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The cross-equatorial southwesterly winds from the eastern equatorial Pacific direct moisture toward the Pacific 
coast of northwestern South America, where subsequent orographic lifting creates the wettest regions in the 
world. The Choco low-level jet is emblematic of broader westerly winds in this region and is projected to 
weaken by the end of the 21st century, but climate models show considerable disagreement about the extent of 
weakening. Using contemporary observations, we demonstrate that the configuration of westerly winds in the 
eastern equatorial Pacific is reflected by hydrogen isotopes in precipitation (𝛿D𝑝) in western Ecuador. As westerly 
winds strengthen, 𝛿D𝑝 increases from greater transport of 𝛿D𝑣𝑎𝑝𝑜𝑟 enriched in deuterium from the Eastern Pacific 
Warm Pool. We apply this framework to a new record of reconstructed 𝛿D𝑝 using leaf waxes in ocean sediments 
off the coast of Ecuador (ODP1239, 0◦40.32′ S, 82◦4.86′ W) that span the Plio-Pleistocene. Low 𝛿D𝑝 in the early 
Pliocene indicates weak westerly water vapor transport in a warmer climate state, which is attributed to a low 
sea surface temperature gradient between the cold tongue and off-equatorial regions in the eastern equatorial 
Pacific. Near 3 Ma, westerly water vapor transport weakens, possibly as a result of shifts in the Intertropical 
Convergence Zone forced by high latitude Northern Hemisphere cooling. In complementary isotope-enabled 
climate simulations, a weak Choco jet and westerly water vapor transport in the early Pliocene are matched by 
a decrease in 𝛿D𝑝 and hydroclimate changes in western Ecuador. Precipitation from the Choco jet can cause 
deadly landslides and weakened westerly winds in the early Pliocene implies a southward shift of these hazards 
along the Pacific coast of northwestern South America in the future.
1. Introduction

The Western Cordillera of northwestern South America contains 
some of the wettest regions in the world (Poveda and Mesa, 2000), sup-
porting high biodiversity (Rangel et al., 2018; Myers et al., 2000). Inter-
annual changes in precipitation can yield droughts (Vicente-Serrano et 
al., 2017) and floods (Waylen and Caviedes, 1986). During flood events, 
high rainfall and extreme topography create ideal conditions for mass 
wasting. Fatal landslides are common along the Western Cordillera of 
the tropical Andes and have caused thousands of fatalities in the last 
century that disproportionally impact vulnerable populations (Garcia-
Delgado et al., 2022).

* Corresponding author.

Increases in regional precipitation amount and seasonality are ex-
pected in the coming century (Ramirez-Villegas et al., 2012; Vuille et 
al., 2008). This could increase the prevalence of landslides, which have 
accelerated in the last 20 years (Garcia-Delgado et al., 2022). However, 
accurate projections of precipitation-related risks are hampered by un-
certain climate projections (Sierra et al., 2021).

Hydroclimate variability in the region is tightly linked to cross-
equatorial westerly water vapor transport from the eastern equatorial 
Pacific (Hoyos et al., 2018; Poveda et al., 2006; Poveda and Mesa, 2000; 
Sierra et al., 2021). Within this flow is a concentrated low-level jet 
called the Choco low-level jet, though westerly flow is not confined to 
this feature (Hoyos et al., 2018; Poveda et al., 2006; Poveda and Mesa, 
2000; Sierra et al., 2021; Xie and Philander, 1994). Westerly winds 
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are lofted by tropical easterlies and orographic lifting by the Western 
Cordillera of the Andes facilitating deep convection and intense precip-
itation (Poveda and Mesa, 2000). Current generation climate models 
struggle to reproduce historic features of the Choco jet and westerly 
flow in general, casting doubt on their ability to predict future changes 
in regional circulation (Sierra et al., 2015, 2018). This highlights a need 
to improve our fundamental understanding of atmospheric circulation 
and moisture transport in this region.

Various paleoclimatic reconstructions suggest that westerly water 
vapor transport toward northwestern South America is sensitive to the 
background climate. During the Last Glacial Maximum, the sea surface 
temperature (SST) gradient across the Equatorial Front in the eastern 
equatorial Pacific was greater than present and may have supported a 
stronger Choco jet (Martínez et al., 2003). Climate simulations of the 
Little Ice Age demonstrate a similar relationship, linking an intensifi-
cation of westerly transport to a stronger sea level pressure gradient 
between the eastern equatorial Pacific and northwestern South Amer-
ica (Sierra et al., 2021). However, insights from past warm climates 
can shed light on the sensitivity of westerly transport to greenhouse 
gas forcings. For instance, the Pliocene is a recent geologic epoch with 
atmospheric carbon dioxide concentrations similar to contemporary lev-
els (Martínez-Botí et al., 2015).

The Pliocene is marked by high SSTs and low SST gradients (merid-
ional and zonal) throughout the Pacific (Tierney et al., 2019). Similar 
to the Pliocene, contemporary El Niño events also produce a low merid-
ional SST gradient in the eastern tropical Pacific from warming in the 
cold tongue. In response to this reduced SST gradient, cross-equatorial 
westerly water vapor transport weakens (Poveda et al., 2006), drying 
the Pacific coast of Colombia, while increasing precipitation in northern 
Peru (Hoyos et al., 2019) and the western Ecuadorian lowlands (Morán-
Tejeda et al., 2016).

Unfortunately, few paleoclimatic records span the Pliocene in north-
western South America (Etourneau et al., 2010; Grimmer et al., 2018, 
2020; Herbert et al., 2016; Lawrence et al., 2006; Seki et al., 2012), 
only one examines large scale atmospheric circulation (Hovan, 1995), 
and terrestrial paleoclimate archives in this region are rarer still. More-
over, it is unclear how regional atmospheric circulation is reflected in 
existing records. This gap in proxy reconstructions precludes identify-
ing changes to westerly moisture transport in the eastern equatorial 
Pacific in warm climates forced by high greenhouse gas concentrations, 
which can be constrained through hydroclimate reconstructions during 
the Pliocene.

To address this uncertainty, we reconstruct regional atmospheric cir-
culation in northwestern South America through the Plio-Pleistocene, 
an interval that includes the initiation of major Northern Hemisphere 
glaciation and long term cooling of the eastern equatorial Pacific cold 
tongue (Lawrence et al., 2006; Liu et al., 2019; Raymo, 1994; Tierney 
et al., 2019; Wara et al., 2005). We aim to constrain the sensitivities 
of atmospheric circulation in northwestern South America to various 
forcings using leaf wax biomarkers that track water isotopologues in 
precipitation, hereafter referred to as ‘water isotopes’. Water isotopes 
in precipitation have been instrumental in reconstructing past hydrocli-
mate and circulation (Bhattacharya et al., 2022; Dee et al., 2023).

Applying this approach in northwestern South America is compli-
cated by the dynamic surface uplift of the Andes, which was episodic 
over the last 80 to 70 million years (Ma). From 15 Ma to the present, the 
subduction of the Carnegie Ridge has caused exhumation rates in the 
Western Cordillera of the Andes to increase (Margirier et al., 2023; Spik-
ings et al., 2001, 2010; Spikings and Simpson, 2014; Villagómez and 
Spikings, 2013). The surface uplift of the Western Cordillera may have 
left an imprint on water isotopes in precipitation through Rayleigh dis-
tillation, where water isotopes become more depleted in deuterium as 
elevation increases and temperature decreases (Rowley and Garzione, 
2007). Therefore, disentangling signals of surface uplift and atmo-
spheric circulation in this region is challenging (Pérez-Angel et al., 
2
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We address the influence of elevation change on water isotopes in 
precipitation by analyzing the contemporary relationship between wa-
ter isotopes in precipitation, elevation, and westerly winds from the 
Global Network of Isotopes in Precipitation (GNIP) (Aggarwal et al., 
2007) and ERA5 (Hersbach et al., 2020) along western Ecuador. We 
also measure the hydrogen and carbon isotopic composition of leaf wax 
biomarkers, since the relative proportion of deuterium to protium in 
leaf waxes (𝛿D𝑤𝑎𝑥) tracks the hydrogen isotopic composition of mete-
oric waters (𝛿D𝑝) (Sachse et al., 2012). We investigate the hypothesis 
that 𝛿D𝑤𝑎𝑥 at Ocean Drilling Project (ODP) site 1239 captures varia-
tions in the intensity of westerly water vapor transport from the Eastern 
Pacific Warm Pool. Our findings identify a gradual increase in wa-
ter vapor transport through the Plio-Pleistocene controlled by evolving 
mechanisms.

2. Methods

2.1. Contemporary 𝛿D𝑝 from GNIP

We develop an interpretive framework for understanding varia-
tions in reconstructed 𝛿D𝑝 through the Plio-Pleistocene using instru-
mental observations of water isotopes in precipitation from the GNIP 
database (Aggarwal et al., 2007). We retrieved all GNIP station data 
available in Ecuador using the Water Isotope System for Data Analy-
sis, Visualization, and Electronic Retrieval in February 2023 (https://
www .iaea .org /resources /nucleus -information -resources).

GNIP station data was filtered to retain observations that contained 
measurements of 𝛿D𝑝, precipitation amount, and received water vapor 
transport from the Pacific (‘Pacific Domain’ in Figure 1 of Garcia et al., 
1998). We included the Amaluza station (2.6◦ S, 78.567◦ W) because 
it shares a similar precipitation regime to the rest of the stations in the 
‘Pacific Domain’, despite being slightly outside of the ‘Pacific Domain’ 
bounds. We applied an additional filter and retained stations with at 
least 12 consecutive observations (i.e. one year) to minimize the influ-
ence of precipitation seasonality (Pérez-Angel et al., 2022).

Several stations contained more than 12 consecutive observations. 
For these stations, we take the first ⌊𝑁

12 ⌋ × 12 observations, where 𝑁 is 
the number of consecutive observations. For example, the Uzchurumi 
station had 26 months of continuous measurements from 5/1/1992 to 
6/30/1994, of which we discarded the last two observations resulting 
in 24 consecutive observations. By discarding the last two observations, 
we prevent adding observations, and bias, to the dry season. This filter-
ing procedure resulted in five stations situated along the Pacific coast of 
Ecuador spanning May 1992 through April 1994 (Table S1). This inter-
val coincides with a low Niño 1+2 and 3.4 index and indicates neutral 
El Niño conditions during the measurement interval (Table S1).

Despite careful filtering and GNIP station selection, the short dura-
tion of the GNIP station adds uncertainties to our 𝛿D𝑝 interpretation 
that are difficult to quantify, particularly for interannual variability in 
𝛿D𝑝. However, interannual hydroclimate and westerly wind variabil-
ity are well constrained for west Ecuador (Emck, 2007; Morán-Tejeda 
et al., 2016) and the eastern equatorial Pacific (Poveda et al., 2006) 
and our GNIP stations reasonably match the long-term climatology of 
west Ecuador (Fig. 1). We averaged 𝛿D𝑝 for long-term monthly means 
weighted by precipitation amount. Weighting by precipitation amount 
reduces the influence of months with little precipitation but anomalous 
measured 𝛿D𝑝 values.

To identify the controls on 𝛿D𝑝 in western Ecuador, we model the 
relationship between westerly winds directed towards western Ecuador, 
monthly precipitation, and monthly precipitation-weighted 𝛿D𝑝 with 
a series of linear mixed-effects models. Our index of west Ecuadorian 
zonal wind strength is built upon the Choco jet index, but restricted to 
the latitudinal bounds of Ecuador. As in the Choco jet index, we take the 
maximum zonal wind averaged between 80-82◦ W at 925 hPa (Sierra 
et al., 2021), but limit the latitudinal range to 5◦S-2◦N, (versus 10◦S 

to 10◦N for the Choco jet index (Sierra et al., 2021)). This westerly 
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wind index is well correlated with the Choco jet and broader westerly 
transport in the eastern equatorial Pacific across several pressure levels 
(Fig. S1).

In our linear mixed-effects models, west Ecuador zonal wind inten-
sity and monthly precipitation are fixed effects, elevation is a random 
effect, and 𝛿D𝑝 is the response variable. We perform model selection 
by comparing all combinations of predictors and corresponding model 
diagnostics (e.g. Akaike’s Information Criterion and log-likelihood). 
We also assess linear mixed-effects models where 𝛿D𝑝 is cube-root 
transformed to more evenly weigh high and low elevation stations. 
High-elevation stations have larger changes in monthly 𝛿D𝑝 and con-
tribute more variability to the linear mixed-effects models. From these 
linear mixed-effects models, we report conditional and marginal 𝑅2

which correspond to variance explained by random and fixed effects, 
respectively (Nakagawa and Schielzeth, 2013). Conclusions from lin-
ear mixed-effects models with transformed and untransformed monthly 
𝛿D𝑝 are largely similar except for the significance of the random effect 
term, so for simplicity, we present the untransformed results with all 
results in Table S2.

2.2. ODP core 1239A

ODP1239 (0◦40.32′ S, 82◦4.86′ W) was cored in 2002 and is lo-
cated ~120 km off the western coast of Ecuador, on the Carnegie Ridge 
at 1414 m water depth. The Pliocene portion of the sediment is pre-
dominantly pelagic and composed of olive gray nanofossil oozes with 
varying proportions of clay, diatoms, foraminifers, and micrite (Mix et 
al., 2003). The South Pacific Subtropical High creates southerly winds 
along the coast of Peru and Ecuador imparting easterly wind stress, 
upwelling the Equatorial Undercurrent, and developing the character-
istic eastern equatorial Pacific cold tongue (Strub et al., 1998). The 
extent of the cold tongue is greatest at the end of the austral win-
ter and exposes ODP1239 to cool, nutrient-rich waters (Strub et al., 
1998; Locarnini et al., 2013). This oceanographic setting changed mini-
mally during the Pliocene as ODP1239 migrated eastward alongside the 
Nazca plate towards Ecuador (Mix et al., 2003). From 6 Ma to present, 
ODP1239 migrated 2◦ (~200 km) eastward and 0.75◦ (~75 km) north-
ward suggesting that leaf waxes sourced from western Ecuador for the 
duration of our reconstruction. Prior work at ODP1239 has indicated 
that sediment source is limited to the Western Cordillera of western 
Ecuador, particularly from the Guayas, Esmeraldas, and Cayapas rivers 
in Ecuador (Grimmer et al., 2018, 2020; Rincón-Martínez et al., 2010).

Age estimates from this core are based on biostratigraphy and orbital 
tuning from Timmermann et al. (2007) between 4.956 Ma and 2.7 Ma. 
For samples younger than 2.7 Ma, we use the age model from Etourneau 
et al. (2010) that is orbitally tuned. We had a single sample at 387.15 
meters composite depth below seafloor (mcd) that was outside of either 
age model available at ODP1239 covering the interval of reconstructed 
𝛿D𝑝. For this sample, we assigned the nearest constrained age of 4.956 
Ma from Timmermann et al. (2007) at 385.43 mcd. This assigned age 
is likely ~20,000 years too young based on the average sedimentation 
rate at ODP1239 in the interval from 4.956 Ma to 2.7 Ma (Timmermann 
et al., 2007) but this age uncertainty does not influence any conclusions 
as we focus on the long-term trends in the record.

2.3. Leaf wax analyses

We reconstructed past changes in precipitation isotopes using leaf-
wax biomarkers from terrestrial plants that incorporate meteoric waters 
into their tissues (Sauer et al., 2001; Sternberg, 1988). Leaf waxes are 
produced by higher terrestrial plants to prevent leaf desiccation and en-
vironmental damage (Eglinton and Hamilton, 1967). These compounds 
are transported into marine sediments by entrainment in wind or in 
fluvial sediments (Kusch et al., 2010) where they can be preserved 
3
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years). We analyzed C30 n-alkanoic acids because they are only pro-
duced by terrestrial plants (Kusch et al., 2010; Sachse et al., 2012) and 
are more abundant than C29 n-alkanes in ODP1239 sediments.

We followed standard analytical methods for extraction, quantifica-
tion, and compound-specific isotope measurements of n-alkanoic acids 
(Bhattacharya et al., 2018). Sediments were first lyophilized, homog-
enized, mixed with precombusted diatomaceous earth, and then ex-
tracted with a mixture of 9:1 dichloromethane:methanol in a Dionex 
Accelerated Solvent Extractor 350. A general recovery standard was 
added to the total lipid extracts to aid in quantification. Fatty acids were 
purified from the total lipid extracts with column chromatography. We 
used aminopropyl gel and eluted with 2:1 dichloromethane:isopropanol 
and 4% acetic acid in dichloromethane for the neutral and acid frac-
tions, respectively. The purified acid fraction was methylated using 
methanol of known isotopic composition to form fatty acid methyl es-
ters (FAME). FAMEs were further purified using 5% deactivated silica 
gel columns with 100% dichloromethane as an eluent. We quantified 
FAMEs using a TRACE1310 gas chromatograph equipped with a pro-
grammable temperature vaporizer inlet and flame ionization detector.

Measurements of 𝛿D𝑤𝑎𝑥 and 𝛿13C𝑤𝑎𝑥 were made using a similar 
TRACE1310 coupled to a Thermo Delta V Plus via a GC-Isolink II de-
vice. To monitor for instrument drift and normalize for any offsets, we 
measured a synthetic mix of FAMEs with a known isotopic value every 5 
samples (Bhattacharya et al., 2022). Standard errors for isotopic value 
of the C28 fatty acid in our synthetic FAMEs are 0.053‰ (𝛿13C) and 
0.28‰ (𝛿D), indicating high measurement precision and accuracy after 
correcting for drift. Measurements were performed in quadruplicate to 
achieve a precision greater than 2‰ and 0.2‰ for 𝛿D𝑤𝑎𝑥 and 𝛿13C𝑤𝑎𝑥, 
respectively. We report values after applying mass balance corrections 
to account for the added methyl group from methylation.

2.4. 𝛿D𝑝 reconstructions

A synthesis of C29 n-alkane plant leaf waxes preserved in surface 
sediments of lacustrine environments demonstrates a strong linear rela-
tionship between 𝛿D𝑤𝑎𝑥 and 𝛿D𝑝 (Sachse et al., 2012). Sedimentation 
and leaf wax transport minimally influences this strong relationship. 
𝛿D𝑤𝑎𝑥 in lacustrine sedimentary archives is highly correlated to 𝛿D𝑝

(Sachse et al., 2004) and this linear relationship holds across precipita-
tion, humidity, and vegetation gradients (Hou et al., 2008).

While evapotranspiration can enrich soil and leaf waters in the heav-
ier isotope, influencing individual plants, the effects of evapotranspira-
tion on wax isotopes may be small at an ecosystem scale (Ehleringer 
and Dawson, 1992; Feakins and Sessions, 2010). During wax synthe-
sis, plants preferentially incorporate lighter isotopes of meteoric waters 
into their tissues, resulting in biosynthetic fractionation and 𝛿D𝑤𝑎𝑥. To-
gether, these processes result in a wax molecule that is depleted in 
deuterium relative to source water 𝛿D𝑝 by an ‘apparent fractionation’ 
or 𝜖𝑝 (Sessions et al., 1999). 𝜖𝑝 varies across plant life forms, which 
strongly correlates with photosynthetic pathway. C3 shrubs and trees 
and C4 graminoids represent two fractionation end members: C3 plants 
have a smaller 𝜖𝑝 compared to graminoids (Gao et al., 2014; Smith and 
Freeman, 2006).

We leveraged this robust empirical relationship to reconstruct 𝛿D𝑝

from measurements of 𝛿D𝑤𝑎𝑥 from ODP1239 in a Bayesian isotope mix-
ing model following Tierney et al. (2017). In this framework, 𝜖𝑝 is 
modeled from measurements of 𝛿13C𝑤𝑎𝑥 and contemporary 𝛿13C from a 
global survey (Liu and An, 2020; Sachse et al., 2012). Once 𝜖𝑝 is deter-
mined, 𝛿D𝑝 is reconstructed using Equation (1) (see Data Availability 
Statement, Bhattacharya et al., 2018, 2022; Tierney et al., 2017). Un-
certainty in 𝛿D𝑤𝑎𝑥 measurements is propagated to reconstructed 𝛿D𝑝

by randomly drawing samples from  (𝜇𝑗 , 𝜎2𝑗 ) for the ith sample from 
ODP1239 across j measurements of 𝛿D𝑤𝑎𝑥.

𝛿𝐷 =
1000 + 𝛿𝐷𝑤𝑎𝑥 − 1000 (1)
𝑝 𝜖𝑝

1000 + 1
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Concentrations of FAMEs limited the amount of paired 𝛿D𝑤𝑎𝑥 and 
𝛿13C𝑤𝑎𝑥 measurements. For low concentration samples, we prioritized 
measuring 𝛿D𝑤𝑎𝑥 and linearly interpolated 𝛿13C𝑤𝑎𝑥 to reconstruct 𝛿D𝑝

within our Bayesian framework. Reconstructed 𝛿D𝑝 is likely insensi-

tive to linearly interpolating 𝛿13C𝑤𝑎𝑥 because 𝛿13C𝑤𝑎𝑥 never exceeds 
-27‰ (Fig. 2), suggesting that C3 plants were the primary components 
of the leaf wax source pool and contributions from C4 plants were likely 
small.

The contemporary and paleoecology of western Ecuador support 
this interpretation. The modern vegetation of western Ecuador is 
zonated by elevation and communities such as the moist broadleaf 
forests and upper montane forests are composed almost entirely of 
C3 families and genera (Grimmer et al., 2018). C4 plants become 
prominent in the Ecuadorian low elevation dry forests (Powell and 
Still, 2009) where the abundance of C4 shrubs and grasses is con-
trolled by precipitation amount (Grimmer et al., 2020). During the 
early and mid-Pliocene, fossil pollen abundances indicate that C3
taxa were the primary vegetation components, composing nearly 
half of all pollen deposited into ODP1239 (upper, montane forest, 
lower montane forest, lowland rainforest, páramo in Grimmer et 
al., 2018, 2020), while C4 taxa were only minor components that 
rarely exceeded 10%. 𝜖𝑝 varies little among C3 plants (Sachse et 
al., 2012), and various lines of evidence indicating an overwhelming 
abundance of C3 plants in western Ecuador, presently and through 
the Plio-Pleistocene, suggests that 𝜖𝑝 likely changed minimally at 
ODP1239 over the last 5 Ma, which our isotope mixing-model captures 
(Fig. S2).

2.5. Isotope-enabled community atmosphere model simulations

We investigated the influence of equatorial Pacific SSTs on wa-
ter isotopes in precipitation in northwestern South America with the 
isotope-enabled Community Atmospheric Model 5 (iCAM5 Brady et al., 
2019; Knapp et al., 2022b). The simulation was initialized using SST 
fields from a Community Earth System Model version 1 simulation 
that best-captured proxy SST reconstructions in the equatorial Pacific 
from a series of perturbed cloud albedo simulations (Burls and Fedorov, 
2014), particularly the reduced zonal temperature gradient of the early 
Pliocene (Knapp et al., 2022b).

The applied SST field coheres with Mg/Ca SST reconstructions that 
suggest a weakened zonal gradient in SSTs in the tropical Pacific before 
3 Ma (i.e. permanent El-Niño configuration, Fedorov et al., 2006; Wara 
et al., 2005; White and Ravelo, 2020). However, SST reconstructions 
disagree in the western Pacific and yield conflicting interpretations of 
the zonal SST gradient in the tropical Pacific (Meinicke et al., 2021; 
Tierney et al., 2019; Wara et al., 2005; White and Ravelo, 2020; Zhang 
et al., 2014b). Alkenone and TEX86 reconstructions indicate higher 
temperatures than present in the western Pacific and do not support 
an inferred permanent El Niño-like configuration in the tropical Pacific, 
though alkenone reconstructions only extend to 4 Ma (Tierney et al., 
2019; Zhang et al., 2014b).

Despite this disagreement in estimates of western SSTs in the 
Pliocene, there is agreement that the eastern equatorial Pacific cold 
tongue was much warmer than present (Herbert et al., 2016; Lawrence 
et al., 2006; Tierney et al., 2019; Zhang et al., 2014b). Our iCAM5 sim-
ulation includes this warming of the eastern Pacific which enables us to 
assess the influence of cold tongue warming on westerly low-level winds 
that influence hydroclimate in northwestern South America. The simu-
lation was run with 0.9◦ × 1.25◦ horizontal resolution and 30 vertical 
layers for 100 years, of which we average the last 50 years. Comparisons 
between the control iCAM5 simulation, observational GNIP station pre-
cipitation and 𝛿D𝑝, and ERA5 winds demonstrate that iCAM5 captures 
the broad features of hydroclimate in western Ecuador (Supplemental 
4

Information).
Earth and Planetary Science Letters 640 (2024) 118781

2.6. Eastern equatorial Pacific sea surface temperature synthesis

We compared our leaf wax reconstructions to newly derived indices 
of Pacific SSTs. We compiled existing alkenone SST records that span 
the Plio-Pleistocene. The temperature gradient in this region of the east-
ern equatorial Pacific is closely related to mean sea level pressure and 
Choco jet variability (Poveda and Mesa, 2000; Sierra et al., 2021). Five 
alkenone SST records in the eastern equatorial Pacific cold tongue span 
the interval for which we reconstruct 𝛿D𝑝: ODP1239 (Etourneau et 
al., 2010), ODP850 (Zhang et al., 2014b), ODP846 (Lawrence et al., 
2006), Integrated Ocean Drilling Program site U1338 (Rousselle et al., 
2013), and ODP847 (Fig. 3, Dekens et al., 2007). ODP1241 (Seki et al., 
2012) is outside of the influence of the eastern equatorial Pacific cold 
tongue and represents the off-equatorial region (Fig. 3). We calibrated 
all records using BAYSPLINE (Tierney and Tingley, 2018) and prop-
agated reconstruction errors to the gradient between the cold tongue 
to off-equatorial regions in the eastern equatorial Pacific with a Monte 
Carlo resampling approach (Tierney et al., 2019; Bhattacharya et al., 
2022).

3. Results and discussion

3.1. Interpretation of isotopes

The seasonal climatology of 𝛿D𝑝 along the Pacific coast of Ecuador 
is controlled by the intensity of westerly water vapor transport and 
precipitation amount, which is in turn modulated by elevation. GNIP 
𝛿D𝑝 in western Ecuador is low in MAM and progressively increases 
throughout the rest of the year (Fig. 1D). Similarly, the westerly wa-
ter vapor transport toward western Ecuador is weakest in MAM and 
increases to a maximum in SON, tracking the position of the Intertrop-
ical Convergence Zone (ITCZ) and convergent tropical easterly winds 
(Fig. 1C, Sierra et al., 2021). When averaged across all GNIP sites, 𝛿D𝑝

increases by 39.86‰ following the strengthening of westerly winds in 
May (Fig. 1D). This seasonal cycle is enhanced with elevation due to 
Rayleigh distillation. GNIP sites at higher elevations along the Western 
Cordillera exhibit the greatest seasonal change in 𝛿D𝑝. For instance, the 
lowest elevation GNIP station in western Ecuador that receives moisture 
transport from the Pacific (30 meters above sea level, masl) has an av-
erage 𝛿D𝑝 increase of 27.78‰ when westerly winds begin to strengthen 
in May (Fig. 1D). In contrast, the highest elevation station (1,720 masl) 
experiences a 83.93‰ increase from April to July (Fig. 1D). This influ-
ence of elevation is moderately significant in our linear mixed-effects 
models (Table S2) and is caused by Rayleigh distillation from temper-
ature decreasing as elevation increases. A similar pattern is present in 
𝛿D of river water in Ecuador where 𝛿D decreases as elevation increases, 
particularly along the Pacific coast of Ecuador (Gébelin et al., 2021).

The source of water vapor enriched in deuterium that increases 𝛿D𝑝

when westerly winds are strong is likely the Eastern Pacific Warm Pool. 
Additional enrichment may occur as the result of processes like water 
vapor recycling (Salati et al., 1979) during transport toward western 
Ecuador. Water vapor isotopic composition measured from the Tro-
pospheric Emission Spectrometer demonstrates that 𝛿D𝑣𝑎𝑝𝑜𝑟 is highly 
enriched in deuterium in the Eastern Pacific Warm Pool (Fig. S6). West-
erly winds are strong over this region of water vapor enriched in deu-
terium and extend into western Ecuador (Fig. 1A, S6). In MAM, this 
region of 𝛿D𝑣𝑎𝑝𝑜𝑟 enriched in deuterium does not extend into western 
Ecuador, aligning with low 𝛿D𝑝 at the GNIP stations (Fig. S6). This 
spatial overlap explains the linear relationship between westerly winds 
and 𝛿D𝑝 (Fig. 1A). Stronger westerly winds transport more water va-
por enriched in deuterium from the Eastern Pacific Warm Pool and 
increase 𝛿D𝑝 in western Ecuador. Lagrangian trajectory analyses for the 
Pacific coast of Colombia also indicate the importance of Pacific water 
vapor sources in months when westerly winds are strongest (Hoyos et 

al., 2018; Sakamoto et al., 2011).
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Fig. 1. The linear relationship between monthly averaged 𝛿D𝑝 from GNIP stations, (A) westerly wind strength index, and (B) monthly precipitation. The lines 
correspond to the station-level fit (i.e. including fixed and random effects) of a linear mixed-effect model with west Ecuador zonal wind and monthly precipitation 
amount as predictors and elevation as a random variable (model 2 in Table S2). Colors correspond to GNIP station elevation. (C) Monthly averaged precipitation 
from GNIP stations in west Ecuador and west Ecuador zonal wind intensity. (D) The monthly climatology of 𝛿D𝑝 from all GNIP stations colored by elevation, as 
in (A) and (B). (E) The SON climatology of 925 hPa zonal winds from ERA5 between the period 1959 and 2022 with GNIP stations marked as points. ODP1239 
is located off the coast of Ecuador and is labeled by a white point. (F) The correlation between west Ecuador zonal wind and 850 hPa zonal winds from ERA5. 
Stippling indicates significance at the 95% confidence level based on a Student’s t-test. The red box denotes the region used when calculating the westerly wind 
strength index. Note, all 𝛿D𝑝 averages are precipitation weighted. The legend for (E) is located in Table S1.
The precipitation amount effect that is commonly observed in trop-
ical records of water isotopes in precipitation has a limited influence 
on 𝛿D𝑝 along the Pacific coast of Ecuador. The precipitation amount 
effect is defined as the inverse relationship between the isotopic signa-
ture of precipitation and precipitation amount (Dansgaard, 1964). This 
relationship is thought to emerge, in part, because cooling rain clouds 
remove heavier isotopologues and rain drop re-evaporation decreases 
as humidity increases during precipitation (Dansgaard, 1964; Rozan-
ski et al., 1993). From our linear mixed-effects models, we find that 
west Ecuador zonal wind strength is a stronger predictor of 𝛿D𝑝 than 
monthly precipitation amount. When west Ecuador zonal wind strength 
is the only predictor, linear mixed-effects model fit is better than when 
precipitation amount is the only predictor (13.21 higher log-likelihood 
5

and 26.44 lower AIC, Table S2). This pattern holds when adding west 
Ecuador zonal wind strength and precipitation amount as secondary 
predictors. Monthly precipitation amount as an additional predictor 
to west Ecuador zonal wind strength only marginally improves linear 
mixed effect model fit (0.65 increase in log-likelihood but a 0.72 in-
crease in AIC, Table S2). In contrast, west Ecuador zonal wind strength 
as an additional predictor to monthly precipitation amount greatly im-
proves linear mixed effect model fit (13.86 increase in log-likelihood, 
27.72 decrease in AIC, Table S2). However, elsewhere in Ecuador, the 
amount effect does emerge. For example, the Espoch (2,820 masl), 
Quito-Inamhi (2,789 masl), and Cuenca (2,510 masl) GNIP stations ap-
pear to have a linear relationship between precipitation amount and 
𝛿D𝑝 (Garcia et al., 1998). Nevertheless, our linear mixed-effect models 
demonstrate that along the west coast of Ecuador water vapor sources 

overprint local amount effects. For these reasons, we find that 𝛿D𝑝 on 
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Fig. 2. (A) Globally averaged benthic foraminifer 𝛿18O (Lisiecki and Raymo, 
2005). (B) Reconstructed 𝛿D𝑝 at ODP1239. (C, D) Measured 𝛿D𝑤𝑎𝑥 and 𝛿13C𝑤𝑎𝑥

from C30 n-alkanoic acids at ODP1239. The shaded areas correspond to the 
early Pliocene (5.0 to 4.6 Ma) and the onset of major Northern Hemisphere 
glaciation (3.0 to 2.75 Ma).

the west coast of Ecuador is primarily controlled by changes in westerly 
water vapor transport from the Eastern Pacific Warm Pool and that re-
constructed 𝛿D𝑝 at ODP1239 records changes in this transport during 
the Plio-Pleistocene.

3.2. 𝛿D𝑝 trends at ODP1239

Reconstructed 𝛿D𝑝 at ODP1239 exhibits a gradual increase with a 
decrease at ~3 Ma (Fig. 2B). Reconstructed 𝛿D𝑝 values in the earliest 
portion of the record (5.0 to 4.6 Ma) are among the most negative, av-
eraging -8.85‰ and suggest weak westerly transport from the Eastern 
Pacific Warm Pool during the early Pliocene. After the early-Pliocene, 
𝛿D𝑝 increased by 5.16‰ into the mid-Piacenzian warm period (3.264 -
3.025 Ma) (Fig. 3A) which indicates a strengthening of westerly trans-
port of water vapor enriched in deuterium from the Eastern Pacific 
Warm Pool. A decrease of 7.30‰ from the mid-Piacenzian warm period 
to 2.7 Ma (200,000 year average centered on 2.7 Ma) is synchronous 
with large-scale changes in the Earth system (Fig. 3C), after which 𝛿D𝑝

increases by 5.52‰ and marks the end of the Pliocene. This decrease 
is coincident with the onset of major Northern Hemisphere glaciation 
(Raymo, 1994), though the exact timing of glaciation events remains 
debated. The Pleistocene section of ODP1239 mirrors the Pliocene with 
an overall increasing trend that is interrupted by an abrupt increase in 
𝛿D𝑝 of 9.30‰ from 1.7 to 1.6 Ma, synchronous with increases in SSTs 
of 1.65 and 0.42 ◦C in the eastern Pacific Cold tongue, as reconstructed 
from the alkenone paleothermometer at ODP1239 and ODP846, respec-
tively (Fig. S7, Etourneau et al., 2010; Lawrence et al., 2006; Seki et 
al., 2012). The relationship between variations in westerly water vapor 
6

transport and global to regional climate changes suggests potential con-
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trols on the dynamics that govern the position and strength of westerly 
transport.

A gradual increase of 𝛿D𝑝 at ODP1239 suggests that changes in An-
dean topography were not the dominant control on reconstructed 𝛿D𝑝

through the Plio-Pleistocene. Evidence from thermochronological con-
straints (Spikings et al., 2001, 2010; Villagómez and Spikings, 2013), 
detrital zircon typology coupled with U/Pb geochronology (Osorio-
Granada et al., 2017), provenance analyses (León et al., 2018), fossil 
pollen (Grimmer et al., 2018), and zircon geochronology (Echeverri et 
al., 2015) collectively suggest the presence of significant topography 
in the Western Cordillera by the late-Miocene/early-Pliocene. Notably, 
exhumation rates increase after 15 Ma from the subduction of the 
Carnegie Ridge (Margirier et al., 2023; Spikings et al., 2001; Spikings 
and Simpson, 2014).

Any surface uplift after 5 Ma would have imposed a negative trend 
because water isotopes in precipitation become depleted in deuterium 
as elevation increases (Fig. 1, Ambach et al., 1968). This relationship 
holds in western Ecuador where the elevation random effect in our 
linear mixed-effects models is moderately significant regardless of the 
predictors included in the models (Table S2). When 𝛿D𝑝 is cube-root 
transformed the elevation random effect is statistically insignificant, as 
the transformation selectively reduces 𝛿D𝑝 variability in regions with 
substantial fluctuations (i.e. high elevations). This reaffirms the crucial 
role of elevation on 𝛿D𝑝 patterns in western Ecuador caused by Rayleigh 
distillation (Table S2). Elevation also emerges as an important control 
on river-based 𝛿D (Gébelin et al., 2021). Nevertheless, 𝛿D𝑝 at ODP1239 
exhibits a gradual increase, indicating that another factor, such as wa-
ter vapor transport, opposes and overwhelms any potential change in 
𝛿D𝑝 due to elevation.

Leaf wax sources into ODP1239 may contribute to the minimal in-
fluence of elevation in reconstructed 𝛿D𝑝. 𝛿D𝑤𝑎𝑥 is likely primarily 
sourced from the Guayas, Esmeraldas, and Cayapas rivers in western 
Ecuador because prevailing winds in western Ecuador are westerly 
(Fig. 1E, S3A). River discharge from the Guayas and Esmeraldas Rivers 
are unimodal and mirror precipitation in coastal Ecuador (Rincón-
Martínez et al., 2010). Therefore, 𝛿D𝑤𝑎𝑥 inputs into ODP1239 may be 
biased towards the western Ecuadorian lowlands and may partly ex-
plain the small influence of elevation in reconstructed 𝛿D𝑝. Whether 
this bias is present does not influence our conclusion that reconstructed 
𝛿D𝑝 primarily reflects changes in water vapor transport, making 𝛿D𝑤𝑎𝑥

an unreliable proxy of elevation in this setting.

3.3. Westerly moisture transport variability and hydroclimate changes 
during the Pliocene

Variations in westerly water vapor transport during the Plio-
Pleistocene are associated with changed hydroclimate and ecological 
turnover in western Ecuador through a coupling with the South Pacific 
Subtropical High. Today, when westerly winds and the Choco jet are 
strong, precipitation increases in Colombia and decreases in Peru/Chile 
(Fig. 3E), since westerly winds form in part from winds on the east-
ern edge of the South Pacific Subtropical High (Sierra et al., 2021). In 
the seasonal cycle westerly transport and the South Pacific Subtrop-
ical High are all strongest in SON (Fig. S3A, Fahad et al., 2021). A 
strong South Pacific Subtropical High transports more moisture north-
ward from the Pacific and associated subsidence dries Chile (Barrett and 
Hameed, 2017; Quintana and Aceituno, 2012). In MAM, west Ecuado-
rian zonal winds, the Choco jet, and South Pacific Subtropical High are 
weak (Fig. S3A, Fahad et al., 2021). A weakened South Pacific Subtropi-
cal High reduces subsidence over Chile/Peru and increases precipitation 
(Barrett and Hameed, 2017; Quintana and Aceituno, 2012). Based on 
this relationship, a weakened subtropical high would have weakened 
westerly water vapor transport during the early Pliocene (Fig. 3C), de-
creasing precipitation in western Colombia and increasing rainfall in 

western Peru/Chile (Fig. 3E).
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Fig. 3. (A) Reconstructed 𝛿D𝑝 at ODP1239. (B) The SST gradient between the eastern equatorial Pacific cold tongue composite and ODP1241 which has a close 
correspondence to Choco jet strength (Sierra et al., 2021). (C) Reconstructed sea surface salinity based on 𝛿18O from ODP1241 that serves as a record of ITCZ position 
(Groeneveld, 2005). (D) Fossil pollen-based indicators of humidity and aridity (Amaranthaceae) at ODP1239 as percent abundance (Grimmer et al., 2018, 2020). The 
shaded areas correspond to the early Pliocene (5.0 to 4.6 Ma) and the onset of major Northern Hemisphere glaciation (3.0 to 2.75 Ma). (E) For South America, the 
color corresponds to the Pearson correlation coefficient between the westerly wind strength index and annual precipitation from the Global Precipitation Climatology 
Centre (GPCC) (Schneider et al., 2011) between the period 1959 and 2019. Stippling indicates significance at the 95% confidence level based on a Student’s t-test. 
For oceans, the shading corresponds to the mean annual SST averaged between 1891 and 2023 from the COBE-SST data product (Ishii et al., 2005). The red box 
corresponds to the region used to calculate the westerly wind strength index.
iCAM5 simulations for the early Pliocene are consistent with these 
expectations. Positive precipitation anomalies in Chile and Peru are 
matched with negative precipitation anomalies in western Colombia 
and a decrease in the strength of the South Pacific Subtropical High 
(Fig. 4B). High stream erosion and incision in the Atacama Desert sup-
port high inferred precipitation in the early Pliocene in Chile (Amund-
son et al., 2012; Hartley and Chong, 2002). This geomorphic evidence 
also points to brief periods of “extreme” precipitation following the 
mid-Pliocene drying of the Atacama Desert (Amundson et al., 2012). 
A decrease in 𝛿D𝑝 at ODP1239 at the start of the Pleistocene (Fig. 3C, 
E) suggests a brief interval of weakening in the South Pacific Subtrop-
ical High that could produce the conditions necessary for “extreme” 
precipitation in the Atacama Desert.

Ecological turnover inferred from fossil pollen in the early Pliocene 
at ODP1239 highlights the role that long-term changes in regional at-
mospheric circulation can have on ecosystem structure. Reduced west-
erly water vapor transport toward Ecuador during the early Pliocene 
(Fig. 3A) is associated with a high abundance of taxa such as Cyper-
aceae and Ilex that generally prefer wetter climates (Fig. 3D, Grimmer 
et al., 2018; Marchant et al., 2002). As westerly water vapor transport 
increased during the mid-Pliocene these taxa declined in abundance 
(Fig. 3A, D). An indicator of lowland drying, Amaranthaceae prefers 
drier coastal environments and is in low abundance until the mid-
Pliocene (Fig. 3D, Grimmer et al., 2020). The shared decline in taxa that 
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prefer humid conditions, an increase in Amaranthaceae, and an increase 
in westerly water vapor transport are consistent with interannual vari-
ations in precipitation in western Ecuador. In the present-day, El Niño 
events increase precipitation in western Ecuador (Morán-Tejeda et al., 
2016) and weaken westerly water vapor transport (Poveda et al., 2006). 
Hence, weakened westerly water vapor transport in the early Pliocene 
may be linked to increased precipitation in the western Ecuadorian low-
lands, supporting taxa that prefer humid conditions (Fig. 3A, E Grimmer 
et al., 2018). Accordingly, a strengthening of westerly water vapor 
transport in the mid-Pliocene would be paired with precipitation de-
crease in the western Ecuadorian lowlands, enabling Amaranthaceae to 
expand (Fig. 3A, E, Grimmer et al., 2020).

Fossil pollen from ODP1239 is assumed to be mostly fluvially 
sourced from the Cayapas, Esmeraldas, and Guayas Rivers (Grimmer 
et al., 2018, 2020), but eolian deposits are likely also an important con-
tributor (Heusser and Shackleton, 1994). Winds along the Pacific coast 
of South America are predominantly from Chile (Strub et al., 1998) 
where conditions were wetter during the early Pliocene (Amundson 
et al., 2012; Hartley and Chong, 2002) and may have contributed to 
the high abundance of taxa that prefer humid conditions at ODP1239. 
Hypothesized precipitation changes in western Ecuador require further 
testing because the relationship between westerly winds/Choco jet and 
annual precipitation is weak (Fig. 3E). Moreover, pollen may be re-
sponding to localized coastal convection in western Ecuador, while 
isotopes reflect large-scale changes in vapor transport. Long distance 

pollen dispersal may further confound pollen-based climate interpreta-
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tions. More records are needed to establish spatial patterns of precipi-
tation changes in northwestern South America during the Pliocene.

3.4. Evolving controls on atmospheric circulation through the 
Plio-Pleistocene

Atmospheric circulation in northwestern South America responded 
to evolving controls through the Plio-Pleistocene, with two regimes 
separated by the initiation of major Northern Hemisphere glaciation. 
SSTs in the eastern equatorial Pacific emerge as an important control 
on the westerly transport of water vapor enriched in deuterium to-
ward northwestern South America through the Pliocene. At present, 
the cold tongue to off-equatorial pressure and temperature gradients 
in the eastern Pacific drive interannual variability in the Choco jet 
(Sierra et al., 2021) and westerly winds that influence hydroclimate in 
western Ecuador (Rossel and Cadier, 2009). Across the Pliocene, SSTs 
between the cold tongue and off-equatorial regions evolved asymmet-
rically (Fig. 3B, S7D-H). The difference in SSTs between the eastern 
equatorial Pacific cold tongue and ODP1241 (5◦50.57′ N, 86◦26.68′W), 
in the Eastern Pacific Warm Pool, is at a minimum during the early 
Pliocene and increases to present (Fig. 3B). This configuration of SSTs 
would produce a low mean sea level pressure gradient (Lindzen and 
Nigam, 1987) and weak westerly winds, consistent with low 𝛿D𝑝.

A similar process occurs during modern El Niño events that force the 
Choco jet and westerly winds to weaken as the cold tongue warms and 
the mean sea level pressure gradient decreases from the cold tongue 
to the off-equatorial eastern Pacific (Poveda et al., 2006). After ~3 Ma 
a regional shoaling of the thermocline cooled the cold tongue more 
than regions to the north near the Warm Pool (Fig. 3, Ford et al., 2015). 
Accordingly, as the SST gradient from the eastern equatorial Pacific cold 
tongue to ODP1241 increases in the mid- to late-Pliocene, so too does 
𝛿D𝑝. A larger SST gradient would have increased westerly transport 
of 𝛿D𝑣𝑎𝑝𝑜𝑟 enriched in deuterium from the Eastern Pacific Warm Pool 
increasing 𝛿D𝑝 at ODP1239 (Fig. 3A,B, S7D-H).

A decline in westerly water vapor transport at ~3 Ma points to 
an increasing influence of high latitude forcings. The inception of ma-
jor Northern Hemisphere glaciation (Raymo, 1994) would have altered 
global energy budgets as the Northern Hemisphere cooled more than 
the Southern Hemisphere from expansive ice sheets (Chiang and Bitz, 
2005). Interhemispheric energetic imbalances imposed by the addition 
of ice in the Northern Hemisphere shift the ITCZ southward towards 
the equator in climate simulations, from its mean position in the North-
ern Hemisphere (Chiang et al., 2003; Chiang and Bitz, 2005; Schneider 
et al., 2014). The westerly winds that flow toward northwestern South 
America develop from southerly winds which follow the low mean sea 
level pressure of the ITCZ and are deflected eastward by Coriolis accel-
eration which changes direction across the equator (Sierra et al., 2021).

Shifting the ITCZ southward from the inception of major North-
ern Hemisphere glaciation would reduce Coriolis acceleration acting 
on southerly cross equatorial winds, in turn reducing the westerly 
flow into northwestern South America. An ITCZ shift is supported by 
salinity data: sea surface salinity reconstructions from 𝛿18𝑂𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦 at 
ODP1241 demonstrate a decline of 0.77‰ at 2.95 Ma, consistent with 
a southward shift in the ITCZ. This salinity drop is synchronous with 
reduced westerly water vapor transport, after which freshening acceler-
ates (Fig. 3A,C). 𝛿18𝑂𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦 at ODP1241 begins to indicate freshening at 
3.7 Ma suggesting the connection between Northern Hemisphere cool-
ing, ITCZ position, and westerly wind strength in the eastern equatorial 
Pacific is complex.

The apparent decoupling between the ITCZ, westerly winds, and 
salinity at ODP1241 before 3.7 Ma may, partly, be the result of the 
exchange of water vapor between the eastern equatorial Pacific and the 
Caribbean. Topography was low during the formation of the Isthmus 
of Panama, with periods of water mass exchange as recent as 2.58 Ma 
(Groeneveld et al., 2014), and was likely lower still during the early 
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Pliocene. The Isthmus of Panama has undergone continuous uplift since 
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~6 Ma (O’Dea et al., 2016) indicating that topographic barriers to wa-
ter vapor transport from the Atlantic Ocean to the Pacific Ocean were 
low in the early Pliocene, possibly obscuring the relationship between 
ITCZ position and precipitation isotopes early in the ODP1239 record. 
Grain size analyses from ODP848 and ODP849, support an inferred shift 
of the ITCZ at 3 Ma from 𝛿18𝑂𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦. Mean grain size increases briefly 
around 3 Ma suggesting stronger easterlies near the equator consistent 
with idealized climate model experiments that place a large ice sheet in 
the Northern Hemisphere (Broccoli et al., 2006; Hovan, 1995).

3.5. Paired 𝛿D𝑝, Choco jet, and westerly water vapor transport changes in 
iCAM5

Our early Pliocene-like iCAM5 simulations support our hypothesized 
link between changes in the cold tongue to off-equatorial SST gradient 
in the eastern Pacific and westerly wind strength. The model is forced 
with a small tropical Pacific SST gradient (meridional and zonal) that 
forces a decrease in 𝛿D𝑝, which coheres with the direction of the sig-
nal at ODP1239. The magnitude of 𝛿D𝑝 decrease in iCAM5 is smaller 
than reconstructed 𝛿D𝑝 at ODP1239 for the early Pliocene and is con-
sistent with prior proxy-model comparisons (Fig. 2B, 4). Generally, 
isotope-enabled climate models reproduce a smaller isotopic change 
than shown by proxies (Hu et al., 2018). 𝛿D𝑝 decrease in iCAM5 is 
likely driven by circulation changes, since the model simulates weak-
ened westerly water vapor transport in the core Choco jet region and 
western Ecuador (Fig. 4A). A reduction in westerly wind strength is 
greatest in JJA and SON (Fig. S8) when the Choco jet and westerly 
water vapor transport is at its climatological maximum (Fig. S3). Fur-
thermore, simulated precipitation changes are not spatially coherent 
with 𝛿D𝑝 in northwestern South America, suggesting that 𝛿D𝑝 fluctua-
tions are not caused by precipitation amount in iCAM5 (Fig. 4C, D). We 
hypothesize that upstream changes in 𝛿D𝑝 in iCAM5 helps decrease 𝛿D𝑝

in western Ecuador. iCAM5 has an inverse linear relationship between 
stratiform rainfall amount and precipitation isotopes (Hu et al., 2018). 
The proportion of stratiform rainfall increases in the central tropical 
Pacific which decreases 𝛿D𝑝. Integrated water vapor transport anoma-
lies show greater transport from the central tropical Pacific where 𝛿D𝑝

decreases and stratiform rainfall fraction increases are greatest (Fig. 5).
Reduced regional and basin-wide SST gradients in the tropical Pa-

cific force a weakening of the Choco jet and westerly winds towards 
northwestern South America in iCAM5. Prescribed SST fields in our 
iCAM5 simulation are mostly unchanged from the control simulation 
in the western Pacific, but are much higher in the eastern Pacific, re-
sembling a permanent El Niño-like climate state (Knapp et al., 2022b). 
A low zonal SST gradient in the tropical Pacific may also explain weaker 
westerly winds in the eastern equatorial Pacific (Fig. 4) on top of the 
influence of the cold tongue/off-equatorial gradient of temperature in 
the eastern equatorial Pacific. A low zonal SST gradient in the tropical 
Pacific weakens the Walker Circulation and lowers mean sea level pres-
sure over the eastern Pacific (Bjerknes, 1969). Westerly winds towards 
northwestern South America are partly driven by high mean sea level 
pressure over the eastern equatorial cold tongue (Poveda and Mesa, 
2000; Poveda et al., 2014; Sierra et al., 2018). These winds would 
weaken as mean sea level pressures fall in the eastern Pacific. Hence, a 
low zonal SST gradient in the tropical Pacific and a permanent El Niño-
like state are consistent with weakened westerly transport inferred at 
ODP1239 in the early Pliocene (Fig. 3A).

Our results suggest that northwestern South America is strongly sen-
sitive to alternative configurations of tropical Pacific temperature gra-
dients in isotope-enabled climate models. Basin-wide zonal and merid-
ional SST gradients in the Pacific contribute to establishing global at-
mospheric circulation and climate patterns. Reconstructing these spatial 
gradients through the Plio-Pleistocene has received considerable atten-
tion using estimates of SST (Fedorov et al., 2015; Tierney et al., 2019; 
Wara et al., 2005; Zhang et al., 2014a) but proxies sensitive to atmo-

spheric circulation are underutilized. In northwestern South America, 
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Fig. 4. Annual climatological anomalies (early Pliocene experiment - control) from iCAM5 (Knapp et al., 2022b) for (A) 𝛿D𝑝 and (B) precipitation rate forced with 
a reduced tropical Pacific zonal SST gradient. Contours represent mean annual sea level pressure anomalies with the zero contour omitted. Vectors correspond to 
wind anomalies at 925 hPa, where the Choco jet core is found (Poveda and Mesa, 2000; Sierra et al., 2021). ODP1239 is located off the coast of Ecuador and is 
labeled by a white point. The red box corresponds to the region used to calculate west Ecuadorian zonal wind strength.
Fig. 5. Simulated (A) 𝛿D𝑝 and (B) proportion stratiform rainfall anomalies from 
iCAM5 (early Pliocene experiment - control, Knapp et al., 2022b). Vectors in 
(A) and (B) correspond to integrated water vapor transport anomalies from 
the surface to 200 hPa calculated using 1

𝑔
∫ 200
𝑠𝑢𝑟𝑓

𝑞𝐕 𝑑𝑝, where g is gravitational 
acceleration, q is specific humidity, and the vector V represents the meridional 
and zonal components of wind.

modern and past variations in westerly winds respond to regional (e.g. 
cold tongue to off-equatorial) and basin-wide (e.g. western to eastern 
Pacific) SST gradients in the tropical Pacific (Poveda and Mesa, 2000; 
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Sierra et al., 2021). In turn, westerly water vapor transport controls 
𝛿D𝑝 in northwestern South America. Our findings suggest that records 
of 𝛿D𝑝 in northwestern South America are an important benchmark for 
constraining the evolution of SSTs and atmospheric circulation across 
the tropical Pacific.

4. Conclusions

Westerly winds are a key feature of atmospheric circulation in north-
western South America, particularly those concentrated in the Choco 
jet (Poveda and Mesa, 2000). Climate models (Sierra et al., 2021) and 
proxy reconstructions (Martínez et al., 2003) demonstrate the sensitiv-
ity of winds in this region to the background climate state, but proxy ev-
idence for greenhouse climate states has been sparse. We present a new 
record of 𝛿D𝑝 from ODP1239 reconstructed from C30 n-alkanoic acids 
that span the Pliocene and Pleistocene to address this uncertainty. Our 
analysis of observational 𝛿D𝑝 from GNIP stations in western Ecuador 
demonstrates westerly winds in the eastern equatorial Pacific transport 
water vapor enriched in deuterium from the Eastern Pacific Warm Pool 
(Fig. 1, S6). When westerly winds are weakest, 𝛿D𝑝 is low in west-
ern Ecuador, and only begin to increase as westerly winds strengthen in 
May transporting water vapor enriched in deuterium. Applying this con-
temporary relationship to reconstructed 𝛿D𝑝 from ODP1239 suggests 
that westerly winds were weak during the early Pliocene and gradu-
ally strengthened to the present. Changes in the equatorial cold tongue 
to off-equatorial SST gradient in the eastern Pacific drive changes in 
these westerly winds, and this gradient was at a minimum in the early 
Pliocene. In an early Pliocene iCAM5 simulation, 𝛿D𝑝 decreases in 
northwestern South America from a weakening of westerly water vapor 
transport and increased transport of water vapor depleted in deuterium 
from upstream sources.

A gradual increase in 𝛿D𝑝 through the Pliocene indicates that 
changes in water vapor sources overprint any signal of Ecuadorian An-
dean surface uplift on 𝛿D𝑝. Gradual increase is interrupted by a decrease 
at ~3 Ma, coincident with the onset of major Northern Hemisphere 
cooling (Raymo, 1994). We hypothesize that this decrease is caused by 

extratropically-forced shifts in the configuration of the Southern Hemi-
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sphere Hadley Cell and the ITCZ. A similar mechanism could have op-
erated on glacial/interglacial timescales but requires higher resolution 
records to test this hypothesis. The weakening of westerly water vapor 
transport in response to decreases in regional SST and mean sea level 
pressure gradients that emerge in our proxy-model comparison agrees 
with projected changes to the Choco jet by the end of the 21st century. 
Under high emission scenarios, projections demonstrate a weakening 
and southward shift of the Choco jet as the mean sea level pressure gra-
dient between the eastern Pacific cold tongue and northwestern South 
America decreases (Sierra et al., 2021), with implications for regional 
ecosystems, biodiversity, and hydroclimate-related risks.
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