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Abstract The early-to-mid Pliocene (3-5.3 Ma) is the most recent geologic period of significant
global warmth. Proxy records of Pliocene sea surface temperature (SST) indicate significant and still
unexplained warm anomalies of 3°C-9°C in midlatitude eastern boundary currents, where present-day
cool temperatures are maintained by wind-driven upwelling. Here we quantify the effect of large-scale
Pliocene-like SST patterns on the surface wind stress around the California, Humboldt, Canary, and
Benguela midlatitude coastal upwelling sites. A high-resolution atmosphere model forced with Pliocene
SST simulates changes in surface winds that imply reductions of 10% to 50% in both coastal upwelling,
driven by alongshore wind stress, and offshore upwelling driven by wind stress curl. These changes result
primarily from a reduced meridional temperature gradient which weakens the subtropical highs, and a
reduction in zonal land-sea temperature contrast which weakens geostrophic alongshore winds. These
results suggest that Pliocene coastal warm anomalies may result in part from atmospheric circulation
changes which reduce upwelling intensity. The coastal wind stress and offshore wind stress curl are
shown to respond differently to incremental changes in SST, topography, and land surface anomalies.
Significant decreases in simulated cloud fraction within the subtropical highs suggest that a weaker
land-sea temperature contrast could be maintained by cloud radiative feedbacks.

1. Introduction

The early-to-mid Pliocene (3-5.3Ma) was the most recent geologic era significantly warmer than present and
is considered a potential analogue for the next century of anthropogenic global warming [Chandler et al., 1994;
Dowsett et al., 1996, 2009, although see Lunt et al., 2009]. Peak Pliocene atmospheric CO, concentrations are
estimated to have been 400+50 ppm [Raymo et al., 1996; Pagani et al., 2010; Seki et al., 2010; Martinez-Botiet al.,
2015], and a combination of proxy records and modeling studies puts the mid-Pliocene peak global average
surface temperature about 3-4°C warmer than present, with greater warming toward the poles [Chandler
etal.,, 1994; Dowsett et al., 2011; Brierley et al., 2009; Dowsett et al., 2012, 2013; Fedorov et al., 2013; O'Brien et al.,
2014]. The Greenland and West Antarctic ice sheets were greatly diminished and possibly absent for much of
this period [Scherer, 1991; Pollard and DeConto, 2009], and global sea level was up to 25 m higher than today
[Dowsett and Cronin, 1990; Raymo et al., 2011; Miller et al., 2012; Woodard et al., 2014; Rovere et al., 2014].

Some of the most interesting features of the early Pliocene are the significant warm anomalies found in ocean
upwelling zones around the globe. Multiple proxies for sea surface temperature (SST) indicate anomalies of
roughly +3°Cin the eastern equatorial Pacific, while west Pacific SSTs were similar to modern values, suggest-
ing that mean conditions in the Pliocene equatorial Pacific resembled a modern El Nifio event [Chaisson, 1995;
Wara et al., 2005; Ravelo et al., 2006; Lawrence et al., 2006; Groeneveld et al., 2006; Dekens et al., 2008], although
a recent study argues that the equatorial zonal gradient was comparable to modern [Zhang et al., 2014]. In
addition, all four midlatitude upwelling zones associated with major eastern boundary currents— California,
Humboldt, Canary, and Benguela—show anomalies of +3°C to +9°C relative to today [Herbert and Schuffert,
1998; Marlow et al., 2000; Dekens et al., 2007]. In the present era, both midlatitude and equatorial upwelling
zones are associated with high biological productivity and relatively cool temperatures, maintained by the
raising of cold, nutrient-enriched deep waters by local patterns of wind stress [Mann and Lazier, 2005].
Upwelling sites have tremendous economic and ecological importance, supporting a large fraction of ocean
biodiversity and roughly 20% of the world’s fish catch [Pauly and Christensen, 1995]. There is thus great interest
in understanding how upwelling systems will respond to a warmer world [Bakun, 1990; Snyder et al., 2003].
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Although the warm anomalies in coastal upwelling zones are supported by multiple sediment cores and proxy
types, there is no consensus on a physical explanation, and they are not reproduced in Pliocene simulations
by the latest generation of coupled climate models [Haywood et al., 2012]. One hypothesis suggests that the
global thermocline was deeper during the Pliocene [Fedorov et al., 2006]. While wind-driven upwelling could
still occur, the upwelled water would be drawn from a warmer source, resulting in warm anomalies at the
surface. Several mechanisms which might produce a deeper thermocline have been identified, including an
enhanced freshwater flux in high latitudes [Fedorov et al., 2004], increased mixing in the subtropics driven
by significantly enhanced hurricane activity [Fedorov et al., 2010], a reduced meridional temperature gradi-
ent [Boccaletti et al., 2004], and changes in extratropical cloud cover [Barreiro and Philander, 2008; Burls and
Fedorov, 2014].

Another possibility is that the surface winds near upwelling zones were weaker or shifted relative to their
modern positions. The warm anomalies are then explained as a reduction in upwelling intensity or a shift
in the location of upwelling, rather than a change in source water temperature. Tziperman and Farrell [2009]
suggested that changes in the intensity or organization of tropical convection could have excited atmospheric
waves that propagate out of the tropics. In doing so, these waves transport zonal momentum equatorward,
weaken the easterlies there, and may push the tropics toward a more El Nifio-like mean state. The same waves
are absorbed in the midlatitudes and may alter surface winds around upwelling zones in a manner analogous
to the teleconnections associated with El Nifio—Southern Oscillation.

Wind stress could also differ due to the large-scale surface temperature field. The modern upwelling-favorable
winds around these sites are associated with the subtropical high-pressure zones that result from a combi-
nation of the subsiding branch of the zonal mean Hadley circulation and the seasonal land-sea temperature
contrast. This results in a land-sea pressure gradient which drives the alongshore geostrophic winds respon-
sible for upwelling. Marlow et al. [2000] proposed that changes in upwelling intensity evident in a sediment
core from the Benguela Current could be associated with a gradual increase in the trade winds due to the
increase in pole-to-equator temperature gradient between the Pliocene and the present. Changes in subsur-
face water properties and changes in surface wind stress are not mutually exclusive and may both play a role
in controlling the temperatures recorded by planktic organisms.

In this study we use global reconstructions of Pliocene SST to estimate the surface winds around midlati-
tude coastal sites, and by extension, the level of upwelling these winds has the potential to support. We use
a high-resolution global atmosphere model driven by two different Pliocene SST reconstructions to quantify
changes in wind stress between Pliocene and modern conditions. Ocean temperatures are specified, while
land temperatures are allowed to evolve according to local energy balance. We find that both SST reconstruc-
tions result in reduced upwelling-favorable winds around all four midlatitude upwelling sites, suggesting that
the significant coastal warm anomalies could be a secondary consequence of whatever sets the large-scale
low-gradient SST pattern. We also show that coastal upwelling responds differently to Pliocene boundary
conditions than near-coast large-scale curl-driven upwelling and point out that this may account for the
decoupling of SST and productivity in the proxy record [Lawrence et al., 2006; Dekens et al., 2007].

2. Model Description and Experimental Setup

We use the National Center for Atmospheric Research Community Atmosphere Model (CAM) version 5.1.1
[Neale et al., 2012]. This is the atmospheric component of the Community Earth System Model version 1.0.4,
run with prescribed sea surface temperatures and sea ice, 0.9°x1.25° horizontal resolution, and 30 levels in
the vertical.

We present three primary simulations, each based on a different SST distribution (Figure 1). The control case
uses a modern (1982-2001) SST climatology from the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) data set [Rayner et al., 2003]. The first Pliocene case employs the Pliocene Reconstruction Interpre-
tation and Synoptic Mapping (PRISM) 3-D data set, a reconstruction of global ocean temperatures during the
mid-Piacenzian (3.29 Ma to 2.97 Ma) developed by the U.S. Geological Survey Pliocene Reconstruction Inter-
pretation and Synoptic Mapping (PRISM) group [Dowsett et al., 2009]. This is the latest version of an ongoing
effort to provide lower boundary conditions for Pliocene modeling studies, incorporating all available proxy
records [Dowsett and Poore, 1991; Dowsett et al., 1996; Dowsett and Robinson, 2009; Dowsett et al., 2013]. The
PRISM 3-D SST reconstruction incorporates geochemical (alkenone and Mg/Ca) and foraminiferal assemblage
data from 86 sediment core sites, which are listed in Dowsett et al. [2009]. The Pliocene ocean circulation is
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Figure 1. The annual mean sea surface temperatures (SSTs) used in the (top) modern simulation and SST anomalies
used in the (middle left) PRISM3, (middle right) idealized, (bottom left) PRISMz;, and (bottom right) ideal, simulations.
Black dots indicate sediment core sites listed in section 3.

assumed to be similar to modern, and the Pliocene SST map is subjectively constructed using present-day
SST and the proxy data as guides. This reconstruction is mainly limited by a lack of spatial coverage by proxy
data, which, for example, do not cover the central Pacific.

The second Pliocene case uses an idealized SST reconstruction by Brierley et al. [2009], in which the tropi-
cal warm pool is extended poleward and zonal gradients are nearly eliminated. This is based on alkenone
and Mg/Ca data at 15 sites during an earlier period (4-4.2 Ma) than the PRISM interval, sometimes called
the Pliocene Thermal Optimum. Differences from modern SSTs are larger than in the PRISM3 reconstruction,
and this case may be viewed as an extreme limit of the generally low-gradient conditions which seem to
have prevailed throughout the Pliocene. This reconstruction relies heavily on assumptions about the relative
SST gradients in the Pliocene ocean. For example, mid-Pacific temperatures are reasonably assumed to lie
between temperatures in the equatorial warm pool and those in the California upwelling zone. The signifi-
cant Pliocene SST anomalies off California then imply warmer temperatures across the Pacific. Small offsets are
added to account for the North Atlantic being generally cooler than the North Pacific, the south Atlantic being
warmer than the South Pacific, and upwelling regions being cooler than surrounding waters. A crude seasonal
cycleis included by shifting the SST profile in latitude. Equations precisely describing this distribution, as well
as the sediment core sites it is based on, are available in the supporting information of Brierley et al. [2009].
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Table 1. Simulation Descriptions

Model Run Description

Modern SST climatology from HadISST, 355 ppm CO,, modern topography, and land surface
PRISM As in Modern but using PRISM3 Pliocene SST and 405 ppm CO,

Idealized As in Modern but using idealized Pliocene SST and 405 ppm CO,

PRISMz, As in PRISM but using zonally uniform Pliocene SST anomalies

Idealyy As in |dealized but using zonally uniform Pliocene SST anomalies

PRISMy As in PRISM but also using Pliocene topography

PRISMy. As in PRISM7 but also using Pliocene land surface types

Sea ice in the modern case is taken from the HadISST climatology, and in the PRISM case is taken from the
PRISM3D reconstruction. In the idealized case, sea ice fraction is specified at 90% wherever the SST drops
below freezing. Though this is simplistic, we have found in separate tests that changes in the surface winds
around midlatitude upwelling sites are relatively insensitive to the sea ice distribution. Atmospheric CO,
concentrations were set to 355 ppm in the modern case, and 405 ppm in the Pliocene simulations as rec-
ommended by the Pliocene Model Intercomparison Project [Haywood et al., 2010] and consistent with recent
estimates [Pagani et al., 2010; Seki et al., 2010]. Orbital parameters, methane, ozone, and atmospheric aerosols
are set to modern (1981-2001) climatological values in all simulations. Each simulation is run for 21 years, and
the first year is discarded to allow for model equilibration. Monthly values from the remaining 20 years are
used for the calculations shown here. Trends in global mean land surface temperature over years 2—-11 of the
PRISM and idealized simulations are less than 0.01°C per year, and no single year deviates more than 0.2°C
from the 10 year mean, indicating they are near equilibrium after the first year.

The primary simulations are supplemented by two runs, denoted PRISM, and Idealy, in which Pliocene SST
anomalies are zonally uniform and only a function of latitude. That is

-X,t

SSTPIioZU = SSTModem + SSTPIio - SSTModern . ’ (1)

where the overbar indicates an average over all longitudes and months. These simulations serve to separate
the effect of the large-scale meridional SST gradient from local SST in the upwelling zones, as discussed below.
The CO, concentrations and other model parameters are identical to their values in the primary Pliocene runs.

The above simulations use modern topography and land surface characteristics, but we also examine the
sensitivity of coastal winds to Pliocene topography and land surface types. Topography can influence sur-
face winds, and land surface properties can affect surface albedo and heat and moisture fluxes, which in turn
affect the land-sea temperature contrast, pressure gradient, and wind field. We conduct two tests, one with
Pliocene topography, and another with both Pliocene topography and surface biome and land ice. Both tests
are run with PRISM3 SST, and the Pliocene topography and surface properties are taken from the PRISM3D
data set. All of the above simulations are summarized in Table 1.

We note briefly that the modern, PRISM, and idealized simulations were repeated using CAM4, with similar rel-
ative reductions in coastal wind stress and wind stress curl. This suggests that the basic response is insensitive
to the model configuration.

3. Results

Wind-driven upwelling around all four sites can be broken into two processes. Near the coast, wind stress
parallel to the coastline drives a net transport of surface water away from the coast, which is replaced by
colder water from below. A linear approximation for the coastal upwelling mass flux can be derived from the

momentum and mass conservation equations [cf., Marshall and Plumb, 2008],
T.

as (2)

coast — T’

M

where 7, is the alongshore component of surface wind stress, and f is the coriolis parameter. This yields the
upwelled mass for a given length of coastline, with units of kgs~! m~'. Away from the coast, offshore upwelling
can occur due to spatial variations in wind stress

1 -
Mcurl = FV X7, (3)
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Figure 2. Annual mean surface wind stress (vectors) and upwelling due to wind stress curl (contours). Shown are
(first row) QuikSCAT satellite observations, the CAM5 simulation with (second row) modern SST, the (third row)
difference between PRISM3 and Modern SST, and the (fourth row) difference between idealized and modern SST.
Upwelling units are kg/m?/s, with a shared color scale for each site. Statistically insignificant differences appear white.
A 0.1 N/m2 (QuikSCAT and modern) or 0.05 N/m? (differences) reference vector is shown in the bottom right of each
panel. The model is able to reproduce the general observed patterns of wind stress curl and simulates reductions in
curl when run with estimates of Pliocene SST.

where Vx is the curl operator and 7 is the surface wind stress vector. This is the upwelling mass flux per unit
area in kgs~" m~1. The alongshore wind stress and wind stress curl are widely used in studies of upwelling
variability and trends in eastern boundary current regions [e.g., Bakun and Nelson, 1991].

Surface wind stress around upwelling sites in the CAM5 modern case is first validated against a climatology
of QuikSCAT satellite observations from 2000 to 2009 on a 0.25°%0.25° grid. The observed wind velocities
are converted to surface stresses using a bulk formula. In general the agreement is quite good. Contours in
Figure 2 show the upwelling mass flux per unit area inferred from the wind stress curl using equation (2), while
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Figure 3. Monthly indices for coastal and curl-driven upwelling around each sediment core site, for the modern (blue), PRISM (red) and idealized (green) cases,
and for QuikSCAT satellite observations (black). Upwelling inferred from (top row) alongshore wind stress and (bottom row) wind stress curl is reduced when the
model is run with Pliocene SST. Indices are based on average alongshore wind stress (coastal) or wind stress curl (offshore) within a 300 km square box around
each sediment core site, as indicated in Figure 2. Shading indicates +1 standard error.

the vectors indicate surface wind stress. The model is able to reproduce the large-scale pattern and seasonality
of wind stress and wind stress curl at all four locations, although the magnitude is generally overestimated.
Other model deficiencies include a failure to capture the small-scale wind stress curl associated with the
Canary Islands, and a wider-than-observed strip of positive curl along each coastling, likely due to the coarser
model resolution. These should have only a minor effect on the large-scale changes which concern us.

The statistical significance of differences between the modern and Pliocene runs is evaluated using Student’s
t test, and values insignificant at the 0.05 level appear white in the difference plots. We find that PRISM3 SST
results in modest reductions in wind stress curl and alongshore stress within the Canary and Benguela Current
regions, and somewhat smaller reductions within the California and Humboldt Currents (Figure 2).

To assess the seasonality of upwelling changes, Figure 3 presents local seasonal indices of coastal and offshore
upwelling taken from a single location in each upwelling region. To enable comparison with previous work, we
center these indices on the four sediment core sites highlighted in Dekens et al. [2007]: Ocean Drilling Project
(ODP) site 1014 in the California Current System, ODP site 958 in the Canary Current near the Western Sahara,
ODP site 1237 in the Humboldt Current off the Peruvian coast, and ODP site 1084 in the Benguela Current near
present-day Namibia. The indices are defined by identifying the nearest coastal point to each sediment core
site and averaging all grid points within a box extending 150 km in each alongshore direction, and 300 km
out to sea, as indicated in Figure 2. We find that nearby points produce qualitatively similar time series, and
the indices generally reflect their upwelling region as a whole. With PRISM3 SST, the indices show reductions
in both upwelling components of 5-20%, depending on site and season.

The spatial pattern of wind stress changes due to the idealized SST is similar to that of PRISM3, but the changes
are generally of greater amplitude. This is consistent with the idealized SST anomalies being a more extreme
version of the PRISM3 reconstruction. The idealized case also results in substantial reductions in alongshore
wind stress at all four sites, often 50% or more.

Similar reductions are seen in the Pliocene simulations forced by zonally averaged SST anomalies, shown in
Figure 4. The basic pattern of reduced upwelling near the coasts is reproduced around all four sites in both
simulations. The magnitude of the reductions at most sites in the PRISM, case is comparable to or larger than
the reductions in the PRISM case, although the reductions in the Idealy, case are somewhat weaker than with
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Figure 4. Difference in annual mean surface wind stress (vectors) and curl-driven upwelling mass flux (contours)
between simulations with zonal and annual mean Pliocene SST anomalies and the modern case. Units as in the bottom
of Figure 2. Statistically insignificant differences appear white.

idealized SST. This suggests that most of the reductions in upwelling favorable winds are due to the weakened
large-scale meridional SST gradient, while the weakened zonal gradients have a smaller effect.

The weakened SST gradients affect midlatitude surface winds through at least two mechanisms, not entirely
independent. First, the reduced pole-to-equator temperature gradient leads to a weakening of the Hadley
circulation. This results in less subsiding air and a reduction in the strength of the subtropical highs, indicated
in Figure 5. This reduces the land-sea pressure gradient and the associated alongshore winds. A weakening
of the Hadley circulation has been reported in previous Pliocene modeling studies [e.g., Chandler et al., 1994;
Brierley et al., 2009], although some models simulate a broadening of the circulation rather than a decrease in
strength [e.g., Haywood et al., 2000].

Second, the warmer prescribed midlatitude SST can directly reduce midlatitude land-sea temperature con-
trasts, which in turn weaken land-sea pressure gradients and coastal winds. The weaker temperature contrast
may be partially due to the model configuration: we are prescribing sea surface temperatures, but allowing the
land model to determine its own equilibrium, which depends on accurately specifying Pliocene land surface
properties. The change in land-sea contrast could be overestimated in our results if either the prescribed SST
were too high or the simulated land temperatures were too low. In that event, changes in surface winds would
also be overestimated, along with changes in implied upwelling.

The modern land-sea contrast is reinforced by a number of positive feedbacks. For example, the combination
of subsiding air and evaporation from the ocean surface produces low cloud decks over the eastern ocean
regions, and the resulting high albedo contributes to relatively low surface temperatures, which in turn rein-
force the subsidence regime. Since expansive low cloud decks are less prevalent over continents, a weakened
Hadley circulation should reduce low cloud cover over the ocean more than over land, and the resulting
radiative changes would support a reduced land-sea temperature difference. This cloud feedback is seen to a
striking degree in our simulations. Figure 6 shows the change in low cloud fraction in the two Pliocene simu-
lations relative to modern and the corresponding changes in shortwave cloud radiative forcing. Decreases in
subtropical low clouds range from 10-20% in the PRISM case to 20-30% in the idealized case. Over oceans,
the corresponding changes in surface radiative heating are of order +15 W/m? (PRISM) and +30 W/m? (Ideal),
while overland both runs show smallincreases in cloud cover and a net cooling effect. This combination would
strongly contribute to a weaker land-sea contrast. Differences in midlatitude clouds have been previously

ARNOLD AND TZIPERMAN

REDUCED PLIOCENE UPWELLING WINDS 7



@AG U Paleoceanography 10.1002/2015PA002806

308

60S - 60S

90S

90S

T T T T T T T T T T T T T T T T T T T T T T T T T T
180 150W 120W 9OW 6OW 30W O 30E 60E 9OE 120E 150E 180 180 150N 120W SOW 6OW 30W O 30E 60E SOE 120E 150E 180
T O I I O I B
985 993 1001 1009 1017 1025

PRISM—Modern

hPa

30S 30S

60S 60S

90s T T T T T T T T T T T 90s T T T T T T T T T T T
180 150W 120w 90W 60W 30W O 30E 60E SOE 120E 150E 180 180 150W 120W gOw 60W 30W O 30E 60E 9OE 120E 150E 180

Idealized—Modern

308

60S =1+

90s

T T T T T T T T T T T
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180

BT T T 1T 1T
-10-8 -6 -4 -2 0 2 4 6 8 10 hPa

Figure 5. The annual mean sea level pressure (hPa) from the (top row) modern simulation and the differences between
the modern and (middle row) PRISM, and (bottom row) idealized simulations. Both Pliocene simulations show
reductions in the strength of the subtropical highs. Statistically insignificant differences appear white.
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proposed as a mechanism to explain Pliocene SST anomalies [Barreiro and Philander, 2008; Burls and Fedorov,
2014], and the cloud reductions simulated here are consistent with that hypothesis.

The separate effects of Pliocene topography and land surface type are analyzed in Figure 7. The Pliocene
boundary conditions include generally lower elevations in the Andes and Sierra-Nevada ranges and reduced
ice sheet elevations over Greenland and Antarctica. The Pliocene topography makes little difference around
the Atlantic sites, but the California and Humboldt regions both show spatially complex changes in wind stress
with magnitudes comparable to those induced by the idealized SST. Wind stress curl is generally reduced
off California, except within roughly 100 km of ODP site 1014, which sees a small increase. Changes in the
Humboldt current show an alternating pattern of increases and decreases. The magnitude of these effects
suggests that topography could potentially contribute to the SST anomalies at the Pacific sites, but the
impacts may be local. Given that these effects change on the scale of a single model grid cell and are there-
fore not well resolved, we suggest that this pattern indicates the qualitative significance of topography but
should not be taken literally. In contrast with topography, the wind stress changes associated with Pliocene
land types are statistically insignificant around all four upwelling sites.

ARNOLD AND TZIPERMAN

REDUCED PLIOCENE UPWELLING WINDS 8



@ AG U Paleoceanography 10.1002/2015PA002806

PRISM - Modern Idealized - Modern

Low Cloud fraction Low Cloud fraction
1 1 1 1 1 1 1 1 90N 1 1 1 1 1 1 1 1 1 1

90N

60N -1 60N

30N = 30N

— 5 >4

90S ) ) ) ) ) ) ) ) ) ) ) 90S ) ) ) ) ) ) ) ) ) ) ) )
180 150W 120W 90W 60W 30w O 30E 60E 90E 120E 150E 180 180 150W 120W 90W 60W 30W O 30E 60E 90E 120E 150E 180
i EEEERREEEE
-0.24 -0.12 0 0.12 0.24

SW Cloud Forcing T IOM - Modern W/m2 SW Cloud Forcing Id€lIZed - Modern
L 1 1 1 1

90N

90S ) ) ) ) ) ) ) ) ) ) ) 90S ) ) ) ) ) ) )
180 150W 120W 9OW 60W 30W O 30E 60E 90E 120E 150E 180 180 150W 120W 90W 60W 30W O 30E 60E 90E 120E 150E 180

-2
-25-20-15-10 -5 0 5 10 15 20 25 W m

Figure 6. The annual mean difference in (top row) low cloud fraction and (bottom row) shortwave cloud radiative
forcing between the (left column) PRISM and (right column) idealized cases, relative to modern. Statistically insignificant
differences appear white.

Proxies for sea surface temperature and biological productivity are decoupled on secular timescales [e.g.,
Lawrence et al., 2006; Dekens et al., 2007]. This decoupling, along with indications of high productivity in the
Pliocene, has led to arguments that Pliocene SST anomalies could not be due solely to changes in upwelling,
and that changes in source water properties must play a significant role [e.g., Dekens et al., 2007]. While we
agree that nonupwelling factors likely contributed to the warm anomalies, this argument may underesti-
mate the role of wind stress. In particular, it requires a strong correlation between productivity and upwelling
intensity on long timescales. However, if this were the case, the variability seen in productivity records would
imply extreme and unrealistic changes in wind stress. It has been pointed out [e.g., Lawrence et al., 2006]
that recorded productivity can be strongly influenced by nonupwelling factors, such as nutrient availabil-
ity [e.g., Bolton et al., 2011; Lawrence et al., 2013], or nonlinearities, such as being skewed toward periods of
high productivity. As such, secular variations in productivity could be due to nonupwelling factors, and high
productivity does not necessarily indicate stronger winds.

Here we suggest an additional factor that could contribute to the decoupling of SST and productivity, based
on the differing effects of offshore and coastal upwelling. Unlike coastal upwelling, the effects of wind stress
curl are generally too weak to upwell nutrient-rich deeper water but can still affect SST by upwelling from
shallower depths. If alongshore wind stress and offshore wind stress curl were to vary independently over
time, this could produce independent histories of SST and productivity, even though variations in both are
derived from the changing wind field.

To illustrate this idea, we ran five simulations in which PRISM3 SST, topography, and land surface anomalies
(relative to modern) are scaled from 0 to 1, such that 0 corresponds to modern conditions, 1 to Pliocene con-
ditions, and intermediate values may be thought of as crudely representing the temporal evolution between
these two states over the last 3 Ma. Figure 8 shows annual mean values of the coastal and offshore upwelling
indices from these runs, with the modern case denoted by a red asterisk. A linear relationship between the
two indices would have indicated that they respond similarly, proportional to one another, to the changing
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950

boundary conditions. However, their nonlinear path demonstrates that independent histories of coastal and
offshore upwelling can occur as the SST, CO,, and land surface gradually transition from Pliocene to modern
conditions. Given that the two upwelling mechanisms influence SST and productivity differently, this suggests
that the decoupling of SST and productivity seen in the proxy record could result in part from the differing
sensitivities of offshore and coastal upwelling to changing boundary conditions. These simulations are only
intended as a proof of concept that independent histories are possible. A full evaluation of this hypothesis
will require a more sophisticated approach to relate productivity indicators with upwelling strength.

As cautionary notes to the above results, we point out that the model grid used here, while relatively high
resolution, is not fine enough to capture the small-scale effects of local topography, which can account
for a significant component of wind stress curl. For example, the protrusion of the California coastline at
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Figure 8. Annual mean coastal and offshore upwelling indices for the modern run (red asterisk) and four simulations in which PRISM3 SST, topography, and land

surface anomalies are scaled from 0.25 to 1. Demonstrates a hypothetical evolution over time in which coastal and offshore upwelling do not covary. Crosses

indicate +1 standard error.
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Point Conception is associated with enhanced wind stress curl and upwelling in the Southern California bight
[Pickett, 2003]. Winant and Dorman [1997] found that going from 1° to 0.2° resolution increases the observed
wind stress curl off California by a factor of 3. Mesoscale variations in sea surface temperature are also known
to modulate the local wind speed and thereby the upwelling [Boé et al., 2011]. It is possible that small-scale
effects could have differed significantly between the Pliocene and the present, given changes in sea level and
coastal topography, though it is unclear if this would increase or decrease upwelling systematically. Insuf-
ficient model resolution could also account for the lack of change in upwelling and coastal SST in coupled
simulations of the Pliocene. For example, the PlioMIP CCSM4 used horizontal model grid spacing of roughly
1° [Rosenbloom et al., 2013], which is known to reduce the strength of upwelling [Gent et al., 2010]. If upwelling
in present-day simulations is too weak, then simulated Pliocene anomalies would necessarily be small.

4. Summary and Conclusions

Simulations with the global Community Atmosphere Model (CAMS5) [Neale et al., 2012] demonstrate that
two different reconstructions of Pliocene sea surface temperatures imply reductions in upwelling-favorable
wind around the four major eastern boundary current regions. Use of the mid-Piacenzian (3.29-2.97 Ma)
SST reconstruction developed by the PRISM group results in reductions of 10-20% in the Canary and
Benguela current systems, and smaller reductions of 5-10% in the California and Humboldt systems. An ide-
alized reconstruction of the earlier Pliocene warm period (4—4.2 Ma) results in larger reductions of 20-50%,
depending on season. In both scenarios, changes in wind stress are driven by the combination of a gen-
eral weakening of the Hadley circulation and a reduction in the land-sea temperature contrast. It was also
argued that the decoupling of SST and productivity in the proxy record does not rule out wind-induced
upwelling changes. Gradually varying the prescribed large-scale SST, topography and land surface char-
acteristics between Pliocene and modern values were found to produce independent changes in implied
coastal and offshore upwelling, which could in turn produce differing histories of SST and productivity within
upwelling zones. These results suggest that at least part of the warm anomalies found at Pliocene coastal
sediment core sites may be attributed to wind-driven reductions in upwelling intensity. Quantifying the local
importance of wind stress changes will require further work, perhaps with regional ocean models.

The Pliocene is often presented as an instructive analogue for future global warming [e.g., Chandler et al., 1994;
Dowsett and Robinson, 2009; Salzmann et al., 2009; although see Lunt et al., 2009], and the reduced upwelling
in these simulations has long-term implications for coastal climate. However, lessons for upwelling systems
may not apply immediately. The Pliocene coastal warm anomalies persisted for 2—-3 My [Herbert and Schuffert,
1998; Marlow et al., 2000; Dekens et al., 2007], and like the results presented here, represent a state of relative
equilibrium. Changes in upwelling over the next few decades, though, are expected to be driven by transient
effects. Bakun [1990] hypothesized that the different rates of warming over land and ocean would lead to
an increased land-sea surface pressure gradient, stronger geostrophic surface winds along the coast, and
thus a transient increase in upwelling. This prediction is supported by observed trends in wind stress near
all four major upwelling systems [Narayan et al., 2010] and by direct indicators of productivity and cooler
temperatures off Peru [Gutiérrez et al., 2011]. Interestingly, surface temperatures off California have increased
slightly due to a deepening of the thermocline [Lorenzo and Miller, 2005], but this seems to be a local change.
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