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Abstract

We investigate the control mechanisms of the deep Pacific Ocean circulation by introducing updated methods for parameter-
izing tidal mixing. The column-integrated rates of dissipation in near- and far-fields are derived from the tidal energy conver-
sion and dissipation rates estimated by a high resolution tide model. In the calculation of the far-field mixing, its dependency
on stratification is taken into account based on theoretical and observational knowledge. Unlike previous studies that did
not take the stratification dependence into account, the far-field mixing does not function to significantly enhance the deep
Pacific Ocean circulation. The deep Pacific Ocean circulation is also found to be insensitive to the decay scale height of the
near-field mixing. However, these factors affect the reproducibility of the radiocarbon distribution, especially its minimum
in the upper deep layer, through their influence on the mixing with the shallower layers.

Keywords Tide-induced vertical mixing - Deep pacific ocean circulation - Ocean modeling

1 Introduction

The Pacific Ocean is the largest basin in the world ocean and
is thought to be the principal low-latitude upwelling region
in the global thermohaline circulation (Schmitz 1995; Tal-
ley 2013). Owing to a lack of deep water formation in the
Pacific Ocean, the water characteristics are more uniform
in the deep Pacific Ocean than in the deep Atlantic Ocean.
Consequently, observational description of the deep Pacific
Ocean circulation is falling behind the other basins (Lump-
kin and Speer 2007; Talley 2013).

The lower part of Circumpolar Deep Water (CDW)
is transported northward in the Pacific lower deep layer
(deeper than ~3500 m) (Roemmich et al. 1996; Rudnick
1997). Mooring observations estimated the volume transport
through several deep passages in the Pacific Ocean. At the
Samoan Passage (~ 10°S) connecting the South and Central
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Pacific Basins, the mooring observation in 1992-94 dem-
onstrated that the total volume transport of the deep water
is 6.040.5 Sv (1 Sv=10° m? s~!; Rudnick 1997). Other
small northward flows were also observed in the vicinity
of the Samoan Passage (Roemmich et al. 1996), and the
total northward transport of deep water at 10°S was esti-
mated to be 10.6+ 1.7 Sv. The mooring observation at the
Samoan Passage in 2012-13 showed a small (0.5 +0.6 Sv)
decrease in the northward transport of deep water from that
in 1992-1994 (Voet et al. 2016). Voet et al. (2016) noted that
this reduction is uncertain, but consistent with the decline of
the northward geostrophic current at 32°S and the slowdown
of the Pacific meridional overturning circulation (PMOC)
in recent decades suggested by several indirect estimates
(Kouketsu et al. 2011; Sloyan et al. 2013).

Heuze et al. (2015) compared the northward transport of
deep water from the Southern Ocean to the Pacific Ocean
for 24 climate models in the Coupled Model Intercompari-
son Project Phase 5 (CMIP5). They found a large discrep-
ancy among the models, ranging from 1 to 17 Sv at 30°S
in a long-term average (1986-2005). This discrepancy
indicates our lack of quantification of the processes con-
trolling the deep Pacific Ocean circulation. Since the deep
Pacific Ocean circulation is associated with upwelling of
seawater, we need to quantify the impact of processes by
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which deep water gains buoyancy in controlling the deep
Pacific Ocean circulation.

Turbulent mixing, induced by tides rather than winds,
has been considered to be one of the most important
among such processes (Munk and Wunsch 1998; Furuichi
et al. 2008). Internal tides dissipate their energy to induce
turbulent mixing either near the site of their generation
(near-field mixing) or after propagating far (far-field mix-
ing). The near-field mixing takes place near rough topog-
raphy, as observed by microstructure measurements (e.g.,
Polzin et al. 1997; St. Laurent et al. 2001), and is the focus
of many previous modeling studies (Hasumi and Sugino-
hara 1999; Simmons et al. 2004; Kawasaki and Hasumi
2010). This mechanism has already been taken into
account in most ocean models participating in the CMIP
Phase 6 (e.g., Melet et al. 2013; Griffies et al. 2016).

Although the importance of the far-field mixing has
long been pointed out, the number of studies and CMIP6
models explicitly incorporating its effect into ocean mod-
eling is still small (e.g., Oka and Niwa 2013; Melet et al.
2016; Voldoire et al. 2019). Oka and Niwa (2013; hereafter
ON13) incorporated the far-field mixing into a realistically
configured OGCM and found that the far-field mixing has
a significant impact on the deep Pacific Ocean circulation.
They calculated vertical diffusivity (ky) by
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where &, (= 107°m?s™!) is background vertical diffusiv-
ity. Exgag and Eg,g are the column-integrated rates of tidal
energy dissipation (conversion rate from internal-tide energy
to small-scale turbulent kinetic energy) for the near- and far-
fields, respectively, calculated by a high resolution numeri-
cal model of tides (Niwa and Hibiya 2011). Other variables
in Eq. (1) will be described later (in Sect. 2.2). The verti-
cal structure—function of far-field mixing was chosen sim-
ply as a constant such that its vertical integration becomes
unity (Fpag(z) = 1/z,; where z, is the depth of bottom) in
ON13. However, many previous observational and theo-
retical studies have suggested that the far-field dissipation
rate is proportional to the squared Brunt-Vaisala frequency
(e.g., Gargett and Holloway 1984; Henyey et al. 1986; Gregg
and Sanford 1988; Kunze 2017). This relationship between
energy dissipation rate and stratification is consistent with a
recent microscale observation (Goto et al., submitted).

On the other hand, several previous modeling studies
pointed out the importance of geothermal heating as a
source of buoyancy for the deep water in the Pacific Ocean
(e.g., Hofmann and Morales Maqueda 2009; Emile-Geay
and Madec 2009; Urakawa and Hasumi 2009). However,
most of the CMIP5 models did not incorporate its effect.
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In the present study, we investigate the control factors of
the deep Pacific Ocean circulation by conducting a series of
numerical experiments. Compared with previous studies, we
update the method for estimating both the near- and far-field
mixing. Besides, here we use the modeled stratification (not
observed climatology) in determining the vertical diffusivity
and apply the geothermal heating, neither of which is the
case in ON13.

The description of the model and experiment design will
be given in Sect. 2. In Sect. 3, the result of the model will be
shown, where we will especially focus on the PMOC and the
distribution of radiocarbon in the Pacific Ocean. The differ-
ences from the results obtained by ON13 are also discussed
in this section. Finally, a summary and discussions on these
results are presented in Sect. 4.

2 Model description
2.1 Ocean general circulation model (0GCM)

The ice-ocean coupled model utilized in the present study is
COCO. This model is used as the ocean component of the
Model for Interdisciplinary Research on Climate, version 6
(MIROCG; Tatebe et al. 2019), which is developed for CMIP
phase 6 (CMIP6). The model domain is global and the tri-
polar coordinate is employed as a horizontal grid system.
The horizontal grid size is 1 degree. The model is configured
with 62 vertical levels, and the grid spacing varies from 2
(top) to 660 m (bottom: 7200 m). The second-order moments
conserving scheme is utilized to calculate the tracer advec-
tion (Prather 1986). A turbulence closure scheme of Noh and
Kim (1999) is applied for diagnosing vertical viscosity and
diffusivity near the sea surface. The model incorporates the
isopycnal diffusion (Cox 1987), and isopycnal layer thick-
ness diffusion (Gent et al. 1995), where their coefficients are
1.0x 10% and 3.0 x 10> m? s™!, respectively. The model is
driven by the climatological monthly-mean sea surface forc-
ing of Roske (2001), which is derived from the 1979-1993
ECMWEF Re-analysis data-set (Gibson et al. 1997). To avoid
a drift in salinity and unrealistic weakening of the Atlan-
tic meridional overturning circulation, sea surface salinity
is weakly (the time constant is 30 days for 2-m thickness)
restored to a monthly mean climatology (Polar Science
Center Hydrographic Climatology PHC version 3.0; Steele
et al. 2001).

2.2 Parameterization of tide-induced vertical
mixing

The vertical diffusivity is calculated by the Osborn (1980)’s
formula:
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where I' is the mixing efficiency assumed to be 0.2 (St. Lau-
rent and Schmitt 1999), p, is the constant reference den-
sity of seawater (= 10°kgm™), and N is the Brunt-Viisild
frequency. This formula is similar to that utilized in ON13
(Eq. 1) except for the absence of the background mix-
ing. Figure 1 shows the global maps of column-integrated
energy dissipation rates for the near- and far-fields (Eygagr
and Ep,y) incorporated in our model. They are constructed
by horizontally averaging the result of a 1/20° resolution
tide model (Niwa and Hibiya 2014), which is similar to the
data employed in ON13. Niwa and Hibiya (2014) demon-
strated the dependency of the energy conversion rates from
barotropic to baroclinic tides on the horizontal grid size of
the tide model and suggested an extrapolation to the limit
of zero grid spacing. Based on this extrapolation, the tidal
dissipation rates are uniformly increased by 20% (50% in
ON13). Consequently, the globally integrated dissipation
rate is 1.08 TW, which is consistent with the estimate based

(@
80°N - -
w-—_ ~ Sy
60°N ~ LRy W | -1
I . SE
Y \ <Ry y . '\‘ ¥ -2
20°N USRS | g
P LR J& N :
Eq.{ 4 ',".L. Y . f:”'. . » -3
a:f"i . O 3 v ¥, ',b ‘ "
20°St . A My “‘\l‘ > i,
s - 2 "] v 4 L’ 1 r =4
40°s , y A,
60°S * -5
: : v
° S
B0°E  120°E  180°  120°W  60°W 0° 60°E
(b)
80°N

60°N
40°N
20°N

Eq.
20°S |

40°S

60°S

80?0°E

120°E 180° 120°W 60°W 0° 60°E
Fig. 1 The 1-degree global maps of column-integrated energy dis-
sipation rates for a near- and b far-fields (log,o[Expar(Wm™2)] and
log,o[Epag (Wm™2)], respectively) incorporated into the ocean model

on satellite-altimeter (Egbert and Ray 2000) and almost the
same as that in ON13.

From the output of the tide model, the energy conversion
rate (E.) from barotropic tides to baroclinic tides and the
energy dissipation rate (Ep) of baroclinic tides at each hori-
zontal point are determined. Here, E}, is the sum of E and
the horizontal convergence of internal tide energy flux (F),
(i.e., Ep = E; — V « F). Ej includes the contributions from
the locally generated internal tides (Eygag) and the far prop-
agated internal tides (Epsg). If the baroclinic tidal energy
converges (V « F < 0), all of the generated baroclinic tidal
energy is assumed to be locally dissipated (Exgar = Ec),
and the convergence of baroclinic tidal energy is regarded
as the far-field mixing (Egsg = —V ¢ F). Otherwise, the
whole of Ep, is considered to be accounted for by the locally
generated internal tides (Eygar = Ep), and no contribu-
tion from distantly propagated internal tides is assumed
(Epar = 0). The globally integrated Eygag and Epag are 650
and 433 GW, respectively, after the 20% increase described
above, and the global (power-weighted) average of local
dissipation efficiency (g = Exgar/Ec) becomes~0.6 by
our method. This is much larger than the value assumed
in previous studies (g =0.3) (e.g., Egbert and Ray 2001;
St. Laurent et al. 2002). However, a recent semi-analytical
model of internal tide generation combined with satellite
and turbulence observations suggested that g spatially var-
ies and the power-weighted global average becomes 0.49
(Vic et al. 2019). This suggests that our way of partitioning
the tidal energy dissipation rate into Exgag and Ep,p 1S not
completely artificial.

Note that the tide model dissipates tidal energy by the
ad hoc damping term of baroclinic fluctuations by the con-
stant time scale of 30 days (Niwa and Hibiya 2014). This
assumption could lead to inaccuracies in energy propagation
processes and horizontal distribution of the far-field mix-
ing (Fig. 1b). For instance, although 30 days is comparable
to the propagation time scale for the 1st mode of crossing
the Pacific Ocean, the far-field mixing energy in the eastern
Pacific Ocean can be underestimated due to the lack of con-
tribution from the 2nd and higher mode tidal waves.

The vertical profile of the dissipation rate in the near-field
(Fxpar) 1s the same as the previous studies (St. Laurent et al.
2002; ON13):

exp [~ (z, —2) /¢]
¢(1—exp[-2/¢])

where z; is the depth of the bottom. The dissipation rate
is assumed to decay exponentially away from the bottom
with a scale height of {. The seemingly complex formula
in the denominator on the right-hand side is the normaliza-
tion factor. St. Laurent et al. (2002) set ¢ to 500 m based
on turbulent observation in limited areas (St. Laurent et al.
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2001). However, other observational studies suggested that
the vertical structure of the dissipation rate varies spatially
(e.g., Decloedt and Luther 2012; Waterhouse et al. 2014).
Eikonal calculations suggested that the vertical decay scale
tends to increase over rough bathymetry, where the ampli-
tude of the tidal current is large (Hibiya et al. 2017). This
result is qualitatively consistent with the map of vertical
decay scale ¢ in the recently suggested parameterization of
tidal mixing (de Lavergne et al. 2020), in which the vertical
decay scale exceeds 500 m, where Eygay is large (e.g., the
Izu-Ogasawara Ridge, the Hawaiian Ridge, and the Ryukyu
Island chain; Fig. 1a). Based on these previous studies, we
investigate the sensitivity of the deep Pacific Ocean circu-
lation to ¢ by choosing either 500 m or 1000 m (uniform
values) in this study.

Many previous studies showed that the dissipation rates
far from the generation sites are proportional to the squared
Brunt-Viiséld frequency (e.g., Gargett and Holloway 1984;
Kunze 2017). This fact has consistency with a recent turbu-
lence observation (Goto et al. 2020 submitted). Following
these results, we assume the same vertical profile of far-field
energy dissipation rate as in previous studies (Melet et al.
2016; de Lavergne et al. 2020):

F N
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Here, the vertical profile is estimated using the simulated
potential temperature and salinity at every time step.

It should be noted that the Eyp,y is the local full-water-
column dissipation rate, because Eygag and Ep,g are both
calculated based on the horizontal divergence/convergence
of energy propagation. Here, the entirety of Eygag is dis-
tributed as an exponential decay from the seafloor upwards
(Eq. 3). In reality, a sizeable fraction of Eyg,g may contrib-
ute to mixing in the stratified upper ocean, with a strong
dependence on N2 as in Eq. (4) (Kunze et al. 2006; Polzin
2009; Lefauve et al. 2015). Thus, our assumption that all of
E\gar €nhances the bottom-intensified mixing could lead
to an overestimate of effects of mixing near the bottom and
an underestimate of the effects of mixing in the stratified
upper ocean.

2.3 Experimental design

We conducted several experiments to examine the sensitivity
of the PMOC to several controlling factors (Table 1). In our
control experiment (CTRL), the decay scale of near-field
mixing from the bottom is set to 500 m, which is the same as
many previous studies (e.g., St. Laurent et al. 2002, ON13).
A global map of the geothermal heating at the sea-floor is
applied (Davies 2013). The experiments CONST, NoFAR,
1000M, NoGTHM are conducted to clarify the sensitivity
to the vertical profile of the far-field mixing, existence of
the far-field mixing, the decay scale of near-field mixing,
and presence/absence of geothermal heating, respectively.
For instance, in the experiment NoFAR, the experimental
procedure is the same as for the experiment CTRL except
that the internal-tidal energy that propagates away from the
generation sites disappears: Ep,y is set to zero everywhere,
and Exgag = Ec — V o F, where V « F > 0. Offline A'*C
experiments under the monthly mean circulation and mixing
fields with nudging to natural A'*C (Key et al. 2004) at the
sea surface are also conducted to evaluate the deep Pacific
Ocean circulation using the same method as in ON13. All
experiments are conducted with more than 6000 years of
spin-up to calculate steady states of the PMOC and A'4C,
and the last 100 years of the integral period are examined
in this study.

3 Results

3.1 Pacific meridional overturning circulation
(PMOC)

The PMOC is expressed as the zonally integrated stream
function within the Pacific sector (Fig. 2). The dense water
originated from the Southern Ocean is transported north-
ward in the lower deep layer (> ~3500 m depth) in all
experiments. Some of the deep water returns to the Southern
Ocean in the upper deep layer (~2000-3500 m depth) and
the remaining deep water upwells within the Pacific Ocean
and reaches the intermediate or shallow layer (<2000 m
depth).

Table 1 Experimental list in the

o Experiment Name Vertical profile of far-  Far-field mixing Decay scale of near-  Geo-
Pre.sent study. The bolded text field mixing field mixing thermal
indicates the difference from the heating
control experiment (CTRL) in
each experiment CTRL Prop. to N2 ON 500 m ON

CONST Const ON 500 m ON
NoFAR N/A OFF 500 m ON
1000M Prop. to N? ON 1000 m ON
NoGTHM Prop. to N2 ON 500 m OFF

@ Springer
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Fig.2 The zonally integrated stream function in the Pacific Ocean
in a CTRL, b CONST, ¢ NoFAR, d 1000M, and e NoGTHM. Posi-
tive for clockwise circulation. The thick and thin contour intervals
are 5 and 1 Sv, respectively. The number in the red box shown at the
left-bottom corner is the northward volume transport at the Samoan
Passage and its adjacent pathways (~10°S) in the lower deep layer

The northward volume transport at 10°S (hereinafter
referred to as T10S) in the lower deep layer (>3500 m
depth), which means the total northward transport through
the Samoan Passage and its adjacent pathways (e.g., the Pen-
rhyn Basin), is 7.64 Sv in the control experiment (CTRL)
(Fig. 2a). This value is smaller than the estimate from
mooring measurements (~9—10 Sv; Rudnick 1996; Voet
et al. 2016). The discrepancy is discussed in the following
sections.

The experiment CONST adopts the same method to
estimate the vertical distribution of the far-field mixing as
ON13, where the energy dissipation rate for the far-field
mixing is vertically uniform. The T10S is 9.09 Sv in the
experiment CONST (Fig. 2b). ON13 obtained 8 Sv as the
deep extremum of the PMOC stream function at the equa-
tor, which is almost the same as T10S (Fig. 2e in ON13).
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(deeper than 3500 m). It should be mentioned that the disconti-
nuities in the stream function and upwelling in the shallow layer
(above~ 1000 m depth) around the equator indicate the Indonesian
Throughflow and its associated circulation. This structure does not
directly influence the deep ocean circulation focused on in this study

Considering the lack of geothermal heating (which accounts
for about 1 Sv in T10S as described later) in ON13, this
experiment seems to reproduce that by ON13 well.

To relate T10S to the tide-induced vertical mixing, the
total vertical volume transport and the total dissipated
energy in the north of 10°S are shown in Fig. 3. The north-
ward transport in the lower deep layer and its upwelling to
the upper deep layer significantly increase (by 1.45 Sv), and
the intensified upwelling extends to~ 1000 m depth in the
experiment CONST (Figs. 2b, 3a, c). The enhanced (weak-
ened) upwelling in the deep (shallow) layer corresponds to
the increase (decrease) of the energy dissipation rate for the
far-field mixing (Fig. 3).

Absence of far-field mixing (the experiment NoFAR)
does not significantly decrease the northward transport of
deep water, because the dissipation rate for far-field mixing

@ Springer
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Fig.3 Horizontally integrated a volume transport (unit is Sv) and
b tidal energy dissipation rate (unit is GW m~'=10° W m™) in the
north of 10°S in the Pacific Ocean. ¢, d are the same as a and b but
the difference from the control experiment (CTRL) in each experi-
ment, respectively. Note that the horizontal scale in a and d is differ-
ent between the upper and lower panels. Note that the dissipation rate
for NoGTHM is almost invisible in b, because the line overlaps that
for CTRL

in the lower deep layer is quite small in the experiment
CTRL (Figs. 2c and 3). On the other hand, the upwelling
from the upper deep layer to the shallow layers becomes
weak without the far-field mixing in the Pacific Ocean
(Fig. 3a, c¢). Since the magnitude of far-field mixing in the
experiment CTRL is large, where the stratification is strong,
its influence is limited to the upper layer (Fig. 3). The weak
sensitivity of the northward transport of deep water to far-
field mixing, whose vertical profile depends on the stratifi-
cation, is consistent with previous studies (sensitivity in a
coupled model with an isopycnal ocean model, Melet et al.
2016; calculation based on the climatological stratification,
de Lavergne et al. 2016).
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Note that ON13 estimated that the vertically constant far-
field mixing increases the northward transport of deep water
in the Pacific Ocean by 4 Sv (case TideNF—case TideN in
their paper). On the other hand, an increase of only 1.5 Sv
is estimated in our model (CONST—NoFAR). The possible
underestimate of far-field mixing by our parameterization
could lead to the small influence of far-field mixing on the
deep water transport.

When the decay scale height of near-field mixing is raised
to 1000 m (the experiment 1000M), the total northward
transport of deep water in the lower deep layer (> 3500 m)
and its upwelling to the upper deep layer slightly decrease
(by 0.35 Sv; Fig. 3a, d). It corresponds to the decrease of
the dissipation rate for near-field mixing in the lower deep
layer (Fig. 3b, d). It is noted that despite this slight differ-
ence in the upwelling of deep water, the T10S is almost the
same as that in the experiment CTRL. This slight differ-
ence is related to the weak abyssal currents in the east of
the Penrhyn Basin. The small sensitivity of the northward
transport of deep water on the vertical decay scale is consist-
ent with the estimate of water mass transformation based
on the hydrographic climatology (de Lavergne et al. 2016).
Conversely, upwelling increases in the upper layers corre-
sponding to the enhanced mixing (Fig. 3).

Removal of the geothermal heat leads to a reduction of
T10S by 1.23 Sv (Fig. 2a, e). Thus, upwelling is strongly
intensified by geothermal heating in the lower and upper
deep layers in the Pacific Ocean. The quantitative impact
of geothermal heating is consistent with previous modeling
studies (Hofmann and Morales Maqueda 2009; Emile-Geay
and Madec 2009).

Note that vertical profiles of the employed tidal dissipa-
tion rate in CTRL exhibit an increase from the deep layer to
the thermocline over the Izu-Ogasawara Ridge, Hawaiian
Ridge, and Fieberling Guyot, whereas all profiles exhibit a
decrease in CONST and NoFAR (figure not shown). This
increase of tidal dissipation rate in CTRL is consistent with
available microstructure measurements in the North Pacific
Ocean compiled by de Lavergne et al. (2020). Note that
some model profiles show excessive bottom intensification
compared to observation. This discrepancy may be due to
the aforementioned potential overestimation of the near-
bottom dissipation.

3.2 Validation using A'C

To evaluate the validity of the constructed map of tidal
mixing and the obtained strength of the deep Pacific Ocean
circulation, we employed A'*C which is an indicator of
how long it has taken, since seawater is isolated from
contact with the atmosphere. We use a gridded dataset
of observed climatology of A'C (GLODAPvV2 dataset;
de Lavergne et al. 2017) for a comparison purpose. This
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dataset is not bomb-corrected but constructed by isopycnal
averaging and includes many more measurements than that
of the previous GLODAP dataset (Key et al. 2004), leading
to more reliable maps (de Lavergne et al. 2017). It should
be mentioned that the ventilation timescale is sufficiently
long that the influence of bomb A'*C should be very small
in the deep (> 1500 m depth) Pacific Ocean north of 30°S.
The A'%C along the central Pacific meridional section
(170°W), which includes the Samoan Passage, is shown in
Fig. 4. As the selected meridional section is mostly along

Fig.4 The meridional section of A'C along 170°W in a CTRL, b
CONST, ¢ NoFAR, d 1000M, and e NoGTHM. f The same section
of the climatological data constructed through the Global Ocean Data

one of the survey lines, the estimated error of gridded data
is relatively small (Key et al. 2004). In all experiments,
relatively young water from the Southern Ocean gets older
as it moves northward in the lower deep layer (Fig. 4). The
seawater in the upper deep layer (2000-3500 m depth) is
the oldest in the World Ocean. The extremal value of A'*C

in the upper deep layer is controlled by the northward and
upward transports in the lower deep layer and vertical mix-
ing with the younger water in the upper layer.

Analysis Project Version 2 (GLODAP v2; de Lavergne et al. 2017).
The unit is %o. Contour intervals are 20 and 10 %o for more and less
than — 160 %o, respectively
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In the experiment NoGTHM, since the T10S is smaller,
the water in the upper deep layer is older than that in CTRL
(Figs. 2a, e, 4a, e). Despite no large difference in the T10S
between NoFAR and CTRL (Fig. 2a, c), the difference in
AC is comparable to the other cases (e.g., NoGTHM;
Fig. 4). Similarly, the difference in A'*C between 1000M
and CTRL is not associated with the difference in T10S
(Figs. 2a, d, 4). Because the northward transport of deep
water is hardly influenced by the existence of far-field mix-
ing and the change in the decay scale height of near-field
mixing, the water age in the upper deep layer is controlled by
the mixing with the shallower water (Fig. 2c, d). In NoFAR
(1000M), since the tidal energy dissipation rate is smaller
(larger) in the shallow, intermediate, and upper deep layers,
the water in the upper deep layer is older (younger) than that
in the experiment CTRL (Figs. 3d, 4c, d). In the experiment
CONST, since both the T10S and vertical mixing within the
shallow and upper deep layers are larger than those in CTRL
(Figs. 2a, b, 3d), the water in the upper deep layer is younger
than that in CTRL (Fig. 4a, b).

The horizontal distribution of A'*C at the 2500 m depth,
where the oldest water exists in the North Pacific Ocean,
shows that the location of the oldest water is consistent with
the observation in all experiments (Fig. 5). The minimum
A'C (age of the oldest water) is better reproduced in the
experiments CTRL and NoFAR (Fig. 5a, c, f). The AC in
the western Pacific Ocean, where the youngest water exists
in the North Pacific Ocean, is simulated better in CTRL
and 1000M (Fig. 5a, d, ). On the other hand, the seawater
becomes too old in the upper deep layer without the geother-
mal heating or far-field mixing (Fig. 5c, e, f). Compared with
the youngest and oldest waters exhibited in the observational
climatology, we can judge that A'*C in both the western and
northeastern Pacific Ocean is best reproduced in the experi-
ment CTRL (Fig. 5a, f).

4 Summary and discussion

In this study, we introduce improved methods for param-
eterizing tidal mixing to investigate the control mechanisms
of deep Pacific Ocean circulation. The column-integrated
dissipation rates in near- and far-fields are calculated from
the rates of energy conversion from barotropic to baroclinic
tides and from baroclinic tide to turbulence, respectively,
estimated by a high resolution tide model. The dependency
of the far-field mixing on stratification is also considered
based on long-standing theoretical and observational knowl-
edge. The far-field mixing does not have a significant effect
on the deep Pacific Ocean circulation compared to a previ-
ous study (ON13) that did not consider its dependency on
stratification. The deep Pacific Ocean circulation is not sen-
sitive to the decay scale height of the near-field mixing. But
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it is found that the reproducibility of the radiocarbon, espe-
cially its extremal value in the upper deep layer, is affected
by these factors through the mixing with the shallower lay-
ers. It should be noted that there is considerable uncertainty
in the distribution of the near- and far-field dissipation rates,
because of the limitations of the high resolution model simu-
lation and the simplifying assumptions in the chosen vertical
structures of dissipation.

The northward volume transport in the deep Pacific
Ocean is underestimated in our model compared with the
mooring observations except for in the experiment CONST
(Fig. 2). However, vertically uniform rates of dissipation
for the far-field mixing assumed in the experiment CONST
are inconsistent with many previous studies which suggest
its dependency on stratification (e.g., Gargett and Holloway
1984; Gregg and Sanford 1988; Kunze 2017; Goto et al.
2020 submitted). On the other hand, the minimum of A'#C
in the upper deep Pacific Ocean is reproduced well in the
experiment CTRL (and also the experiments 1000M and
NoFAR; Fig. 5), which suggests that the northward volume
transport in the deep Pacific Ocean may also be reproduced
well in the experiment CTRL. But the values of simulated
A'C for the water entering the deep Pacific Ocean from
the Southern Ocean are slightly high compared with the
observation (Fig. 4). This may indicate that the simulated
residence time of deep water in the Pacific Ocean is too long
and thus the vertical mixing with upper water is too weak or
the simulated northward volume transport in the deep Pacific
Ocean is too small. Note that a diagnostic model on global
thermohaline circulation suggested that mesoscale eddy dif-
fusion influences the distribution of A'*C in the deep Pacific
Ocean (Holzer and Primeau 2006). Thus, the uncertainty
of eddy parameterization (isopycnal diffusivity) could also
cause the bias of A'*C in our model. It is not conclusive at
this stage whether the deep Pacific Ocean volume transport
is reasonably simulated or underestimated in the experiment
CTRL (or in the other experiments).

There still is a possibility that the observed volume trans-
port based on mooring is an overestimate as a long-term
mean. The duration of each mooring is 1.5 years, and its
time series exhibits a variability of +2 Sv on seasonal to
interannual timescales. Although the difference between the
estimates based on the two mooring observations conducted
in 1992-1994 and 2012-2013 is small (0.5 Sv), this does not
exclude a possibility of the existence of large variability in
the volume transport on interannual and longer timescales.
An analysis of climate models shows 2-3 Sv for the inter-
annual standard deviation of the PMOC transport (Tandon
et al. 2020), which supports the existence of large variability
in the volume transport in the deep Pacific Ocean.

If we accept the estimates based on mooring as the
long-term mean transport, there should be some sources of
buoyancy which are left untreated in our model. One of the
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Fig.5 Same as Fig. 4, but the horizontal distribution of A'%C at 2500 m depth. The contour interval is 5 %o

candidates is the dissipation of far-propagating internal tides
at continental slopes (Kelly et al. 2013; Eden and Olbers
2014). We conducted an additional experiment to investigate
its impact. Since the high-resolution tide model, on which
our estimates of Eypag and Ep,g is based, contains such
far-propagating internal tides, some of its effects are already
incorporated in the CTRL experiment through Ep,y at the
model grid points adjacent to lateral boundaries (continental
slopes). However, the true vertical profile of continental-
slope dissipation does not have a dependency with the strati-
fication as in Eq. (4) but is rather bottom-intensified (e.g.,

Moum et al. 2002; Nash et al. 2004). Thus, in this additional
experiment, to increase the impact of this mixing further by
enhancement of deep-ocean mixing rather than upper-ocean
mixing, Ep, g at continental slopes is uniformly distributed
in the vertical (Fpg(z) = 1/z;,, where z, is the depth of bot-
tom). Here, the continental slopes are defined as the grid
points, where z, > 250 m and within 200 km from the con-
tinental shelves, which are defined as the grid points, where
Z, <250 m. The result shows that the deep Pacific Ocean
circulation is little influenced by vertically homogenized
mixing at continental slopes (figure not shown). It should
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be noted that the far-field dissipation rates on the continental
slopes may be underestimated when the ad hoc damping of
baroclinic fluctuations is too large in the tide model. The
underestimation is especially pronounced if the arrival of
internal waves of the second and subsequent low modes is
significant on the continental slopes. The dissipation rate is
also underestimated, where small (sub-grid) scale topogra-
phy causes efficient dissipation on the continental slopes.

We did not take account of the mixing due to wind-
induced internal waves as the distribution of its energy cal-
culated by a full three-dimensional primitive equation model
suggests its insignificance in the deep ocean (Furuichi et al.
2008). However, a recent analysis of Argo profiling floats
found that winds enhance mixing at least to the depth of
2000 m in regions of strong eddy activity such as around the
Kuroshio and its Extension (Whalen et al. 2018). To prop-
erly incorporate its effect into models, we need a resolution
significantly higher than that employed in this study.

Model resolution might affect the deep Pacific Ocean
circulation from another point of view. North Pacific Inter-
mediate Water (NPIW) and the associated circulation in the
Pacific Ocean intermediate layer are not sufficiently repre-
sented in models unless a significantly high resolution is
employed (Ishikawa and Ishizaki 2009). This circulation
pushes down buoyancy and high AC from the surface layer
to the intermediate layer. Therefore, its proper representa-
tion in models may lead to higher buoyancy gain of the deep
water, and thus stronger deep circulation, and higher deep-
water A'*C in the Pacific Ocean.
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