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Abstract As the last time period when CO, concentrations were near 400 ppm, the Pliocene Epoch (5.33—
2.58 Ma) is a useful paleoclimate target for understanding future climate change. Existing estimates of global
warming and climate sensitivity during the Pliocene rely mainly on model simulations. To reconstruct Pliocene
climate and incorporate paleoclimate observations, we use data assimilation to blend sea-surface temperature
(SST) proxies with model simulations from the Pliocene Modeling Intercomparison Project 2 and the
Community Earth System Models. The resulting reconstruction, “plioDA,” suggests that the mid-Pliocene
(3.25 Ma) was warmer than previously thought (on average 4.1°C warmer than preindustrial, 95% CI = 3.0°C-
5.3°C), leading to a higher estimate of climate sensitivity (4.8°C per doubling of CO,, 90% CI = 2.6°C-9.9°C).
In agreement with previous work, the tropical Pacific zonal SST gradient during the mid-Pliocene was
moderately reduced (—0.8°C, 95% CI = —2.3-0.4°C). However, this gradient was more reduced during the early
Pliocene (4.75 Ma, —2.3°C, 95% CI = —3.9——1.1°C), a time period that is also warmer than the mid-Pliocene
(4.8°C above preindustrial, 95% CI = 3.6°C-6.2°C). PlioDA reconstructs a fresh North Pacific and salty North
Atlantic, supporting Arctic gateway closure and contradicting the presence of Pacific Deep Water formation.
Overall, plioDA updates our view of global and spatial climate change during the Pliocene, as well as raising
questions about the state of ocean circulation and the drivers of differences between the early and mid-Pliocene.

Plain Language Summary The last time CO, levels in the atmosphere approached 400 ppm was 3
million years ago, during the time called the Pliocene. Studying this time period can help us better understand
near-future climate change. In this study, we combine geological observations of Pliocene SST with simulations
of Pliocene climate conducted with climate models using a technique called data assimilation. The result is a
map view of Pliocene climate called “plioDA.” plioDA shows that Pliocene climate was warmer than previous
work has indicated and therefore more sensitive to CO, changes. During the early Pliocene period in particular,
the tropical Pacific was much warmer in the east than the west, similar to what we see today during an El Nifio.
plioDA suggests that it was rainier in the North Pacific and that the Indian-Asian monsoon system was stronger.
Previous studies have suggested that the Pliocene had deep water formation in the North Pacific, much like the
Atlantic today, but the salinity reconstruction in plioDA does not support this. Overall this study provides a new
view of the main features of Pliocene climate, including an updated estimate of global temperature change,
climate sensitivity, and the state of the ocean.

1. Introduction

The last time that Earth's atmospheric CO, concentrations exceeded 400 ppm was during the Pliocene epoch
(5.33-2.58 Ma), a warm climate that preceded the cooling and growth of large Northern Hemisphere (NH) ice
sheets during the Pleistocene (2.58—0.0117 Ma). Model simulations suggest that mid-Pliocene (ca. 3.2 Ma) global
mean surface temperature (GMST) was on average ca. 3°C warmer than preindustrial conditions (Gulev
et al., 2021; Haywood et al., 2020), and that the Greenland and West Antarctic ice sheets were much smaller
(Golledge et al., 2017; Koenig et al., 2015), contributing to about 20 m of sea level rise (Dutton et al., 2015; Grant
et al., 2019). In the tropical Pacific, the zonal SST gradient was reduced and Walker circulation weaker (Tierney,
Haywood, et al., 2019; Wara et al., 2005) leading to an “El Nifio-like” mean state, although the magnitude of this
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change is still debated (Meinicke et al., 2021; Tierney, Haywood, et al., 2019). Meridional temperature gradients
were also reduced (Brierley et al., 2009; Fedorov et al., 2015; Tierney, Haywood, et al., 2019), associated with
changes in the distribution of subtropical rainfall (N. J. Burls & Fedorov, 2017) and ocean circulation in the
Pacific (N. J. Burls et al., 2017; Ford et al., 2022). Upwelling zones along the eastern boundaries of the major
ocean basins were substantially warmer (3°C-9°C) (Dekens et al., 2007) leading to shifts in the regional hy-
drological cycle (Bhattacharya et al., 2022; Fu et al., 2022; Rubbelke et al., 2023). In short, the Pliocene represents
a major reorganization of the climate system at CO, concentrations similar to or lower than (ca. 370 ppm) (De La
Vegaet al., 2020) present-day values. Elucidating the patterns of climate change during this warm climate interval
will improve our view of how the Earth's climate will behave in the future.

Here, we use paleoclimate data assimilation to produce spatial reconstructions of Pliocene climate. Paleoclimate
data assimilation blends information from climate model simulations and proxy data, resulting in data-informed,
dynamically consistent estimates of past climate states (Hakim et al., 2016; Osman et al., 2021; Tierney
et al., 2020). We assimilate proxy estimates of SST with model simulation output from the PlioMIP2 (Haywood
et al., 2020) and “Pliocene-like” simulations with altered cloud distributions (N. Burls & Fedorov, 2014; Erfani &
Burls, 2019; Ford et al., 2022) to produce reconstructions for two time windows: the mid-Pliocene (3.5-3.0 Ma)
and the early Pliocene (5.0-4.5 Ma). The mid-Pliocene reconstruction serves as a point of comparison for the
numerous proxy and modeling-based syntheses targeting this particular time period (Haywood et al., 2020;
McClymont et al., 2020), whereas the early Pliocene reconstruction addresses past observations suggesting it is
even warmer than the mid-Pliocene, with very different zonal and meridional SST gradients (Fedorov
et al., 2013). In addition, the upcoming PlioMIP3 project explicitly targets the early Pliocene (Haywood
et al., 2024). Since it is spatially complete, “plioDA” provides an updated estimate of GMST for each of these
time intervals, as well as equilibrium climate sensitivity (ECS). plioDA also yields new constraints on the patterns
of SST change and provides inferred precipitation, evaporation and SSS fields, with implications for the hy-
drological cycle as well as ocean circulation.

2. Materials and Methods
2.1. Sea-Surface Temperature Proxy Data

We compiled three types of SST proxies: (a) the unsaturation ratio of Cs; ketones (alkenones; U§7'), (b) the
tetraether index of 86 carbons (TEXgg), and (c) the magnesium-to-calcium ratio of planktic foraminifera (Mg/Ca).
U§7 and TEXgg are based on the relative abundances of the molecular lipid fossils of haptophyte algae and pelagic
Thaumarchaeota, respectively. In both cases, the microorganisms change the structure of their lipids in response
to water temperature; for Ug‘;, algae produce alkenones with fewer unsaturations at higher SST (Brassell
et al., 1986), and for TEXg¢, archaea produce tetraethers with more rings at higher SST (Schouten et al., 2002).
The Mg/Ca proxy is based on the concentration of Mg measured in the calcium carbonate shells of foraminifera
living in the mixed layer. More Mg is incorporated into the shells at higher SST (Cronblad & Malmgren, 1981).
However, Mg/Ca in foraminiferal shells can also be affected by salinity and changes in the ocean carbonate
system (Gray & Evans, 2019), which we address in the proxy system models used in the data assimilation (see
Section 2.3 below). Pliocene SST inferences based on assemblages of foraminifera and diatoms also exist
(Dowsett et al., 1996, 2010); however, proxy system models for these faunal methods that we can incorporate into
the data assimilation framework have not yet been developed. In addition, some of these data are qualitative.

Previous Pliocene synthesis work has focused on Pliocene climate during a specific interglacial within the
Piacenzian stage (KM5c, 3.205 +0.01 Ma, McClymont et al. (2020)) so as to better compare with our current
interglacial period. However, using this narrow temporal window substantially limits the number and spatial
distribution of proxy records that can be included in our reconstruction. In order to include as many proxies as
possible, we chose a wider (0.5 Ma) window for each of our target timeslices. Proxy values from each site were
averaged across each target Pliocene timeslice (mid-Pliocene, 3.5-3 Ma; early Pliocene, 5.0-4.5 Ma), and these
average values are used in the data assimilation. These windows span multiple glacial-interglacial cycles,
meaning that our results represent long-term conditions as opposed to interglacial states. To investigate whether
this choice biases our results (presumably toward cooler mean conditions in comparison to KM5c, since our
window includes glacial states) we conducted a data assimilation experiment for the mid-Pliocene using only data
securely dated to KMS5c to compare with our result using the wider window.
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Figure 1. Sea-surface temperature (SST) proxy data used in the PlioDA reconstruction. Computed proxy SST anomalies for (a) the mid-Pliocene (N = 108) and
(b) early Pliocene (N = 64), relative to preindustrial conditions.

During the compilation process, we screened the records and removed data from sites where non-thermal impacts
on the proxy signature were suspected, either on the basis of the interpretations of the original authors, or due to
physically unrealistic proxy signatures. A list of excluded proxy records and the rationale for exclusion is given in
Table S2. For TEXg4 data, we flagged points that may be impacted by the contribution of GDGTs by non-pelagic
Thaumarchaeota using the Branched and Isoprenoid Tetraether index and Methane Index where these metrics
were available (see Notes column in Table S1). These points were then excluded from site averages used for the
data assimilation.

After compilation and screening, the SST proxy data used in this reconstruction consist of 116 published records
from 88 unique sites, with 108 and 64 proxy entries available for the mid-Pliocene and early Pliocene timeslices,
respectively (Figure 1; Table S1). Of the three proxies, Uf7 data are the most abundant, accounting for 63% of the
data in the mid-Pliocene and 53% of the data in the early Pliocene. If we filter the mid-Pliocene proxies to only
isolate sites with well-dated and resolved KMS5c data, the dataset is reduced to 49 records from 39 unique sites.

Since we aim to analyze Pliocene climate relative to preindustrial conditions, each proxy site and type requires a
preindustrial estimate. To assign a preindustrial proxy value, we followed the same approach as Tierney, Hay-
wood, et al. (2019). Briefly: whenever possible, we used a late Holocene measurement on the same core or from a
nearby (< 300 km) coretop. In cases where there were no nearby coretop data, we forward-modeled a proxy value
using the 1870-1900 AD average SST from the HadISST1 reconstruction (Rayner et al., 2003). The method of
preindustrial inference is provided in Table S1. Although the data assimilation takes place in native proxy units
(see Section 2.3), Figure 1a and b show the computed proxy SST anomalies (mid-Pliocene — preindustrial, early
Pliocene — preindustrial) for reference, using the inverse versions of the SST forward models described in
Section 2.3.

Over the past 5 Myr, the locations of the proxy sites have shifted slightly due to plate tectonics. Although in most
cases the change is minimal, there are exceptions. For example, Site ODP 1241 (5.8°N, 86.4°W) sits on the Cocos
Plate, which has migrated northeast over the past few million years such that this site was located at 2.8°N,
89.2°W during the early Pliocene. Since these movements affect the SST signature recorded by the proxies, we
calculated locations for each of our proxy sites at 3.25 Ma and 4.75 Ma using the plate rotation reconstruction of
Miiller et al. (2019) and GPlates version 2.3 (Miiller et al., 2018). The proxy data are then assimilated at their
appropriate paleolocations for each of our Pliocene timeslices.

2.2. Model Simulations

Our reconstruction uses model output from 14 PlioMIP2 simulations (Haywood et al., 2020; Chandan & Pelt-
ier, 2017; Hunter et al., 2019; Q. Zhang et al., 2021; Chan & Abe-Ouchi, 2020; Tan et al., 2020; Li et al., 2020;
Feng et al., 2020; Lurton et al., 2020; Williams et al., 2021), two additional Pliocene sensitivity simulations with
the CESM version 2 (Feng et al., 2022), and 21 “Pliocene-like” experiments with CESM version 1 with altered
cloud albedo or low cloud fraction (hereafter referred to as the “cloud” simulations) (N. Burls & Fedorov, 2014;
Erfani & Burls, 2019; Ford et al., 2022).
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The PlioMIP2 simulations set CO, concentrations at 400 ppm and used the PRISM4 boundary conditions
(Dowsett et al., 2016) which include changes in land/sea distribution, topography and bathymetry, land ice, soils,
vegetation, and lakes. Most notably, these include large reductions in the Greenland and west Antarctic ice sheets,
the closure of the Bering Strait, and greening of the Sahara and high latitudes. Three of the PlioMIP2 simulations
were not included, two because monthly SST and SSS fields were not available at the time of analysis (the
CCSM4-Utrecht (Baatsen et al., 2022) and MRI-CGCM simulations). A third model, the COSMOS simulation,
Stepanek et al. (2020) was excluded because initial testing indicated that it introduced spatial artifacts into the
prior and posterior due to the low resolution and type of grid used for the ocean component model (3.0° X 1.8°,
bipolar orthogonal curvilinear grid). The additional CESM2 experiments include one experiment with Pliocene
CO, (400 ppm) but preindustrial boundary conditions, and another with Pliocene CO,, topography, and ba-
thymetry, but preindustrial ice and vegetation (Feng et al., 2022).

The cloud simulations were designed to test the impact of cloud distributions on zonal and meridional temperature
gradients and mimic the reduced gradients observed in the Pliocene (N. Burls & Fedorov, 2014; Erfani &
Burls, 2019; Ford et al., 2022). The simulations of N. Burls and Fedorov (2014) were conducted under prein-
dustrial boundary conditions (CO, = 285 ppm, modern topography and bathymetry). The simulations of Erfani
and Burls (2019) were conducted with modern topography and bathymetry but include experiments run under
both preindustrial and 2 X CO, levels. The early Pliocene-like simulation of Ford et al. (2022) used preindustrial
boundary conditions, while the mid-Pliocene-like simulation used preindustrial topography and bathymetry but a
CO, concentration of 400 ppm. The cloud simulations produce a wide range of absolute GMST values (6°C—
23°C), some of which are physically unrealistic for the Pliocene state (e.g., 6° would be a temperature typical of a
Pleistocene glacial, while 23°C would be a temperature akin to the ice-free late Eocene). We therefore only
included experiments where the change in GMST (AGMST) relative to the preindustrial simulation was between
1 and 8°C.

Table S3 provides a complete list and description of the model experiments. From each experiment, we used the
average climatology from the last 100 years of the simulation as a prior state for the data assimilation (hereafter
called the “prior”), so that each model experiment is represented once per target timeslice. Since the data
assimilation method requires that the model output be on a consistent grid, we regridded all of the fields used in
the reconstruction to 1° X 1° resolution prior to assimilation. All of the Pliocene or Pliocene-like experiments have
a corresponding preindustrial control experiment, and these simulations were used as the prior for our prein-
dustrial timeslice. The same set of Pliocene and Pliocene-like simulations was used as the prior for both the mid-
Pliocene and early Pliocene timeslices. However, since the PlioMIP and cloud simulations differ in their
boundary conditions, we also conducted PlioMIP-only and cloud-only assimilation experiments to compare with
our main results, which use the full set of simulations.

In all, the multi-model prior ensemble includes 37 members for the Pliocene time slices and 17 members for the
preindustrial slice. Figure 2 shows the multi-model Pliocene prior mean for surface air temperature (SAT,
Figure 2a), SST (Figure 2b), and GMST (Figure 2c), relative to the preindustrial simulations. We also show the
model range in the Pliocene—preindustrial tropical Pacific zonal gradient (Figure 2d). Following Tierney, Hay-
wood, et al. (2019), this gradient is computed as the difference between the average SST of the western Pacific
warm pool (WPWP; 10°S—10°N, 130-170°E) and the eastern equatorial Pacific (EEP; 2°S-2°N, 90-140°W). The
span in GMST and the Pacific zonal gradient (Figure 2) illustrates that the range of potential Pliocene climate
states represented by our model prior is large, which ensures that the posterior is not constrained by a lack of
variability or individual model physics (Annan et al., 2022).

2.3. Paleoclimate Data Assimilation

Following previous paleoclimate data assimilation work (Osman et al., 2021; Tierney et al., 2020, 2022) we use
an offline ensemble Kalman filter method to assimilate the SST proxy data with the model prior ensemble, using
the Matlab toolbox DASH v. 4.2.2 (King et al., 2023). We refer the reader to these previous works for a full
description of the mathematics and the code. Briefly, the method produces a posterior climate state (X,,,,,) from
the linear combination of the model prior (X,,,,) and the proxies (¥):

Xpost = Aprior + K(Y - Ye) (1)
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Figure 2. Overview of the model prior ensemble. Each panel shows the Pliocene—preindustrial difference. Spatial pattern of the prior mean change in (a) surface air
temperature and (b) sea-surface temperature (SST), with global mean changes shown in the upper right hand corner; Prior change in (c) global mean surface temperature
and (d) The tropical Pacific zonal gradient for each Pliocene ensemble member (N = 37). The zonal gradient is calculated as the average difference between mean SST

in the western Pacific warm pool (10°S—10°N, 130-170°E) and the eastern equatorial Pacific cold tongue (2°S—2°N, 90-140°W); boxes corresponding to these regions are
shown in panel (b) The pliocene modeling intercomparison project phase 2 and Feng22 modeling experiments are colored by model family. In panel c, the arrow points to
the Feng22 experiments (Feng et al., 2022) for clarity. The altered cloud runs are shown in light blue shades; BF14 = N. Burls and Fedorov (2014), EB19 = Erfani and
Burls (2019), F22 = Ford et al. (2022).

where K represents the Kalman gain:
K = covXprin Ye) X [cov(Y,, ¥,) + R] ™! ()

X

P
to be updated (monthly and mean annual values for SST, SSS, SAT, precipitation, and evaporation) collapsed into
a state vector, and M is the number of ensemble members. Y is the proxy information (Section 2.1) of dimension

P X M, where P is the number of proxies available for each target timeslice, tiled M times to form a matrix

sior 18 @ N X M matrix of the model simulation output (Section 2.2), where N consists of all of the model fields

compatible with the update equation. Y, is the model estimate of the proxy value, also of dimension P X M. The
difference between the observed proxy values Y and model-predicted values Y, is called the “innovation” and
represents the new information coming from the proxy data. This term is added to X,,,,,, weighted by K, the
Kalman gain. The first term of the Kalman gain, cov(X,,, Y.), describes the relationship between the model
prior and the model-predicted proxy values, and effectively “spreads” the proxy update across the prior state. The
second term, [cov(Y,,Y,) + R]™, represents the errors, including the covariance of the proxy estimates ¥, and
the observed proxy covariance (R). R is a diagonal matrix, that is, the errors associated with each proxy are
assumed to be independent from one another.

To compute Y,, we take the model output from X, at the location of the proxies and forward-model it into proxy

values of U37 , Mg/Ca, and TEXg4 using the Bayesian proxy models BAYSPLINE (Tierney & Tingley, 2018),
BAYMAG (Tierney, Malevich, et al., 2019), and BAYSPAR (Tierney & Tingley, 2014) (in “standard” mode, as
opposed to “analogue” mode), respectively. Forward modeling of U§7 and TEXg is straightforward and only
requires SST from the model output. The Mg/Ca proxy requires constraints on surface ocean pH, calcite satu-
ration state (Q) at the water depth of the core site, SSS, the Mg/Ca composition of the seawater (Mg/Ca,, ), and the
laboratory cleaning method. The latter information is available from the original studies and SSS is available from
the model output. For pH and Q, we use modern values for all of the target timeslices from the GLODAPv2
gridded dataset (Lauvset et al., 2016). Since Pliocene CO, concentrations were similar to modern day, this is a
reasonable assumption for pH, although there were very likely regional changes in response to shifts in ocean
circulation (Shankle et al., 2021). Likewise, deep ocean saturation state may be somewhat different than present-
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day (N.J. Burls et al., 2017), but in the absence of global reconstructions of the Pliocene ocean carbonate system,
holding these values at modern levels is a prudent choice. Unless Q drops to values lower than 0.9, the impact of
this choice would affect Mg/Ca-derived SST estimates by less than a degree.

We estimate past Mg/Cay,, using BAYMAG with two additional updates. First, we update the Mg/Ca,,, recon-
struction in BAYMAG to include newer Na/Ca-based Mg/Ca,, estimates (Rosenthal et al., 2022; Zhou
et al., 2021) and exclude the coral Mg/Ca,, inferences (Gothmann et al., 2015) from the last 20 Ma, which have
large uncertainties. This revised Mg/Ca,,, reconstruction shows a larger change in Mg/Ca,,, over the past 15 Ma
than the original BAYMAG reconstruction, indicating a Mg/Ca,,, of 4.4 and 4.1 for our target timeslices of
3.25 Ma and 4.75 Ma respectively (Figure S1 in Supporting Information S1). Second, we incorporate a non-linear
power component (H) into the Mg/Ca,, - Mg/Cay,,,, relationship into the BAYMAG model following
geochemical expectations (Evans & Miiller, 2012). Based on a synthesis of culture and inorganic precipitation
experiments, we use an H of 0.74 in our forward model application for all species (Text S1 in Supporting In-
formation S1, Figure S2 in Supporting Information S1).

R (Equation 2) is user-defined and should ideally represent all of the uncertainties surrounding the proxy
observation (analytical and environmental). The Bayesian forward models provide a relatively conservative
estimate of R associated with the calibration data sets used to train the models. We tested whether scaling R to a
lower value would improve internal proxy validation (Text S2 in Supporting Information S1) but found little
evidence of an improvement in skill, so we use the forward model values of R unscaled. These variances are
0.0025 for Ug and TEXgq and 0.0169 for Mg/Ca (in natural log units), which roughly correspond to 1.5°C, 3.5°C,
and a 2.2°C 1o uncertainties, respectively.

In addition to the specification of R, another user-defined choice in data assimilation is covariance localization,
which limits how far a proxy can update the prior state in space. Localization is a distance-weighted filter that is
multiplied with each of the two terms in the Kalman gain (Equation 2). Beyond a specified cut-off radius, the
model prior is not updated, therefore limiting spurious far-field updates. However, if the localization radius is too
small, meaningful teleconnections might be excluded. Based on both internal and external validation tests (Text
S2 in Supporting Information S1, Figures S3 and S4 in Supporting Information S1) we determined that a
localization radius of 24,000 km was the most appropriate choice for our reconstructions.

Results shown in the main text include all model simulations in the prior. However, we also conducted DA
experiments that use only the PlioMIP2 simulations (N = 14) or the cloud simulations (N = 21), respectively, to
assess the sensitivity of the results to the different types of model priors.

3. Results

The mid-Pliocene and early Pliocene reconstructions from plioDA show a similar pattern of SST change
(Figures 3a and 3b) that is amplified during the earlier period. The largest SST changes occur in the North Atlantic
and Indian Ocean sector of the Southern Ocean. Both the Atlantic and Pacific oceans show more warming in the
eastern boundary current regions, and there is also enhanced warming in the EEP relative to the WPWP. These
general features of the SST pattern emerge regardless of whether the entire prior is used or if only PlioMIP2 and
cloud simulations are used, respectively (Figure S5 in Supporting Information S1). They are also apparent in our
KM5c-only sensitivity experiment (Figure S6 in Supporting Information S1) with a slightly reduced magnitude.
In the North Pacific, the mid-Pliocene plioDA reconstructs a unique pattern consisting of elevated warmth along
the southern boundary of the North Pacific subtropical gyre and in the Kuroshio extension area, coupled with
muted warming in the Gulf of Alaska (Figure 3a). This pattern is also seen in the PlioMIP2-only DA experiment,
but not in the cloud-only DA experiment (Figure S5 in Supporting Information S1). It appears in the KM5c-only
mid-Pliocene experiment, but is weakly expressed (Figure S6 in Supporting Information S1).

The posterior SAT fields show amplified warming in the high latitudes (Figures 3c and 3d) with the largest change
occurring in regions that experienced substantial ice loss (e.g., over Greenland, where most of the present-day ice
sheet was exposed land during the Pliocene). When the changes in SAT are averaged across the globe, plioDA
indicates that mid-Pliocene GMST was 4.1°C (95% CI = 3.0°C-5.3°C) warmer than preindustrial conditions, and
that the early Pliocene was 4.8°C (95% CI = 3.6°C—6.2°C) warmer than preindustrial. The PlioMIP2-only and
cloud-only experiments yield similar values for the change in GMST (Table S4 in Supporting Information S1).
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Figure 3. PlioDA mean annual temperature anomalies, relative to the preindustrial DA solutions. Average global mean temperature changes are shown in the upper right
hand corner of each subplot. (a) mid-Pliocene change in sea-surface temperature (SST) (ASST). (b) early Pliocene change in SST (ASST). (c) mid-Pliocene change in
surface air temperature (SAT) (ASAT). (d) early Pliocene change in SAT (ASAT).

The KM5c-only DA experiment yields a change in GMST that is indistinguishable from the main mid-Pliocene
result (3.9°C, 95% CI = 2.6°C-5.4°C; Figure S6 in Supporting Information S1).

Assimilation of proxy SST data also allows us to recover posterior fields for variables that reflect the water cycle,
since SST changes are related to hydrological patterns (Figure 4). While plioDA-inferred changes in mean annual
Precipitation — Evaporation (P — E) show that the high latitudes uniformly get wetter during the mid-Pliocene,
there are strong meridional differences in both the tropics and subtropics. In the tropics, the Afro-Asian monsoon
domain and the region under the northern edge of the Pacific intertropical convergence zone (ITCZ) are wetter,
while central America and tropical South America show severe drying. In the subtropics, the North Atlantic
region is dry, while the eastern subtropical North Pacific is wet (Figure 4a). The PlioMIP2-only DA experiment
results in similar reconstructed P — E patterns as the full model prior, but the cloud-only DA experiment differs
in many regions, exhibiting more of a general southwards shift of the ITCZ and a weaker African monsoon
(Figure S7 in Supporting Information S1).

BT T vday |

-2 -1 0 1 2 -2 -1 0 1 2

Figure 4. PlioDA mean annual anomalies in metrics of hydroclimate, relative to the preindustrial DA solutions (PI). (a) mid-Pliocene change in Precipitation —
Evaporation (AP-E). (b) mid-Pliocene change in sea-surface salinity (ASSS).
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mid-Pliocene SSS mirrors the large-scale changes in P — E, with the Indian Ocean and North Pacific becoming
fresher relative to preindustrial conditions, and the North Atlantic saltier (Figure 4b). The PlioMIP2-only DA
experiment is similar but shows more freshening in the Indian Ocean and a less salty North Atlantic (Figure S7 in
Supporting Information S1). The cloud-only DA experiment shows a salty Atlantic and fresh Pacific but lacks the
strong increase in salinity in the North Atlantic (Figure S7 in Supporting Information S1).

The early Pliocene changes in P — E and SSS are very similar to the mid-Pliocene patterns (Figure S8 in
Supporting Information S1), so in the discussion below we focus on the mid-Pliocene changes.

4. Discussion
4.1. Sea-Surface Temperature Patterns

The addition of the proxy data (Figure 1) to the model prior (Figure 2) has a noticeable effect on reconstructed
patterns of SST change during the Pliocene. For example, the proxy data indicate enhanced warming in the North
Atlantic (Figure 1), which clearly emerges in the posterior (Figures 3a and 3b). Strong warming in the North
Atlantic is an expected consequence of the closure of the Bering Strait and Canadian Arctic Archipelago Straits,
which reduces freshwater export from the Pacific to the Atlantic and strengthens Atlantic Meridional Overturning
Circulation (AMOC) (Brierley & Fedorov, 2016; Otto-Bliesner et al., 2017; Weiffenbach et al., 2023). However,
itis not clear whether the straits were open or closed during the Pliocene, since some geological evidence suggests
the Bering Strait opened during the late Miocene (Hall et al., 2023; Marincovich et al., 1999). The PlioMIP2
simulations have these straits closed, but the cloud simulations do not (since they were conducted under modern
boundary conditions) hence both configurations are present in the prior. The DA posterior shows strong warming
in the North Atlantic even when only the cloud simulations (straits open) are used as the prior (Figure S5 in
Supporting Information S1), suggesting that a warm North Atlantic emerges from assimilation of the data
regardless of the imposed boundary conditions. This nominally supports closure of the Arctic gateways during the
Pliocene, although, we cannot rule out the possibility that this region was warm for another reason, such as
changes in atmospheric stationary waves caused by a smaller Greenland ice sheet and vegetation changes over the
northern high latitudes. Regardless of the exact cause, the fact that the posterior using the full prior is very similar
to the posterior using PlioMIP2 simulations only (Figure S5 in Supporting Information S1) suggests that the
PlioMIP2 boundary conditions (in the North Atlantic and elsewhere) are highly compatible with the SST proxy
data. We also note that our KM5c-only DA experiment shows a warm North Atlantic as well, although the
anomaly is slightly reduced in magnitude since fewer proxy data sites participate (Figure S6b in Supporting
Information S1), indicating that this is a robust feature of the Pliocene mean state.

The assimilation of the proxies also alters the warming patterns in the Pacific ocean. Whereas the model prior
mean shows warming of ca. 4.5°C uniformly across the North Pacific subpolar gyre (Figure 2b), the plioDA mid-
Pliocene posterior focuses this warming into the Kuroshio extension region and reconstructs almost no warming
in the Gulf of Alaska (Figure 3a). This reflects both alkenone and TEXg4 data that show a lack of warming (or
even a slight cooling) in the Gulf of Alaska and also in the subpolar North Pacific off of the Kamchatka Peninsula
(Figure 1a). The result is that the North Pacific inherits a SST pattern similar to the negative phase of the Pacific
Decadal Oscillation (PDO) (Mantua et al., 1997), in which the north-central Pacific ocean warms while the Gulf
of Alaska cools.

Although the negative phase of the PDO is usually accompanied by La Nifia-like conditions (Mantua et al., 1997),
during the Pliocene the tropical Pacific was clearly El Nifio-like (Tierney, Haywood, et al., 2019; Wara
et al., 2005) (and see discussion below). In addition, proxies indicate that the California margin was very warm
(see Figure 1) which also conflicts with a PDO negative pattern. This results in muted warming in this region in
the posterior plioDA solution as it seeks to balance the proxy evidence within the constraints of model covariance
(Figure 3a). The mid-Pliocene North Pacific SST pattern is therefore somewhat unusual; however, North Pacific
ocean-atmosphere dynamics need not move in lockstep with the tropical Pacific as they are strongly influenced by
oscillations in the Aleutian Low (Newman et al., 2016). Following the PDO analogy, the localized warming in the
Kuroshio extension region would be consistent with a weaker Aleutian Low and a poleward shift in the westerly
storm track, the latter of which dust flux reconstructions support (Abell et al., 2021). Notably, the North Pacific
pattern is present in the PlioMIP2-only DA experiment, but not in the cloud-only experiment, where both the mid-
latitude eastern North Pacific and the Gulf of Alaska are reconstructed to show minimal warming (Figure S5 in
Supporting Information S1). This suggests that Pliocene boundary conditions (in particular, high latitude changes
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Figure 5. PlioDA reconstructed change in the tropical Pacific gradient for both the mid- and early Pliocene (dark blue),
compared to model simulations and a previous proxy-based inference. Dots indicate mean values, error bars show the 95%
confidence interval. PlioMIP1 (orange) excludes the COSMOS and MRI experiments, which simulate an unrealistic increase
in the zonal gradient. Pliocene modeling intercomparison project phase 2 (PlioMIP2) (red) summarizes the simulations used
in our model prior (i.e., excludes COSMOS, MRI, and CCSM4-Utrecht). The full model prior (light blue) includes both
PlioMIP2 and the cloud simulations. T19 is the mid-Pliocene alkenone-based estimate from (Tierney, Haywood,

et al., 2019). The shading below —3°C indicates “permanent El Nifio” conditions.

in land ice and vegetation) may play a role in shaping this unusual pattern. Further SST proxy investigations,
particularly in the central North Pacific where currently there are no data, will provide a critical test of whether the
North Pacific SST pattern in plioDA is robust.

The North Pacific warming pattern is evident in the KM5c-only experiment (Figure S6b in Supporting Infor-
mation S1) but it is poorly defined because only two sites in the North Pacific contain KM5c data. Restricting the
time window for the mid-Pliocene to the KM5c interglacial also eliminates all of the data from the California
margin, such that the robust warming of this region evident in the data (Dekens et al., 2007) does not enter into the
DA. Our expanded mid-Pliocene time window of 3.5-3 Ma therefore is justified since it is needed to capture this
important feature of Pliocene Pacific climate change.

The Gulf of Alaska sites (ODP 887 and IODP 1417) do not have data during the early Pliocene (Figure 1b), so for
this timeslice, the warming in the Kuroshio extension expands into the Gulf of Alaska (Figure 3b). However, the
general SST pattern in the North Pacific remains similar, with three loci of warming in the Kuroshio extension, off
of Baja California, and in the EEP. Without the muted warming in the Gulf of Alaska, the magnitude of California
margin SST change (6°C) for the early Pliocene is in better agreement with the proxy evidence (Dekens
et al., 2007), but the epicenter of warming is still located further offshore than the proxy locations. The resolution
of the ocean models used in plioDA (typically 1°; Table S3) limits its ability to capture warming in coastal
upwelling regions. In addition, non-overlapping ocean grids across the multi-model prior result in missing grid
cells along the coastlines. Hence, it is possible that coastal upwelling zones were warmer than plioDA shows, a
feature that is critical for altering the seasonal hydrological cycle during the Pliocene (Bhattacharya et al., 2022;
Rubbelke et al., 2023).

The EEP and the WPWP are relatively well-sampled by proxy data (Figure 1) and changes in the tropical Pacific
zonal gradient in the model prior are broad by design (Figures 2d and 5) allowing plioDA to provide the best
possible multi-proxy, multi-model reconstruction of this key feature of Pliocene tropical climate. For the mid-
Pliocene timeslice, plioDA indicates a mean change in the Pacific zonal gradient (calculated in the same
manner as for the model prior, see Section 2.2) of —0.8°C (95% CI = —2.3°C-0.4°C), which is slightly smaller
than the prior mean (—1.2°C). This result is similar to the alkenone-only reconstruction of Tierney, Haywood,
etal. (2019), which indicates —1.0°C change across the 3—3.5 Ma time period (Figure 5), as well as TEXg4-based
reconstructions (Y. G. Zhang et al., 2014; O’Brien et al., 2014). However, we consider the plioDA result more
robust because, unlike this previous work, it is informed by three different types of proxies, leverages all data with
covariance relationships to the tropical Pacific, and does not rely on the use of historical El Nifio and La Nifia
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warming patterns. The plioDA mean change is lower than the PlioMIP multi-model means, which are relatively
consistent between PlioMIP1 and 2 (—0.3 and —0.4°C, respectively; Figure 5). If we only use PlioMIP2 simu-
lations in the model prior, the posterior mean change in the Pacific zonal gradient increases to —0.4°C (Table S4 in
Supporting Information S1), as the limited range of change in PlioMIP2 constrains the reconstruction.
Conversely, if we only use the cloud simulations, we get a similar result as the full prior (posterior mean of —1.1°
C; Table S4 in Supporting Information S1). This underscores the importance of including the cloud simulations in
order to create a wide enough prior for the Pacific zonal gradient. It also suggests that, while some individual
models within PlioMIP2 can simulate a zonal gradient reduction similar to that of the proxies, many underes-
timate the change.

Although it is unlikely (<10% probability), plioDA does not rule out no change (or even a slight increase) in the
Pacific zonal gradient during the mid-Pliocene. However, in the cloud-only DA experiment, this possibility is
eliminated (the 95% CI becomes —2.1-—0.4°C; Table S4 in Supporting Information S1), which suggests this
result is not an inherent feature of the data but more likely reflects the prior. The PlioMIP2 ensemble includes one
simulation with an increase in the Pacific zonal gradient (CCSM4-NCAR), and two with a near-zero change (EC-
Earth3 and IPSL-CMS5A) so the lingering probability of no change or an increase in the zonal gradient likely
reflects the projection of these prior ensemble members onto the posterior.

PR

Following Tierney, Haywood, et al. (2019), we consider a so-called “permanent El Nifio
zonal gradient change of —3°C (relative to preindustrial) or less, which corresponds to an absolute west-east
gradient of 1.2°C, the average value across four of the largest historical El Nifio events (1877, 1982, 1997,

condition to be a Pacific

2015). The plioDA mid-Pliocene timeslice mean is far away from this condition, and does not overlap it within
posterior uncertainty (Figure 5). This is also the case for the cloud-only DA experiment (Table S4 in Supporting
Information S1). The original “permanent El Nifio” study of Wara et al. (2005) reconstructed a Pacific zonal
gradient close to zero (an anomaly of —4°C, equivalent to an absolute west-east gradient of 0.2°C) during the mid-
Pliocene; however, this was an overestimate because the changing composition of Mg/Ca of seawater was not
considered. With the latest Mg/Ca,, reconstruction of Rosenthal et al. (2022), which we use here in plioDA, the
Mg/Ca data from Wara et al. (2005) (sites ODP 806 and ODP 847) indicate —2.8°C of change—still very large,
but more physically plausible because the WPWP remains warmer than the EEP. This information is incorporated
into plioDA, but, it is balanced by other proxies at different locations in the WPWP and EEP. Given that the
inferred zonal gradient change from these two sites alone lies outside of the 95% CI of the plioDA posterior for the
mid-Pliocene, it suggests that these data are not representative of the regional average. This underlines the
strength of a spatial reconstruction approach like paleoclimate data assimilation, which leverages all of the
available proxy information and their covariance with one another.

In contrast with the mid-Pliocene timeslice, the early Pliocene plioDA reconstruction indicates an average
gradient change of —2.3°C (95% CI = —3.9——1.1°C) and its uncertainty range overlaps with “permanent El
Nifo” conditions (Figure 5). With the cloud-only prior, the mean Pacific zonal gradient change decreases further
to —2.7°C (Table S4 in Supporting Information S1). The large warming in the EEP of ca. 4°C is visually apparent
in the map of the posterior SST results (Figure 3b). The zonal gradient change lies well outside the reductions
simulated by the PlioMIP experiments, which indicates that the tropical Pacific was in a much different state at
4.75 Ma versus 3.25 Ma and that this is not well-captured by standard mid-Pliocene simulations. One possible
difference between the two time periods is the Isthmus of Panama, which some reconstructions suggest was not
fully developed until the mid-Pliocene (O’Dea et al., 2016). However, more recent plate reconstructions as well as
geological data suggest that the isthmus was present since the Miocene, although shallow connections between
the Pacific and Atlantic could have existed through the Pliocene (McGirr et al., 2021; Vallejo-Hincapié
et al., 2024). Moreover, model simulations suggest that removing the isthmus cools the EEP rather than warming
it (Brierley & Fedorov, 2016). Another possible difference between the time periods is atmospheric CO, con-
centrations, but available CO, proxy data don't show an obvious difference (Guillermic et al., 2022; Sosdian
et al., 2018; Tanner et al., 2020; De La; Vega et al., 2020). Our finding of a very different Pacific zonal gradient
only 1.5 Ma before the mid-Pliocene warrants further study of the early Pliocene, as well as its proposed inclusion
in the next Pliocene Modeling Intercomparison Project (PlioMIP3) (Haywood et al., 2024).
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Figure 6. plioDA posterior global mean surface temperature (GMST) change and zonal mean surface air temperature (SAT) change compared to pliocene modeling
intercomparison project phase 2 (PlioMIP2) and the model prior. (a) Change in GMST (AGMST) in the PlioMIP2 ensemble (dark blue), the model prior (light blue), the
mid-Pliocene plioDA posterior (orange), and the early Pliocene plioDA posterior (red). Dots indicate the mean values and bars represent the 95% confidence intervals.
(b) Zonal mean annual SAT change (ASAT) in the plioDA mid-Pliocene (orange) and early Pliocene (red) reconstructions. Zonal ASAT for individual prior ensemble

members are plotted in gray.

4.2. Pliocene Warmth and Polar Amplification

The plioDA change in GMST for the mid-Pliocene (4.1°C warmer than preindustrial, on average, 95%
CI =3.0°C-5.3°C), is higher than the PlioMIP2 average (3.2°C) (Haywood et al., 2020) as well as the range given
in the IPCC AR6 report (2.5°C—4.0°C, based on a scaling proxy global SST estimates to GMST; Gulev
etal. (2021)). It is, however, within the spread of the PlioMIP2 model ensemble (Figures 2c and 6a). Although it is
warmer than previous estimates, 4.1°C is a reasonable result given that alkenone proxy data from the KM5c
interglacial suggest 3.0°C of ocean warming (McClymont et al., 2020) (which agrees well with the mid-Pliocene
global SST change of 3.1° that we reconstruct here) and terrestrial proxies suggest amplified warming on land,
particularly in the high latitudes (Salzmann et al., 2013). Our reconstructed GMST change also agrees well with
the recent data assimilation reconstruction of Annan et al. (2024) (3.9°C, 95% CI = 1.7°C-6.1°C) that only uses
the alkenone Ug proxy data, but is warmer than their reconstruction that uses all proxy data (3.0°C, 95%
CI = 1.7°C-5.0°C). This may be due to several factors, since the proxy network, model prior, and methodology in
Annan et al. (2024) are all different than what we use in plioDA. Annan et al. (2024) only use data assigned to
KM5c (i.e., they apply the PlioVar criteria (McClymont et al., 2020);); however, our assimilation experiment with
KMS5c data produces a similar GMST change as our main result (3.9°C on average) so we do not think the proxy
network alone is responsible for the difference. Rather, one major factor may be the treatment of the Mg/Ca proxy
data, which in the Annan et al. (2024) study are converted to temperature using a mixture of different calibrations
and have a tendency to predict a cooler GMST change (due to cool SST anomalies in the deep tropics). Here, we
use the BAYMAG forward model to treat the Mg/Ca in a consistent way, and we also incorporate the latest
reconstruction of Mg/Ca of seawater (Rosenthal et al., 2022), which increases the SST anomalies for the tropical
Mg/Ca sites in particular. As is evident in Figure 1, there are a few Mg/Ca sites that show slightly cooler-than-
preindustrial anomalies in the mid- and early Pliocene, but in many locations Mg/Ca indicates warming of a
similar magnitude to Ug% and/or TEXg¢. This emphasizes the importance of correctly modeling the non-thermal
influences on the Mg/Ca proxy, as has been discussed previously in the context of interpreting Pliocene data
(McClymont et al., 2020, 2023).

Although the 95% confidence intervals for the mid-Pliocene and early Pliocene change in GMST (4.8°C on
average) overlap (Figure 6a), comparison of the posterior distributions of absolute GMST from the two time
periods indicates that they derive from significantly (p < 0.01) different populations (non-parametric two-sample
Kolmogorov-Smirnov test). In other words, the early Pliocene mean GMST is significantly warmer (0.7°C) than
the mid-Pliocene mean according to plioDA, a difference that must derive from the assimilation of the SST data
(the model priors are identical for the mid and early Pliocene reconstructions). The substantially warmer early
Pliocene raises the question again as to whether atmospheric CO, concentrations were higher than during the mid-
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Pliocene, and/or if other mechanisms are needed to explain the warm climate during this time (Fedorov
et al., 2013).

The mid- and early Pliocene show similar patterns of zonal mean SAT response, and the posterior solutions for
each time slice fall roughly in the middle of the prior model ensemble spread (Figure 6b), indicating that as with
GMST, the prior model range adequately encompasses the zonal mean SAT implied by the data. plioDA shows
substantial polar amplification, with high latitude (60-90°N and S) warming of 9.0°C and 9.9°C relative to
preindustrial during the middle and early Pliocene times, respectively (Figure 6b). When ratioed to the GMST
changes according to Smith et al. (2019), this yields polar amplification factors of 2.2 and 2.1, respectively. These
values are close to the PlioMIP2 mean value (2.3) (Haywood et al., 2020). The PlioMIP2 ensemble, however, has
a large range of differences in polar amplification between the NH and Southern Hemisphere (SH), with some
models indicating more polar amplification in the NH and others in the SH (Haywood et al., 2020). plioDA
clarifies this aspect of Pliocene warmth, indicating slightly more polar amplification in the NH (2.4) than the SH
(2.0) for the mid-Pliocene (with a similar pattern in the early Pliocene, i.e., 2.2 and 1.9).

Unlike projections of future warming, which show much larger polar amplification in the NH (Hahn et al., 2021),
the Pliocene features relatively symmetric polar amplification in the NH and SH (Figure 6b). In modern warming
scenarios, the Arctic region warms more than the Antarctic largely due to the extensive Antarctic ice sheet, which,
since it will not equilibrate with high CO, on human timescales, is not altered in these simulations. The Antarctic
ice sheet has higher albedo than the Arctic region but also has higher elevation, which weakens the positive lapse
rate feedback in the Antarctic region (Goosse et al., 2018; Hahn et al., 2021). In contrast, the substantial loss of
west Antarctic ice prescribed as part of the PlioMIP2 boundary conditions (Dowsett et al., 2016) reduces albedo at
around 70°S and could potentially allow the lapse rate feedback to strengthen, amplifying the warming. Single-
forcing experiments confirm that the Antarctic ice sheet changes are primarily responsible for polar amplification
in the Pliocene SH (Lunt et al., 2012), but plioDA provides a specific, data-informed zonal mean temperature
target, which future work could use to formally diagnose the contributions of forcings and feedbacks to Pliocene
polar amplification.

4.3. Pliocene Climate Sensitivity

Past climates are critical for providing constraints on ECS, or rather, the response of GMST to a doubling of CO,.
In particular, paleoclimates provide key insight on the upper bound of ECS, which is not well constrained by
historical observations (Sherwood et al., 2020). As a moderately warmer-than-today climate with similar
paleogeography and a CO, concentration of ~400 ppm, the Pliocene is an excellent target for studying ECS.

To estimate an ECS value from the Pliocene that is comparable to present-day calculations, one must treat the
different boundary conditions (vegetation, ice sheets, paleogeography) as radiative forcings (PALAEOSENS
Project Members, 2012) and make assumptions about trace GHG concentrations. Sherwood et al. (2020)
computed present-day ECS from the mid-Pliocene using the following description of the energy balance:

AT = —AFcp(1 +ffH4) (1 + fiss) 3)

a+9

from which ECS (termed S) can be computed as:
§=—AFcpy/2 4)

AF¢q, is the radiative forcing associated with the change in CO,, 1 + fry4 is additional forcing due to trace
GHGs (mainly methane). 1 + fzgs is the inflation factor associated with the radiative impact of changes in
boundary conditions (where ESS stands for Earth system sensitivity). 1 + { accounts for the difference between
the “true” ECS (i.e., a state at equilibrium with respects to short-term feedbacks) represented by paleoclimate
states and the effective climate sensitivity (S) calculated from model simulations, which is based on regression of
150 years of a model run and therefore doesn't include slower adjustments, such as those associated with the deep
ocean (Sherwood et al., 2020). For the sake of comparison, we use the same values for these parameters as
Sherwood et al. (2020). mid-Pliocene CO, concentrations are assumed to be 375 £ 25 ppm (1o), which is close to
the updated estimate of De La Vega et al. (2020) of 367 ppm. fcy4 is 0.4 £ 0.1 (16), which assumes that methane
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Figure 7. Climate sensitivity (S) estimated from the mid-Pliocene change in global mean surface temperature from plioDA
(red) compared to the previous Pliocene estimate from Sherwood et al. (2020) (orange) and the 90% confidence intervals
from the IPCC AR6 WG report (light gray) (Forster et al., 2021) and Sherwood et al. (2020) multiple lines of evidence
posterior distribution (darker gray). The legend lists median values with 90% CI ranges in parentheses.

and other trace GHGs amplify CO, forcing by an additional 40%. fzss is 0.5 = 0.25 (1o), which assumes that the
changes in ice, vegetation, and paleogeography amplify forcing by 50%. This value was informed by the average
ratio between ESS and ECS from PlioMIP1 (1.5) (Haywood et al., 2013). The PlioMIP2 model simulations have a
slightly higher mean ratio of 1.67 (Haywood et al., 2020); however, this mean value is skewed by one model with
a ratio of 3.1. The median of the ensemble is 1.6, which is closer to the Sherwood et al. (2020) assumption.
Finally, {'is 0.06 £ 0.2 (10), based on long model runs which quantify the difference between true ECS and the
shorter-term S (Sherwood et al., 2020).

AT represents the change in GMST during the mid-Pliocene relative to preindustrial conditions, which Sherwood
et al. (2020) assumed was 3 £ 1°C (16). We update that here with the plioDA estimate of 4.1 = 0.6°C (1o), and
solve Equation 3 for the net climate feedback, A, from which climate sensitivity S can be computed from
Equation 4. Following the Bayesian methodology of Sherwood et al. (2020), we then combine the resulting
likelihood for S with a Uniform prior (U[0,20]) to obtain a posterior estimate of S based solely on the Pliocene.
Figure 7 displays the resulting probability distributions using both the Sherwood et al. (2020) AT and the plioDA
AT. With the plioDA AT, S moves up from 3.3°C (90% CI = 1.3°C-7.5°C) as given in Sherwood et al. (2020) to
4.8°C (90% CI = 2.6-9.9°C), implying higher ECS (based on the Pliocene alone) than previously thought. The
lower bound of the plioDA 90% CI (2.6°C) is in good agreement with the lower bounds of the IPCC AR6
assessment (2°C-5°C) (Forster et al., 2021) and the Sherwood et al. (2020) posterior distribution (2.3°C—4.7°C;
Figure 7) based on multiple lines of evidence (process understanding, historical data, and paleoclimate). The
plioDA median falls near the upper bound of the 90% confidence interval of these estimates (Figure 7) indicating
that a large portion of the plioDA probability distribution lies at the higher end of, or above, estimates of modern
ECS. However, our results do not account for the “pattern effect,” or rather, the impact that SST warming patterns
have on climate feedbacks, and therefore climate sensitivity (Armour et al., 2013). Preferential warming in re-
gions with tropical deep convection produces more negative feedbacks and reduces climate sensitivity, whereas
warming in areas with reflective low clouds or sea ice leads leads to more positive feedbacks and higher climate
sensitivity (Andrews & Webb, 2018; Dong et al., 2019). Accounting for the pattern effect in the Last Glacial
Maximum reduced the range of modern ECS in Sherwood et al. (2020) to 2.1°C—4.1°C (Cooper et al., 2024), and
similar accounting for the Pliocene could have a substantial impact on the inferred climate sensitivity here. Any
impact would depend on how Pliocene SST patterns differ from those projected for CO, doubling, for example,
due to the Pliocene's El Nifio-like configuration of the tropical Pacific (Andrews & Webb, 2018; Dong
et al., 2019) or its enhanced amplification of warming at higher latitudes (Cooper et al., 2024). Atmosphere-only
model simulations are required to isolate the pattern effect, but if the Pliocene's unique SST pattern is responsible
for the apparently high climate sensitivity, accounting for the pattern effect would adjust the probability
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distribution down to lower values, as well as reduce the uncertainty (Cooper et al., 2024). Thus, while our estimate
of ECS from the Pliocene is on face value higher than those for cold climates like the LGM (Cooper et al., 2024;
Tierney et al., 2020), further work is needed to isolate the contribution of the pattern effect.

4.4. Hydroclimate and Implications for Ocean Circulation

plioDA-reconstructed P — E is more sensitive to the choice of model prior than the temperature fields, with the
cloud-only experiment showing different responses in the tropics and subtropics (Figure S7 in Supporting In-
formation S1). This reflects the impact of model boundary conditions on the covariance structure between SST
and hydroclimate, which determines how the SST changes are projected onto P — E. In the PlioMIP2-only and
full prior reconstructions, the posterior patterns in P — E are similar, suggesting that PlioMIP2 boundary con-
ditions dominate the spatial patterns. Previous model sensitivity testing with CESM2 indicates that changes in the
cryosphere and vegetation in particular are responsible for many of the large-scale features of Pliocene hydro-
climatic change, such as for example, the elevated precipitation in the Afro-Asian monsoon region (Feng
et al., 2022). This highlights the need for realistic boundary conditions to accurately simulate and reconstruct past
hydroclimate change. In addition, the sensitivity of the plioDA P — F results to the model prior choice is a
reminder that assimilation of SST proxies provides a weaker constraint on posterior hydroclimate than temper-
ature, and that the reconstructed fields should be interpreted cautiously. In other words, model physics have a
strong influence on the spatial patterns of posterior hydroclimate fields.

In spite of the large differences across model prior choices, there are some features of plioDA P — E that appear
in all of the posterior solutions, and in some cases, are also distinct from both the PlioMIP2 and cloud prior means
(Figure S9 in Supporting Information S1). For example, plioDA indicates an increase in P — E the subtropical
regions of south Africa and western North America (Figure 4a; Figure S9 in Supporting Information S1) in
agreement with proxy evidence (N. J. Burls & Fedorov, 2017) and in spite of the fact that the PlioMIP2 multi-
model mean does not show wetter conditions in these regions (Figure S9 in Supporting Information S1). The
wetter conditions in western North America in particular are very different from the model priors (Figure S9 in
Supporting Information S1) which, considering the strong evidence for positive water balance there (Ibarra
etal., 2018), suggests that assimilation of SST data is updating the P — E field in the right direction. However, the
center of the increase in P — E sits off of the Baja California Peninsula (Figure 4a) rather than on land, which, as
discussed in Section 4.1, may reflect the fact that the North Pacific PDO-negative pattern produced by plioDA
results in cooler SST anomalies on the California margin than the data suggest.

The plioDA posterior SSS reconstruction (Figure 4b) provides an integrated view on the effects of hydroclimatic
change and circulation on the surface ocean. Compared to the prior mean change in SSS, plioDA shows stronger
differences in the Atlantic, Pacific, and Indian ocean basins (Figures 8a and 8b). These include a large increase in
SSS in the North Atlantic, a decrease in the North Pacific (particularly within the Gulf of Alaska and also off the
California margin) and a decrease in the northern Indian Ocean (associated with the reconstructed intensification
of the Indian monsoon, Figure 4a). The SSS posterior is somewhat more resilient to model prior choice than
P — E, in that the large-scale pattern of a saltier Atlantic and fresher Pacific appears regardless of whether the
PlioMIP or cloud simulations are used in the prior (Figure S7 in Supporting Information S1). However, there are
regional differences that, like P — E, relate to the Pliocene boundary conditions. For example, the large increase
in salinity in the North Atlantic in plioDA seems diagnostic of the closure of the Arctic gateways, which restricts
freshwater export to the North Atlantic (Brierley & Fedorov, 2016). The PlioMIP2-only prior produces a salty
North Atlantic, but with the cloud-only prior, the North Atlantic is actually fresher, since those simulations have
the gateways open (Figure S7 in Supporting Information S1). However, in the North Pacific, assimilation of the
SST proxies results in fresher conditions no matter the prior choice (Figure S7 in Supporting Information S1).
This is because all of the posterior solutions for P — E show an invigorated Pacific storm track (manifest as
positive P — E in the subpolar gyre and along the Gulf of Alaska) and a stronger Indian-Asian monsoon system,
two major components of the North Pacific salinity balance (Emile-Geay et al., 2003) (Figure S7 in Supporting
Information S1). Apparently, these particular changes in hydroclimate are less sensitive to boundary conditions,
such as the status of the gateways, the cryosphere, or vegetative cover.

Previous work has argued that a Pacific Meridional Overturning Circulation (PMOC) existed during the mid-
Pliocene (N. J. Burls et al., 2017; Ford et al., 2022; Shankle et al., 2021), partly on the basis of the model
simulation shown in Figure 8c, an idealized “cloud” simulation (plioB17) that is part of our model prior. This
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a. Prior mean simulation was conducted under modern boundary conditions, including

preindustrial levels of CO,, yet features a GMST increase (relative to the
control simulation) of 5.2°C due to an imposed increase in tropical albedo of
0.073 and decrease in extratropical albedo of —0.039 (N. Burls &
Fedorov, 2014). In this simulation, the change in P — E is negative in the
""" North Pacific and moisture transport to the region is reduced (N. J. Burls
et al., 2017). This leads to a saltier North Pacific and fresher North Atlantic,
resulting in weaker AMOC and active PMOC (N. J. Burls et al., 2017).

-2

Figure 8. mid-Pliocene—preindustrial changes in sea-surface salinity (ASSS)

The results from plioDA in North Atlantic and North Pacific are nearly the
opposite of the plioB17 simulation (Figures 8b and 8c). With an active
PMOC, plioB17 simulates an increase in North Pacific SSTs (including near
the Kamchatka Peninsula and within the Gulf of Alaska) of 8°C-10°C (N. J.
Burls et al., 2017) (their Figure 4c), but the SST proxies (Figure 1), and thus
plioDA (Figure 3a), show no such anomaly. Rather, the SST proxies show
minimal warming in the North Pacific subpolar region, and enhanced
warming in the North Atlantic, which supports a stronger AMOC during the
Pliocene (in accordance with gateway closure, Otto-Bliesner et al. (2017)).
Meanwhile, surface freshening of the subpolar North Pacific would disfavor
convection and deep water formation. Thus, plioDA fundamentally contra-
dicts the hypothesis that North Pacific Deepwater formation, and in turn a
PMOC, was active during the Pliocene.

Further research, and potentially alternative explanations, are needed to bring
the surface ocean proxy evidence (represented by plioDA) into alignment
with biogeochemical proxies, which point toward higher export productivity
and altered nutrient, pH, and sedimentary redox conditions in the mid-
Pliocene North and equatorial Pacific, and have been interpreted as evi-
dence for North Pacific Deepwater formation (N. J. Burls et al., 2017; Shankle
et al., 2021; Ford et al., 2022; Abell & Winckler, 2023). Perhaps more
vigorous seasonal mixing, shifts in the characteristics of deep southern-
sourced waters, or fundamental changes in the preformed nutrient content

-1

of North Pacific intermediate waters, could explain the biogeochemical data.
1 2 In addition, new SST records from the center of the North Pacific will be
critical to confirm whether the muted warming indicated by the data available
thus far is correct.

in (a). The model prior mean, (b) the plioDA mid-Pliocene reconstruction,
and (c) an early Pliocene-like simulation (plioB17) with CESM1.2 that
produces Pacific Meridional Overturning Circulation (Ford et al., 2022). 5. Conclusions

By blending proxy SST data with a wide, multi-model prior, plioDA provides
a spatially complete view of both mid and early Pliocene climate change that is informed by geological evidence.
We find that the assimilation of proxy data alters SST patterns of warming in key regions, including the North
Atlantic, North Pacific, and tropical Pacific. plioDA indicates that the mid-Pliocene was warmer than previously
thought, leading to a higher inferred climate sensitivity. The early Pliocene was even warmer, with a substantially
reduced tropical Pacific gradient, suggesting that this time period was fundamentally different from the mid-
Pliocene and deserves further study. plioDA also provides reconstructions of hydroclimate in the form of pos-
terior P — E and SSS fields. plioDA SSS shows that the North Atlantic was saltier and the North Pacific fresher,
supporting Arctic gateway closure but contradicting North Pacific Deep Water formation and an active PMOC.
plioDA thus raises questions about previously inferred connections between North Pacific ocean circulation and
biogeochemistry. Future work is needed to reconcile ocean nutrient, redox, and productivity proxies with SST
changes, validate the plioDA hydroclimate and salinity reconstructions, and also to investigate the enigmatic
drivers of early Pliocene warmth.
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