JGR Atmospheres

RESEARCH ARTICLE
10.1029/2023JD039006

Key Points:

e Oxygen stable isotope (5'%0) records
from the new Huascaran ice cores
strongly reflect Pacific climate
variability of the most recent 60-year

e Tropical Pacific influences on
the Huascaran 8'®0 records have
strengthened significantly in the last
six decades

e §'80 from the higher elevation
Summit appears to be more sensitive
to large-scale climate change than
830 from the lower-elevation Col

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

A. M. Weber,
weber.1158 @osu.edu

Citation:

Weber, A. M., Thompson, L. G., Davis,
M., Mosley-Thompson, E., Beaudon, E.,
Kenny, D., et al. (2023). Drivers of §'%0
variability preserved in ice cores from
Earth's highest tropical mountain. Journal
of Geophysical Research: Atmospheres,
128, €2023JD039006. https://doi.
0rg/10.1029/20231D039006

Received 3 APR 2023
Accepted 15 SEP 2023

Author Contributions:

Conceptualization: A. M. Weber, L. G.
Thompson

Data curation: L. G. Thompson, M.
Davis

Formal analysis: A. M. Weber

Funding acquisition: L. G. Thompson,
E. Mosley-Thompson

Investigation: A. M. Weber, E. Beaudon,
D. Kenny, P.-N. Lin, R. Sierra-Hernandez
Methodology: A. M. Weber

Project Administration: L. G.
Thompson, E. Mosley-Thompson
Resources: L. G. Thompson, M. Davis

© 2023. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

ok

Drivers of %0 Variability Preserved in Ice Cores From
Earth's Highest Tropical Mountain
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Abstract In 2019, four ice cores were recovered from the world's highest tropical mountain, Nevado
Huascarén (Cordillera Blanca, Peru; 9.11°S, 77.61°W). Composite hydroclimate records of the two Col cores
(6,050 masl) and the two Summit cores (6,768 masl) are compared to gridded gauge-analysis and reanalysis
climate data for the most recent 60-year. Spatiotemporal correlation analyses suggest that the ice core oxygen
stable isotope (5'%0) record largely reflects tropical Pacific climate variability, particularly in the NINO3.4
region. By extension, the §'30 record is strongly related to rainfall over the Amazon Basin, as teleconnections
between the El Nifio Southern Oscillation and hydrological behavior are the main drivers of the fractionation
of water isotopes. However, on a local scale, modulation of the stable water isotopes appears to be more closely
governed by upper atmospheric temperatures than by rainfall amount. Over the last 60 years, the statistical
significance of the climate/5'30 relationship has been increasing contemporaneously with the atmospheric and
oceanic warming rates and shifts in the Walker circulation. Isotopic records from the Summit appear to be more
sensitive to large-scale temperature changes than the records from the Col. These results may have substantial
implications for modeling studies of the behavior of water isotopes at high elevations in the tropical Andes.

Plain Language Summary The oxygen stable isotope records (8§'30) of the new Huascaran

ice cores (collected in 2019 from Peru) are a natural archive of tropical Pacific climate and hydrological
conditions over the Amazon Basin. This is evidenced by strong correlations between §'30 and spatiotemporal
sea surface temperature (SST) and precipitation data sets that cover the most recent 60 years of the ice core
records. Additionally, the Huascardn §'30 records are significantly related to temperatures in the upper
atmosphere, suggesting that temperature may also play a critical role in modifying the isotope values. The
statistical significance of each of these relationships has also been increasing over the last 60 years, and

the rates of increase are greatest between the 8'30 records from the higher elevation ice core site and the
temperature-related climate data sets. This suggests that the isotope records from the Huascaran Summit (6,768
masl) are more sensitive to large-scale changes in temperature than the isotope records on the Huascaran Col
(6,050 masl). This is the first study to examine ice core records from the Summit of Earth's highest tropical
mountain and offers valuable insights into the behavior of §'%0 in the tropical Andes.

1. Introduction

Tropical regions play a critical role in Earth's climate system (Cai et al., 2019), and better understandings of
past changes in tropical climates can improve predictions of future climate patterns and impacts. The proxy
records preserved in ice cores provide valuable tools for reconstructing paleoclimates as they can provide insights
into prehistoric temperatures, precipitation, and atmospheric circulation. In particular, the oxygen stable isotope
(8'%0) records from tropical ice cores can be very useful for estimating such parameters. For instance, Vuille
et al. (2003) used observational records and a pair of general circulation models to show that the 8'30 records
from tropical Andean ice cores function as a proxy of tropical Pacific climate. These findings are supported by
the work of Thompson et al. (2013), who identified a strong correlation between §'0 in the Quelccaya ice cores
(13.93°8S, 70.83°W, and 5,670 masl) and 140 years of sea surface temperature (SST) data for the NINO4 region of
the equatorial Pacific. From their analysis of the Quelccaya isotopes the authors established a connection between
Pacific climate and the migration of the intertropical convergence zone (ITCZ) and also reconstructed a 1.8 ka
history of NINO4 SSTs. Additional ice core 8'30 records from the tropical Andes have been linked to upper
atmosphere zonal winds (Henderson et al., 1999) and temperatures (Thompson et al., 2017), as well as hydrologi-
cal conditions over the Amazon Basin (Ampuero et al., 2020; Ramirez et al., 2003; da Rocha Ribeiro et al., 2018).
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These different climatic conditions are interrelated via ocean-air interactions and/or the Walker circulation over
South America (Barichivich et al., 2018; Veiga et al., 2005).

The goal of this study is to expand the discussion of the tropical climate parameters recorded in low latitude, high
altitude ice cores by introducing two new composite records collected in 2019 from the Col (6,050 masl) and
Summit (6,768 masl) of Nevado Huascaran, Earth's highest tropical mountain. While previous studies examined
two ice cores recovered from the Huascardn Col in 1993 (Thompson et al., 1995), no ice cores were obtained
from the mountain Summit until the 2019 field expedition. As such, this study introduces the first-ever analysis
of oxygen isotope records from the Huascaran Summit and provides an invaluable perspective on the behavior of
water isotopes within different atmospheric layers on the same tropical mountain. Moreover, the data presented
here provide a 26-year update to the records of the original Huascaran ice cores drilled in 1993. This extension
allows for more robust analyses of our interpretations of how modern climate is archived by glacial ice at this
location. The re-drilling of Huascaran also validates the reproducibility of the isotopic measurements of the
1993 cores, which are very highly correlated with the new Col cores (see Text S1 in Supporting Information S1).
Furthermore, the new highly resolved temporal and spatial 8'%0 observations presented here could greatly
improve isotopic modeling, which is particularly challenging because of the dramatic topography of the Andes.

Here, we present the most recent six decades (1960-2019) of annually resolved &'30 records from the new
HS ice cores and evaluate their spatiotemporal relationships with respect to modern SST, precipitation, and
upper atmosphere temperature data. Our findings offer significant insights into the understanding of how §'30
is preserved in glacial ice at multiple elevations on HS and how it relates to modern understandings of isotope
fractionation processes in tropical South America. Section 2 describes the methodology for collecting the ice
cores and summarizes both the dating of the cores and the procedures for employing gridded climate data sets in
our analysis. Section 3 presents the general results of our SST, precipitation, and upper atmosphere temperature
analyses. Section 4 discusses the multidecadal trends in the §'%0/climate relationships. Section 5 briefly covers
the linkages between 8'30 and various oceanic oscillations. Finally, Section 6 summarizes the main results and
provides our key takeaways.

2. Materials and Methods
2.1. Study Region

Nevado Huascaran (HS) is located in the Cordillera Blanca (CB) mountain range of the Peruvian Andes (Figure 1).
Due to its high elevation topography and local meteorological conditions, the CB contains the largest concen-
tration of glacial ice in the global tropics (USGS, 1999). However, HS is unlike other high elevation sites in the
area as the 8'80 records preserved in the surface snow are currently unaltered by local warming rates (Thompson
et al., 2017, 2021). This makes HS an ideal site for ice core research and was thus a motivator for the original
ice retrieval mission conducted in 1993 (Thompson et al., 1995) and the most recent drilling campaign in 2019
during which two cores were drilled from both the Col and the Summit drill sites.

Although the CB is geographically much closer to the Pacific Ocean, most of the moisture transported to the
Peruvian Andes originates in the tropical North Atlantic (Eghdami & Barros, 2019; Grootes et al., 1989). During
the CB wet season (October through April), a pressure cell known as the Azores High directs northeasterly winds
carrying water vapor across the South American continent (Figure 1). The southward migration of the ITCZ
is linked to warmer SSTs in the South Atlantic Ocean (Coérdova et al., 2022) and further channels moist air to
the Chaco Low, which is associated with an upper level anticyclone (the Bolivian High; Figueroa et al., 1995;
Junquas et al., 2018) that diverts moist air westward to the Andes (Valdivielso et al., 2020). Roughly 90% of the
total annual precipitation in the CB is generated during the wet season (Vuille et al., 2008), leaving May through
September considerably drier. In contrast to this wet/dry seasonality, the mean air temperature in the CB is very
stable. For instance, according to Llanganuco station (3,835 masl) records in the valley north of HS, mean air
temperatures hover around 8.0°C + 2.5°C throughout the year (Mateo et al., 2022).

Delivery of atmospheric moisture across tropical South America is aided by evaporative recycling over the
Amazon Basin. The Amazon Basin contains an estimated 5.3 million km? of moist tropical forests (Marengo
et al., 2018), the dense canopies of which are integral to the regional hydrological cycle and the westward advec-
tion of water vapor. Continental forests are essential for the maintenance of atmospheric moisture over land as
evidenced by an exponential decrease in precipitation with distance from the ocean in non-forested environments
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Figure 1. (a) Schematic diagram of atmospheric conditions during the CB wet season. Black arrows depict the average 750 hPa winds during DJF 2015-2019 (ERAS,
https://cds.climate.copernicus.eu/#!/home). (b) The annual HS ice core records are on the right, given as composites of the two Col and two Summit cores.

(Makarieva et al., 2009). According to an early modeling study by Eltahir and Bras (1994), as much as 35% of
the rainfall across the Amazon is recycled through evapotranspiration. Recent estimates, based on Lagrangian
simulations using data from ERAS, reveal a similar precipitation recycling rate of 36% for the Amazon Basin
(Tuinenburg et al., 2020).

2.2. The Ice Cores

The 2019 expedition to HS successfully recovered four ice cores to bedrock. Two of the cores were extracted from
the HS Col (6,050 masl)—the same site that was drilled 26 years earlier—while the remaining two cores were
retrieved from the HS Summit (6,768 masl). The Summit ice cores are the highest elevation cores ever collected
from the tropics.

All four cores were returned frozen to the Byrd Polar and Climate Research Center (BPCRC) at the Ohio State
University where they are stored in a —34°C freezer. To establish an accurate timeline for interpreting the records,
each core was subsampled vertically using the procedure described by Weber (2022). The full length of each
core and the number of individual samples is given in Table S1 in Supporting Information S1. All samples were
melted and analyzed for §'30 and stable isotopes of hydrogen (8D) at the BPCRC using a Picarro L2140-i cavity
ringdown spectrometer. Deuterium excess (d-excess) was calculated by the equation [d-excess = 8D — 8 x §'30].
Additional samples, co-registered with depth, were cut simultaneously with the §'80 samples and were washed
and melted in a Class 100 Clean Room at the BPCRC for analysis of ion and microparticle concentrations. Ions
were measured chromatographically with a Dionex ICS 5000 while the microparticle concentrations and size
distributions were determined with a Beckman Coulter Multisizer 4. Both instruments are also housed in the
Class 100 Clean Room.

The highly resolved seasonal peaks in 8'30, nitrate, and microparticles (dust) were used to construct an annual
time series for the uppermost layers of each core. The dating process for Col Core B is thoroughly described in
Section 2.2 and Figures 3 and 4 of Weber (2022), and the same procedure was utilized for the remaining three
cores. The individual 8'30, nitrate, and dust concentration measurements are of sufficiently high enough resolu-
tion to distinguish the wet and dry seasonal cycles at HS, thus the annual layer dating between 1960 and 2019 has
an accuracy of virtually +0 thermal years. For the HS ice cores a thermal year timeline is used, which assumes
that the peak of the dry season occurs in July of the previous year. For instance, the 2000 thermal year is defined
as the period from July 1999 to July 2000. The use of a thermal year calendar as opposed to the standard Grego-
rian calendar should have a negligible effect on our analyses, as explained in Section 2.2.
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Once the timescales for the ice core records were constructed, the values of
06 each of the parameters (8'%0, nitrate, dust) were averaged by year to create

an annual data set for each core. Composite records for the two Col cores
and the two Summit cores were produced by taking the mean value for each

year. For example, the average §'80 values for the 2015 thermal year in Col
Core A and Col Core B were —16.32%0 and —16.39%o, respectively. The

mean of these two values (—16.36%0) was thus used as the final value for the
2015 thermal year in the Col composite record. The composite records are

Correlation (r)

considered more representative of the “true” annual values than the individ-

ual records, thus the composite records for the Col and Summit are what we
-0.2 use in the analyses that follow.

Details of our reconstruction of net annual accumulation rates (A,) in the HS

ice cores are given in Text S2 in Supporting Information S1. Here, we focus

on the annually averaged HS record covering the most recent six decades
(i.e., 1960-2019) with the goal of aligning this study with the temporal cover-
age of the highest quality reanalysis data sets available. For the remainder of

Figure 2. Spatial correlation field (2° x 2°) between HS 8'%0_; and the the paper, the results from the two Col cores and the two Summit cores are
October through April ERSSTS for the period 1960-2019. Only the grid cells  reported as their respective composite records. The composite annual 'O,

that are statistically significant at the 95% level (p-value <0.05) are plotted.
The white triangle denotes the location of the ice core site.

A, and d-excess records are illustrated on the right side of Figure 1.

2.3. Other Related Data

The annually dated HS ice core records are herein compared to available

gridded gauge-based and reanalysis data including the NOAA extended
reconstructed SST (ERSST) data set (Huang et al., 2017; https://www.ncei.noaa.gov/products/extended-recon-
structed-sst), the Global Precipitation Climatology Center (GPCC) Full Data Product Version 2020 for monthly
precipitation totals (Schneider et al., 2022; https://psl.noaa.gov/data/gridded/data.gpcc.html), and the ERAS
monthly reanalysis 500 hPa temperature data set (Hersbach et al., 2020; accessed via the Copernicus Climate
Data Store at https://cds.climate.copernicus.eu/#!/home).

For simplicity, only the October through April months (corresponding to the 1960-2019 thermal years) were
acquired from each data set as these months correspond to the CB wet season when the mountain range receives
90% of its annual precipitation (Vuille et al., 2008). The October through April average for each grid cell was
used to produce annual wet season data sets that can be directly compared to the ice core data (without the need
to correct for the thermal year calendar).

Once the gridded data sets were temporally aligned with the ice core data sets, additional corrections were made
to improve the subsequent spatiotemporal correlation analyses. Specifically, to reduce the noise of interannual
variability all data were smoothed with 3-year running means (3YRMs) and then detrended to remove large
wavelength variations that may mask the higher resolution temporal-scale correlations.

3. 8'8%0-Tropical Climate Relationships

The spatial relationship between Andean ice core 8'30 and SSTs has been shown to be strongest in the tropical
Pacific Ocean (Thompson et al., 2013, 2017; Vuille et al., 2003). To demonstrate this using the new HS data,
Figure 2 shows the correlation field of the annual isotope records from the new HS Col composite record using
the spatiotemporal ERSST data set described in Section 2.3. It is evident from Figure 2 that the most signifi-
cant correlations occur in the NINO3.4 region of the equatorial Pacific. This is consistent with the findings of
Thompson et al. (2017) who looked at a 24-year annually resolved firn core drilled at the HS Col in 2016. Note
that Figure 2 only displays the correlation field for the 1960-2019 isotope records from the new Col cores.
The 8'80 spatial distribution of correlations for the Summit composite record is virtually identical (Figure S4
in Supporting Information S1). The linear correlation coefficient () between the 3YRM, detrended NINO3.4
ERSSTs and HS 830, is = 0.70 (p-value <0.001), while the NINO3.4 ERSST/5'%0
ficient is » = 0.61 (p-value <0.001). The numerical values of all relevant correlations are provided in Table 1.

wmmic COrrelation coef-
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Figure 3. Spatial correlations (0.25° X 0.25°) between wet season precipitation (P) for the period 1960-2019 and (a) the HS 8'30,, composite and (b) the HS §'%0

Table 1
Two-Tailed Pearson Linear Correlation Coefficients (r) Between Huascardn Ice Core Parameters and Atmospheric and
Oceanic Meteorological Data

Precipitation (over the Precipitation (at Ty, (over the Ty, (at
NINO3.4 ERSST Amazon) Huascaran) Amazon) Huascaran)
Col  Summit Col Summit Col Summit Col Summit Col Summit
3180 0.70 0.61 —0.68 —0.58 -0.21 —0.14 0.54 0.43 0.38 0.31
d-excess 0.08 —0.33 0.19 0.36 —-0.15 —-0.01 0.00 —0.35 -0.06 —0.47
A —-0.38 -0.10 0.30 0.05 0.05 —-0.07 —0.42 —0.16 —-044 -0.22

n

Note. T, = temperature at the 500 hPa level. All data were smoothed with 3YRMs and detrended prior to the correlation
analysis. Bold values indicate 95% significance (p-value <0.05).

Only a small area of tropical Atlantic SSTs is significantly correlated to the HS 8'30 record (Figure 2), suggesting
that the isotopic signals are primarily influenced by Pacific climate, especially in the NINO3.4 region. However,
according to GISS II model experiments by Vuille et al. (2003), the Pacific Ocean supplies only a fraction of the
moisture falling as snow at HS, with tropical South America (i.e., the Amazon Basin) and the equatorial Atlantic
supplying 58.8% and 27.7%, respectively. Tracing the origins of moisture in ice core records can be inferred from
d-excess (Masson-Delmotte et al., 2005; Pfahl & Sodemann, 2014), which is an expression of the deviation of the
isotopic composition from the global meteoric water line due to kinetic fractionations during water phase changes
(Xia & Winnick, 2021). The HS d-excess records are compared with the ERSST data set and show positive corre-
lations with the SSTs of the Atlantic but not the Pacific (particularly for the Summit cores; Figure S5 in Support-
ing Information S1), which suggests the existence of linkages between the Atlantic and precipitation falling on
HS. Therefore, the strong NINO3.4 SST/5'80 relationships are indicative of an ocean-atmosphere teleconnection
that serves to modify the water stable isotope ratios enroute to HS from the Atlantic.

It is well known that hydrological conditions over the Amazon Basin are strongly influenced by ENSO activity
(Jiménez-Muiloz et al., 2016; Towner et al., 2021), and therefore a direct connection can be made between Pacific
climate variability and the HS §'80 record. It has traditionally been accepted that the dominant control on tropical
8'30 is the intensity of precipitation (i.e., the “amount effect”) (Dansgaard, 1964; Rozanski et al., 1993; Schmidt
et al., 2007), such that precipitation amount is significantly inversely correlated with 5'80. This can be seen in
the HS ice cores, which show a large spatial pattern of negative correlations between 8'%0 and precipitation (P)
over the Amazon Basin (defined here as the region 5°N—10°S, 75°W-55°W; Figure 3). One of the advantages of
the GPCC rainfall data set as opposed to other gauge-based products is that it only incorporates weather station
data with continuous records of at least 10 years (Sun et al., 2018). On a global scale, the GPCC data products
are integrated with more than 67,000 station records, although their spatial representation is considerably thinner

15
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composite. Stipple marks indicate statistical significance at the 95% level (p-value <0.05). The black rectangle delimits the approximate bounds of the Amazon Basin
(5°N-10°S, 75°W-55°W) as defined for the purposes of this study.
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in the low latitudes (Sun et al., 2018). This likely explains the low abundance of statistically significant grid cells
over the Amazon region as displayed in Figure 3, as most grid cells in this area contain interpolated data rather
than true observations. Nonetheless, GPCC precipitation amounts are consistent (within 5%) with other gauge-
and satellite-based data sets across tropical South America (Juarez et al., 2009), meaning that the low volume
of stations in the region does not greatly influence the interpretations of our analyses relative to any other data
product that may have been chosen.

While the majority of statistically significant correlations of P within the Amazon region are inversely correlated
to HS 880, some positive correlations are observed. This may be due to uncertainties within the interpolated
data points in the GPCC data set or the inhomogeneity of rainfall trends across the basin since the 1980s (Paca
et al., 2020). As such, the average precipitation trend within the bounds of the Amazon was used to assess the
regional relationship between P and HS 8'80. This comparison reveals a correlation coefficient of r = —0.68
(p-value <0.001) between P and 880, and r = —0.58 (p-value <0.001) between P and 8'80_ .. These values
are highly consistent with the correlations observed between HS 8'®0 and ERSSTs in the NINO3.4 region
(Table 1). Indeed, the two climatic phenomena cannot be statistically separated, as Amazonian P is strongly
related to NINO3.4 ERSSTs (r = —0.68, p-value <0.001; Figure S6 in Supporting Information S1). This reflects
the ENSO-driven variability of precipitation over the Amazon, such that the warm (cool) phase of ENSO is
associated with decreased (enhanced) rainfall over tropical South America (Garcia-Garcia & Ummenhofer, 2015;
Ronchail et al., 2002). Thus, the observed P/5!80 correlations would appear to support rainfall amount as a major
influence on the stable isotope signals at HS on an annual time scale.

However, because of the equally strong connection with tropical Pacific SSTs, the ice core §'%0 record is better
defined as a proxy of the ocean-atmosphere system. The causative mechanism for this may be explained by
Hurley et al. (2019), who used a proxy system model to interpret the isotopic values of snowfall on the Quelccaya
ice cap in southern Peru. Specifically, they found that §'®0 is predominantly governed by upstream convection
within the western Amazon as a consequence of ENSO variability. For instance, during La Nifia the activity of the
South American Summer Monsoon (SASM) is enhanced, resulting in lower initial values of $'80 in the vapor that
is transported westward to the ice cap (Hurley et al., 2019). The connection between SSTs and Amazonian rainfall
is further linked by a strong correlation with trade winds in the western arm of the Pacific Walker circulation belt
(Barichivich et al., 2018). According to Towner et al. (2021), during El Nifio years anomalously warm Pacific
SSTs are related to a weakening of the Walker circulation, thereby driving rainfall-suppressing subsidence over
the central and eastern Amazon (Panisset et al., 2018). Conversely, La Nifia episodes of ENSO are associated
with the convergence of humid air masses over the Amazon (Espinoza et al., 2013) which leads to enhanced
precipitation within the basin (Satyamurty et al., 2013). Thus, the HS isotope records may record this mechanistic
relationship between SSTs and precipitation over tropical South America.

Interestingly, rainfall amount in the grid cell containing the ice core site does not exhibit any statistically signif-
icant relationships with either HS 8'#0 or the A, records (Table 1). This observation may be due to the inhomo-
geneous topography of the Andes, making it difficult to accurately estimate the climatology of a single grid cell
(Vuille et al., 2003). Alternatively, these results may be explained by the extreme elevation difference between
HS and the observational data incorporated into the GPCC product. Since the ice core sites reside in such a cold,
high altitude environment, the isotopic composition of snowfall on HS may be more affected by local atmos-
pheric temperatures than by local precipitation amount (though rainfall amount is the primary driver across the
larger region). This would be consistent with the interpretations of §'%0 as a temperature recorder in polar ice
cores (e.g., Andersen et al., 2004; Johnsen et al., 1995; Lorius et al., 1985; Rasmussen et al., 2013; Watanabe
et al., 1999). The results presented here are also consistent with the work of Vargas et al. (2022) who found that
the isotopic composition of rainfall in the Ecuadorian Andes is more related to regional precipitation amount than
local rainfall, and that decreasing temperatures become the primary driver of isotopic changes during water vapor
ascent within the Andes.

To test the relationship between high altitude temperatures and the HS isotopes, the correlation field for 500 hPa
temperature (7,,) and 8'30,, is shown in Figure 4. The figure clearly reveals that the isotope record from the HS
Col is significantly (p-value <0.05) correlated with upper atmospheric temperatures over the Amazon Basin, as
well as with those in the northern Peruvian Andes (the correlation field for 880, ... is largely similar; Figure S7
in Supporting Information S1). Over the Amazon, T, is significantly correlated to the composite 580 record for

the Col (Summit), with an r value of 0.54 (0.43) (the p-value is <0.001 for both). Within the grid cell containing
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Figure 4. (a) Spatial correlations (0.25° x 0.25°) for Ts,/5'30
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the ice core site, the correlations are weaker but still statistically significant (p-value <0.05): r = 0.38 (0.31). This
is in direct contrast to the P/5'30 relationships observed at Huascaran itself, which are not statistically significant.
The GPCC and ERAS data sets share the same spatial resolution (0.25° X 0.25°) and thus the size of the grid
cell has no effect on these results even though the centers of the grid cells are offset. Moreover, the statistically
significant relationship between HS 8'30 and local 500 hPa temperatures and the lack of a statistically signifi-
cant relationship between HS 8'®0 and local precipitation is consistent with the results from Aron et al. (2021)
who found that—while upstream precipitation and deep convection within the Amazon are the initial drivers of
8'30 in southern Peru—Ilocal rainfall has a negligible influence on the isotopic ratios compared to the decrease
in temperature that is associated with increasing elevation in the Andes. Thus, these results lend support to the
hypothesis that atmospheric temperatures play a significant role in determining the isotopic composition of snow-
fall at very high elevations.

4. Multidecadal Variability of the %0 Correlations

In the previous section, clear evidence was presented that the HS ice cores are good recorders of tropical Pacific
climate variability and by extension they also capture the broad hydrological behavior of the Amazon Basin.
However, due to the complexities of ocean-atmosphere interactions and various long-term oceanic oscillations,
the relationships described in Section 3 only tell a part of the story. While the HS §'80 signal is significantly
correlated with NINO3.4 ERSSTs, Amazonian rainfall, and 500 hPa temperatures across the full 60-year study
period (1960-2019), these relationships are not necessarily constant from a multidecadal perspective.

Figure 5 illustrates the time series of correlations between HS 8'80 and the three previously discussed climate
variables that are interrelated through ocean-air processes and the Walker circulation. The correlations are divided
into 31 individual 30-year sliding climate intervals (i.e., 1960-1989, 1961-1990, ..., 1990-2019). Two interest-
ing patterns emerge from this analysis. First, since 1960, the correlation coefficients between HS 8'30 and each
climate parameter exhibit trends of increasing statistical significance. These trends are noteworthy because they
suggest that the influence of Pacific climate is not only strengthening on Amazonian climate but also on HS §'20.
A similar pattern displaying this enhanced post-1960 NINO3.4 SST/5'30 relationship has been reported for the
8130 chronology of C. montana trees in southern Ecuador (Volland et al., 2016). The most significant changes in
the correlation trends are centered around the 1980-2009 period. According to the recent IPCC Sixth Assessment
Report, it is very likely that the Walker circulation has shifted westward and been strengthening since the 1980s
(IPCC, 2021). This is relevant because the Walker circulation acts as a link between equatorial Pacific SSTs and
subsidence over the Amazon Basin during El Nifio, thereby reducing convective activity (Grimm, 2003). Thus,
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Figure 5. Time series of 30-year multidecadal rolling correlation coefficients between the HS 8'80 composites and (a) NINO3.4 ERSSTs, (b) P over the Amazon
Basin, and (c) 500 hPa temperatures over the Amazon Basin. Note that the y-axis in (b) is reversed to better illustrate the increasing strength of the correlations toward
the present. Black dots denote r-values that are not statistically significant at the 95% level (p-value <0.05).

changes in the Walker circulation may be related directly to this increasing significance of tropical climate/5'20
correlations.

The second interesting pattern in Figure 5 is that the correlation trends between HS 880
ature data sets (i.e., ERSSTs and T,,) increase at faster rates than the !0,
after the 1980-2009 climate interval. These findings imply that the Summit isotope record has a greater sensi-

and the two temper-

summit

-temperature correlations, especially

tivity to changes in tropical Pacific SSTs and climatological conditions over the Amazon. The rate of increase
is highest for T5,,/8'%0,, . shifting from r = 0.15 (not statistically significant) for 19601989 to r = 0.53 and
to r = 0.82 for the 1980-2009 and 1990-2019 periods, respectively. The same general pattern is observed when
examining T, in the grid cell containing the ice core site (Figure S8 in Supporting Information S1). This rapid
rate of change may reflect the observed atmospheric warming trends back to the mid-twentieth century (Gulev
et al., 2021). Several studies have found evidence that warming rates in the tropical Andes appear to be enhanced
at higher elevations (Aguilar-Lome et al., 2019; Toledo et al., 2022; Urrutia & Vuille, 2009), and the T,/8'30

relationships may reflect these observations. However, the rate of increasing T’,/8'30 correlation coeffi-

summit
cients does not necessarily mean that the higher elevation site is warming faster; rather, it simply suggests that
warming rates are influencing the isotopes at the Summit more significantly than those at the Col. Thus, these

results are not suitable for directly assessing the existence of an elevation-dependent warming mechanism at HS.

5. Contributions to HS 8'*0 From ENSO, PDO, and NAO

This study also focused on examining the influence of several large-scale patterns of ocean-atmosphere varia-
bility on the HS 8'80 signal. For instance, it is clear from the work of Thompson et al. (2017) and the analysis
presented above that the HS isotopes are related to Pacific climate and by extension to the El Nifio Southern
Oscillation (ENSO). While the El Nifio and La Nifia episodes of ENSO have an average frequency of around
7 years, the Pacific Decadal Oscillation (PDO) functions similarly to ENSO but extend over longer time intervals.
In addition, the North Atlantic Oscillation (NAO) reflects the north-south pressure differences over the Atlantic
Ocean (Hurrell et al., 2001). As the tropical North Atlantic is the original moisture source area for a large fraction
of the snowfall on HS, phase shifts in the NAO should affect the HS isotope record.

Figure 6 illustrates the annual time series of HS ice core measurements along with the wet season averages for
the NAO, PDO, and Southern Oscillation Index (SOI; https://www.ncei.noaa.gov/access/monitoring/products/).
The three strongest El Nifio events of the last six decades—1982/83, 1997/98, and 2015/16—are marked with
vertical black lines. In general, these El Nifio events are associated with relatively high (i.e., less-negative) 520
and lower d-excess values in the HS ice cores. However, A, is not consistently associated with either positive or
negative anomalies during El Nifio years. This may be explained by occasional “break downs” in the ENSO-net
balance relationship observed in the Cordillera Blanca since the 1970s (Vuille et al., 2008). Alternatively, it may
be partially caused by the randomness of post-depositional processes such as the redistribution of snow by wind
or melting.
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Figure 6. (a) 60-year time series of HS ice core parameters and oceanic climate indices. For the ice core parameters, solid
lines correspond to the Col composite record and dashed lines correspond to the Summit composite record. Vertical lines
denote very strong El Nifio years. The 60-year SOI time series is plotted with an inverted y-axis to align with the PDO. (b)
Heat map of correlations (3YRM, detrended) that are statistically significant (p-value <0.05).
WEBER ET AL. 9of 13

85U8017 SUOWIWOD aAIER1D) 8 (dedl|dde ay) Ag peusenob afe sejoiie YO ‘8sn J0 Se|n. 10} Akeig18ulUO A1 UO (SUONIPUOD-pUR-SWBIW00 A 1" Alelq 1 |eul|uo//:Sdny) SuonIpuoD pue stuse 1 8y 8es *[£202/60/0€] Uo Ariqiauliu A8|IM ‘9006£0ArEZ02/620T OT/I0p/W0d A8 Im Areiq1puljuo'sgndnBey/sdny wouy pepeojumod ‘6T ‘€202 ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039006

The statistically significant 60-year correlations (p-value <0.05) between the HS parameters and the three oceanic
indices are visualized at the bottom of Figure 6 (a full visualization of all relationships is given in Figure S9 in
Supporting Information S1). The isotopic composition of 8'30 is not strongly influenced by the NAO in either
composite core record, which is consistent with the lack of ERSST/8'30 correlations observed over the Atlantic
Ocean in Figure 2. However, the d-excess record from the HS Summit is significantly correlated with NAO
(r =0.55), although in contrast the Col d-excess record is less significantly correlated with NAO and not statisti-
cally significant (Figure S9 in Supporting Information S1). Because d-excess is not sensitive to changes in eleva-
tion (Aron et al., 2021), one potential explanation for this observation is that the lower elevation HS Col receives
more recycled continental moisture whereas the 700-m higher Summit site receives a mixture of less recycled
continental moisture and more moisture directly of oceanic origin. On the one hand, this possibility should be
viewed with caution because moisture recycling is known to increase the value of d-excess (Jiménez-Iiliguez
et al., 2022) while in general d-excess is higher on the Summit than the Col (Figure 1). On the other hand, this
inconsistency may reflect higher sublimation rates on the Col than on the Summit as sublimation lowers d-excess
(Stichler et al., 2001). This has been shown to be especially true in dry, windy environments like Antarctica (Hu
et al., 2022). Indeed, windier conditions exist on the HS Col due to the funneling of air between the two mountain
peaks. Higher sublimation rates and ice loss due to wind scouring would also explain why lower A, values are
observed on the Col than on the Summit.

Looking at both Pacific indices in Figure 6, the HS §'80 record is strongly linked to the SOI in both cores
(r = =0.67, r = 0.53 for the Col and Summit, respectively) but only the §'¥0_ record displays a statistically
significant relationship with the PDO (r = 0.40) over the full 60-year period. In any case evidence indicates that
the oxygen isotope signal in the HS ice cores is reflective of Pacific climate variability and is influenced by ENSO.

6. Summary and Conclusions

This paper presents the composite 8'80 records of four ice cores collected in 2019 from the world's highest
tropical mountain, which provide unique insights into tropical climate variability over the last six decades.
This is also the first study to introduce ice core records from the HS Summit and the first to compare the
behavior of oxygen stable isotopes in ice cores from different elevations at HS. The composite ice core §'30
records from both the Col and Summit cores show statistically significant spatiotemporal relationships with
Pacific SSTs in the NINO3.4 region, as well as with precipitation and 500 hPa temperatures over tropical
South America. Although the tropical North Atlantic is the primary moisture source area for precipitation
on HS, we find that Atlantic SSTs do not play a significant role in modulating the §'30 signals in the HS
records. Instead, the dominant drivers of the isotopic values appear to begin with Pacific SSTs and the behav-
ior of ENSO. This is because the strength of the SASM is directly related to ENSO activity and anomalies
in the Walker circulation. Subsidence or convergence of moisture over the Amazon (depending on the phase
of ENSO) determines the amount upstream convection and thus is the initial control on §'80. As water
vapor is advected to the Andes and uplifted to higher elevations, changes in temperature become the main
governing mechanism behind isotopic fractionation. This mechanism is illustrated in Figure S10 in Support-
ing Information S1.

The analysis shows that the climate/5'80
lations for the full 1960-2019 period. However, when correlations are examined using a moving window of 30-year

correlations are consistently stronger than the climate/5'%0 corre-

col summit

climate increments, they reveal that temperature/5'#0 relationships are strengthening at a faster rate at the higher
elevation Summit site than at the Col. In particular, the ERSST/8'80 and T,,/5'%0 relationships are strongest in the
composite record for the Summit ice cores for the most recent 30-year period (1990-2019). These results suggest
that the influence of tropical Pacific climate on the isotopic composition of snowfall on HS is increasing, possibly
due to the rapid rates of climate change observed in recent decades. Moreover, the data indicate that §'30 on the
higher elevation Summit is more sensitive than 8'30 on the Col to large-scale changes in tropical Pacific SSTs.

This study contributes to the ongoing discussion of the utility of high altitude, low latitude ice cores and their
oxygen stable isotope records. The implications of our findings extend to future studies that seek to reconstruct
the complete 830 history of the Huascarén ice cores, as well as to modeling approaches that consider the behav-
ior of oxygen isotopes at very high elevations in the tropics.
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