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Abstract. Understanding how the hydrologic cycle has re- 1 Introduction

sponded to warmer global temperatures in the past is espe-

cially important today as concentrations of €@ the at-  As the earth’s climate continues to respond to the anthro-
mosphere continue to increase due to human activities. Th@ogenic input of greenhouse gasses to the atmosphere, un-
Pliocene offers an ideal window into a climate system thatderstanding potential regional responses of the hydrologic
has equilibrated with current atmosphepi€O,. During the ~ cycle becomes vital for effective freshwater resource man-
Pliocene the western United States was wetter than modagementand natural hazard mitigation policies. This problem
ern, an observation at odds with our current understandinds particularly relevant in water-vulnerable areas such as the
of future Warming scenarios, which involve the expansion Southwest United States where the amount of water used is
and poleward migration of the subtropical dry zone. HereSimilar to the amount of water available (Meehl et al., 2007).
we compare Pliocene oxygen isotope profiles of pedogenid he current suite of Earth system models predicts an inten-
carbonates across the western US to modern isotopic anoméified hydrologic cycle with increasing global temperatures
lies in precipitation between phases of the Eit#Southern ~ (Meehl et al., 2007). For many regions, this temperature in-
Oscillation (ENSO). We find that when accounting for sea- crease is associated with increased precipitation. However,
sonallity of carbonate formation, isotopic changes through thdn the mid-latitudes where evaporation currently dominates
late Pliocene match modern precipitation isotopic anomaliedrecipitation such as in the Southwest US, a temperature in-
in El Nifio years. Furthermore, isotopic shifts through the crease results in decreasing precipitation due to the poleward
late Pliocene mirror changes through the early Pleistocenegxpansion and enhanced aridification of the Hadley cell mar-
which likely represents the southward migration of the west-gin (Seager et al., 2007; O'Gorman and Schneider, 2009).
erly storm track caused by growth of the Laurentide ice sheetThis predicted regional response conflicts with reconstructed
We propose that the westerly storm track migrated northwardvetter-than-modern conditions in the Southwest during pre-
through the late Pliocene with the development of the mod-Quaternary warm periods, particularly in the Pliocene epoch.
ern cold tongue in the east equatorial Pacific, then returned It is then of great importance to study the mechanisms
southward with widespread glaciation in the Northern Hemi-behind increased precipitation during pre-Quaternary warm
sphere — a scenario supported by terrestrial climate proxieperiods in regions that are projected to dry over the com-

across the US. Together these data support the proposed ed decades as a result of modern climate change. Herein,
istence of background El Ro-like conditions in western We examine terrestrial stable isotope records for the Pliocene

North America during the warm Pliocene. If the earth be- of western North America in order to better understand the
haves similarly with future warming, this observation has im- causes of these wetter-than-modern conditions despite higher
portant implications with regard to the amount and distribu-global temperatures and a potentially strengthened hydro-
tion of precipitation in western North America. logic cycle.
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The Pliocene epoch (5.33-2.58Ma), with similar-to- it Anmual Precipiation Anomaly
modern boundary conditions including atmosphesicO,
of ~400ppm (Pagani et al., 2010) and global geography
(Zachos et al., 2001; Haug et al., 2001), affords us a unique
view of a globally warmer equilibrium state of the Earth sys-
tem (Jansen et al., 2007). During the Pliocene, global tem-
peratures were 3L higher than today (Raymo et al., 1996;
Haywood and Valdes, 2004), and major ice sheets were ab-
sent from the Northern Hemisphere (Zachos et al., 2001). In
addition, much of the western and southern US were charac-
terized by wetter-than-modern conditions, while a few areas
in the Pacific Northwest were drier than modern (Fig. 1).

A number of studies have suggested that these anomaloq—%g. 1. Modern EI Nio precipitation anomalies, isotope localities,

wet conditions may have been the result of the temperaturgng reconstructed Pliocene conditions. Anomalous annualfig Ni
structure of the tropical Pacific. In the Pliocene, sea surfacgyecipitation calculated with CMAP precipitation data from 1979—
temperatures (SSTs) in the west equatorial Pacific were simi2008; CMAP precipitation data provided by the NOAA/OAR/ESRL
lar to modern, while SSTs in the east equatorial Pacific (EEPPSD, Boulder, CO, USA, from their Web site lattp://www.esrl.
were 3—-5C warmer with evidence of a much deeper ther- noaa.gov/psd/Purple stars show isotope record localities used in
mocline (Wara et al., 2005; Dekens et al., 2007; Etourneau ethis study. Blue circles represent reconstructions of wetter-than-
al., 2010). In the modern climate, this temperature structuré’_”Odem P_Iiocene conditions,_ and red cir_c!es represent reconstruc-
characterizes the El Ko phase of EI Nio—Southern Oscil-  tions of drier-than-modern Pliocene conditions.

lation (ENSO). This observation has led many studies to con-
clude that the Pliocene was characterized by a background Ed
Nifio-like state, though the nature of interannual variability is
poorly constrained (Ravelo et al., 2004; Wara et al., 2005).

cm/year

-8

pdated boundary conditions indeed show enhanced precipi-
tation rates over the western US likely resulting from the re-

. o : duced zonal temperature gradient across the tropical Pacific,
During modem El Niio years, North America is particu- though there appear to be discrepancies with proxy-based

larly affectt_ad by at_mosphenc teleconnections, as anomalou?‘econstructions of precipitation across the southeastern US
atmospheric conditions propagate poleward from the equa(Haywood etal., 2013)

torial .Pacific via planetary waves. Majc_nr changes in North In this study, we seek to test the hypothesis that wetter-
ﬁlmetr'lcar; hydrckJ]I.o%yf are p:;}marllyétfam.lltaltgdt by da de?pelr than-modern Pliocene conditions in the western US were
eutian fow, which forces Ine subtropica _Je and Weslerly ihe product of a background El hb-like state. To accom-
storm track _eqL_Jator-wz_ird (Bjerknes, 1969; Trenberth_et al. lish this, we compare two new and three previously pub-
1998). Qualitative spatial patterns of reconstructed Pliocen ished Plio-Pleistocene oxygen isotopic profiles across the

precipitation (wetter/drier) based on terrestrial proxy recordswestern US measured in pedogenic carbonates with modern

match modem I.El Nio teleconnection patte.rns (M.olnar and observations of isotopes in precipitation across two phases
Cane,. 2002) (Fig. 1), and GCM (general circulation mOdel)of ENSO (neutral and El Nio) at 77 stations across the
experiments _have shown t_hat forced permanent Eb_Nike ountry (Welker, 2012). Unlike flora-, fauna-, and sediment-
SSTS result in a south-shifted subtropical jet and Increas(%églsed reconstructions that record only local environmental
moisture convergence acr.oss the western anq so_uthern nditions, isotopes in precipitation recorded in authigenic
(e.g., Barreiro et al., 2006; Shukla et al., 2009; Brierly andminerals are controlled by a combination of local conditions

Federov, 2010; Vizdao et al., 2010; Goldner et al., 2011). and upstream processes such as rainout and moisture trans-

It has also been suggested that these _wet conditions ma\gort (e.g., Pausata et al., 2011; Poulsen et al., 2010). While
have been the result of lower topography in the North Amer'separating local signals from upstream signals is often chal-

'Taal.n Cord|lll?era (Bor?h?r;n et atl.,t_2009) dbegsed Ot.n PMRISM 2Ienging, oxygen isotopes therefore have the potential to offer
(Pliocene Research, Interpretation and Synoptic app'ngbnique insights into synoptic-scale atmospheric circulation.

boundary conditions. The assumption of lower topography,
however, is not supported by paleoaltimetry studies of the
US, which show that large-scale topography reached mod> \ethods

ern elevations by the early Miocene (e.g., Mulch et al., 2006;

Mix et al., 2011; Chamberlain et al., 2012). More recently, 2.1 Pedogenic carbonates

Pliocene boundary conditions provided by PRISM 3 and

used as part of the PlioMIP (Pliocene Model Intercompari- We sampled two well-dated sections composed of Pliocene
son Project) have been amended to include near-modern tgaleosols and fluvial deposits that contain abundant pedo-
pography across the western US (Sohl et al., 2009; Braggenic carbonate: (1) the San Timoteo Badlands of southern
et al., 2012). Results of PlioMIP ensembles using theseCalifornia (CA) (Albright, 1999) on the windward corner of
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the intersection of the Transverse and Peninsular ranges, and
(2) the sections located at Hagerman, Idaho (ID), from the
Glenns Ferry, Tuana Gravels, and Bruneau formations (Hart
et al., 1999; Sadler and Link, 1996; Amini et al., 1984). We
collected calcareous sand- and mudstones showing no phys
ical signs of re-precipitation of carbonate such as weathere
surfaces or calcite veins. Milled carbonate samples were re-,
acted with phosphoric acid through a Kiel Ill carbonate de-
vice. Carbon and oxygen isotope ratios were then measure
on a Thermo Finnigan DELTAplus. Precision of carbonate -
8180 values is~ 0.06 %o based on repeated analyses of NBS-
19 and M-2 carbonate standards. These isotope values are
given in Table S1 in the Supplement.

In addition to these new isotope records, we compiled
three previously published isotopic profiles of pedogenic car-
bonates that are found in Plio-Pleistocene sections in theig 2 Average monthly precipitation rates (right) and soil moisture
western US. These profiles were collected from Camp Rice(left) at each site. Precipitation data calculated from CMAP 1979—
New Mexico (NM) (Mack et al., 1994), Meade, Kansas (KS) 2000 (ref. in Fig. 1) and soil moisture calculated from from NOAA
(Fox and Koch, 2003), and St David, Arizona (AZ) (Wang et Climate Prediction Center 1971-2000 (van den Dool et al., 2003) at
al., 1993) (Fig. 1). Taken together, these locations allow us teeach of the isotope localities.
compare isotopic signals across a broad spatial range of the

western US, which has not previously been attempted.

These sites represent a range of seasonal climates as showfl 000 samples of weekly precipitation collected from 77
in Fig. 2. In San Timoteo, CA, the majority of precipitation Sit€S across the US between 1989 and 1995 (Welker, 2012).

occurs during the winter months via the westerly storm track/Ve binned these samples into EIfi and neutral phases
with very little precipitation during the summer months. The based the Southern Oscillation Index. We then subdivided

sites in St David, AZ, and Camp Rice, NM, receive the ma-t"€se phases into JFM (winter), AMJ (spring), JAS (sum-
jority of their precipitation from the North American mon- Mer), and OND (autumn) seasons. Seasonal averdie

soon during the summer months. They also receive moisturd/as calculated for each site using precipitation amount-
from the westerly storm track during the winter months, with Weighted averages of raw weekly isotopic values. The El
spring being the driest time of the year. Hagerman, ID, ex-Nifo isotopic anomalles given in this paper are the differ-
periences relatively dry conditions throughout the year with ©"¢€ beltgveen El Mo and neutral seasonal averages at each
reduced seasonality and the majority of precipitation comingS't¢ (4870). Finally, we used a 12-point spherical kriging

from the Pacific. Finally, precipitation in Meade, KS, occurs INtérpolation in ArcGIS to generate seasonal maps of precip-

primarily in the spring and early summer months with mois- 't&tion 6*%0 anomalies.
ture delivered from the Gulf of Mexico via the Great Plains
low-level jet. 3 Results

Measured isotope values are 1eft5a80carmonatdfor analy-
sis rather than converting t‘bwoprecip as regional tempera- 3.1 Pedogenic carbonates
ture evolution over this time period is poorly constrained. As
a result, our comparisons between paleo- and modern dat@xygen isotopic records are presented in Fig. 3a—e. These
are limited to relative changes rather than absolute valuesiecords show two contrasting trends that are dependent upon
We correct for changing0 of seawater due to the initiation geographic location. First, in the Southwest US we observe
of terrestrial Northern Hemisphere glaciation. This correc-a decrease 3180 of carbonate through the late Pliocene
tion involves a linear increase #80¢e,0f 0.39 %0 between  followed by an increase through the early Pleistocene. For
3.6 and 2.4 Ma based on mean ocean records (Mudelsee amkample, in the section located at St David, A280 de-
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Raymo, 2005). creases by 3 %o through the late Pliocene, then increases by
2 %o through the early Pleistocene. Similad}20 decreases
2.2 Modern isotopes in precipitation by 4 %. through the late Pliocene in sections at San Timoteo,

CA, and increases by 3 %o through the early Pleistocene in
Weekly precipitation samples collected as part of the Na-Camp Rice, NM.
tional Atmospheric Deposition Network were analyzed for  In contrast,§180 values in the Great Plains and North-
8180 andsD values as part of the United States Network west interior increase through the late Pliocene and decrease
for Isotopes in Precipitation (USNIP) (Welker, 2012, 2000). through the early Pliocene. TH&80 values of pedogenic
We use this dataset in our analysis as it represents ovetarbonates from Meade, KS, increase by 2 %o through the
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906 M. J. Winnick et al.: Stable isotopic evidence of El Nio-like atmospheric circulation
. o late Pliocene, then decrease by 2 %o through the early Pleis-
m 9 Q g tocene. Threé180 values of carbonate from this section are
Q 2 ~ e excluded at- 2.4 Ma, as these values are anomalously high
o= 3 g (by 6—9 %0) and clearly represent extensive evaporative en-
e oqa 08 richment that masks changes in precipitation (Fox and Koch,
el 2003). Finally, though temporal coverage is relatively poor,
o L L |F = > 2 180 values in Hagerman, ID, increase by as much as 4 %o
® % ol § g; across the late Pliocene and decrease-iy%. across the
© 2 »lb o g early Pleistocene.
. One feature that is consistent between all of the locations
a A A 59 that span both the late Pliocene and early Pleistocene is a
o) E ) 0 ;g characteristic “V” shape with a local min/max within esti-
o> ] 25 o X mated dating errors of the Pliocene—Pleistocene boundary.
& ¢ & . g8 Consequently, carbonaé®O values in the mid-Pleistocene
°7 i (ca. 1Ma) approach mid-Pliocene (ca. 4.0 Ma) values in
?g =8 3 e _ ¥ these sections regardless of the direction of change. Isotopic
Oa o % ; I ‘c'jg trends in the San Timoteo, CA, and Camp Rice, NM, sections
= z :'j 3 g also reverse initially around the Plio-Pleistocene boundary.
g ~]d > The structure of the isotope records and the fact that the di-
. E rection of changes is regionally dependent strongly suggest
o~ . 1. P § that oxygen isotope signals are primarily affected by atmo-
o= i i« o 7o spheric circulation changes rather than changes in temper-
< ol e .o % o2 ; . i
i§e il ature or local rainfall amount. Regional temperature evolu
=8 *E“ tion through this time period is not well constrained, though
g: f 8 global reconstructions show temperature decreased across
50 < 3 m the late Pliocene on the order of 1.1-1G5(see Pagani et al.,
N N T T 2010). The temperature effects 8HOcalcite Values are ap-
N ® proximately 0.35%3C~1, based on the combined relation-
>?£‘ 8 g g ~ §hips between tg_mperature of_precipitation and its oxygen
oEQ _1 oo isotope composition (Rozanski et al., 1993) and the equi-
"é %% ] ; 3 librium isotopic fractionation between carbonate and water
288 8- Fo (Kim and O’Neil, 1997). Assuming a liberal°Z of cooling
=358 1 ot 2 across the late Pliocene, this should translate into a decrease
R — = B in 8180 values of~ 0.7 %o at all sites, which, if present, is

T
1.0

T T T T T
156 20 25 30 35 40

Age (Ma)

masked under the larger observed signals.

Additionally, terrestrial proxy-based climatic reconstruc-
tions show similar decreases/increases in rainfall amount
at or in the vicinity of all isotope localities through the

Fig. 3. Isotope stratigraphies from(a) San Timoteo, CA,
(b) St David, AZ (Wang et al., 1993]¢) Camp Rice, NM (Mack  Pliocene/Pleistocene (Fig. 1, Thompson, 1991). While there
et al., 1994)(d) Hagerman, ID, an¢e) Meade, KS (Fox and Koch, is likely spatial heterogeneity in the magnitude of these
2003). Open circles ite—d) represent individual samples, filled cir- changes, we would expect to observe increasing/decreasing
cles binned averages, and error bars bin ranges. Camp Rice, NM3180 through the Pliocene/Pleistocene at all locations based
values normalized to sub-locality minimum values, and circles, tri- gn, the local “amount effect”. As we do not observe this, we
angles, squares represent sub-localities Hatch Siphon, Rincon Alsliminate local rainfall amount as a dominant driver of iso-

royo, Lucero Arroyo, respectivelyf) Reconstructed SSTs in the topi - . -
; . ) opic change across this time interval. In addition, we do not
east equatorial Pacific ODP Site 846 show development of the mod; P 9

ern cold tongue (Lawrence et al., 200@)) Magnetic susceptibility believe these records are responding to changes in orography

at ODP Site 882 in the North Pacific shows ice-rafted debris and(See Supplement).

expansion of NH glaciation through the Pleistocene (Maslin et al.,

1995). Climatic conditions (wet/dry) in the western US are shown 3.2 Modern isotopes in precipitation

at the bottom and in blue and red background based on compilation

of proxy-based reconstructions (Thompson, 1991). Modern seasonal precipitatiodt®0 anomalies during El
Nifio years as compared to neutral years from 1989-1995
are shown in Fig. 4 (Welker, 2012). During the fall months
(OND), negatives180 anomalies occur primarily in the
Southwest and Great Plains, and are on the ordefr4ffo
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4 Discussion
4.1 Seasonality of carbonate formation

In order to compare modern observations of isotopes in pre-
cipitation with isotopes of pedogenic carbonates, we must
consider seasonal biases of pedogenic carbonates at each lo-
cality, as modern soil carbonates have been shown to form
during discreet seasonal intervals that are regionally distinct
(Breecker et al., 2009; Stevenson et al., 2010; Peters et al.,
2013). Accounting for the seasonal bias in the soil carbon-
ate records presented is of particular importance considering
regionals180 anomalies in El Nio precipitation are season-
ally dependent.

Pedogenic carbonate formation occurs as soils dry, both
through the associated decrease in @O, as microbial
respiration rates slow and as carbonate becomes increasingly

3210123465 saturated in soil water through evapotranspiration, following
580 (%0 VSMOW) the wet season and peak primary productivity (Breecker et
al., 2009; Peters et al., 2013; McFadden and Tinsley, 1985;
Fig. 4. Modern seasonal El b isotope anomalies. Black circles NcFadden et al., 1991; Retallack, 2005). Evidence for car-
represent USNIP station sites. Figure modified from Welker (2012).y5nate formation during times of drying of soils is supported
by depth profiles of oxygen isotopes in soils. Typical soil pro-
to —3 %o. During El Nifio winters (JFM), negative anomalies files show increasing'®O¢armonatevalues near the soil sur-
on the order of-3 %o to —2 %o occur over the west coast and face (Quade et al., 1989; Liu et al., 1996), an effect caused
around the Great Lakes. Large positive anomalies on the orby the upward wicking of soil water and downward diffusion
der of 3—-6 %o characterize the Southwest, while small nega-of the isotopically heavier water as a soil dries (Barnes and
tive anomalies occur over the eastern US in the spring (AMJ) Allison, 1983). We therefore assign carbonate growth to oc-
Anomalies are minimal during the summer (JAS) with small cur as average monthly precipitation reaches a minimum and
positive anomalies over southern Idaho/northern Utah andoil moisture decreases.
small negative anomalies over North Dakota. It is impor- Inthe Southwest region including the San Timoteo, CA, St
tant to note that, for specific regions, isotopic anomalies aredDavid, AZ, and Camp Rice, NM, localities, monthly precip-
seasonally distinct. For example, the Southwest experienceisation reaches a minimum and soil moisture decreases dra-
large negative anomalies in the fall and large positive anomamatically in the spring (AMJ) following the winter westerly
lies in the spring. storms (Fig. 2). This observation is consistent with the em-

The fact that the largest anomalies are located in the Southpirical finding of Breecker et al. (2009) that carbonate for-
west is consistent with the region’s sensitivity to changes inmation in the Southwest occurs primarily in the spring. In
the position of the Pacific jet as shown in the modern climatethe Great Plains including the Meade, KS, locality, mini-
(Ropelewski and Halpert, 1986) and in the past via forcingmum monthly precipitation and decreasing soil moisture oc-
from the North Atlantic (Wagner et al., 2010; Asmerom et curs primarily in the fall (OND) following the wet summer
al., 2010). There are small correlations between site elevagrowth season (Fig. 2). Finally in the Northwest interior in-
tion and 580 anomalies in the spring and fak(=0.16  cluding the Hagerman, ID, locality, soil moisture decreases
and 0.24, respectively), as the largest anomalies occur in thas monthly precipitation reaches a minimum in the summer
high-elevation Southwest. However, we believe this is due to(JAS) (Fig. 2). However, an empirical study of this region
the region’s sensitivity to ENSO rather than elevation itself. found that dry areas (MAR 400 mm) with weak seasonality

While we incorporate over 10000 separate weekly mea-of rainfall form carbonates in the winter as well (Stevenson
surements of isotopes in precipitation in our analysis ofet al., 2010). We then model the season of carbonate forma-
modern ENSO signals, the time interval of observations istion at Hagerman, ID, with both summer and winter as two
only 6yr and does not include large Elfdi events such possible end-member scenarios.
as those that took place in 1997-1998. In order to vali- In this analysis, we make the assumption that Pliocene
date these observed signals as robust features of ENSO telgeasonality was not significantly different from the modern.
connections, we compared observations to reanalysis-driveVhile there were undoubtedly changes in precipitation in
isotope-tracking model data from 1950-2003 and foundthe western US during the Pliocene, a survey of Pliocene
modeled ENSO signals over the past half-century largelyGCM studies suggests that the overall patterns of precipita-
match those observed from 1989-1995 (see Supplement). tion seasonality were similar to today in the regions relevant
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908 M. J. Winnick et al.: Stable isotopic evidence of El Nio-like atmospheric circulation

to our study. In the Southwest, models predict wetter win- .
ter conditions, while spring—summer conditions were simi- i}( %(
lar to or drier than modern (Barreiro et al., 2006; Vizcaino San St David
. . 2
et al., 2010; Goldner et al., 2011), resulting in a strength- Timoteo AZ I
ened version of the modern seasonality pattern (Fig. 2). In o CA ™ |+ ong
the Great Plains region, models predict increases in summerg A [ I8
precipitation with little to no change in fall-winter precipita- = ? i‘}(
tion (Barreiro et al., 2006; Haywood et al., 2007; Shukla et +
al., 2009; Vizcaino et al., 2010; Goldner et al., 2011), again 'I' e Meade
4 KS
Hagerman
ID

AS'80

strengthening the modern pattern of seasonality (Fig. 2). In
all cases, these changes may have acted to shift carbonate
formation to later in the season, though the quantification of
this shift is not possible.

. . . . [0 Observed A5'80 (4.0 —2.65Ma) @ Modern A5'80
4.2 Comparison of Pliocene and modern isotope signals ( )

Fig. 5. Comparison of observed Pliocenes180 with modern El
A comparison of the observed Plio-Pleistocene changes imifio 180 anomalies. Error bars in observad180 values show
carbonated80 with calculated changes #180 between EI  95% confidence intervals in differences between relevant sample
Nifio and neutral yearsA(slso) at each locality based on bins. Error bars in modern El Ro anomalies show 95 % confidence
observed seasonal El i anomalies and the estimated sea- intervals from calculated kriging prediction errors. Numbered stars
son of soil carbonate formation is shown in Fig. 5. Observedcorrespond to labeling in Fig. 1.
AS80 of pedogenic carbonates across the late Pliocene
matches calculated changes associated with a shift from El
Nifio to neutral circulation in the modern climate at three and in Kansas through a shift towards the incorporation of
of the four analyzed localities — Meade, KS, St David, CA, isotopically heavy summer precipitation. The potential con-
and San Timoteo, CA. The Hagerman, ID, site presents dributions of these local conditions to observed signals are
more complicated scenario, however. If carbon#f20 is speculative and cannot be quantified.
representative of winter precipitation, as it most likely is in
the modern climate based on regional empirical analyses o#.3 Comparison of Pliocene and Pleistocene
carbonate formation in this region (Stevenson et al., 2010), isotope signals
then the change 680 at the Hagerman, ID, site is consis-
tent with the observed change from EIffgito neutral back-  In addition to this line of evidence, comparisons between car-
ground circulation across the late Pliocene. If carbotti@® bonates80 values from mid-Pliocene and mid-Pleistocene
is representative of summer precipitation, potentially due topaleosols also support the idea that wetter-than-modern
higher Pliocene mean annual precipitation, however, the obPliocene conditions in the western US were a product of El
served shift does not support the transition from EhdNto Nifio-like circulation. The Plio-Pleistocene boundary is char-
neutral circulation at the Hagerman site. acterized by the initiation and rapid expansion of glaciation
These results suggest that the evolution of atmospheric cirin the Northern Hemisphere (Zachos et al., 2001). Northern
culation through the Pliocene resembled the modern transiHemisphere glaciation, independent of the longitudinal lo-
tion from EI Nifio to neutral phases of ENSO. This is consis- cation of ice sheet growth, causes a series of atmosphere—
tent with both modeling studies that show Efdilike condi- ~ ocean teleconnections that propagate to the tropics resulting
tions across the US forced with reconstructed tropical Pacifidn a south-shifted ITCZ (Intertropical Convergence Zone)
SSTs and with the reconstructed development of the moderim all three major ocean basins (Chiang and Bitz, 2005). A
EEP cold tongue through the late Pliocene (Fig. 3f). south-shifted ITCZ in turn creates a deeper Aleutian low
Local environmental signals may have interacted withand shifts the Pacific jet southwards across the western US
those of changing atmospheric circulation as well. Specifi-(Trenberth et al., 1998; Chiang and Bitz, 2005), similar to
cally, increases in local soil evaporation with regional aridi- El Nifio circulation. Studies that reconstruct climate during
fication may have led to increasing®O values through the periods of Northern Hemisphere glaciation caused by or-
Pliocene. This signal would act to amplify the EIfidi sig- bital and North Atlantic freshwater forcing in the Quaternary
nals at the KS locality and dampen the ERMisignals atthe  with both proxy data and models observe a deeper Aleutian
AZ and CA localities. In addition, a potential shift of carbon- low and subsequent southward-shifted Pacific jet, which en-
ate formation to earlier in the season through the Pliocene akances moisture delivery to the Southwest (e.g., Clark et al.,
mentioned above may have amplified EfNisignals at the 1999; Wagner et al., 2010; Asmerom et al., 2010).
CA, AZ, and KS sites: in CA and AZ with a shift towards  The fact that mid-Pliocen&®0 values are similar to mid-
the incorporation of isotopically lighter winter precipitation, Pleistocene values at all sites that span this time interval
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suggests that atmospheric circulation in the mid-Pliocene reeonditions, which show increased precipitation over the
sembled that of the mid-Pleistocene. Specifically, the Pacifiavestern US as a result of the reduced zonal temperature gra-
subtropical jet was displaced farther south allowing the en-dient across the tropical Pacific (Haywood et al., 2013). Fu-
hanced delivery of moisture to the Southwest. In the absenceure work addressing the nature of tropical Pacific telecon-
of large-scale glaciation during the mid-Pliocene, the ob-nections encapsulated in these ensemble data along with the
served El Nio-like SST structure of the equatorial Pacific use of isotope-enabled GCMs run with PlioMIP boundary
provides a well-understood mechanism that causes this cireonditions will allow for an unprecedented level of data—
culation regime over the western US. model comparison.

In our proposed scenario, the “V” patternsdPO observed Finally, while idealized GCM experiments have demon-
in Plio-Pleistocene pedogenic carbonates represents the polstrated the dynamical effects of a background ERdNi
ward migration of the subtropical jet with the decay of El like tropical Pacific on Pliocene climate (e.g., Barreiro et
Nifio-like SSTs and development of the EEP cold tongueal., 2006; Shukla et al., 2009; Brierly and Federov, 2010;
through the late Pliocene, followed by a southward redirec-Vizcaino et al., 2010; Goldner et al., 2011), the mechanisms
tion of the subtropical jet beginning at the Plio-Pleistoceneleading to this state are still debated (e.g., Federov et al.,
boundary by the large-scale expansion of glaciation in the2006, 2010). The identification of these mechanisms and
Northern Hemisphere. This scenario is consistent with thetheir relevance to modern climate change is of the utmost im-
timing of previous reconstructions of the EEP cold tongue portance to freshwater resource management in the western
(Lawrence et al., 2006; Fig. 3f) and Northern HemisphereUS as well as other regions affected by atmospheric telecon-
glaciation (Maslin et al., 1995; Fig. 3g). This scenario is alsonections from the tropical Pacific.
consistent with compilations of fauna-, flora-, pollen-, and
sediment-based reconstructions of climate evolution, as well.

Across the western US, there is a general pattern of wetterSupplementary material related to this article is
than-modern conditions through the Pliocene, followed by aavailable online at: http://www.clim-past.net/9/903/2013/
period of increased aridity around the Pliocene—Pleistocen&p-9-903-2013-supplement.zip

boundary, and finally a return to wetter-than-modern condi-

tions by the mid-Pleistocene (Thompson, 1991; Fig. 3).
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