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During the warm Miocene and Pliocene Epochs, vast subtropical
regions had enough precipitation to support rich vegetation and
fauna. Only with global cooling and the onset of glacial cycles some
3 Mya, toward the end of the Pliocene, did the broad patterns of arid
and semiarid subtropical regions become fully developed. However,
current projections of future global warming caused by CO, rise
generally suggest the intensification of dry conditions over these
subtropical regions, rather than the return to a wetter state. What
makes future projections different from these past warm climates?
Here, we investigate this question by comparing a typical quadru-
pling-of-CO, experiment with a simulation driven by sea-surface
temperatures closely resembling available reconstructions for the
early Pliocene. Based on these two experiments and a suite of other
perturbed climate simulations, we argue that this puzzle is explained
by weaker atmospheric circulation in response to the different ocean
surface temperature patterns of the Pliocene, specifically reduced
meridional and zonal temperature gradients. Thus, our results high-
light that accurately predicting the response of the hydrological cycle
to global warming requires predicting not only how global mean
temperature responds to elevated CO, forcing (climate sensitivity)
but also accurately quantifying how meridional sea-surface temper-
ature patterns will change (structural climate sensitivity).
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Following the Clausius—Clapeyron relation, Earth’s atmo-
sphere can hold more water vapor in a warmer climate, past
or future. Moreover, in steady state, the hydrological cycle at any
one point on the surface of the Earth must obey the following
moisture budget, with the residual between precipitation (P) and
evaporation (E) balanced by the convergence of moisture in the
overlying atmosphere:

1 s
P—E=—V~f/ vq dp, [1]
8 Jo

where g is gravity, g the atmospheric specific humidity, and v the
horizontal wind vector integrated across pressure (p) levels from
the bottom to the top of the troposphere (as shown schematically
in Fig. 1). This budget tells us that in a warmer climate, changes
in net precipitation minus evaporation over a specific region,
8(P—E), will result from either changes in the water content
of the air circulating over the region or changes in the circulation
itself, or some combination of both:
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[2]

where § represents the change in each variable between the
warmer climate state and the reference climate state (which in
this study is a preindustrial climate).

According to Clausius—Clapeyron, and assuming more or less
constant relative humidity as suggested by climate models, ¢ is
expected to increase by ~7% per degree Celsius as climate
warms. If large-scale circulation patterns remain similar in
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strength, i.e., v remains approximately constant, the first term on
the right-hand side of Eq. 2 tells us to expect that regions on Earth
currently experiencing moisture convergence and hence more
precipitation than evaporation will become even wetter, while re-
gions of moisture divergence and net evaporation (e.g., ocean
subtropical regions) will become even drier. This is the essence of
the familiar paradigm “Wet gets wetter, dry gets dryer” (1). For the
subtropics, this thermodynamic scaling, in its simplest form, has
different implications over land than ocean, e.g., see ref. 2, since for
land regions, there is the constraint that mean P — E values must be
positive or near zero. That said, future climate projections generally
predict the maintenance or intensification of dry conditions over
most subtropical land regions under future global warming (3, 4).

Accounting for spatial gradients in surface temperature and
humidity changes brings the thermodynamic scaling, based on the
first term in Eq. 2, more closely in line with simulations of both
future warmth (2) and cold conditions of the Last Glacial Maxi-
mum (5). Dynamical P — E changes due to the second term in Eq. 2
are generally regarded as secondary. While climate theory, based
on global mean thermodynamic constraints, predicts that we should
expect some weakening of large-scale atmospheric overturning
circulations in the tropics with global warming (1), in the zonal
mean this thermodynamically explained weakening is generally not
strong enough to compensate for humidity increases and so the first
term in Eq. 2 tends to dominate (3). Circulation changes do how-
ever appear to play a role within regional subtropical P — E changes
and the poleward expansion of subtropical aridity due to Hadley
cell widening in simulations of future climate (3, 6, 7).

The drier subtropics scenario projected by climate simulations
of the future sits in contrast to evidence suggesting that the

Significance

The subsiding flow of the atmospheric Hadley circulation con-
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hydrological cycle behaved in roughly the opposite manner
during past warm periods. Wetter subtropics were a salient
feature of the warm Miocene, e.g., refs. 8—~11—the subsequent
aridification in these regions and the expansion of C, grasslands
occurred as climate gradually cooled. Although subtropical ari-
dification appears to have begun in the Miocene and strength-
ened across the Pliocene and Pleistocene, we focus here on the
more recent Pliocene Epoch, primarily because a sufficient
number of continuous sea-surface temperature (SST) recon-
structions, dating back to the Pliocene from regions across the
global ocean, allow us to characterize the nature of large-scale
SST gradients (11-13). One of the central large-scale features of
Pliocene warmth is that it was polar amplified with meridional
SST gradients much weaker than present, including those be-
tween the tropics and the subtropics as the warm pool was ex-
panded (13-15). Based on the available SST reconstructions that
do extend back into the late Miocene, these large-scale SST
gradients appear to have been even weaker during the Tortonian
(11, 16, 17), some 12-7 Ma, at which time modern deserts were
covered by shrublands, grasslands, savannas, and woodlands
(18). As such, the hydrological cycle mechanism we present for
the Pliocene would have been amplified during the Tortonian
stage of the Miocene.

With a continental configuration similar to present day, current
reconstructions have the Pliocene as the most recent period dur-
ing which atmospheric CO, concentrations were close to 400 ppm
and comparable to today’s values (11, 12, 19). In this study tropical
is defined as the region of zonal- and time-mean moisture con-
vergence situated between 10°S and 10°N while subtropical refers
to the subtropical regions of zonal-mean moisture divergence
within latitudinal bands spanning 10-30° North and South (N&S)
(Fig. 2). Focusing specifically on the subtropics, SI Appendix,
Table S1 summarizes published reconstructions of Pliocene cli-
mate from a variety of records, spanning all of the continents (see
Fig. 4 for sites). While the quality of the age control varies among
these reconstructions (e.g., ref. 20), the broad picture which
emerges is that the subtropical landmasses were wetter during the
Miocene and Pliocene, with tropical savannas and woodland
where we see subtropical deserts and arid regions today (21, 22),
particularly in Africa (23) and Australia (24).

It is important to acknowledge that CO, fertilization is an-
other factor that can play a role in shaping vegetation changes,
particularly in the context of C, grassland expansion (25). As
reconstructions of temperature and moisture availability based
on fossil pollen assemblage do not typically account for CO,
fertilization, this issue brings into question the extent to which
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the 4xCO, and (B and D) Pliocene experiments. The
schematics in the top panels summarize the net hy-
drological cycle response to the SST anomalies (rel-
ative to the control) shown in the bottom panels.
The reconstructed early Pliocene (4-5 Ma) SST
anomalies from sites around the globe (S/ Appendix,
Table S2) are superimposed on the Pliocene SST
change simulated by the coupled simulation with
modified cloud albedo which is then used to force
the atmosphere-only Pliocene simulation. Surface
temperature changes from the atmospheric model
over both the land and ocean are shown in S/ Ap-
pendix, Fig. S1.

Pliocene and Miocene reconstructions reflect a direct effect on
plants of changes in atmospheric CO, concentration versus hy-
drological cycle changes. Recent studies that do account for the
physiological effects of reduced Last Glacial Maximum CO,
concentrations on pollen reconstructions of moisture availability
have shown that better agreement is found with independent
paleohydrological reconstructions, e.g., ref. 26 and climate sim-
ulations (27). That said, the enhancement of photosynthetic
carbon uptake in C; plants under increasing CO, concentrations
appears to be nonlinear with maximum sensitivity in the ~0-250-
ppm range (28). Therefore, with reconstructed Pliocene CO,
concentrations falling within the ~350-450-ppm range (11, 12,
19), neglecting the CO, fertilization signal in pollen-based re-
constructions is probably a relatively small source of error since,
as summarized in SI Appendix, Table S1, subtropical recon-
structions, e.g., ref. 22, tend to align with independent hydro-
climate estimates based on other proxies, e.g., ref. 9, including
lake-based reconstruction (29).

It is worth noting that modern satellite studies do indicate a
global greening trend since 1982 due to anthropogenic CO, fer-
tilization (30) with evidence for a moderate global increase in
maximum foliage cover from 1982 to 2010 within warm arid re-
gions due to CO, fertilization (31). Climate change projections
predict a global increase in net primary productivity (NPP) over
the 21st century due to CO, fertilization (27, 32, 33); however, this
NPP enhancement decreases as CO, increases and the CO, fer-
tilization effect becomes saturated (32). Accounting for CO, fer-
tilization therefore remains an uncertain aspect of Pliocene and
Miocene pollen-based hydroclimate reconstructions, demanding
future attention. On balance, declining CO, concentrations, in-
creased aridity, and seasonality are all thought to have played a
role in subtropical aridification and C, grassland expansion across
the Pliocene and Miocene and likely acted in concert. It seems
unlikely that the ~100-ppm increase in Pliocene CO, could have
acted alone to support the magnitude of greening reconstructed
for the arid subtropical regions. Here we present modeling results
illustrating how the changing strength of large-scale meridional
SST gradients particularly between the subtropics and the tropics
would have acted to aridify the subtropics.

Previous attempts to explain wetter conditions during the
Pliocene and the Miocene have tested the idea of a permanent
El Nifo-like state (10, 21, 34) with a reduced or absent mean
east-west gradient along the equatorial Pacific. While the exact
magnitude of this reduction is hotly debated (17, 35-37), there
are strong indications that this gradient was indeed significantly
weaker. Imposing a zero east-west zonal gradient in atmospheric
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Fig. 2. Zonal-mean components of the hydrological cycle as functions of
latitude in the different simulations. The tropics and subtropics are marked as
vertical orange and green bands. (A) SST increases fairly uniformly between
30°S and 30°N in the 4xCO, experiment, whereas muted tropical warming
(compared with the subtropics and midlatitudes) strongly reduces the me-
ridional SST gradient between the tropics and the subtropics in the Pliocene
experiment. (B) Surface precipitation minus evaporation (P — E), while en-
hanced in the tropics and reduced in the subtropics in the 4xCO, experiment
(wet gets wetter, dry gets drier), behaves differently in the Pliocene experi-
ment, especially in the subtropics. (C) This contrast in P — E changes between
the two simulations holds when restricting the zonal-mean average to only
land areas. (D) Moisture transport by time-mean flow (q ) from the subtropics
to the tropics while enhanced in the 4xCO, experiment is suppressed in the
Pliocene experiment. (E and F) The contribution of changes in the time-mean
humidity (q) versus circulation () to changes in this moisture transport. While
increased atmospheric humidity dominates over circulation changes in the
4xCO, experiment (E), weaker Hadley circulation more than compensates the
humidity increase in the Pliocene experiment (F), resulting in an overall re-
duction of the moisture transport (D).

general circulation models (GCM) produces an effect similar to
that of a strong modern El Nifio with generally wetter conditions
over land, especially in midlatitudes over the Americas, but the
effects of the imposed change on the subtropical regions both
over the ocean and land are mixed (e.g., ref. 38). Moreover, El
Nifo conditions typically induce drought over the Sahel and
parts of Asia (e.g., ref. 39).

Recent observational and fully coupled modeling studies in-
dicate that the immediate cause of the reduced east-west SST
gradient along the equator is the reduction of the meridional SST
gradient as the two are tightly linked on these timescales (13, 40).
Consequently, one has to consider not only the zonal but also
meridional changes in SST patterns to explain precipitation
changes (41). Under the Pliocene Model Intercomparison Project,
several fully coupled climate experiments have been performed
using state-of-the-art climate models forced with elevated CO,
concentrations (400 ppm) and reconstructed mid-Piacenzian
boundary conditions for vegetation, ice sheets, and topography
(15, 42, 43). While these coupled simulations reproduced some
polar-amplified warmth, they do not reproduce the full extent of
warming suggested by proxy data for the Pliocene Epoch in the
middle and high latitudes. They also fail to capture adequately the
warming in the equatorial cold tongues and coastal upwelling
regions during the Pliocene (12). At the same time, these models
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may produce too strong a warming in the oceanic warm-pool re-
gions compared with the observations (e.g., ref. 43). As a result,
the reduction in large-scale meridional and zonal sea-surface
temperature gradients, particularly between the tropics and sub-
tropics, and the general patterns of warming suggested by the
paleodata are not fully captured by these coupled simulations,
even when resolving the effects associated with changes in CO,,
vegetation, ice sheets, and topography.

Results and Discussion

To explore the effect of the weak Pliocene large-scale SST gra-
dients on the hydrological cycle, we use an atmospheric model
driven by the SST field from a fully coupled experiment with
modified cloud radiative properties capable of supporting a
large-scale ocean temperature pattern that closely resembles early
Pliocene reconstructions (Fig. 1D). See refs. 13 and 44 and
Methods for details on this early Pliocene simulation, referred to
hereafter as the Pliocene simulation. The weak meridional and
zonal SST gradients of the Pliocene imply reduced wind-driven
poleward heat transport within the ocean subtropical cells (40).
Therefore, assuming the partitioning between the atmospheric
and ocean components remains approximately constant (45), a
change in the required total heat transport, i.e., the meridional
gradient in top-of-the-atmosphere radiation, is necessary to
maintain such a climate. Interestingly, changes in cloud radiative
forcing in response to elevated CO, can support certain aspects of
polar-amplified Pliocene warming (13). However, the magnitude
of the CO, forcing required to reduce the meridional SST gra-
dient to the extent seen in the Pliocene is much greater than the
~400 ppm set by Pliocene reconstructions. Moreover, warm pool
as well as global mean temperatures become far too warm. This
apparently insufficient sensitivity of cloud radiative forcing to CO,
changes is also seen when attempting to simulate warm Eocene
conditions (46) and again changes in cloud radiative forcing are
invoked to simulate the equable conditions of the Eocene (47).

Here we contrast the response of the hydrological cycle to the
SST structure from the Pliocene simulation against a quadrupling-
of-CO, experiment (Fig. 1). As shown in Figs. 1 C and D and 24,
the clear distinction between these two simulations is that the
meridional SST gradient is significantly reduced relative to the pre-
industrial control in the Pliocene experiment, whereas the warming
is more uniform within the 4xCO, experiment. The implication for
the zonal-mean hydrological response is summarized in Fig. 2.
While the 4xCO, experiment exhibits the typical “Dry gets dryer,
wet gets wetter” response, the Pliocene experiment exhibits roughly
the opposite feature, with the subtropical regions becoming wetter
and parts of the tropical regions drying as “Dry gets wetter, wet
gets drier” (Fig. 2B). When the zonal-mean precipitation is con-
fined only to land regions, both the subtropics and tropics are
wetter in the Pliocene (Fig. 2C). Following Eq. 1, the zonal-mean
P — E changes shown in Fig. 2B are associated with changes in the
meridional moisture transport such that reduced moisture trans-
port is responsible for the wetter subtropics in the Pliocene sim-
ulation. For both simulations equatorward of 40°N&S these
changes in moisture transport are predominantly due to changes in
the time-mean flow (gv) (Fig. 2D) rather than the eddy contribution
(V") (SI Appendix, Fig. S2). Therefore, we base the decomposition
shown in Eq. 2 on 6g and &V, where & represents the change between
the warm climate (4xCO, in Fig. 2E and Pliocene in Fig. 2F) and
the preindustrial control simulation. Fig. 2 E and F clearly illustrates
that unlike the standard response to CO,-induced warming (Fig.
2E), reduced meridional circulation between the subtropics and the
tropics in the Pliocene simulation more than compensates for the
temperature-driven humidity increase, which results in a weakened
rather than enhanced equatorward moisture transport.

Fig. 1 A and B summarizes this key distinction between the
hydrological response in the Pliocene and CO, experiments. In
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essence, contrasting these two experiments highlights that changes
in the strength of the meridional SST gradient, via its control on
the strength of the atmospheric meridional Hadley circulation
(Fig. 3), plays a key role in the response of the hydrological cycle
to warming within our Pliocene experiment. In contrast, poleward
of ~50°N&S, where the eddy components dominate, the zonal-
mean moisture transport is very similar between the Pliocene and
CO, experiments (SI Appendix, Fig. S2).

Moving away from the zonal-mean view, Fig. 4 compares simu-
lated P — E changes relative to the control for the CO, versus the
Pliocene experiment (see SI Appendix, Fig. S3 for precipitation
changes). Consistent with a weakening of the Hadley circulation in
the Pliocene experiment, P — E is enhanced within regions where
present-day rainfall is suppressed by subsidence. P — E is reduced in
many regions of present-day atmospheric uplift, particularly ocean
regions corresponding to the modern ITCZ—notable exceptions to
this include the Maritime Continent and tropical Africa.

While subtropical subsidence over land and Hadley strength
are closely related during winter months in modern climate,

A Preindustrial Control D 11, x10"
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Fig. 3. Hadley circulation in different simulations. The zonal-mean atmo-
spheric meridional stream function for (4) the preindustrial control, (B) the
4xCO,, and (C) the Pliocene experiments. (D) The relationship between the
meridional SST gradient and Hadley circulation strength across the sensitivity
experiments. See Methods for the definition of the meridional SST gradient.
Color coding is used to help differentiate between the different groups of
experiments listed in S/ Appendix, Table S3. The difference in the stream
function with respect to the control for (E) the 4xCO, and (F) the Pliocene
experiments. The Pliocene experiment sustains a much weaker Hadley cir-
culation in response to an expanded tropical warm pool and reduced me-
ridional SST gradients. In contrast, relatively uniform warming in the tropics
and subtropics in the 4xCO, simulation results in small changes in the Hadley
circulation strength.
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Fig. 4. Global P — E changes. The change in annual mean P — E relative to
the preindustrial control for (A) the 4xCO, and (B) the Pliocene experiment.
Superimposed are the subtropical (~10-30°N&S) Pliocene paleoclimate re-
constructions summarized in S/ Appendix, Table S1. Blue sites indicate wetter
(or less water-limited) conditions, red indicate drier (more water-limited),
gray indicate conditions similar to modern. Statistical significance: Regions
without stippling are statistically significant while purple stippling indicates
regions falling within two SDs of 20-y mean variability during the last 500 y
of the control experiment.

monsoon heating over land and the seasonal strengthening of
zonal SST gradients within the subtropics (sustained by both at-
mospheric and oceanic processes) play an important role in the
summer strengthening of the subtropical highs over the eastern
subtropical oceans affecting subtropical desert regions on the
western margins of the continents (48). Consequently, the reduced
zonal subtropical SST gradients of the Pliocene help to wet the
arid subtropical regions as this monsoon—desert coupling mecha-
nism weakens. This effect is shown in SI Appendix, Figs. S5-S8
comparing summer rainfall, lower tropospheric wind, and sea-level
pressure changes within each hemisphere between the abrupt
4xCO, and Pliocene experiments. In June-July-August the anti-
cyclonic circulation in the subtropics is weaker in both the North
Pacific and Atlantic basins within the Pliocene experiments and is
associated with weaker North American and North African mon-
soons (SI Appendix, Fig. S5 versus SI Appendix, Fig. S6). In the
southern hemisphere, in December—January—February weaker
subtropical anticyclones over the South Atlantic, South Indian, and
South Pacific basins are associated with weaker monsoonal circu-
lation and increased precipitation over the arid western subtropical
margins of Southern Africa, Australia, and South America, re-
spectively (SI Appendix, Fig. S7 versus SI Appendix, Fig. S8).
Broadly speaking, this reduced moisture divergence over the
subtropics is consistent with geological evidence (Fig. 4 and SI
Appendix, Fig. S3 and Table S1) suggesting warmer and wetter
Pliocene conditions in Northern and Southern Subtropical
Africa, the Arabian Peninsula, Subtropical Asia, Subtropical
Australia, and Northern and Southern Subtropical America.
Note that certain regional differences, which depend on zonal
SST and land surface asymmetries, may be poorly resolved or
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unresolved by the Pliocene simulation as preindustrial topogra-
phy and vegetation are imposed as boundary conditions. For
example, tectonic-driven changes complicate the interpretation
and timing of Asian and Indian Monsoon changes, particularly in
the Yunnan Province of China, e.g., ref. 49.

The data synthesis presented here focuses on the subtropics, as
this is where the weakening of Pliocene SST gradients has robust
implications for the hydrological cycle when contrasted against
the abrupt 4xCO; experiment (Fig. 2 B and C). Looking beyond
the subtropics, tropical rainfall changes within the Pliocene
simulation (SI Appendix, Fig. S3) suggest that tropical convection
was more evenly distributed and possibly weaker. This picture is
broadly supported by eastern equatorial Pacific dust records
suggesting drier conditions in Central America and northern
South America (50). Further, reconstructions generally imply
that the midlatitude regions of North and South America, as well
as Europe, were wetter during the Pliocene (10, 21, 22). While
our Pliocene simulation has increased precipitation over most of
the midlatitude landmasses (SI Appendix, Fig. S3), there are
some regions of midlatitude drying that may not agree with these
reconstructions, particularly when considering P — E (Fig. 4).

To fully explore the effect of meridional SST gradients on the
hydrological cycle, Fig. 5 shows results from a suite of simulations
across which we systematically reduce the meridional SST gradi-
ent by modifying the latitudinal distribution of cloud albedo or
increasing atmospheric CO, concentrations (Methods). The results
point to the competition between (i) changes in specific humidity
that act to enhance subtropical moisture divergence, and (i) re-
laxation of the meridional SST gradient that acts to reduce the
strength of atmospheric meridional circulation (SI Appendix, Fig.
S4). Under the weak meridional SST gradient of the Pliocene the
latter effect dominates, leading to reduced subtropical moisture
divergence. Therefore, when it comes to predicting the response
of the hydrological cycle within the subtropics to global warming,
the warm Pliocene highlights the importance of not only pre-
dicting how global mean temperature responds to elevated CO,
(climate sensitivity) but also correctly quantifying how meridional
SST patterns will change (structural climate sensitivity). This will
largely depend on the strength of cloud feedbacks and the asso-
ciated changes in cloud radiative forcing, as the first-order control
on the strength of large-scale meridional SST gradient changes.

In this study, to produce an SST field resembling the Pliocene,
the required change in cloud radiative forcing was superimposed,
which begs the question: What could have supported such
changes in cloud radiative forcing during the Pliocene? Perhaps,
unresolved cloud feedbacks in response to elevated Pliocene
CO; levels (e.g., convective self-aggregation in the tropics) or a
different composition of atmospheric aerosols (e.g., ref. 51) af-
fecting cloud radiative properties? This is a pressing question
when it comes to evaluating the Pliocene as an analog for future
climate change.

Methods

Climate Model. The numerical experiments analyzed in this study were per-
formed using the Community Earth System Model (CESM 1) forced with
preindustrial orography, vegetation, and land-ice cover. The CESM configu-
ration used for each experiment is detailed in S/ Appendix, Table S3. The
majority of the simulations were performed using the T31gx3v7 configuration
designed to facilitate paleoclimate simulations and the long integration time
required to reach near-equilibrium. This configuration has T31 atmospheric
and land components coupled to ocean and ice components with a horizontal
resolution ranging from ~1° near the equator to 3° near the poles (T31gx3v7)
(52). To test the sensitivity of the perturbed cloud albedo results to model
resolutions, a number of experiments were performed with the more com-
putationally expensive 0.9 x 1.25 gx1v6 configuration whose atmospheric and
oceanic components both have a resolution of ~1°.

Global Climate Sensitivity Experiments. Two sets of sensitivity experiments are
analyzed: (/) a range of perturbed cloud albedo experiment across which we
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Fig. 5. Climate controls on subtropical P — E. (A and B) The relationship
between subtropical P — E (zonal mean between 10° and 30°N&S) and (A)
global mean surface temperature (GST); (B) the meridional SST gradient
across the sensitivity experiments. Neither of these variables can account for
the spread in subtropical P — E across the simulations conducted. (C and D) A
strong relationship is seen (C) between GST and the change in subtropical
P — E due to humidity-induced changes in the moisture transport (the first
term in Eq. 2 when applied to the time-mean flow) and (D) between the
meridional SST gradient and the change in subtropical P — E due to circu-
lation-induced changes in the moisture transport (the second term in Eq. 2
when applied to the time-mean flow). Color coding is used to differentiate
between the different groups of experiments listed in S/ Appendix, Table S3.
For all four panels P — E changes are given in millimeters per day (mm/day).

systemically vary the meridional gradient in cloud albedo keeping CO,
concentration fixed at preindustrial levels and (ii) a range of abrupt CO,
experiments (S/ Appendix, Table S3). As outlined in refs. 13 and 40, by scaling
the atmospheric liquid and ice water paths (LWP and IP) seen by the
shortwave code within distinct latitudinal bands, we alter the optical
properties of clouds as they form within the model. Modifying the atmo-
spheric water path serves as an efficient way of altering the latitudinal SST
distribution and the SST gradient between the equator and midlatitudes
within a comprehensive GCM by supporting cloud albedo changes of the
opposite sign within the tropics and extratropics (13, 40). These sensitivity
experiments and theoretical considerations (12, 13, 40, 44) suggest that a
change in the equator-to-pole gradient of the top-of-the-atmosphere en-
ergy budget is required to maintain the structurally different global surface
and subsurface temperature field of the Pliocene. However, the exact
mechanism maintaining the required change in the meridional structure of
cloud radiative forcing (CRF) remains unclear. CRF changes could have oc-
curred via either shortwave and longwave changes realized by changes in a
number of cloud properties in addition to liquid and ice water content (e.g.,
cloud lifetime, particle concentration, and size), and sustained by different
Pliocene atmospheric aerosol concentrations or cloud feedbacks to elevated
Pliocene CO, levels poorly resolved by current climate models.

The perturbed cloud albedo experiments are complemented with a set of
perturbed CO, experiments in which we abruptly raise atmospheric CO,
concentrations to 2x, 4x, 8x, and 16x the preindustrial control levels of
285 ppm without making any modifications to cloud albedo. As outlined in S/
Appendix, Table S3, each experiment within both sets of sensitivity experi-
ments has been run for 800 y (200 y in the case of the higher-resolution ex-
periments). This is sufficient for the upper ocean to have reached equilibrium
given the multidecadal adjustment timescale of the shallow wind-driven
overturning circulation with the deep ocean still experiencing weak drift.

Early Pliocene, Abrupt 4xCO,, and Preindustrial Control Experiments. To con-
trast the hydrological response to Pliocene SST forcing against the typical
response to elevated CO,-induced warming, we have extended two of the
above-mentioned sensitivity experiments to near-equilibrium [3,000 y, at
which point the top-of-the-atmosphere (TOA) imbalance falls within +0.1
Wm~2]: (i) a modified albedo experiment which best reproduces the early
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Pliocene conditions (Fig. 1) and (ii) the abrupt 4xCO, experiment. For the
Pliocene experiment the LWP seen by the shortwave code was scaled by
0.4 everywhere poleward of 15°N&S (reducing the albedo of low clouds
forming in the simulation), while both the LWP and IP were scaled by
3.4 everywhere equatorward of 15°N&sS (increasing the albedo of all tropical
clouds)—see refs. 40 and 44 for further details on the resulting change in
TOA radiative forcing. This experiment highlights the changes in TOA radi-
ative forcing required to support the large-scale SST patterns of the Plio-
cene. To ensure that the arbitrary 15°N&S boundary in imposed cloud optical
properties does not lead to spurious effects, particularly over land, we then
use the monthly mean SST and sea ice output from the last 100 y of the
coupled Pliocene simulation to force the atmospheric component without
any water-path modifications. The last 80 y of this 100-y simulation are used
in our analysis of the hydrological cycle’s response to Pliocene SSTs.

Reconstructing Pliocene SST Gradients. SST reconstructions from sites around
the globe spanning the Pliocene have been synthesized by refs. 11 and 12. We
use these data to evaluate early Pliocene SST anomalies relative to the
modern (Fig. 1 and S/ Appendix, Table S2). Firstly, each time series of recon-
structed SST has been interpolated to an even spacing of 2 ky. SST anomalies
for each site are then defined as the average difference between the in-
terglacial (defined here as above median) values falling between 4 and 5 Ma
and interglacial (defined here as above median) values falling between 0 and
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0.5 Ma. If the data do not span 0-0.5 Ma, modern SST values are used to
calculate the Pliocene SST changes (for the sites from ref. 11 modern SST
values from the backtracked geographical location of each site was used to
account for any plate movement—a correction mostly affecting Miocene
age reconstructions).

Meridional SST Gradient Index. The meridional SST gradient is defined as
[{[SST(®)] — [SSTequ])|. Where the angle brackets symbolize the average value
between 5°N&S-50°N&S, the square brackets the zonal mean, and S5Teqy is
the SST mean between 5°N&S. Each latitudinal circle receives equal weight in
this calculation.
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