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Oceanic Pathways of an Active Pacific Meridional
Overturning Circulation (PMOC)

M. D. Thomas? @, A. V. Fedorov'* 2, N. J. Burls* ©, and W. Liu®

"Department of Earth and Planetary Sciences, Yale University, New Haven, CT, USA, *Now at University Corporation
for Atmospheric Research, Boulder, CO, USA, *LOCEAN-IPSL, Sorbonne University, Paris, France, “Department of
Atmospheric, Oceanic, & Earth Sciences, George Mason University, Fairfax, VA, USA, *Department of Earth and
Planetary Sciences, University of California, Riverside, CA, USA

Abstract In contrast to the modern-day climate, North Pacific deep water formation and a Pacific
meridional overturning circulation (PMOC) may have been active during past climate conditions,

in particular during the Pliocene epoch (some 3-5 million years ago). Here, we use a climate model
simulation with a robust PMOC cell to investigate the pathways of the North Pacific deep water from
subduction to upwelling, as revealed by Lagrangian particle trajectories. We find that similar to the
present-day Atlantic Meridional Overturning Circulation (AMOC), most subducted North Pacific deep
water upwells in the Southern Ocean. However, roughly 15% upwells in the tropical Indo-Pacific Oceans
instead—a key feature distinguishing the PMOC from the AMOC. The connection to the Indian Ocean
is relatively fast, at about 250 years. The connection to the tropical Pacific is slower (~800 years) as water
first travels to the subtropical South Pacific then gradually upwells through the thermocline.

Plain Language Summary Deep water formation may have occurred in the North Pacific
Ocean during the Pliocene, enabling a Pacific Meridional Overturning Circulation (PMOC) that is absent
in today's ocean. Here we trace water particles in a Pliocene-like climate model, in which a PMOC has
developed, to determine the subsurface pathways and destinations of the PMOC water after sinking
from its surface source regions. As with the present-day Atlantic overturning, most water upwells in the
Southern Ocean. However, roughly 15% of the PMOC water returns to the surface in the tropical Pacific
and Indian oceans. Such pathways are weak in the Atlantic overturning system and represent a unique
feature of the PMOC and its contribution to the ocean environment of the Pliocene and possibly other
past climate states.

1. Introduction

An essential element of modern ocean circulation and climate is the Atlantic Meridional Overturning Cir-
culation (AMOC), which through deep water formation in the subpolar North Atlantic, gives rise to the
northward transport of heat, freshwater, and nutrients through the basin. While a comparable circulation
is currently absent in the Pacific, the possibility of deep water formation in the North Pacific and an active
meridional overturning circulation there has attracted growing attention recently, both in the paleo context
(e.g., Burls et al., 2017; Liu & Hu, 2015) and in theoretical studies of ocean circulation (Ferreira et al., 2018;
Jones & Cessi, 2016). The lack of Pacific deep water formation and meridional overturning in the modern
climate has been primarily attributed to the presence of relatively fresh surface water in the subarctic Pacif-
ic (e.g., Warren, 1983) which inhibits deep mixing and downwelling. These fresh conditions are explained
by the local excess of precipitation over evaporation in the northern Pacific due to net moisture transport
from the Atlantic to the Pacific (Stocker & Wright, 1991) and/or moisture transport associated with the
Asian monsoon (Emile-Geay et al., 2003). Some studies argue that the lack of deep water formation in the
Pacific is a consequence of the occurrence of MOC in the Atlantic (Saenko et al., 2004), while others sug-
gest that the smaller width of the Atlantic predisposes it to high salinity and deep water formation (Ferreira
et al., 2010; Jones & Cessi, 2017); idealized coupled simulations with no orography tend to develop a PMOC
(Schmittner et al., 2011).

The possibility of an active PMOC during the warm Pliocene epoch, having CO, atmospheric concentra-
tions comparable to today's elevated levels, has drawn particular attention since the Pliocene may provide
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an analog for future global warming. Available evidence for a Pliocene PMOC, including North Pacific
records of calcium carbonate (CaCOs) accumulation, biological productivity, 8" Crentnic and redox-sensitive
trace metals as well as modeling results, has been summarized in Burls et al. (2017).

How was this active PMOC maintained during the Pliocene? Pliocene reconstructions of deep ocean tem-
peratures within the Pacific reflect 0°-3°C of warming (Lear et al., 2000; Woodard et al., 2014), while SST
reconstructions from the North Pacific indicate between approximately 3°-6°C of warming (LaRiviere
et al., 2012; Pagani et al., 2010). Therefore, as in the Atlantic, the Pliocene ocean temperature changes alone
would have acted to stratify the North Pacific inhibiting deep water formation. However, climate modeling
results suggest that the mean warmth and reduced meridional SST gradients of the Pliocene can support
large-scale changes in the hydrological cycle (Burls & Fedorov, 2014, 2017; Burls et al., 2017), weakening the
stratification in the North Pacific. In particular, the reduced tropical to subtropical SST gradient maintains
a weaker atmospheric Hadley circulation and subtropical high-pressure systems, reducing moisture trans-
port from the subtropics to the tropics and midlatitudes. Results from fully coupled simulations with the
Community Earth System Model (CESM) indicate that these changes in the hydrological cycle can indeed
weaken the salinity-controlled density stratification in the North Pacific to the point that deep water forma-
tion occurs, resulting in a PMOC and North Pacific deep water formation (Burls et al., 2017).

How the presence of an active PMOC contributes to the tracer distribution and biogeochemistry of the
Pliocene depends on the inter-connectivity of the PMOC water with the rest of the global ocean. Using a
present-day simulation with an active AMOC and a Pliocene-era simulation with both an active PMOC and
an AMOOC, in this study we build on the results of Burls et al. (2017) by isolating the surface origins and final
destinations of the PMOC water, determining the pathways and transit timescales between them and identi-
fying how these characteristics differ from that of the AMOC. A particular focus is on the North Pacific deep
water that eventually upwells into the tropical Pacific, which is indicated by the model Indo-Pacific stream-
function to be a feature that is clearly distinct from the AMOC (Figures 1, S1 and S2, and Burls et al., 2017).

Due to difficulties in determining the pathways, endpoints and relative transports of the various differ-
ent water masses using streamfunctions derived from a zonally averaged transport field (Haertel & Fedor-
ov, 2012), here we use a Lagrangian ocean analysis to precisely target the waters that are ventilated into the
permanent thermocline through mixed layer subduction in the northern North Pacific and subsequently
trace their advective pathways through the rest of the global oceans. This provides a direct determination of
the locations, pathways, and timescales of inter-connectivity of an active PMOC (see Methods). Our analy-
sis goes beyond the Pliocene climate as it provides a general qualitative description of ocean water pathways
in the presence of the Pacific deep water formation.

2. Methods
2.1. Numerical Model

We have applied our Lagrangian analysis (see description below) to the output from the CESM version 1.0.4.
It is a fully coupled climate model (Danabasoglu et al., 2012) that has been further modified to simulate a
Pliocene-like climate (Burls & Fedorov, 2014; Burls et al., 2017). The model base configuration employs an
ocean and sea-ice horizontal resolution that increases from 1° near the equator to 3° near the poles, with a
displaced-pole centered over Greenland to avoid polar singularity, and a vertical resolution of 50 layers that
increase in thickness with depth (the gx3v7 grid). The atmospheric and land component horizontal reso-
lutions are spectral, with a truncation cutoff at 31 levels (the T31 configuration) and 26 vertical levels. The
ocean model has coefficients for horizontal and vertical tracer eddy diffusivity of x, = 4 x 10* m* s™* and
%, = 1.6 X 107 m* s, respectively. It also employs the Gent and McWilliams (Gent & McWilliams, 1990)
parametrization for isopycnal eddy tracer mixing and the corresponding eddy-induced velocity (EIV) using
a coefficient of xgy = 4 x 10> m* s, and K-profile parametrization for diapycnal mixing (Large et al., 1994;
see Figure S13 in Burls et al., 2017 for mixing rates). A control simulation using preindustrial levels of at-
mospheric CO, has been spun up for 3,000 years.

The model Pliocene-like conditions, which were characterized in the ocean by the reduced meridional tem-
perature gradients between the equator and the extra-tropics, were simulated by modifying the cloud re-
flectivity of the model atmosphere (Burls et al., 2017). This has been achieved by modifying the atmosphere
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Figure 1. Meridional overturning streamfunction for the Indo-Pacific oceans in (a) the Control and (b) Pliocene
experiments. The streamfunction is calculated in density coordinates and re-mapped back onto the depth coordinates
using the mean depth of the time-dependent density fields. Units are Sv (10° m*s™"), and contour intervals are 2 Sv.

liquid water path everywhere poleward of 15° latitude, and the ice and water paths everywhere equator-
ward of 15° latitude in the shortwave radiation scheme such that the tropical albedo was increased by
0.06 and the extratropical albedo was reduced by 0.04. This produces a simulation of the Pliocene that is
more realistic (relative to proxy-observational data) than the modeling efforts that have employed increased
atmospheric CO, concentrations, which have typically required unrealistically high concentrations (and
correspondingly high global temperatures; Fedorov et al., 2015). The water path modifications were applied
to a simulation with the same boundary conditions and initialized from the same initial conditions as the
preindustrial control simulation and subsequently run for 4,000 years over which the model PMOC devel-
oped. An approximate steady state was reached after 1,500 years (see Burls et al., 2017, Figure S4, for time
series of the overturning spin-up phase). The Pliocene experiment is longer to ensure that it has reached
equilibrium (as the PMOC is activated only by the end of the first 1,000 years of the run).

Time-averaged streamfunctions of the Pliocene PMOC (Figure 1) and AMOC (Figure S1) have maxima at
11.7 and 7.9 Sy, respectively, when calculated in density coordinates, as compared to the AMOC control
maximum of 15.4 Sv. These numbers are for the last 100 years of each experiment. We note that in depth
space the subtropical overturning values (~17 Sv for the Pliocene PMOC as reported in Burls et al., 2017,
and shown in Figure S2) are larger than the density space ones used here due to the presence of a depth-
space subtropical overturning cell that arises from the western upwelling and eastern downwelling (e.g.,
Spall, 1992), and which is often weaker in density space in models (see e.g., the stronger depth-space sub-
tropical AMOC strength in figures in the work of Johnson et al., 2019; Ortega et al., 2017). A full description
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of the model setup can be found in the work of Burls and Fedorov (2014) and Burls et al. (2017) along with
details of the simulation's agreement with paleo-proxy observational data.

2.2. Lagrangian Analysis

The Lagrangian ocean analyses have been performed for this study using the Ariane software package
(Blanke & Raynaud, 1997, http://www.univ-brest.fr/lpo/ariane). Ariane calculates an analytical solution
of model particle trajectories according to the output velocity fields of an ocean model. Particles can be
seeded at any location or time in the model (including at higher resolution than the model grid), and their
trajectories can be calculated forward or backward in time so as to determine the water-mass destinations or
origins, respectively. Particle trajectory information of position, properties and volume transport (Blanke &
Raynaud, 1997) can be provided at every timestep or, to reduce disk storage requirements, just the end-point
locations can be saved. By using the velocity calculations from the model momentum equations and from
the model EIVs, the particle trajectories represent the advective pathways of water parcels in isolation of the
effects of parametrized tracer diffusion (We note that the model also includes a submesoscale velocity para-
metrization in the mixed layer, which is not relevant in this study in which particles are constrained below
the mixed layer). We apply the Ariane package to 100 years of both the Control and Pliocene simulations
during which the overturning circulations were stable, years 3,000-3,100 and years 4,000-4,100, respective-
ly (the final 100 years of the simulations). This time period allows for long Lagrangian experiments while
also avoiding any significant centennial-scale changes or property trends (as well as storage limitations).
Since the global overturning circulation requires many thousands of years for ventilated water to return
to the ocean surface, the long timescales have been resolved by looping particle trajectories over the model
100 years of data (van Sebille et al., 2018). To determine the sensitivity to looping over a discontinuity, a
repeat experiment was run with two additional temporal discontinuities introduced by reordering years
67-100 before 34-66. These additional discontinuities led only to small-scale regional differences with the
results shown in Figure 2 and affected none of the large-scale patterns or values.

The experimental setup is designed to first identify the mixed layer source regions of deep water and sub-
sequently, determine the mixed layer destinations of the water ventilated from those sources. Particles are
seeded in every grid cell of each ocean basin along 25°N and at every timestep of the 100-year period.
Particles are integrated first backward in time, toward the mixed layer source regions at high northern lati-
tudes, and then stopped upon reaching the model mixed layer (defined according to a density difference of
0.01 kg m > between the ocean surface and the base of the mixed layer; Thomas & Fedorov, 2017). Figure S3
shows the average particle transport of mixed layer subduction for all backward trajectories that subducted
from the mixed layer of the North Pacific domain, calculated in Sv (10° m® s™"). All particles originating
close to the northern basin margin (north of ~40°N) are then identified (Figure 2a) and run forward in
time from their 25°N starting positions. They are run in a global domain and stopped when they once again
return to the mixed layer (Figure 2b). These computations were applied separately for particles in the Pacific
and Atlantic (Figure S4) oceans of the Pliocene run and to particles in the Atlantic Ocean of the Control
run (Figure S5). A starting latitude of 25°N was chosen as one that is close to the deep water source regions
while still capturing the separation of subpolar and subtropical subduction; however, the Lagrangian iden-
tification of the source regions is not sensitive to this choice. Positional information of the (~1 million)
particles in each experiment is only saved at the end-point positions, at the particle mixed layer origins and
destinations. Along-path trajectories are then saved to highlight the particle pathways for various subsets of
the particle destinations in each experiment, selecting sets of 12,000 particles in each case.

In the forward experiments, some particles inevitably remain in the ocean subsurface even after thousands
of years of integration time. These are considered lost to the calculation. However, over 90% of the particles
have been accounted for in all the experiments, and we assume that the uncounted particles are unlikely
to represent any single pathway through the deep ocean when considered on such a long timescale. All
particle percentages reported below are therefore made relative to the particle transport that was captured
in our experiments.

Ariane is a powerful tool with a specific capability to track millions of particles while avoiding computing
and file storage issues by saving only the particle end-point positions. It was, however, originally designed
to work with ocean models configured on an Arakawa C-grid (Arakawa & Lamb, 1977), yet the CESM ocean
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Figure 2. Mean particle transport (in Sv) at the mixed layer (a) origins and (b) destinations of the PMOC water within
the model Pliocene run, determined according to forward-trajectories and back-trajectories of model Lagrangian
particles (see methods for the experimental design). Particle transports have been binned onto a 2° x 2° grid and
averaged. (c) Mean travel time for all particles ending within each grid cell (in years).
component is configured on an Arakawa B-grid. The B-grid velocities are therefore first linearly interpolat-
ed onto a C-grid configuration in a manner that preserves mass continuity. To overcome technical problems
encountered because of large EIV values located mostly at the ocean boundaries of the model that cause
the program to crash, possibly due to nondifferentiable trajectory solutions or an unrealistic propagation of
particles, the EIVs were set to zero at the ocean boundaries as well as in those places where EIVs exceed the
99th percentile of all EIV velocities. The removal method preserves mass continuity. Test experiments using
a Pacific-only domain (where the boundary EIV problem is much reduced) demonstrate that the particle
THOMAS ET AL. 5o0f 11
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trajectories are weakly sensitive to this EIV removal and that our conclusions are unaffected by it. To the
authors' knowledge, this manuscript documents the first successful use of Ariane for tracing particles in the
output of a B-grid model.

3. Results

The Lagrangian particles pinpoint the North Pacific mixed layer regions of the Pliocene simulation that
source water to the lower limb of the PMOC (Figure 2a). These regions are located close to the northern
margin of the Pacific basin, primarily in three hotspots of similar strength in the Bering Sea and off the coast
of Kamchatka where surface densities become high enough to mix with the deep ocean (Burls et al., 2017).
As with the AMOC (Figure S4a), subduction occurs close to the topographic boundary of the subpolar gyre
(e.g., Thomas et al., 2015) where dynamical constraints on subduction into the permanent thermocline are
satisfied (Spall & Pickart, 2001). The regions are distinct from, and further to the north of, those regions
that source water to the shallow subtropical cells (McCreary & Lu, 1994; Thomas & Fedorov, 2017). The net
particle transport of the PMOC water is 9.1 Sv, a value that represents the overturning that can be traced
throughout the basin back to the northernmost source regions, that is, the meridionally coherent compo-
nent of the PMOC in the absence of local overturning circulation cells. For the Atlantic particles, the net
transports are 11.3 and 6.2 Sv for the Control and Pliocene runs, respectively.

Upon tracing those particles through the lower limb of the overturning cell, the final obducted locations of
the particles demonstrate the global reach of the PMOC water (Figure 2b), with most water returning to the
mixed layer in the Southern Ocean (~57% of the isolated PMOC water) after traveling the full latitudinal ex-
tent of the Pacific primarily along the western boundary of the basin. While the PMOC water is returned to
the mixed layer at locations throughout the Southern Ocean, there are regional hotspots of obduction locat-
ed principally within the Ross Sea and within the Indian Ocean sector of the Southern Ocean. Qualitatively,
the findings are similar to those of the modern-day AMOC (D&6s & Coward, 1997; Haertel & Fedorov, 2012;
Toggweiler & Samuels, 1995) for which most North Atlantic Deep Water originating from the surface of the
high latitude North Atlantic is eventually upwelled back into the surface mixed layer of the Southern Ocean
through wind-induced surface Ekman divergence (Kuhlbrodt et al., 2007). A repeat experiment for Lagran-
gian particles seeded into the AMOC water of the Pliocene run (Figure S3) reveals that the North Atlantic
water upwells within similar obduction sites in the Southern Ocean but with a larger proportion of ~77% of
the water returning to the surface here (as explained below).

While the Control AMOC water also predominantly upwells within the Southern Ocean (some 71% of the
water), important differences to the Pliocene AMOC are that the Control AMOC water obducts into differ-
ent sites that are primarily located within the Atlantic and Indian Ocean sectors of the Southern Ocean and
also located further to the north of the Antarctic coastline (Figure S5). This meridional offset is due to a
southward shift of the Southern Ocean winds in the Pliocene run, and accordingly also of the Deacon Cell,
which upwells deep water from further south (Figures S6 and S7). With the addition of reduced sea ice in
the warmer Pliocene climate (Figure S8), relatively more water can accordingly obduct into regions such as
the Ross Sea where the ice shelf of the modern climate otherwise acts as more of a barrier to wind-driven
mixing and upwelling. The lower percentage of the Control AMOC water entering the Southern Ocean,
relative to the Pliocene, is mostly offset by a larger percentage of water recirculating and upwelling in the
subpolar North Atlantic, 23% versus 17%, respectively.

Pathways and timescales of transit toward the Southern Ocean are qualitatively similar for both the PMOC
(Figure 3) and the AMOC (for both the Pliocene and Control simulations; Figure S6 and Figure S7, respec-
tively), with water particles transported southward along western boundaries throughout the full meridion-
al extent of each basin. Upon reaching the Southern Ocean, the water is then zonally transported around
the Antarctic Circumpolar Current (ACC) before (after multiple laps; van Sebille et al., 2013) reaching their
eventual respective mixed layer obduction regions. Particles are efficiently entrained into the ACC, possibly
due to high model mixing rates in this region. The mean travel times for PMOC water to reach its major sites
of mixed layer obduction back into the surface of the Southern Ocean vary from about 750 years for regions
between 10° and 80°E, and about 1,000-1,500 years for regions located everywhere else (Figure 2). This is
longer than the time for the AMOC water to reach those same destinations in the Pliocene (Figure S4). The
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Figure 3. For all Pliocene PMOC water sinking in the subarctic North Pacific and upwelling in sites south of 50°S in the Southern Ocean: (a) Histogram of the
travel times, (b) mean particle transports at the final upwelling destinations (in Sv, calculated as described in Figure 2), (c) the longitude-latitude pathways, and
(d) the latitude-depth pathways. Pathways in (c) ans (d) use the along-track information (see Section 2.2) and are calculated as the percentage number of all
unique particles that cross each grid cell of the 2° X 2° horizontal plane (at any depth) or the 2° X 100 m vertical cross section (at any longitude), at least once,
for this subset of particles (which in effect shows the density of parcel trajectories). PMOC, Pacific meridional overturning circulation.

reasons for the faster AMOC travel times are not fully clear, although it could be related to the more south-
ward extent of the Atlantic western boundary providing a direct route to the ACC (Figures S6 and S7). We
note that when interpreting the maps of average age, the averages are strongly skewed by the long-tailed age
distributions (Figures 3a and S6a-S7a).

One of the major differences between the Pliocene PMOC and the (Pliocene and Control) AMOC is a rela-
tively high percentage of ~15% of PMOC water that upwells in the tropical band of the Pacific and Indian
oceans (Figures 2, S4 and S5; Burls et al., 2017; Kuhlbrodt et al., 2007) along with ~2% in the tropical At-
lantic. These upwelling regions correspond closely to regions of wind driven upwelling (Xie & Hsieh, 1995).
This can be compared to the Control AMOC water for which ~1.9% upwells in the Indo-Pacific and ~3.4%
in the tropical Atlantic and the Pliocene AMOC, with ~2.4% and ~1.3%, respectively. The Atlantic tropical
upwelling is dominated by a region close to the Benguela upwelling zone (about 1.4% of the total Control
AMOC water) which is on the fringe of the tropical Atlantic. The PMOC tropical connectivity is consistent
with the relatively large tropical upwelling that occurs in the Pacific, combined with reduced stratifica-
tion of the upper 100-300 m of the tropical band of the Pliocene simulation relative to the Control (Burls
et al., 2017). Such a tropical advective connection to a high latitude water source raises the possibility, for
example, of modified nutrient pool concentrations, CO, outgassing, or cold tongue temperatures in the trop-
ical Pliocene ocean, but this will depend strongly on the timescales and exact pathways of such a connection
(e.g., Thomas & Fedorov, 2017).
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While average travel times for the PMOC water to obduct into the tropical band are longer than 1,000 years
in many areas, travel timescales toward those geographical regions with the highest obduction rates are typ-
ically less than 1,000 years (Figures 2b and 2c). The distribution of travel times of those particles that obduct
into the tropics reveals two distinct peaks centered at approximately 250 and 800 years (Figure 4a). Isolating
the destinations and pathways of all the particles with tropical travel times falling within a 300-year window
centered on each of these two peaks (Gray boxes in Figure 4a) reveals that they are associated with water
obducting predominantly in the Indian and Pacific oceans, respectively (Figures 4b and 4e; see Figure S9
for age histograms of all particles upwelling in the Indian and Pacific oceans). After first recirculating in
the North Pacific subpolar gyre, the particles then predominantly follow either a relatively fast and direct
pathway to the upwelling region in the western Indian Ocean via the Pacific western boundary current and
the Indonesian Throughflow (Figures 4c and 4d; possibly related to high advection and mixing rates in this
region) or a slow and indirect advective pathway to the eastern Pacific upwelling site via the western bound-
ary currents, the tropical wind driven cells, and the circulation of the South Pacific subpolar gyre wherein
the particles spend a long time before upwelling (Figures 4f and 4g).

It is noteworthy that the horizontal pathways of the PMOC water to its various global destinations do not
differ much until after leaving the Northern Hemisphere (Figures 3c, 4c, and 4f). It is instead the vertical
distribution of the particles that exerts greater control on the eventual route taken and the internal ocean
processes acting at those depths. Indeed, separately mapping the origins of the particles that terminate in

THOMAS ET AL.

8of 11



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL091935

the Indian, Pacific, and Southern oceans (Figure S10) shows that they originate from similar regions of the
Pacific. The pathways do not appear to be strongly controlled by surface processes at the time of subduction.

4. Discussion and Conclusions

Using a fully coupled model simulation of the Pliocene ocean with an active PMOC, we have applied a
Lagrangian ocean analysis to explicitly isolate the PMOC water at its North Pacific surface source locations
and to subsequently determine its destinations, pathways, and timescales of inter-connectivity to the rest
of the global oceans. Similar to the modern-day AMOC, we find that more than half of the PMOC water is
upwelled in the Southern Ocean. However, one of our primary results is to verify a unique inter-connec-
tivity of the Pliocene PMOC water masses with the tropical ocean, a feature that is weak for the AMOC
water masses in our Pliocene and Control simulations (Figure S4) and in simulations of the present day
(Figure S5; D66s & Coward, 1997). Of the 9.1 Sv of water subducting into the permanent thermocline of the
northern North Pacific, approximately 15% obducts into the mixed layer of the tropical Indo-Pacific oceans.
Of the remaining water, about 21% recirculates and returns to the surface of the North Pacific subpolar
gyre, ~57% advects toward the surface of the Southern Ocean, and the remainder in the Atlantic (~2% in
the tropics and ~4.5% in subpolar latitudes). In comparison, of the 6.2 and 11.3 Sv of AMOC water in the
Pliocene and Control runs, respectively, approximately 77% and 71%, respectively, upwell in the Southern
Ocean. These are higher mainly due to their weak tropical connection.

Two distinct PMOC pathways to the tropical ocean exist, one primarily toward the Indian Ocean with a
peak transit timescale of ~250 years and another to the tropical South Pacific with a timescale of about
~800 years (Figure 2). Transit timescales to the Southern Ocean are multi-centennial to millennial (Fig-
ures 2 and 3; Figures S4-S7). These advective pathways represent an important and, in the case of tropical
PMOC inter-connectivity, unique feature of climates with an active PMOC and further research is required
to understand the climatic and biogeochemical implications of such a link.

We emphasize that the distribution of transit times required for the subducted water to reach the tropical
Indo-Pacific or the Southern Ocean is strongly skewed. While the maximum of the distribution may corre-
spond to several centuries, the long tail of the distribution extends to several millennia.

The long multi-centennial to millennial timescales of connectivity raise the question of the role of diapy-
cnal diffusion on the distribution of tracers on these timescales and how much the properties of water
parcels following Lagrangian trajectories would change over those timescales. If we assume an average
diapycnal diffusion coefficient of x, = 3 X 10~ m” s™*, consistent with typical zonal-mean values used in
the Pacific in the model, and the average depth of the PMOC low branch D = 2,000 m, respectively, a scale
analysis suggests a diffusion timescale T = D*/x, ~ 4,000 years, which suggests that the PMOC and the
water pathways connecting the North Pacific and the Southern Ocean below the mixed layer are approxi-
mately adiabatic, similar to the modern AMOC (e.g., Haertel & Fedorov, 2012). However, for water parcels
traveling at intermediate depths before upwelling (e.g., Figure 4) and moving along the ocean boundaries,
this diffusive timescale can easily become smaller by an order of magnitude and hence comparable to the
parcels’ transit time. For those parcels, diffusion can be important and can alter the tracers’ concentration
significantly before the parcels upwell into the mixed layer.

Some model dependence of the results is to be expected, particularly given the known sensitivity of parti-
cle trajectories to model resolution (Drake et al., 2018). Further, little is known about the possible PMOC
strengths under different forcing conditions. Pathways and relative strengths could therefore be subject to
many unknown variables; however, the model agreement to Pliocene observational proxies is impressive
and gives confidence in the order one accuracy of the representation (Burls et al., 2017). Moreover, these
results provide a blueprint of PMOC pathways regardless of the climate forcing used to achieve this state.

In this study, we present the first attempt to understand the water pathways and inter-connectivity in the
presence of North Pacific deep water formation and an active PMOC cell as relevant to past climates in gen-
eral. The different pathways of inter-connectivity found for the PMOC as compared to the modern AMOC,
raise important questions about the varying role of ocean circulation during those climates.
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In the originally published version of this article, two citations of a reference were incorrectly noted as D66s
& Webb, 1997 in the main text instead of D66s & Coward, 1997. These citations have been corrected, and the
present version may be considered the authoritative version of record.
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