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Abstract Proxy records of the Pliocene show significant warm anomalies of sea surface temperatures
(SST) near midlatitude upwelling sites at the eastern boundaries of the Pacific and Atlantic Oceans.
Weaker upwelling-favorable mean winds or a deeper thermocline have been proposed as explanations, yet
the mechanisms involved are still not clear and the dramatic warmings of up to 9°C are only partially
accounted for. Here we quantify the response of strong “transient” upwelling-favorable wind events,
defined to have a wind velocity over 5 m s~! and a duration of at least 3 days, to two reconstructions of
Pliocene SST. Such events are responsible for much of the modern upwelling SST signal and may therefore
be a more relevant measure than the climatological winds. We find that both the amplitude and duration
of upwelling-favorable events are reduced in the Pliocene scenarios. Using Pliocene Reconstruction
Interpretation and Synoptic Mapping SST, we find an annual reduction in upwelling flux between 7.4%
and 13.2%, depending on model resolution. With an idealized Pliocene SST, the reduction in upwelling flux
is between 46.7% and 50.3%. This reduction is shown to be closely related to changes in anticyclonic
atmospheric activity, associated in turn with a weaker large-scale meridional SST gradient.

1. Introduction

The early-to mid-Pliocene, 5.3-3.1 mya was the most recent period of sustained global warmth and is con-
sidered an analogue for a future global warming scenario (Chandler et al., 1994; Dowsett et al., 1996, 2012;
Dowsett and Robinson, 2009; ). Proxy records and modeling results indicate that global average surface tem-
perature was about 3-4°C warmer than at present (Dowsett et al., 2013, 2011; O’Brien et al., 2014). The
early Pliocene is believed to have been characterized by substantially lower meridional and zonal tempera-
ture gradients, and the sea surface temperature (SST) of the west Pacific warm pool was similar to present
(Fedorov et al., 2013; Haywood et al., 2012). The average SST difference between the east and the west sides
of the equatorial Pacific Ocean was only 1.5 +0.9°C and there was a deep thermocline in the eastern Pacific
Ocean. Due to their similarity to a modern El Nifio event, these conditions have been termed a “permanent
El Nifio” (Burls and Fedorov, 2014; Dekens et al., 2008; Fedorov et al., 2010; Haywood et al., 2007; Ravelo
et al., 2006). We note that some recent SST proxy reconstructions suggest that the zonal SST gradient dur-
ing the early Pliocene was, in fact, comparable to or only moderately smaller than modern values (Tierney
et al., 2019; Zhang et al., 2014).

Another interesting feature during the Pliocene, relevant to this work, is the anomalously high SST in mid-
latitude upwelling regions. Multiple proxies have found that SSTs at midlatitude upwelling sites such as the
California, Humboldt, Canary, and Benguela, were significantly warmer than present, by 3-9°C, indicating
amajor shift in these cold upwelling zones during 4.6-3 Ma (Brierley et al., 2009; Dekens et al., 2007; Herbert
and Schuffert, 1998; LaRiviere et al., 2012; Marlow et al., 2000). Upwelling regions play a significant role
in maintaining ocean biodiversity, encompass a large fraction of fisheries, and regulate regional and basin
scale climate (Lau and Shen, 1988; Pauly and Christensen, 1995; Seager et al., 2003). How these upwelling
systems will respond to a warmer climate is therefore of great interest.

Previous studies suggested several mechanisms for the disappearance of the cold upwelling zones dur-
ing the Pliocene. One is that the thermocline was deeper, such that the upwelling brought up relatively
warmer, above thermocline, water to the ocean surface compared with the modern case (Chaisson and
Ravelo, 2000; Ford et al., 2015; Wara et al., 2005). It has been proposed that a tectonic process such as the
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closing of the Panama Seaway influencing the intermediate water (Haug et al., 1999; Steph et al., 2010),
or a northward movement of New Guinea and the restriction of the Indonesian Seaway (Cane & Molnar,
2001), could have led to the shallower modern thermocline (Fedorov et al., 2006), although these explana-
tions still leave significant gaps in terms of the detailed mechanisms involved. It has also been proposed
that the reduced meridional SST gradient would result in a more locally balanced energy budget, thus caus-
ing a deeper ventilated thermocline during the early-to-mid Pliocene (Boccaletti et al., 2004; Philander &
Fedorov, 2003).

Another possibility is that a smaller equator-to-pole temperature gradient and a weaker Hadley Circulation
could reduce the intensity, or shift the location, of upwelling-favorable wind at midlatitude areas (Arnold &
Tziperman, 2015; Lu et al., 2007; Tziperman & Farrell, 2009). Arnold and Tziperman (2015) used an atmo-
spheric general circulation model to simulate the surface wind stress in both modern and Pliocene scenarios
with a horizontal grid spacing of roughly 1° and a prescribed SST. They calculated the mean climatolog-
ical alongshore wind stress (AWS) and wind stress curl to estimate the coastal and mid-ocean upwelling
mass fluxes. They found reductions of 10% to 50% in both coastal upwelling driven by AWS and offshore
upwelling driven by wind stress curl. However, such reductions alone appear to be insufficient to explain
the anomalies suggested by temperature proxies (Miller & Tziperman, 2017).

Although upwelling is a coupled atmosphere-ocean process, the use of prescribed SST is justified by the
difference in spatial scale between the wind field driving the upwelling and the SST anomalies that result.
While the SST signal of upwelling extends at most a few hundred kilometers from the coast, the along-shore
wind stress is typically part of a basin-scale anticyclonic circulation spanning several thousand kilometers.
Such circulations depend more on the large-scale SST gradients than the local SST associated with upwelling.
It is thus possible to consider how the large-scale differences in Pliocene SST would impact the coastal
winds, while neglecting the relatively small feedback from the local SST. This approach, of asking how the
large-scale SST affects the wind, complements studies that use a dynamical ocean model with prescribed
winds to study the local ocean upwelling response (Miller and Tziperman, 2017). Eventually, of course, the
problem would need to be tackled by a fully coupled ocean-atmosphere model. We note that current coupled
climate models typically use ocean-grid spacing that is too coarse to resolve coastal upwelling processes and
consequently find it difficult to reproduce the warmer upwelling regions in Pliocene simulations (Dowsett
et al., 2013; Fedorov et al., 2013; Haywood et al., 2012).

At present day, the narrow strip of cold upwelling water is confined within 10-50 km of the coast (Allen,
1980; Enriquez & Friehe, 1995; Hurlburt & Thompson, 1973; Renault et al., 2012; Small et al., 2015). The
occurrence of nearshore drop-off of the wind speed leads to an enhanced wind stress curl there, which favors
upward Ekman pumping (Capet et al., 2004; Enriquez & Friehe, 1995). According to Winant and Dorman
(1997), an increase in atmospheric model resolution from 1° to 0.2° improves the simulation of this drop
off and therefore increases the simulated wind stress curl off California by a factor of three. This motivates
our use in this paper of several model resolutions, including one at 0.25°. The increased resolution does
not change our results significantly, indicating numerical convergence and increasing the confidence in the
results. Furthermore, previous studies considered only the climatological monthly mean alongshore-wind
stress and wind stress curl to estimate the upwelling mass flux. However, according to some studies of the
biological productivity and SSTs at the California upwelling zone, while the Ekman response occurs in less
than a day, a wind forcing with a duration of at least 3 days and an amplitude of 5 ms™! is required for the
cold, nutrient-rich water to reach the surface (Botsford et al., 2006; Dugdale et al., 2006; Garcia-Reyes &
Largier, 2010). One may therefore conclude that the proxy data, relying on biological activity to record SST,
is mostly affected by strong upwelling-favorable wind events, and this indeed is our focus here.

We build on the work of Arnold and Tziperman (2015), using higher resolution simulations and considering
the role of wind variability and strong wind events, focusing on the California upwelling site. We find a large
reduction in the number of strong upwelling wind events in simulations with Pliocene SST. We further show
that strong upwelling events are always accompanied by anticyclones over the northeast Pacific Ocean, and
that both the frequency and amplitude of those upwelling-favorable anticyclones is reduced in the Pliocene
scenarios.
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2. Methods

2.1. Pliocene Simulations

Here we analyze three SST configurations meant to represent the modern era (modern), the mid-Pliocene
(Pliocene Reconstruction Interpretation and Synoptic Mapping [PRISM4]), and an idealized early Pliocene
case (idealized). The modern SST is based on the climatology from the Hadley Centre Sea Ice and Sea Surface
Temperature data set (Rayner et al., 2003). The mid-Pliocene case uses lower boundary conditions from
the PRISM4 data set representing the mid-Piacenzian (3.29-2.97 Ma) (Dowsett & Robinson, 2009). It is a
palaeoenvironmental reconstruction containing data for palaecogeography, land, vegetation, soils, lakes, SST,
and sea-ice. The idealized case SST represents an extreme idealization of the warm, low-gradient conditions
prevailing in the early Pliocene (4.2-4 Ma) from Brierley et al. (2009). The three SST distributions are shown
in supporting information, Figure S1.

We use the NCAR Community Atmosphere Model (CAM) Version 5, a state-of-the-art GCM used for future
climate projections, and used previously to study the Pliocene (Arnold and Tziperman, 2015; Koll and Abbot,
2013). Specifically, we use the land model CLM4.0 (Lawrence et al., 2011; Oleson et al., 2010) and atmo-
spheric model Community Atmosphere Model-5.3 (Neale et al., 2010, 2012) from CESM-1_2_2_1. The land
vegetation and topography are set to their modern values, and as we focus on the effects of the SST, future
studies would need to examine the effects of the land conditions as well. The bulk aerosols model is used;
Milankovitch forcing is set to modern values; and CO, is set, as in Arnold and Tziperman (2015), to 355
ppm for modern and 405 ppm for the Pliocene simulations. For each scenario we run the model at several
horizontal resolutions: (1) 0.23° X 0.31° (component set f02_f02, hereafter referred to as the 0.25° reso-
lution), allowing resolution of the coastal wind drop off near upwelling sites; (2) half a degree resolution
(0.47°x0.63°, f05_f05) ; (3) 1 degree resolution (0.9° x 1.25°, f09_f09). There are 30 levels in the vertical. We
run the 0.25° model in all three scenarios for 2 years, the 0.5° for 10 years, and the 1° model for 20 years.
The first year in each case is discarded to allow for spinup. Additional information on component sets is
available at http://www.cesm.ucar.edu/models/cesm1.2/cesm/doc/modelnl/compsets.html.

2.2. Definition of the Upwelling Index
Upwelling can be divided into coastal and offshore fluxes. Coastal upwelling is caused by the AWS parallel
to the shore which leads to offcoast horizontal transport and to a subsequent cold upwelling from below.
Offshore upwelling, on the other hand, is caused by the divergence of surface water driven by wind stress
curl. Thus, the expressions of coastal upwelling and offshore upwelling (Bakun and Nelson, 1991; Marshall
and Plumb, 2016) can be written as

M Tas

coast =

1 -
Mcurl = ?v XT.

Here, 7 is the wind stress vector, 7, is the “alongshore” component parallel to the coast, and f refers to
the Coriolis parameter. We follow the definition of offshore upwelling index used in Arnold and Tziperman
(2015) by identifying the nearest coastal point to the Ocean Drilling Project sediment core site 1014 in the
California Current System and averaging offshore upwelling of all grid points within a box extending 150 km
in each alongshore direction and 300 km from the coast out to sea. The Pliocene SST at this site was estimated
to be 8.8°C warmer than modern (Dekens et al., 2007). The averaged index is then multiplied by 300 km to
bring it to the same units as the coastal index, representing the integrated upwelling. The coastal upwelling
index is defined based on the maximum alongshore wind within the box, which quantifies the magnitude
of coastal upwelling.

2.3. Definition of Strong Upwelling Events

Previous studies of Pliocene upwelling have used annual or monthly mean wind stress to calculate the inten-
sity of upwelling. While equatorward alongshore wind of any magnitude forces coastal upwelling, there
is a threshold at which a response in SST can be observed. Some studies defined a minimum duration
(Botsford et al., 2006; Dugdale et al., 2006) of wind events required to bring cold deep water up to the sur-
face, while others (Largier et al., 2006; Wilkerson et al., 2006) consider a wind speed threshold of 5 m s™*.
Here, we define “strong” upwelling events to be those whose alongshore wind velocity exceeds 5 m s~! and
last at least 3 days. This is consistent with the findings of previous studies (Botsford et al., 2006; Dugdale

et al., 2006;Garcia-Reyes & Largier, 2010) that while the Ekman response occurs in less than a day, a wind
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forcing with a duration of at least 3 days is required for the cold, nutrient-rich water to reach the surface.
We examine the sensitivity to the amplitude threshold of 5 m s~! below.

2.4. Track Analysis

To characterize anticyclone position and intensity, we use the TRACK program (Hodges, 1994), which can
objectively identify features in a time sequence of meteorological data. Features are tracked through time
to produce trajectories of the feature centers (Hodges, 1995). We use this approach to track the position and
intensity of anticyclones using 6-hourly sea level pressure data and to better understand the reduction in
strong upwelling events during the early-to-mid Pliocene. The intensity is defined relative to the large scale
background at each time step which is removed by the spectral filter; the pressure is first decomposed into
spherical harmonics and the coefficients for total wave numbers less than six are set to zero (Hodges, 1996)
to remove the large-scale background.

2.5. Effects of Model Resolution

Simulations with the Community Atmosphere Model demonstrate that both the coastal upwelling index and
offshore upwelling index increase with a finer resolution of approximately 0.25°. Supporting information,
Figure S2 shows the topography around the upwelling site near California with 1°, 0.5°, and 0.25° resolu-
tions. The higher resolution and more realistic topography in the 0.25° simulation leads to a more realistic
wind reduction there and therefore to a stronger wind stress curl near the coast and to a larger offshore
upwelling index. The scatter plot of alongshore wind stress on distance from shore in supporting informa-
tion, Figure S3 shows a stronger alongshore wind stress for the higher resolutions, that is also closer to the
coast, which leads to a greater coastal upwelling index. Although the upwelling regions are better char-
acterized by the 0.25° simulation, the reduction of upwelling index associated with Pliocene SST does not
change significantly. For much of the following, we use the 1° simulations, as the longer simulation allows
for more robust statistics. When possible, we show the results with the 0.25° and 0.5° simulations as well,
which are seen to be consistent with the 1° model results, although their uncertainty is larger due to the
shorter records.

3. Results

We divide the results into three parts. First, we repeat the experiments from Arnold and Tziperman (2015)
at a higher model resolution which better resolves the wind decline toward the coast, to calculate the
annual-averaged and monthly climatology of upwelling intensity for the different prescribed SST distri-
butions. Second, we analyze the dependence of strong upwelling events on the SST. Third, we introduce
TRACK analysis to further understand the reduction in strong upwelling wind events during the Pliocene
and its relationship with anticyclonic weather systems.

3.1. High Model Resolution

The color shading panels on the top row of Figure 1 show the annual mean upwelling mass flux per unit
area, while the vectors show the surface wind stress, based on the 0.25° resolution model. The dots and
boxes indicate the sediment core site and the 300 by 300 km area around it. These results are presented for
the modern SST as well as for the differences between the two Pliocene scenarios and the modern scenario.
The high resolution allows a better simulation of the structure of wind stress changes toward the coast, and
the resulting strip of positive upwelling in the modern case is comparable to that seen in the QuikSCAT
satellite observations. The difference plots show modest reductions in AWS and curl-driven upwelling with
PRISM4 SST and greater reductions with idealized SST. This result is consistent with the idealized sce-
nario being an extreme version of the low-gradient Pliocene SST. The evaluation of statistical significance
of the difference maps is based on Student's ¢ test, and values that are not significant to within 95% are
shown in white.

When the model resolution is increased from 1° to 0.25°, the reduction of annual mean coastal upwelling
index relative to the modern scenario remains unchanged at 11.5% with PRISM4 SST and increases slightly
from 38.4% to 43.5% with idealized SST, as shown in Table 1. The reduction of the annual mean offshore
upwelling index also increases from 7.3% to 11.0% and from 43.1% to 46.1% in the PRISM4 and ideal-
ized scenarios, respectively. The 0.5° resolution model shows a similar sensitivity, also shown in Table 1,
although with a smaller reduction of the offshore index. Overall, the fractional changes in upwelling with
Pliocene SST are similar to the lower resolutions of Arnold and Tziperman (2015). These results indicate that
the modest fractional change in upwelling with Pliocene versus Modern SST is not an artifact of using a

LIET AL.

1934



AGU
100 Paleoceanography 10.1029/2019PA003760
Moqern | PIRISM4I-ModerIn Idlealizeq-ModeEn
R INEAAYEEE A 27 U— T
_.\\\\.\‘\\ I: 1o jaed 1 ) r
40N N L 40N A - - - - - 40N S
4 \ | 4~ <« ~ N | §
INAWAARDR: [ ooy
Z\'\\‘\\ S
35N -V M\ - 35N 35N

VAV

Ty vy

‘111\1\\\?\\ &

1/ 1 N\ 1>
30N-///11l1¥x\'\\‘\. \.\\\ - 30N 30N

T2 00V NN\ RN I

147700110V VAN

127700001100V AN

1777707070101 VAN -t 1 ]
25N '/ W/ /LN - 25N 25N

| SOV RRRRR
LA L DL L L BN RN LENL LI NN L B T T T
130W  125W  120W  115W  110W 130W  125W  120W  115W  110W 130W  125W  120W  115W  110W

1512 9 6 83 0 3 6 9 12 15

g/m?/s
Coastal Offshore

40 l l 1 l 1 l 1 1 1 ] 1 1 40 1

5 5 E e QUIKSCAT | E

oo Modern !

14+ & v v PRISM4 ] '
8.0 ook ldealized T~ 3.0 T
"o : AN E 2.0 oo beedes b d o -
£ i
S : Sl 10 1 T
NSRS GRE AT SR Sty e B R e i ek S Lt EOE SELI SEO R
4.0 i 4.0

JFMAMUJJASOND JFMAMUJJASOND

Figure 1. Annual mean and seasonal response to SST scenarios. (Upper panels) Annual mean surface wind stress
(vectors) and upwelling estimated via wind stress curl (shadings), for all three SST configurations, using the 0.25°
resolution atmospheric model. Shown are the CAMS5 simulation with modern SST (left), the difference between
PRISM4 and modern SST (middle), and the difference between idealized and modern SST (right). Upwelling units are
gm~2s~! with a shared color scale. Statistically insignificant (95%) differences appear white, based on the Student's ¢
test. A 0.1 (modern) and 0.05 N m~2 (differences) reference vector is shown in the upright of each panel. (Lower
panels) Monthly indices for coastal and curl-driven upwelling around the California sediment core Site 1014, for the
modern (blue), PRISM4 (red), and idealized (green) cases, with QuikSCAT wind results shown by the black curves.
Indices are based on average alongshore wind stress (coastal), or the average of the wind stress curl (offshore) within a
300-km square box around the sediment core site multiplied by 300 km to bring it to the same units as the coastal
index. Shading indicates +1 standard error. STT, sea surface temperature.

coarse resolution. Similar reductions can also be seen in the monthly indices for coastal upwelling and for
offshore upwelling, shown in the bottom panels of Figure 1. These results imply that a reduction in annual
mean upwelling-favorable wind stress is unlikely to explain the Pliocene warm SST anomalies. Note that the
wind reduction in the idealized SST case is much more dramatic than for the PRISM SST, consistent with
the idealized SST being a fairly drastic sensitivity experiment, as well as with the stronger shift in cyclone
location that account for upwelling wind events, as discussed below.

3.2. Strong Upwelling Events

However, the upwelling of cold, nutrient-rich water that supports biological productivity and colder SSTs
at the California site requires upwelling-favorable wind forcing with a duration of at least 3 days and an
amplitude larger than about 5 ms~! (Botsford et al., 2006; Dugdale et al., 2006; Garcia-Reyes & Largier,
2010). Therefore, rather than focusing on annual or monthly mean upwelling indices, we now consider such
strong upwelling events using a time series of daily upwelling index. An example segment from the final
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Table 1
Annual Mean Intensity Upwelling Intensity and Reductions for Pliocene Sea Surface Temperature Scenarios, See Text for Details
Coastal Upwelling Offshore Upwelling Reduction of Reduction of
Resolution Case Index (tonm~1 s~1) Index (gm~2s71) Coastal Upwelling (%) Offshore Upwelling (%)
1 degree Modern 1.061 2.875
PRISM4 0.939 2.665 11.5 7.3
Idealized 0.654 1.635 38.4 43.1
0.5 degree Modern 1.251 2.895
PRISM4 1.163 2.813 7.0 2.8
Idealized 0.784 1.522 37.3 47.4
0.25 degree Modern 1.423 3.323
PRISM4 1.260 2.958 11.5 11.0
Idealized 0.804 1.791 43.5 46.1

year of the 1° simulation is shown in Figure 2. The three lines show the daily value of the coastal upwelling
index in the upper panel and the offshore upwelling index in the lower panel, for the three SST scenarios.
The upwelling caused by modern SST (blue line) forcing seems larger than the Pliocene SSTs (red and green
lines) and to persist for a longer period of time at higher values, although this is not obvious from the time
series and is further quantified next. We note that supporting information, Figure S4 shows a comparable
time series for the 0.25° model resolution, with similar results.

Figure 3a shows the probability distribution functions of the upwelling indices for the three scenarios in the
last 10 years of the 1.0° simulations. The number of days with large upwelling index values is reduced under
the two Pliocene SST scenarios. The green curve representing the idealized Pliocene case is significantly
lower than the blue one representing modern SST for higher values of the two indices. The same difference
is also seen for the PRISM case and while the curve is consistently below that of the modern case for higher
index value, the difference is not as large as in the idealized case, especially for the offcoastal index. Panels
b and c show the distributions for the 0.5 and 0.25° resolutions. The distributions are qualitatively similar
across resolutions, particularly for the offshore upwelling index. The model distributions of the coastal index
are more similar to QuikSCAT as resolution increases, emphasizing the importance of a fine model grid in
capturing coastal wind intensities.

Coastal

I——+— A==k =+ — ===+ -~

_ —Modemn
—PRISM4

| ———Idealized

tonm™'s”

tonm's’

J F M A M J J A S O N D

Figure 2. Daily indices for coastal and offshore upwelling around California site, for the modern (blue), PRISM4 (red),
and idealized (green) cases. Both indices are calculated by daily wind stress data from the last year of the 1°
simulations.
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Figure 3. Probability distribution function for daily coastal and offshore upwelling indices, for the modern (blue),
PRISM4 (red), and idealized (green) cases, derived from the final 10 years of the 1° and 0.5° simulations and the final
year of the 0.25° simulation.

We find that the total duration of events every year, the average duration of an event, and the average inten-
sity of an event, all decrease for Pliocene SSTs, while the frequency of events does not change dramatically,
as shown in Table 2. The results in the table are based on a definition of strong upwelling events as having
an alongshore wind velocity exceeding 5 m s™! and a duration of at least 3 days. We quantify the annual
upwelling by adding up the coastal upwelling index for all days with strong upwelling events. Note that,
using this definition, a majority of all days in the modern and PRISM4 cases are flagged as strong events. We
are reassured that the definition is reasonable in part due to the seasonality of implied upwelling (Figure
S5), which is consistent with observations (Garcia-Reyes & Largier, 2010).
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Table 2

Duration and Intensity of Strong Upwelling Events and Total Reduction in Annual Upwelling Flux in Strong Events for Pliocene Sea Surface Temperature Scenarios,

See Text for Details

Total event duration

Average duration

Average flux

Annual flux

Resolution Case Events per year per year (days) (days) (tonm~1s71) reduction (%)
1 degree Modern 22.2 231.7 10.5 1.438
PRISM4 26.3 227.2 8.7 1.273 13.2
Idealized 21.8 157.9 7.3 1.119 47.0
0.5 degree Modern 25.1 243.0 9.7 1.629
PRISM4 25.2 247.6 9.8 1.481 7.4
Idealized 24.3 171.3 7.1 1.231 46.7
0.25 degree Modern 28.5 248.5 8.7 1.811
PRISM4 28.5 238.5 8.4 1.688 10.5
Idealized 29.0 168.0 5.8 1.330 50.3
(a)
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Figure 4. Sea level pressure (left column) and surface wind stress and offshore upwelling due to wind stress curl (right
column). (Upper row) climatology. (Middle row) same, during the event corresponding to largest coastal upwelling
index value. (Bottom row) Same for the second largest event.
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Figure 5. Composite for strong upwelling events of sea level pressure (left column) and surface wind stress and
curl-driven upwelling mass flux (right column), for modern (top row), PRISM4 (middle row), and idealized (bottom
row) cases. Strong events are defined to be those with a duration over 3 days whose alongshore wind velocity exceeds
5msL.

The total reduction in annual upwelling flux in Table 2 is found by multiplying the total number of strong
upwelling days by the average upwelling flux during these days. This measure decreases with PRISM4 SST
relative to modern by 13.2% and with the idealized Pliocene SST by 47.0%. We also perform the same calcu-
lation for the 0.5° and 0.25° simulations; the reduction in coastal upwelling is 46.7% and 50.3%, respectively,
with idealized SST, but only 10.5% and 7.4% with the PRISM4 SST. The qualitative similarity of these reduc-
tions across the three resolutions suggests the short simulation time of the 0.25° case does not render its
statistics unreliable.

While the thresholds used here to define upwelling events are based on modern observational constraints
as mentioned above, the Pliocene climate may have been very different and what constituted a significant
upwelling event may have been different. Supporting information, Figure S6 shows the results for differ-
ent duration thresholds, using 2, 3, and 4 days, for the 1°, 0.5°, and 0.25° resolution models. The number
of events, total duration, average duration, and average intensity show some dependence on the duration
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Figure 6. Anticyclone tracks and track density in the three SST scenarios
using the 1° resolution model based on a 20-year run. Track point density
for the modern SST (top). The difference between the track density for
PRISM4 and modern SST (middle). The difference between idealized and
modern SST (bottom). Grid points with no anticyclone track points appear
white. SST, sea surface temperature.

threshold, with the number of events showing the strongest dependence
(decreasing with duration), yet the qualitative conclusions hold. Support-
ing information, Figure S7 shows the sensitivity to different amplitude
thresholds, using the standard 5 m s™! threshold and then changing it
by +£20% and +40%. The sensitivity of the number of events is not lin-
ear, because as the amplitude threshold is decreased, there are instances
when two separate events are merged into one. Other than that the event
statistics change with the threshold, but the overall picture is similar to
that discussed above.

3.3. Understanding the Reduction in Strong Events

To better understand the cause of the reduction in strong upwelling
events, we consider the time evolution of selected events. The following
analysis uses only the 1° simulations, but from the resolution indepen-
dence noted above, we expect the 0.25° and 0.5° results to be similar.
Consider the sea level pressure and wind stress and offshore upwelling
in the two largest coastal upwelling wind events from the modern run
shown in Figure 4. Although there are some differences in the pattern,
we can see a strong anticyclonic high to the west of the upwelling site
in both events, enhancing the alongshore wind velocity at the upwelling
site. This leads us to hypothesize that changes to the behavior of such
Northeast Pacific anticyclones may cause the reduction in upwelling at
the California site during the Pliocene.

We therefore proceed to analyze the movement and location of subtropi-
cal anticyclones for the three different SSTs. Figure 5 shows the composite
of sea level pressure and surface wind stress and offshore upwelling for all
strong upwelling events in each scenario. Events in each case are defined
using the same 5 m s71, 3-day criteria. The composite, being an aver-
age over many events, looks like an enhancement of the central pressure
of the climatological anticyclonic subtropical high, and this enhance-
ment is weaker in the Pliocene scenarios. There is also a low pressure
center over the continental United States near California, whose magni-
tude does not change much for the different SST scenarios. The land-sea
pressure gradient in midlatitudes gets weaker for the higher SSTs, lead-
ing to a smaller alongshore upwelling-favorable wind stress and weaker
offshore upwelling, resulting in an expected weakening of Pliocene
upwelling events.

We next track the location and intensity of every anticyclone of our
20-year runs, based on 6-hourly output, in all three SST scenarios, using
the TRACK Program (section 2.4). Figure 6 presents the track point den-
sity in the modern scenario and the difference from the two Pliocene
SST scenarios. The track point density quantifies the frequency of anticy-
clones and is presented in units of km~2 year™', to make it independent of
the model resolution. The subtropical high and polar high in both hemi-
spheres are clearly characterized as areas of high track density in the

upper panel, while most of the lower latitudes, where there are but few track points, appears white. The mid-
dle and bottom panels indicate that the density of anticyclones around 30° latitude decreases with PRISM4
SST while the density increases in higher and lower latitudes, and this change is even more obvious in the
idealized SST case. These changes correspond to an expansion of the modern high track density subtropi-
cal areas both north and south in the warmer climates, as well as reduction of density over the subtropical
high itself. Overall, these changes correspond to a reduction in the frequency of anticyclones that affect the
upwelling around California Site 1014, consistent with the upwelling changes seen in the above analysis.

The TRACK analysis is also used to calculate the intensity of the anticyclones presented in Figure 7,
calculated as a sea level pressure anomaly relative to the background. The background is calculated by
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Figure 7. The intensity of anticyclones whose tracks are shown in Figure 6. (a) The intensity of anticyclones for the
modern SST (top). The difference between the intensity of anticyclone for PRISM4 and modern SST (middle). The
difference between idealized and modern SST (bottom). Grid points with no anticyclone track points appear white.
SST, sea surface temperature.

decomposing sea level pressure into spherical harmonics and setting the coefficients for total wave num-
bers larger than five to be zero. The difference maps between the Pliocene SSTs and the modern case show
weaker anticyclones in the east Pacific Ocean and stronger ones in the west. A physical interpretation of
these results is complicated, as differences in the average anticyclone intensity could reflect either an overall
change in anticyclone energy or a shift in the distribution of anticyclone intensities. For example, a selective
reduction in the number of weaker anticyclones would appear as an increase in average intensity, despite
an overall reduction in the energy associated with anticyclones.

We conclude that the TRACK analysis demonstrates that both the frequency of occurrence and intensity of
anticyclones that lead to upwelling-favorable winds near California decrease significantly with the increase
of SST in the Pliocene, leading to the large reductions in strong upwelling events at the California site.

LIET AL.

1941



) .¥edl!

100

AND SPACE Sl

Paleoceanography 10.1029/2019PA003760

One factor that may contribute to the poleward shift of anticyclone activity is a weakening of the Hadley
cell. The mean Hadley cell during the upwelling season (February to September) weakens in the Pliocene
simulations without apparent latitudinal shifts (supporting information, Figure S8), and the precipitation
weakens in the tropics and strengthens at midlatitudes (supporting information, Figure S9). These results
are consistent with the simulations of Burls and Fedorov (2017) who noted the limitations of using the
Pliocene as an analogue of a future warming scenario. The shift of the anticyclone density is consistent with
a weakening and poleward shift of the Hadley circulation seen in numerous climate change simulations.
This Hadley expansion has been explained by tropical heating processes (Mitas and Clement, 2006), changes
to atmosphere stability (Schneider, 1977), subtropical eddy dynamics (Walker and Schneider, 2006), and
atmosphere moisture effects (Frierson et al., 2006; Lu et al., 2007).

A second factor potentially contributing to the anticyclone shift is a poleward shift in baroclinicity associ-
ated with the prescribed Pliocene SST. The meridional temperature gradient serves as the primary source of
energy for anticyclonic storms, and it follows that reductions or shifts in that gradient may alter the position
or intensity of the storm track. Supporting information, Figure S10 shows the absolute value of the merid-
ional gradient in prescribed SST averaged zonally across the Pacific from 150°E to 120°W. The gradient is
visibly reduced in midlatitudes in both Pliocene cases, with increases poleward of 45°N. This is consistent
with the weakening and poleward shift found in the track analysis.

4. Conclusions

We examined the hypothesis that the warming of coastal midlatitude upwelling sites during the Pliocene
was a result of change to the magnitude and frequency of strong upwelling-favorable wind events, rather
than, or in addition to, changes to the mean winds or other ocean factors. We focus our analysis on the
California upwelling zone with the expectation that the results may be applicable to other such midlatitude
upwelling sites. While the effects of coastal upwelling are felt over 100 km away from the coast (Spall &
Schneider, 2016), the coastal upwelling zones themselves are very narrow, on the order of a 10-20 km, and it
isimportant to correctly simulate the winds over such a narrow region. We therefore used a high atmospheric
model resolution of 0.25° that allows to correctly simulate the decrease of the alongcoast wind amplitude
toward the coastline. We used two indices reflecting the magnitude of both coastal upwelling due to the
wind amplitude, and offshore upwelling due to the wind curl and examined extreme events in these indices
for modern SST and for two Pliocene SST scenarios.

Our main result is that strong upwelling-favorable wind events are reduced more than the mean in Pliocene
SST scenarios compared with the modern case. For example, depending on model resolution, the idealized
Pliocene SST resulted in a reduction of 46.7-50.3% in the annual coastal upwelling associated with strong
events, but only a 37.3-43.5% reduction in the mean. We also showed that strong upwelling wind events are
associated with anticyclonic atmospheric motions to the west of the upwelling site, and in order to under-
stand the changes to the coastal upwelling wind events, we examined the effects of the Pliocene SST on
midlatitude anticyclone frequency and intensity. We track the position and intensity of anticyclones using
6-hourly sea level pressure (Hodges, 1995) and find a decrease of both intensity and duration of anticyclones
that lead to upwelling-favorable winds events. Specifically, we show a weakening of the density of tracks
above the subtropical high east of the California upwelling system and a spread of the density both north
and south.

This weakening and poleward shift of anticyclone activity may be associated with a weakening of the Hadley
circulation, which we see in our Pliocene simulations and which has been associated with poleward shifts
of the storm tracks in simulations of future global warming. Another potential factor is a reduction of the
meridional SST gradient and a poleward shift of the maximum gradient. This would reduce the energy
available to midlatitude anticyclones and may explain their reduced frequency and intensity.

An important caveat is that we have focused on upwelling-favorable wind events here, yet the use of an
atmosphere-only model in this study does not allow us to study the effects of a different thermocline depth.
The same wind will lead to a different SST and proxy upwelling signal, and this was explored by Miller and
Tziperman (2017). We emphasize that the mechanism explored here involves the basin-scale SST gradient
altering synoptic-scale wind patterns. While localized changes in SST due to upwelling may modify the
winds, the effect is expected to be secondary.

LIET AL.

1942



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography 10.1029/2019PA003760

Acknowledgments

‘We thank two anonymous reviewers
and associate editor Chris Poulsen for
most helpful comments. This work
was funded by the NSF P2C2 program,
Grant OCE-1602864 and by the
Harvard Global Institute. ET thanks
the Weizmann Institute for its
hospitality during parts of this work.
‘We would like to acknowledge
high-performance computing support
from Cheyenne provided by NCAR's
Computational and Information
Systems Laboratory, sponsored by the
National Science Foundation. Data
availability: All GCM input files used
to produce the runs analyzed in the
manuscript, post processing scripts
used for the analysis are available
under https://osf.io/ and under http://
www.seas.harvard.edu/climate/eli/
Downloads/.

There is evidence that strong upwelling-favorable wind events are responsible for most of the upwelling
impact on sea surface temperature and most of the effect on biological productivity which is recorded in
proxy records. Our results that these wind events decrease significantly for Pliocene-like SSTs are a step
toward explaining the Pliocene SST signal and toward understanding possible future changes to coastal
upwelling zones.
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