most of the North Pacific, the reduction in
precipitation is larger than the reduction in evaporation by
about 0.5 mm per day on average. If the excessive freshwater
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Fig. 12 Geographic distribution of the annual-mean sea-ice thickness simulated in a) the control experiment and b) the glacial experiment. (Units are metres.)

deficit is accumulated within a surface wind mixed layer of
about 100 m for 10 years (a time scale during which the water
column travels round the subpolar gyre once), then the height
of the water column would decrease by about 1.8 m. The
salinity would then rise by about 1.8%, which is about
0.6 psu. This is a simple estimate by assuming a 10-year mix-
ing time in the upper mixed layer, and the results would vary
depending on mixing time and depth.

Third, a change in river runoff modifies surface salinity.
Several rivers influence the freshwater budget in the northern
North Pacific. The Yukon and Amur rivers directly influence
the Bering Sea and the Sea of Okhotsk, respectively, and the
Columbia and Yangtze rivers have an indirect influence. Kim
et al. (2003) reported that there was a reduction in river dis-
charge in the Yukon River by 78% (11,000 m3 s7!), but in the
Amur River it increases by 80% (5500 m3 s7!) in the glacial
simulation. In the Yangtze and Columbia rivers, the river dis-
charge decreases by 24% and 13%, respectively. In total, river

discharge to the North Pacific was reduced by 8900 m? s~! in
the glacial simulation and the reduction in the Yukon River
discharge to the Bering Sea, which is due to a drier glacial cli-
mate over Alaska and also partly due to the presence of the
Cordillerian ice sheet, plays the most significant role in
increasing surface salinity. If the net reduction in river dis-
charge (5500 m3 s~!) from the Yukon and Amur rivers modi-
fies the salinity of the surface mixed layer (100 m) within the
subpolar gyre, whose area is about 70 degrees in longitude
and about 15 degrees in latitude, for 10 years (the advective
time scale of the gyres) then it accounts for about a 0.2%
increase in salinity, which is about 0.1 psu. This estimate sug-
gests that the change in the local P-E budget plays a more
important role in increasing salinity in the northern North
Pacific than the change in river discharge.

Finally, a change in vertical mixing and horizontal advec-
tion affects surface salinity. As displayed in Fig. 10, the sub-
polar gyre is stronger in the glacial simulation and more salt
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Fig. 13 Geographic distribution of the change in annual mean a) precipitation minus evaporation, b) precipitation, and c¢) evaporation. (Units are mm day~'.)

would be transported from the subtropics where salinity is
higher. The deeper and stronger glacial North Pacific over-
turning would enhance vertical mixing between the fresher
surface water and saltier deep water to raise the surface salin-
ity while lowering the salinity in the deep water. Figure 3c

clearly shows a decrease in salinity in the lower part of the
overturning cell that lies between 3000 and 4000 m.

The stronger NPIW production due to the increase in sur-
face salinity may influence or may be influenced by the deep
water production in other ocean basins. Several studies have
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shown that there is an interbasin see-saw effect, over long
time scales, of deep water formation in the North Pacific,
Southern, and Atlantic oceans suggesting that there is an
interdependence (Broecker, 2000; Seidov et al., 2001; Seidov
and Haupt, 2003; Saenko et al., 2004). Using a sensitivity
experiment, Saenko et al. (2004) showed that the reduction in
the freshwater supply to the North Pacific results in decreased
salinity and an associated meridional overturning circulation
in the Atlantic, and vice versa, due to a positive feedback
between ocean circulation and salinity. In this study, the
increase in surface salinity and associated overturning circu-
lation in the North Pacific accompanies the substantial reduc-
tion in surface salinity and overturning circulation in the
Atlantic Ocean as described in Kim et al. (2003). Although it
is hard to determine which basin influences which, the change
in glacial overturning circulation in the present study is con-
sistent with that of Saenko et al. (2004). In the glacial exper-
iment, AAIW production is almost absent, whereas AABW
production and its outflow is substantially enhanced due to
the increase in surface salinity around the Southern Ocean
(Kim, 2004b). The enhanced AABW formation and its out-
flow fills the Atlantic basin almost entirely in response to the
weakening of the Atlantic overturning circulation, whereas in
the Pacific both the AABW outflow and NPIW outflow
appear to be stronger.

4 Summary and conclusions

The glacial change in ocean properties and circulation in the
North Pacific has been investigated using the CCCma atmos-
phere-ocean-sea-ice coupled model. The control climate sim-
ulation reproduces observed features such as the NPIW low
salinity tongue, subarctic front, high salinity subtropical
water, etc. reasonably well, even though salinity and potential
temperature are slightly overestimated in comparison to
observations. The simulated NPIW production for present-
day conditions is about 2 Sv, located between 300-600 m,
which is consistent with observations.

Upon implementing the glacial boundary conditions, salin-
ity in the upper layers of the North Pacific markedly increas-
es, whereas deep water salinity decreases slightly due to
vertical mixing. Potential temperature decreases throughout
the entire water column with a substantial decrease in the
upper layers at mid-latitudes and in intermediate layers at
high latitudes. The deep water temperature approaches the
freezing point. The glacial deep water property change is con-
sistent with proxy estimates. In the northern North Pacific,
there is a strong vertical mixing signature with a relatively
fresh and cold plume up to about 1000 m. The increase in
salinity and decrease in temperature leads to the increase in
potential density. The increase in potential density is larger in
the upper layers than in the deep layers, reducing the stabili-
ty of the upper water column. Analysis shows that at low lat-
itudes the increase in potential density is due to the reduction

in potential temperature, whereas at high latitudes the
increase in salinity plays the dominant role in increasing
potential density in upper layers.

The weaker glacial water column stability leads to the
increase in overturning circulation in the North Pacific. In the
glacial simulation, the NPIW production increases to 3 Sv and
reaches depths greater than 2000 m and its outflow nears the
equator. The AABW outflow is also stronger. This result is
consistent with the proxy estimates using carbon isotopes and
cadmium concentration, which were lower in the northwest-
ern Pacific, but were almost unchanged in the western equa-
torial Pacific.

The change in both salinity and temperature contributes to
the increase in density in the upper water column with the
increase in salinity having a more dominant role in the north-
ern North Pacific. Surface salinity increase is especially large
in the northern and eastern Sea of Okhotsk and the western
Bering Sea. Several factors affect surface salinity. First, in the
glacial simulation sea ice substantially increases in the north-
western Pacific, which may increase brine release. Second, in
the northern North Pacific annual mean evaporation exceeds
precipitation, resulting in a drier climate. This is due to a larg-
er reduction in precipitation. Third, river discharge to the
Bering Sea from the Yukon River and to the North Pacific
from the Yangtze and Columbia rivers is substantially
reduced in the glacial simulation. Although river runoff from
the Amur River to the Sea of Okhotsk increases, the net
change is a substantial reduction. Fourth, the intensified sub-
polar gyre and vertical mixing increases the surface salinity in
the northern North Pacific. All these conditions act together
to increase the surface salinity in the northern North Pacific.

In conclusion, the coupled model simulates an enhanced
circulation in the intermediate and upper deep layers of the
northern North Pacific with glacial boundary conditions, con-
sistent with proxy estimates. The enhanced North Pacific cir-
culation is mainly due to the increase in surface salinity in the
Sea of Okhotsk and the Bering Sea through a reduction in
freshwater input.
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