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contribute to the development of the PMOC circulation via the Atlantic-
Pacific seesawmechanism (6). However, as described below, changes
in the surface buoyancy forcing, particularly changes in surface evap-
oration and precipitation fields as part of the hydrological cycle, act
directlywithin each basin to drive the concurrent changes in deep-water
formation.

The equilibrium AMOC change between the Pliocene-like and
preindustrial experiments (fig. S4) is related to the changes in the thermal
stratification within the subarctic North Atlantic. In particular, a 4° to
9°C warming of the upper ocean (with a maximum zonal mean SST
change of 6° to 7°C between 40° and 50°N) is accompanied by only a
2° to 3°C warming in bottom-water temperatures (Fig. 4). The simulated
surface warming is consistent with SST reconstructions, for instance,
from Site 607 (35) [for a comprehensive model-observation comparison,
see Fig. 3 and Table 2 of Burls and Fedorov’s work (34)]. Likewise, the
increase in deep-ocean temperature is in line with reconstructions
from Site 607 (36) and Site 926 (37), as shown in Fig. 4C. This enhanced
upper-ocean warming acts to increase the thermal stratification in the
mid- to high-latitude Northern Atlantic relative to the preindustrial
control simulation, weakening deep-water formation and the AMOC.

Similarly, in the northern Pacific, a 4° to 9°C warming of the upper
ocean (with a maximum zonal mean SST change of 7° to 8°C between
40°N and 50°N) is accompanied by only a 1° to 2°Cwarming in bottom-
water temperatures (Fig. 4). The simulatedmidlatitude surfacewarming
Burls et al., Sci. Adv. 2017;3 : e1700156 13 September 2017
is consistent with SST reconstructions from Site 1208 (38, 39) and Site
1021 (39). Specifically, for the SNP, it is worth noting that the pre-
industrial control simulation has a substantial cold SST bias relative
to the present-day SSTs. As a result, the surface and upper-ocean
warming at Site 882 within the Pliocene experiment is reduced relative
to the observed present-day (WOA09) ocean temperatures (fig. S6A).
As shown in Fig. 4D, the simulated deep-ocean warming in the Pacific
generally agrees with reconstructions from Site 806 (37) and (to a lesser
extent) Site 1208 (40), with the deepNorthPacificwarming less than the
deep North Atlantic.

If the enhanced surface warming in the SNP occurred in isolation, it
would act to increase ocean stratification at Site 882. However, it is
overcome by a substantial increase in surface salinity (1 to 2 practical
salinity units; Fig. 3C), which erodes the northern Pacific halocline (figs.
S5A and S6B). The net result is decreased SNP density stratification and
deep-water formation during the winter months when surface SSTs cool
(fig. S6), giving rise to deep-water formation in this region (Fig. 3E and
fig. S6C) and the development of a PMOC (Fig. 5) cell of nearly 17 Sv.

Increased North Pacific surface water salinity within our Pliocene-
like experiment is the result of changes in atmospheric hydrological
forcing driven by the reduced meridional SST gradients within this
coupled experiment (Fig. 3 and figs. S7 and S8A). In the zonal mean,
weakening of the Hadley circulation and of the subtropical high-
pressure systems due to the reduced meridional SST gradients results
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Fig. 5. PMOC and NPDW formation in Pliocene simulation. Indo-Pacific zonal-mean stream functions for (A) the preindustrial control and (B) the Pliocene-like
simulation. The adjusted oceanic state within our simulation with a Pliocene-like SST pattern supports meridional overturning in the Pacific basin. Zonal-mean Pacific
salinity for (C) the preindustrial control and (D) the Pliocene-like simulation shows NPDW (fresher than other deep waters) forming in the SNP and filling the North Pacific
between ~1000 and 3000 m. AAIW, Antarctic Intermediate Water; NPIW, North Pacific Intermediate Water; PDW, Pacific Deep Water; CDW, Circumpolar Deep Water.
7 of 12

http://advances.sciencemag.org/


SC I ENCE ADVANCES | R E S EARCH ART I C L E
in reduced moisture flux divergence in the subtropics and convergence
in the tropics andmidlatitudes. Thesemoisture flux changes reduce pre-
cipitation minus evaporation (P − E) in the tropics (10°S to 10°N) and
midlatitudes (30° to 55°N and S) and increase it in the subtropics (10° to
30°N and S) and high latitudes (55° to 90°N and S). Reduced subtropical
and high-latitude moisture divergence acts to increase precipitation
over the subtropical North Pacific while reducing precipitation over
the tropical and midlatitude North Pacific (fig. S7). Figure S8A illus-
trates the effect of these changes on atmospheric freshwater forcing over
the subtropical and subarctic ocean gyres.

To further diagnose the physical processes supporting higher
upper-ocean (0 to 200 m) salinities within the Pacific subpolar gyre,
a salinity budget (table S2 and fig. S8B), following the approach of
Warren (3) and Emile-Geay (5), has been assessed for not only the
Burls et al., Sci. Adv. 2017;3 : e1700156 13 September 2017
subpolar gyre (43.1°N to 65.8°N) but also the northern midlatitude
extent of the subtropical gyre (27.4°N to 43.1°N). These salt budgets
reveal that the changes in the atmospheric freshwater flux influence
the salinity of the subpolar gyre primarily through changes in the salin-
ity of midlatitude waters advected and upwelled into the subpolar gyre
(see fig. S8B and the Supplementary Text).

The corresponding increase in mid- to high-latitude upper-ocean
salinity is weaker in the Atlantic (Fig. 3C and fig. S5B)—the decrease
in midlatitude P − E in the Pliocene-like simulation is somewhat
weaker over the Atlantic and is counteracted by an oceanic freshwater
flux from the Arctic, which receives enhanced P − E due to increased
atmospheric moisture convergence in the high latitudes (fig. S7). The
fresher Arctic waters flow more freely into the North Atlantic than
the Pacific, counteracting the effects of decreasedmidlatitude P− E over
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Fig. 6. Simulated North Pacific ventilation changes versus observed Pliocene d13C differences from the Late Pleistocene interglacial values. Pliocene-control
changes in ventilation age along (A) 158°E (the longitude of ODP Sites 586 and 1208) and (B) the average between 111° and 123°W (the longitude range of ODP Sites
849, 1014, and 1018). Superimposed circles show Pliocene d13C differences from Late Pleistocene interglacial values for Sites 586, 849, 1014, and 1018 [see Table 2 of
Ravelo and Andreasen (47)] and for Site 2018 [(40); using the same approach as by Ravelo and Andreasen (47) for the 1208 record, with average Holocene values serving
as the Late Pleistocene estimate, and 3.1- to 3.37-Ma values as the Pliocene estimate, and with Site 849 used to correct for global ocean d13C changes]. Note that
whereas the PMOC results in varying degrees of enhanced North Pacific ventilation for all depths above ~3500 m, the presence of a deep western boundary current
(see fig. S15) leads to increased ventilation in the western Pacific, thus accounting for the higher Pliocene d13C observed at Site 586.
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the North Atlantic to a much greater extent than in the Pacific. The net
effect of these SST and salinity changes on the surface density field is
shown in fig. S9. Increased upper-ocean salinities in the subarctic Pacific
increase the meridional density gradient despite reduced meridional
temperature gradients. Because of the strongerArctic influence, compa-
rable upper-ocean salinity changes do not occur in the high-latitude
northern Atlantic, such that the AMOC weakens, but only by ~30%
(figs. S3 and S4). The resulting global ocean state, in contrast to the
modern ocean, has deep-water formation in both the North Atlantic
and the North Pacific.

Whereas these changes in the surface freshwater forcing of the
North Pacific are primarily responsible for the disappearance of the
halocline and the strengthened subpolar gyremeridional density gra-
dient within the Pliocene simulation, a secondary factor contributing to
the presence of NPDW formation within the Pliocene simulation is the
effect of the mean ocean warming. By virtue of the nonlinear equation of
state of seawater, mean ocean warming tends to increase the meridional
density gradient and promote deep-water formation (fig. S10) (10, 41).

Whereas we see some weakening of the AMOC concurrent with the
PMOC activation, the combined global overturning is elevated in our
Pliocene experiment. de Boer et al. (41) found a similar result, with
global deep ventilation increasing with dynamical warming across their
simulations. The net upward volume transport of Northern Hemisphere–
sourcedwaters in the SouthernOcean (driven bywinds) remains similar
between our Pliocene and the control experiments (~12 Sv), but upward
transport through the equatorial thermocline is enhanced within the
Indo-Pacific (Fig. 5). This enhanced transport across the thermocline
appears to be consistent with the modified diffusive scaling in the pres-
ence of wind-driven gyres discussed by Vallis [(42), p. 673] as in the Pa-
cific the effect of the gyre circulation is felt as deep as 800 m and deeper
(fig. S11). In the Pliocene experiment, vertical stratification in the upper
~200 to 300 m of the shallow subtropical cells is reduced in both basins
relative to the control (fig. S12), which is due to reducedmeridional gra-
dients in temperature (Fig. 4B) and hence density (fig. S9) within the sub-
tropical gyres. At the same time, in accordance with the two-thermocline
limit theory (43), the increased surface meridional density gradient due
to salinity changes in theNorthPacific subpolar gyre results in increased
static stability between ~300 and 1000 m (figs. S9 and S12).

With the exception of the upper 100m and the convecting subarctic
Pacific, vertical diffusivity is similar between the Pliocene and control
(figs. S13 and S14). The input of mechanical energy by winds and tides
required to upwell cold water from the deep ocean places a constraint
on the global overturning circulation (44). The energy used by
background and tidal vertical mixing is a diagnostic variable of the
ocean model component, and, assuming a mixing efficiency of 0.2
(45), the globally averaged power consumed by this vertical mixing is
estimated as 1.74 TW in the control and 1.68 TW in the Pliocene ex-
periment [the K-profile parameterization vertical mixing scheme was
used in the Parallel Ocean Program 2 (POP2) ocean component]. This
slight reduction in the energy used by mixing in the Pliocene experi-
ment is consistent with similar values of vertical diffusivities but some-
what weaker surface winds in this simulation.

Simulated changes in water ventilation age for an active PMOC
broadly agree with benthic foraminiferal carbon isotope (d13C) data
from available North Pacific sites (Fig. 6), suggesting enhanced Pliocene
ventilation above 3500 m (46, 47). Whereas Kwiek and Ravelo (46) and
Ravelo andAndreasen (47) proposed enhancedNorth Pacific intermediate
water formation during the Pliocene to explain their d13C results, our
simulation illustrates that NPDW formation and the associated PMOC
Burls et al., Sci. Adv. 2017;3 : e1700156 13 September 2017
are required to ventilate the North Pacific to the extent suggested by
these records.

It would appear that ODP Site 882 is ideally located to detect the
North Pacific winter deep-water formation because it sits within the
region of simulated winter mixed-layer deepening (Fig. 3E). Further-
more, within the Pliocene-like simulation, considerable internal varia-
bility is seen in the strength of the PMOC and depth of North Pacific
winter deep-water formation (figs. S3 and S16) that would have been
further amplified by orbitally driven fluctuations in Pliocenemeridional
SST gradients, consistent with the orbitally paced variability in CaCO3

accumulation at Site 882. Together, the CaCO3 and redox-sensitive
trace metal data fromODP Site 882, the simulated response to Pliocene
SST gradients, and the North Pacific d13C data present a strong argu-
ment for Pliocene SNP deep-water formation that penetrated into the
North Pacific between ~1000 and 3500 m (Fig. 5) and experienced an
orbital pacing in intensity and depth of convection.
DISCUSSION
It is generally expected that the SNP will develop stronger density strat-
ification under global warming due to both amore rapidwarming of the
upper relative to the deep ocean and an intensification of the hydrolog-
ical cycle that freshens high-latitude regions (48). However, insofar as
the warm Pliocene is an appropriate analog, our findings suggest that
this effect could be transient and that the long-term outcome of global
warming may be roughly the opposite: reduced density stratification of
the SNP and increased communication with the deep ocean. If so, the
role of deep-ocean circulation in Northern Hemisphere heat transport
(for example, figs. S17 and S18) and the global ocean’s ecosystems
would be thoroughly transformed.
MATERIALS AND METHODS
Paleoceanographic measurements
The carbonate (CaCO3) contents of ODP Site 882 were determined by
coulometric analyses using a Coulomat 702 at Kiel University (11). The
accuracywas better than 2%, as obtained by replicate and standardmea-
surements. TOC concentrations were determined by subtracting
CaCO3 from total carbon concentrations determined by combustion.
Sedimentary pigments were analyzed at the Biogeochemistry Centre
of Bristol University using a Philips UV/VIS spectrophotometer at wave-
lengths of 410 nm after extraction with 3:1 dichloromethane/methanol.
Absolute elemental concentrations were measured by inductively
coupled plasma mass spectrometry (ELAN 5000A) using solution neb-
ulization after mixed-acid digestion (HF-HCLO4) under pressure.
Precision and accuracy were better than 5%. The authigenic fraction
of U was estimated by normalization to Al; aU = Umes − (U/AlBCC ×
Al), with U/AlBCC = 1.08 × 10−5 (49). The calculations of aU are based
on the assumption that the composition of the Al phases of the terrige-
nous material remained constant in space and time and are well repre-
sented by the bulk continental crust (BCC) end member.

Pliocene simulation
Our numerical simulations were performed using the Community
Earth System Model (CESM) version 1.0.4, developed by the National
Center for Atmospheric Research.We used the T31 gx3v7 configuration
(50), designed for performing long paleoclimate simulations, wherein the
atmospheric and land surface components (Community Atmosphere
Model 4 and Community Land Model) have a spectral truncation of
9 of 12
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T31, and the oceanic and sea ice (POP2 and Community Ice Code)
components have a resolution varying from 3° near the poles to 1° at
the equator. This model was further modified using the approach of
Burls and Fedorov (33), who explored the sensitivity of large-scale
SST gradients to the meridional gradient in cloud radiative forcing by
changing the reflectivity of clouds as they formed within CESM. As the
most straightforward way of changing cloud albedo, the atmospheric
liquid and ice water paths were scaled within targeted latitudinal band,
but only in the shortwave radiation scheme.

Building on these results, the magnitude and spatial structure of the
latitudinal cloud albedo changes needed to reproduce the large-scale
features within a global reconstruction of Early Pliocene surface and
subsurface temperatures were established by Burls and Fedorov (34)
[Fig. 4; see also Fedorov et al. (27) for further comparison with large-
scale meridional SST gradients]. By reducing the liquid water path (that
is, low liquid clouds and not high ice clouds) poleward of 15°N and S,
the reflectivity of low-level extratropical clouds and, as a result, mean
cloud albedo is reduced in the extratropics (8° to 90°N and S) by 0.04
relative to the preindustrial control configuration. In the tropics, both
the liquid and ice paths were increased, thereby increasing the albedo of
both low and high clouds andmean tropical albedo (8°S to 8°N) by 0.06.
All the other elements of the climate system, as simulatedwithin CESM,
remained unaltered andwere allowed to freely evolve as the oceanic and
atmospheric components adjusted to the imposed changes in cloud
shortwave radiative forcing. This coupled ocean atmosphere simulation,
which achieves a good agreement with the available proxy SST data for
the Pliocene in both low and high latitudes (34), is referred to here as the
Pliocene-like simulation and is compared to the standard preindustrial
control simulation.

The ultimate goal of the modifications to cloud physics is to re-
produce the observed reduction in the meridional SST gradient evident
in the proxy data for the Pliocene [for example, see previous studies
(2, 27, 30, 31)]. The weakening of the meridional gradients translates
into a reduction of the zonal SST gradient along the equator. As high-
lighted in the study by Fedorov et al. (27) and corroborated by the
PlioMIP results, the response of large-scale SST gradients in climate
models to reconstructed Pliocene CO2 forcing (~400 ppm) is too
weak, and unreasonably large changes in CO2 and hence globalmean
temperature are required to reduce the meridional gradient to Plio-
cene values. This points to poorly or unresolved processes within
these models, with clouds as one of the strongest sources of uncer-
tainty (51). Although changes in ocean gateways [for example, see
previous studies (52–55)], such as an open Central American Seaway
or a more southerly position of Indonesia, are possible contributors,
their effects tend to be somewhat regional and are not sufficient to
support the large-scale SST patterns during the Pliocene (2, 26, 55).
Likewise, the simulated effects of possible changes in orography tend
to be fairly regional, and as with ocean gateways, their timing is hard
to confine (56–58).

Theoretical considerations (27, 33, 59) highlight that the large-scale
weakening of meridional SST gradients during the Pliocene would have
been associated with significantly reduced off-equatorial wind-driven
ocean heat transport. To the extent that the partitioning of the merid-
ional heat transport between the atmospheric and oceanic components
should remain approximately constant (60), a change in the top-of-the-
atmosphere energy budget is required to maintain the reduced ocean
heat transport and SST gradients of the Pliocene [Fig. 4; see also the study
by Burls and Fedorov (34)]. The required change in the meridional
structure of net cloud radiative forcing during the Pliocene could have
Burls et al., Sci. Adv. 2017;3 : e1700156 13 September 2017
occurred via shortwave, longwave, or both, realized by changes in a
number of cloud properties in addition to liquid and ice water content
(for example, cloud lifetime and particle concentration and size) and
sustained by different Pliocene atmospheric aerosol concentrations
[for example, see the study by Unger and Yue (61)] or unresolved cloud
feedbacks to elevated CO2 levels during the Pliocene (34).

Further, when studying changes in deep-water formation and ocean
meridional overturning circulation, it is essential to ensure that the deep
ocean has fully adjusted, and as such, our Pliocene-like simulation has
been run for 3000 years, allowing the simulation to reachnear-equilibrium.
The analysis presented here is based on the last 500 years of the Pliocene
and control simulations, when the top-of-the-atmosphere imbalance
reaches only 0.02 and −0.04 W m−2 for the two respective simulations.
It is noteworthy that the PMOC becomes fully established only after
some 1500 years of computation (fig. S3).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/9/e1700156/DC1
Supplementary Text
fig. S1. Deep-ocean ventilation as the driver of CaCO3 cycles.
fig. S2. Pliocene variations in porphyrin and TOC concentrations at Site 882.
fig. S3. Oceanic adjustment and the development of a PMOC.
fig. S4. Atlantic zonal-mean stream functions.
fig. S5. Simulated changes in ocean salinity.
fig. S6. Simulated and observed temperature, salinity, and density profiles at Site 882.
fig. S7. Simulated precipitation minus evaporation changes.
fig. S8. Atmospheric moisture transport and oceanic salinity budget.
fig. S9. Simulated surface density change between the preindustrial and Pliocene-like
experiments.
fig. S10. Simulated January-February-March potential density profiles at the approximate
location of Site 882.
fig. S11. Vertical velocities across ~800 m.
fig. S12. Simulated changes in ocean static stability.
fig. S13. Zonal mean Pacific vertical diffusivity (cm2/s).
fig. S14. Vertical diffusivity at ~800 m.
fig. S15. Change in North Pacific deep-ocean (1000 to 2000 m) currents between the Pliocene
and preindustrial control experiments.
fig. S16. Variability in the PMOC.
fig. S17. Simulated zonal mean meridional heat transport.
fig. S18. Simulated surface currents and theoretical wind-driven Sverdrup flow.
table S1. List of the salt budget variables.
table S2. The contribution of the change in each variable, dzi, to the change in salinity, ∑iDzi,
of the Subarctic and midlatitude regions between the control and Pliocene simulations, as
shown in fig. S8B.
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