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cords the 14C produced by nuclear deto-
nations in northern latitudes during
the 1960s
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reversals on the north-south atmo-
spheric Δ14C gradient in the southern
hemisphere

• Air parcel trajectories show that altitude
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atmospheric Δ14C in Tropical South
America
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South American tropical climate is strongly related to the tropical low-pressure belt associated with the South
American monsoon system. Despite its central societal role as a modulating agent of rainfall in tropical South
America, its long-term dynamical variability is still poorly understood. Here we combine a new (and world's
highest) tree-ring 14C record from the Altiplano plateau in the central Andes with other 14C records from the
Southern Hemisphere during the second half of the 20th century in order to elucidate the latitudinal gradients
associated with the dissemination of the bomb 14C signal. Our tree-ring 14C record faithfully captured the
bomb signal of the 1960's with an excellent match to atmospheric 14C measured in New Zealand but with signif-
icant differences with a recent record from Southeast Brazil located at almost equal latitude. These results imply
that the spreading of the bomb signal throughout the Southern Hemisphere was a complex process that
depended on atmospheric dynamics and surface topography generating reversals on the expected north-south
gradient in certain years.We applied air-parcelmodeling based on climate data to disentangle their different geo-
graphical provenances and their preformed (reservoir affected) radiocarbon content. We found that air parcel
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Fig. 1. Locations ofΔ14C records used in our study: Altiplan
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trajectories arriving at the Altiplano during the bomb period were sourced i) from the boundary layer in contact
with the Pacific Ocean (41%), ii) from the upper troposphere (air above the boundary layer, with no contact with
oceanic or continental carbon reservoirs) (38%) and iii) from the Amazon basin (21%). Based on these results we
estimated theΔ14C endmember values for the different carbon reservoirs affecting our recordwhich suggest that
the Amazon basin biospheric 14C isoflux could have been reversed from negative to positive as early as the begin-
ning of the 1970's. Thiswould imply amuch faster carbon turnover rate in the Amazon than previouslymodelled.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Tree-rings have proven to faithfully record the 14C content of the ad-
jacent atmosphere, a powerful tracer for the study of atmospheric circu-
lation, exchanges between carbon reservoirs such as the oceans and the
biosphere, ocean circulation, natural and man-made carbon emissions
(Suess effect and nuclear power plants), and the global carbon cycle
(Broecker et al., 1980; Hou et al., 2020; Hughen et al., 2004; Oeschger
et al., 1975; Turnbull et al., 2006; Turnbull et al., 2009; Geller et al.,
1997; Graven et al., 2012; Hesshaimer and Levin, 2000; Krakauer
et al., 2006; Levin et al., 2010; Nydal and Lövseth, 1965; Nydal, 1968;
Patra et al., 2011; Randerson et al., 2002; Hua et al., 2012). This is partic-
ularly so in the decade from the mid-1950s to the mid-1960s, when at-
mospheric radiocarbon levels almost doubled due to the large number
of atmospheric thermonuclear bomb tests detonated in the northern
hemisphere (NH) (Manning et al., 1990). The anthropogenically pro-
duced 14C accumulated in the NH stratosphere and then gradually
entered the troposphere via stratosphere-troposphere exchange pro-
cesses at mid-to-high latitudes (Nydal and Lövseth, 1965). Once in the
Equatorial troposphere, the air masses from the NH carrying the
bomb-14C signal weremixedwith the low-14C concentration air masses
from the Southern Hemisphere (SH) (Lal and Rama, 1966; Nydal, 1968)
through the latitudinal displacement of the Intertropical Convergence
Zone (ITCZ). Thus, a large and persistent latitudinal gradient was gener-
ated around the globe during the so-called “bomb-period” (1950–1985;
Hua et al., 2013).

Using tree-rings, Hua et al. (2012) found that atmospheric 14C over
Indonesia (5°S; Fig. 1), was markedly higher than over the southern
latitudes during the austral summer (December, January, and February;
DJF). The authors suggested that the influence of high 14C-concentration
northern air-masses enriched atmospheric 14C above Indonesia (5°S;
Fig. 1). The findings have meaningful paleoclimatic implications, since
they establish the potential of atmospheric 14C to trace changes on
o (Polylepis tarapacana; 20°S, red dot
ew Zealand (atmospheric measurem
he Tropical Low-Pressure Belt (TLPB)
is. White vectors show wind velocity
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atmospheric patterns such as the shape and latitudinal variability of
the ITCZ. Over large continental masses like Tropical South America
(TSA), however, the narrow zonally extended ITCZ is not present and
the atmospheric equivalent of a climatic equator is a ubiquitous tropical
low-pressure belt (TLPB). During the austral summer, at the mature
phase of the South American Monsoon (Fletcher, 1945; Tomas et al.,
1999; Hastenrath and Polzin, 2004; Vuille et al., 2012), the TLPB reaches
its southernmost latitudinal position above TSA –sometimes extending
as far as 30° S, forming a ‘U-shape’ that encompasses the Amazon basin
with a marked space-time variability (Fig. 1). Therefore, well suited
tropical 14C archives have the potential to record past atmospheric cir-
culation changes associated with the TLPB. However, 14C studies in
TSA are scarce because most of the tree-ring studies have been devel-
oped at mid to high latitudes (Boninsegna et al., 2009; Oliveira et al.,
2009, 2010). Presently, the most complete 14C-record for TSA is located
in Brazil (22° S, 46°W; Santos et al., 2015), which shows similar 14C
values for the bomb-period than those from higher latitudes of the SH
despite being under the influence of the TLPB (Fig. 1). This evidences
that latitudinal atmospheric 14C differences not only depending on the
latitudinal location of the record relative to the TLPB, but also the poten-
tial effect of different carbon reservoirs. We believe it is crucial to pro-
vide new and continuous atmospheric 14C record for TSA, especially
from the period when the bomb-14C excess amplified the signal of
atmospheric-flow patterns and carbon reservoir effects (Hua et al.,
2012; Heimann and Maier-Reimer, 1996; Key et al., 2004; Naegler and
Levin, 2009).

Polylepis tarapacana, is a long-lived (≥700 years) tree species with
well-defined annual rings extensively utilized for dendroclimatic stud-
ies (Morales et al., 2020). P. tarapacana inhabits the Altiplano
(15–23°S; 68°W), a high-altitude semiarid plateau at 4000 m above
sea level (asl) in the tropical central Andes, and is considered the
world's highest elevation tree. Besides these exceptional features,
P. tarapacana is under the influence of particular atmospheric-flow
, this study); Indonesia (Tectona grandis; 5° S, green dot; Hua et al., 2012); Brazil (Araucaria
ents fromWellington; 41°S, blue dot; Turnbull et al., 2017). The white line represents the
drawn following the 1949–2019 averaged austral summer (DJF) minimum sea level pres-
and direction. The Tropic of Capricorn is shown with the yellow dotted line.
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patterns. The Altiplano separates the dry Atacama Desert from the wet
influences of the Atlantic, which support the world's largest rainforest
in the Amazon basin (Fig. 1) (Garreaud et al., 2003). Locally, during
DJF, the radiative heat from the Altiplano warms surface air masses,
which ascend and enable the intrusion of moist air masses from the
east, specifically from the Amazon basin, reducing the intrusion of dry
air masses from the west and causing 70–90% of the Altiplano annual
precipitation (Vuille et al., 2000; Vuille and Keimig, 2004; Garreaud
et al., 2009). On a broader scale, Segura et al. (2020) identified a merid-
ional circulation associated with the vertical flow of the western
Amazon convection that also affects the moisture transport towards
the Altiplano.

Considering the U-shape of the TLPB, with its western flank coinci-
dent with the central Andes, air parcels arriving at the Altiplano from
the northeast originated to the north of the TLPB are relatively wet
and should have carried the bomb-14C excess derived fromnuclear test-
ing. By the contrary, air parcels arriving to the Altiplano from the west
(especially from the southwest) originated outside the TLPB and should
carry low-moisture and low-14C concentration from the extratropical
SH. We thus expect that an increase in the arrival of eastern air parcels
from the TLPB influence-region caused an increase in the atmospheric
14C recorded by P. tarapacana relative to another SH records. To test
our hypothesis and to get a better understanding of atmospheric 14C
variability over TSA, we have measured 14C in P. taparacana annual
rings from the bomb-period (1950–1985), compared it with other rele-
vant SH 14C records, and modelled the tropical atmospheric circulation
in order to elucidate the main carbon reservoirs that could be affecting
the P. tarapacana signal.

2. Materials and methods

2.1. Altiplano tree-ring samples and radiocarbon analyses

P. tarapacana (Queñoa) is a small tree from the Rosaceae family with
well-defined annual rings that grows at high altitudes (4000–5000 m
asl) in the Central Andes region of Peru, Chile, Bolivia and Argentina.
We sampled 14C in the annual rings of a P. tarapacana during the
1950–1985 period from the Irruputuncu tree-ring site located at
4324 m asl within the Altiplano region (20°S, 68°W). The Irruputuncu
P. tarapacana tree-ring chronology was previously developed by cross-
dating 111 tree-ring series within the site comprising 30,620 annual
rings (Morales et al., 2020), and corroborated its annual resolution
against 16 different P. tarapacana tree-ring sites which encompass 929
tree-ring series and 209,820 annual rings of the species across the
Altiplano (Christie et al., 2009; Solíz et al., 2009; Morales et al., 2012;
Morales et al., 2015; Lima et al., 2016). Also, independent historical re-
cords from severe droughts and pluvials have been used to corroborate
the annual nature of the P. tarapacana tree-ring network (Morales et al.,
2020). Sample preparationwas doneby cuttingdated tree-rings under a
binocularmicroscope into annual rings using sterile ceramic knives over
an acrylic table at the tree-ring lab of the Universidad Austral de Chile.
Each annualwood segmentwas polishedwith diamond tools to remove
the surface that was in contact with extraction and sanding tools. For
studying post-bomb 14C in tree-rings at annual resolution, it is ex-
tremely important to isolate the carbon assimilated in the correspond-
ing growth year, as non-cellulosic compounds can be synthesized the
year after the ring formation or can be translocated between several
rings (Anchukaitis et al., 2008; Santos et al., 2020). Therefore, we ex-
tracted the holocellulose of each Polylepis ring for 14C measurements
as it has been shown to be a useful way to remove any mobile carbon
from other years (Capano et al., 2017; Santos et al., 2020). Briefly,
tree-ring samples were chemically cleaned by a series of acid-base
washes followed by the removal of lignin and other mobile carbon frac-
tions through chlorine baths (Southon and Magana, 2010). The
holocellulose was then combusted, and CO2 was cryogenically sepa-
rated and reduced to graphite by H2 using FeO as a catalyst (Santos
3

and Ormsby, 2013). The 14C content of the graphite sample was mea-
sured at the AMS facility of the University of California at Irvine
(Santos et al., 2004, 2007). Radiocarbon results are reported as Δ14C
values that are corrected for known age to 1950 according to conven-
tion (Stuiver and Polach, 1977). P. tarapacana growth is strongly related
to temperature and precipitation occurring between December and
February (DJF), therefore we assigned the calendar age of each ring as
the SH dendro age plus one; e.g. the atmospheric 14C stored in growing
season of 1949–1950was assigned to January 1st 1950.Weuse IAEA-C3
(cellulose) as well as holocellulose extracted from wood shaved from
tree-rings of Sequoia sempervirens centered in year 1850 as secondary
standards. Our full P. tarapacana Δ14C record spans from 1950 to 2014,
however, for the purpose of this article, we present here the data from
1950 to 1985. We measured replicates of >10% of the samples and cal-
culated errorweighed averages for those years withmore than one data
point (Supplementary information). The pooled standard deviation
based on all replicates produced for the 1950–2014 record is 5‰,
whereas the higher variability associated with the 1950–1972 period
increases our pooled standard deviation to 6.1‰.

2.2. Geographical provenance of air parcels

Weused HYSPLIT to assess the potential geographical provenance of
the air parcels that transported the 14CO2 thatwas subsequently fixed in
the P. tarapacana (and A. angustifolia) tree-rings (Draxler and Hess,
1998; Draxler and Stunder, 1988; Stein et al., 2015). The HYSPLIT
model v.4 is a complete system designed to calculate simple air-parcel
trajectories, complex transport, dispersion, chemical transformation,
and depositional simulations. The NCEP/NCAR reanalysis was used as
the input data of the HYSPLIT model (Kalnay et al., 1996). This is the
only comprehensive climatological dataset covering the beginning of
the bomb-testing period, and it is based on in situ observations and sat-
ellite data which have been proven to be reliable for the representation
of atmospheric variables (Kalnay et al., 1996). On the other hand, the
backward trajectories calculated using HYSPLIT are generated as a set
of longitudinal, latitudinal, and altitudinal points based on an arbitrary
number of hours into the past for a specific hour of the day (Draxler
and Taylor, 1982). Previous studies have shown that 120 h (5 days) is
a suitable time-window to overcome potential biases since shorter
time-windows tend to show limited trajectories that are too close to
the study site, and longer time-windows may be associated with
major propagation errors (Scarchilli et al., 2011; Schlosser et al., 2008;
Sinclair et al., 2013). A 5-day time window allows for ~35% of the origi-
nal CO2 to be exchanged with the local reservoir with the concomitant
effect on the Δ14C of the air parcel (supplementary information). In
this way, we calculated 24 backward trajectories (one for each hour of
the day) for each day of the growing season (December to February) be-
tween the years 1950 and 1985 (77,760 computed trajectories by each
TSA record). Each backward trajectory describes the spatial displace-
ment of air parcels during the 5-day time-window (see supplementary
information for details).

In order to determine the latitudinal limits of the TLPB-influence and
its space-time variability, we used the above sea-level pressure data
from the National Center for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) Reanalysis dataset (Kalnay
et al., 1996) (see supplementary information). Based on the air parcel
position at hour −120, we detected three main geographical prove-
nances that could have a potential isotopic fingerprint, i.e. Amazon
basin, the lower troposphere over the extratropical Pacific Ocean and
upper troposphere. The criteria for assigning air parcels to each of
these geographical provenances is the following: i) air parcels that at
hour −120 are located at a more northerly latitude than the average-
location of the TLPB – 2σwere assigned to the Amazon basin; ii) air par-
cels that at hour−120 are located to the south of the average-shape of
the TLPB – 2 σ were assigned to the extratropical ocean and iii) the air
parcels that at hour −120 are located at higher altitudes than the
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different atmospheric boundary layers (see Supplementary Information
for details) were assigned to the upper troposphere. The contribution of
air parcels from a geographical provenance is gauged by the percentage
given by the number of air parcels positioned above a particular geo-
graphical provenance at hour −120 relative to the total number of air
parcels in all of the backward trajectories.

2.3. Δ14C endmembers

We use the term ‘Δ14C endmember’ to represent the preformed 14C
content of air parcels that characterizes a particular geographical prov-
enance. In theory, air parcels from the TLPB influence-regionmust have
a higher 14C concentration than air parcels at latitudes further south
than the TLPB influence-region. On the other hand, when a carbon res-
ervoir exchanges CO2 with its adjacent air parcel, this air parcel will ac-
quire the Δ14C fingerprint of the corresponding carbon reservoir. This
influence of carbon reservoirs on air-parcels is called ‘isoflux’
(Turnbull et al., 2016). The isoflux is the product of the one-way gross
CO2 flux and the isotopic difference between the source (or sink) and
the atmosphere. For example, if a given carbon reservoir has a signifi-
cantly higher Δ14C than the adjacent atmosphere, there will be a posi-
tive isoflux causing an increase in the Δ14C of the adjacent air parcel;
and vice versa. During the bomb-testing period, the produced atmo-
spheric 14C excess exacerbated the isofluxes of each carbon reservoir
due to the amplified isotopic difference between the carbon sources
and sinks.

To assess the endmember Δ14C of each geographical provenance af-
fecting the Altiplano, we first obtained the interannual percentage con-
tribution of air parcels from each geographical provenance using
HYSPLIT as discussed in the previous section. Then, we chose selected
14C records that are expected to directly or indirectly express the
endmembers of the geographical provenances. For this, we assume
that the rawΔ14C of the records are a combination of different fractions
of air masses with their corresponding endmember Δ14C and that each
carbon reservoir exchange with the adjacent air masses is constrained
to the altitude of the boundary layer (Graven et al., 2012; Levin et al.,
2010; Randerson et al., 2002). The generic equation that is used (see
Hua and Barbetti, 2007) on the different records to assess the
endmember values is:

C ¼ n1E1 þ n2E2 þ . . .þ niEi ð1Þ

where C is the measured Δ14C level for a specific site, Ei are the
endmember Δ14C levels for specific geographical provenances; and ni

are the associated fractions of air masses contribution of a geographical
provenance; hence:

n1 þ n2 þ . . .þ ni ¼ 1

As discussed later on, the HYSPLITmodel results showed that for the
Altiplano, the main geographical provenances are (i) the SH Pacific
extratropical ocean, (ii) the Amazon basin and (iii) the upper tropo-
sphere. One of these, the Pacific extratropical ocean, can be assessed
by using direct atmospheric Δ14C measurements from Wellington
(DJF), New Zealand (41° S, 174° E) (Rafter and Fergusson, 1959;
Turnbull et al., 2017). The Amazon basin endmember is then calculated
by using the Araucaria angustifolia record from the Atlantic forest biome
in Southeast Brazil (22° S, 46°W) (Santos et al., 2015), which is located
at a similar latitude than P. tarapacana, but whose main air parcel geo-
graphical provenances are the SH Atlantic extratropical ocean and
Amazon basin. Once the Amazon basin endmember is calculated we
derive the upper troposphere using our P. tarapacana 14C record.
Considering that the southwest region of both Atlantic and Pacific
Oceans share latitudinal location, climatic settings, and reservoir effect,
we justify our selection assuming no significant differences in
atmospheric Δ14C (Hua et al., 2013).
4

3. Results and discussion

3.1. Atmospheric Δ14C variability over the Altiplano and the SH

The new P. tarapacana 14C record is shown in Fig. 2. As expected, the
annual chronology faithfully captured the bomb signal both in terms of
timing and magnitude. The period 1950–1960 is characterized by rapid
swings in the Altiplano Δ14C, reflecting the complicated Andeanmixing
of the initial bomb signal during this decade (see Section 3.2). As shown
by Turnbull et al. (2017), the bomb signal transported from the NH to
the SHwas lagged by about 1.4 years (one year according to our center-
ing on 1st January; see supplementary information). The bomb-peak in
the Altiplano is centered on the year 1966, occurring after large Δ14C-
changes ofmore than 200‰ yr−1 during the period 1963–1966. This re-
flects the bomb-14C excess produced by thermonuclear detonations in
the NH, which resulted in local stratosphere Δ14C values as high as
5000–20,000‰ (Hesshaimer and Levin, 2000). Then, during the boreal
spring and summer, this 14C excess gradually entered the troposphere
of the NH, causing a large peak of atmospheric 14C observed at 47° N,
Austria, in the year 1964 (Fig. 2). This 14C excess was subsequently
transported south (Nydal, 1968), affecting first the equatorial region
and then the Southern Hemisphere, reaching its maximum level there
in 1965 (Indonesian record; Fig. 2). As a result of this, a large and persis-
tent north-southΔ14C positive gradientwas present in the global tropo-
sphere between 1950 and 1972, which we call the ‘maximum gradient
period’ (MGP; Hua et al., 2013). In order to assess the full geographical
variability of the bomb signal in the SH, we constructed indices based
on the 14C differences between TSA tree-ring atmospheric Δ14C records
(Altiplano and Brazil) and two other records from locations
representing different SH endmembers. These were Tectona grandis
from Muna Island, southeast of Sulawesi, Indonesia (5° S, 122° E), lo-
cated perennially north of the austral summer TLPB and strongly af-
fected by the 14C-enriched air masses of the NH and by the tropical
ocean isoflux (Hua et al., 2012), and with air 14C from Wellington,
New Zealand, located perennially south of the TLPB and influenced by
the negative extratropical ocean isoflux (Turnbull et al., 2017).

Fig. 3 shows 5 indices constructed by subtracting the lower minus
higher latitude Δ14C records, as well as the magnitude of bomb energy
released to the atmosphere through atmospheric nuclear bomb tests.
Negative values in our indices are indicative of reversals in the expected
north-south positive gradient, and as such, they imply the influence of
carbon reservoirs or air parcel pathways. Indeed, TLPB index I
(Indonesia – Altiplano, Fig. 3a) shows some negative values during the
beginning of the bomb peak (years 1950, 1951, 1956, and 1958),
whereas the TLPB index II (Indonesia – Brazil, Fig. 3b) is almost always
positive during the MGP. However, the TLPB index II (Indonesia –
Brazil) shows negative values between 1973 and 1978 (see
Section 3.2). The Altiplano tree-ring record has Δ14C values that were
up to 25‰ higher than Indonesia, which points to an enriched source
of 14C arriving at high altitude in western TSA early in the bomb-
period. The tropospheric altitude atwhichphysical and chemicalmixing
occurs between the atmosphere and the Earth's surface varies between
oceanic and continental regions; the marine and continental atmo-
spheric boundary layers are located approximately 1 km and 1.5 km
above the surface, respectively (Garratt, 1994; Zeng et al., 2004;
Messager et al., 2012). Exchanges between carbon reservoirs and the
lower troposphere are constrained to these boundary layers, and air
parcels from the upper troposphere (higher altitudes than the upper
limits of the boundary layers) have a different isotopic signal as they
do not directly exchange CO2 with the biosphere or the oceans, rather
they are more influenced by long-range transport and also by natural
cosmogenic 14C production in the upper atmosphere. Therefore, consid-
ering the above and that several studies have described that high-
altitude measurements have different Δ14C levels than low-altitude
measurements (Levin and Kromer, 2004; Turnbull et al., 2009; Graven
et al., 2012), reversals in the expected north-south positive gradient



Fig. 2. Polylepis tarapacana annual 14C during the bomb-testing period (red line with black circles) is shown. For comparison, we include the December, January, and February average of
the monthly seasonally detrended atmospheric Δ14C from New Zealand (Turnbull et al., 2017; light blue line with triangles), Araucaria angustifolia Δ14C record from Brazil (Santos et al.,
2015; magenta broken linewith asterisks) Tectona grandisΔ14C record from Indonesia (Hua et al., 2012; green dotted linewith squares), and Austria atmosphericΔ14C summermeasure-
ments (Levin and Kromer, 2004; orange solid linewith stars) representative of themidlatitude northern hemisphere. The grey bars show the effective yield inmegatons of thermonuclear
detonations during this period which is directly related to the quantity of 14C atoms generated (Enting, 1982).
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found in the TLPB index I are likely explained by the influence of 14C-
enriched air parcels from the upper troposphere (see Section 3.2).
Both indices show a prominent positive peak in 1964, indicating the
high 14C signal from the NH arriving in Indonesia with a lag of about
1 year from the maximum 14C production from weapon testing.

The extratropical index I (Altiplano – New Zealand) (Fig. 3c) shows
slightly positive or near-zero values during the MGP, as expected from
the north-south positive global gradient (Hua et al., 2013), except for
1964 where the Altiplano record shows higher Δ14C levels than New
Zealand (60‰). However, Extratropical index II (Brazil – New
Zealand) (Fig. 3d), shows slightly negative values during 1956–1962
and positive ones thereafter. This reversal in the expected pattern
might be explained by the biospheric reservoir effect of the Amazon
rainforest affecting the A. angustifolia site and/or a southern air parcel
provenance. Naegler and Levin (2009) demonstrated that the radiocar-
bon isoflux from the biosphere to the troposphere was amplified from
−235 ± 55‰ yr−1 up to−30,000 ± 6000‰ yr−1 near the start of the
bomb-period. The ocean-troposphere isoflux was also highly amplified
from −5500 ± 1400‰ yr−1 during the pre-bomb-testing period to
−54,000 ± 13,000‰ yr−1 near the start of the bomb-period
(Heimann and Maier-Reimer, 1996; Key et al., 2004). However, while
the Southern Ocean had a dominant role on the ocean-troposphere
isoflux, the sub-tropical ocean had a small negative isoflux. This oc-
curred because of the natural radioactive decay of 14C in old water
masses that have been transported by the thermohaline circulation
and have upwelled in the Southern Ocean, and because of the relatively
shallow mixed layers and limited vertical entrainment of pre-bomb
water masses in the mid-ocean gyres (Braziunas et al., 1995;
Randerson et al., 2002). In fact, Randerson et al. (2002) modelled a
zonal difference of the contribution of Δ14C fluxes through the Amazon
Rainforest and the Atlantic Ocean from the bomb-period, and theorized
high tropospheric Δ14C values over the tropical and extratropical
Atlantic Ocean and low values over the Amazon Basin for the early
bomb-period. This suggests that the Amazon biosphere-troposphere
carbon exchange has played a dominant role in modulating the Δ14C
signal over Brazil. Therefore, reversals in the expected north-south
positive gradient in extratropical Index II during the MGP can be
5

explained by the more strongly negative isoflux generated by the car-
bon flux from the biosphere to the troposphere.

The TSA index (Altiplano – Brazil) (Fig. 3e), shows remarkably high
variability throughout the MGP despite being almost a zonal gradient
due to the similar latitude of both records. During the first part of the
MGP, the index is characterized by positive values, but then a sharp de-
crease to very negative ones (up to −45‰) occurs right before the
bomb peak, coinciding with the 1-year lagged bomb test maximum.
These are clear indications of different air masses arriving in TSA at sim-
ilar latitudes but different altitudes or different carbon-reservoirs affect-
ing these air masses.

3.2. Air parcel 14C affecting TSA tree-ring records

Based on the Altiplano and Brazilian tree-rings 14C record locations,
HYSPLIT geographical provenance results show that the bulk of air par-
cels arriving in TSA during the studied period came from the
extratropical ocean and the TLPB influenced region of the Amazon
basin (Fig. 4). Additionally, the Altiplano receives an important contri-
bution of air parcels coming from the upper troposphere of the tropical
Pacific (ca. > 3 km, figure 4ce). Quantitatively, 41% derive from the
extratropical ocean, 38% from the upper troposphere, and 21% from
the Amazon Basin. For the A. angustifolia record of Santos et al. (2015)
in Southeast Brazil, our analysis shows that 53% of the air parcels arrive
from the extratropical ocean, 38% from the Amazon Basin, and only 9%
from the upper troposphere. These results highlight the fact that the
Altiplano has an additional source of air parcels that could explain the
observed 14C differences with A. angustifolia. While the extratropical
ocean is a dominant source for both records, the Amazon biosphere-
troposphere carbon exchange has also played an important role inmod-
ulating theΔ14C signal over TSA. Irrespective of the altitude, ourfindings
show clear summer east-west flows that determine the provenance of
air parcels for the Altiplano (Fig. 4a). This is in general agreement with
previous studies of the atmospheric circulation in the area (Apaéstegui
et al., 2018; Garreaud, 1999; Lenters and Cook, 1997; Perry et al.,
2014; Vuille and Keimig, 2004; Vuille et al., 2000). The interannual var-
iability of air parcel geographical provenance (Fig. 4g) shows that



Fig. 3. Indexes based on latitudinal Δ14C differences (north – south): (a) TLPB index I =
Indonesia - Altiplano; (b) TLPB index II = Indonesia - Brazil; (c) Extratropical index I =
Altiplano - New Zealand; (d) Extratropical index II = Brazil - New Zealand and (e) TSA
index Altiplano - Brazil. Colored area is the Maximum Gradient Period (MGP, Hua et al.,
2013) and the dashed black line indicates Δ14C= 0. The magnitude of nuclear explosions
during the bomb-testing period is also shown (grey bars, based on Enting, 1982).
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during the bomb-testing period, an increase in the upper-tropospheric
contribution towards the Altiplano is associated with a decrease in con-
tribution mainly from the extratropical Pacific Ocean and secondarily
from theAmazonBasin. This pattern is corroborated by correlation anal-
ysis of interannual air-parcel geographical provenance series that show
a significant negative relationship between theupper-tropospheric con-
tribution towards the Altiplano with the contribution from both the
extratropical Pacific Ocean (R = −0.85; p < 0.05) and the Amazon
basin (R = −0.58; p < 0.05). These results could be related to the ver-
tical flow pattern described by Segura et al. (2020), where an increase
of the upward flow in the western Amazon and the Altiplano generates
an increase in moisture transport from the Amazon basin. By extension,
our analysis also shows that a decrease in the upper troposphere contri-
bution towards the Altiplano implies an increase of upward flow not
only from the Amazon (Neukon et al., 2015; Vera et al., 2019), but also
an intrusion of air parcels from the Pacific Ocean lower-troposphere.
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This is a novel mechanism that will be studied in more depth in future
research, given the importance to understanding rainfall events in the
Altiplano.

To test our hypothesis that an increase in air parcels from the TLPB
influence-region during the bomb period should cause an increase in
14C in tree-rings of P. tarapacana and A. angustifolia relative to other
SH records, we compared both TLPB and Extratropical indices of Fig. 3
with the percentage of air parcels arriving from the Amazon basin at
both locations (Fig. 5a,b). If correct, our hypothesis predicts a decrease
in the 14C difference between Indonesia and TSA records (TLPB indices)
when the % of air parcels from the Amazon basin increases. In other
words, there should be a negative correlation between the amount of
air arriving from the Amazon basin and the TLPB indices 1 and 2. Con-
versely, there should be a positive correlation between the amount of
air arriving from the Amazon basin and the extratropical indices, i.e.
the Δ14C difference between TSA records and New Zealand. However,
following a first approach using Pearson's correlation coupled with
Monte-Carlo analyses done separately for the MGP and post-MGP pe-
riods, there are no significant relationships between the air parcels
that arrive at the TSA-records from the Amazon basin and the Δ14C-
indices (see Supplementary information). Despite this apparent lack of
mechanistic causality, we further calculated the Δ14C endmember
values affecting the TSA tree-ring records in order to better understand
the atmospheric Δ14C variability over TSA.

Using the “Wellington smoothed”Δ14C record (Turnbull et al., 2017)
as representative of the extratropical ocean (both Pacific and Atlantic)
endmember,we used theA. angustifolia 14C data to solve for the Amazon
basin endmember, ignoring the negligible contribution of the upper tro-
posphere (~2 km) air parcels to that site. Subsequently, we use the cal-
culated Amazon basin endmember together with theWellington record
and the Altiplano 14C to solve for the upper troposphere endmember.
The interannual evolution of these endmembers is shown in Fig. 5c.
During the initial bomb rise (1956–1962), our estimated Amazon Δ14C
shows the most depleted endmember values affecting both TSA tree-
ring records while the upper troposphere contributes with highly 14C-
enriched air parcels to the Altiplano. From 1950 to 1962 the Amazon
air parcel contribution to both Brazil and the Altiplano is moderate,
with both locations showing the extratropical ocean as an important
source of air (Fig. 4 g,h). The low Amazon endmember values
(Δ14C < 0‰) during the initial bomb-period are consistent with obser-
vational and model-based data that shows the effect of the biospheric
negative 14C isoflux on tropospheric air over the Amazon basin
(Randerson et al., 2002) that could have lowered the original NH
bomb signal. At the same time, the enriched northern sources affecting
the upper troposphere during those years are probably related to bomb
derived radiocarbon transported from theNHby the upward limbof the
Hadley cell at the Equator and then to higher latitudes, without carbon-
exchange with the SH ocean, to subsequently move downwards at the
subtropics (20–30°S) (Rind et al., 2001; Held and Hou, 1980; Quan
et al., 2004). The interplay of these two extremes, and the transient
changes in air parcel geographical provenance contribution from
ocean-dominated to upper troposphere-dominated, probably explains
the rather variableΔ14C over the Altiplano and the unexpected negative
values of the TLPB index I for the period before 1960. Between 1963 and
1964, air parcels arriving at the Altiplano from the Amazon Basin had
higher 14C concentrations than the air parcels from the upper tropo-
sphere. As previously explained, these values are likely related to nu-
clear weapons testing and changes in the Amazon isoflux. The air
parcels influencing the Brazilian tree-ring record were derived from
lower altitudes and more northern latitudes than those arriving at the
Altiplano. As such, the air parcels reflected in the Brazilian tree-ring re-
cordweremore directly influenced by the bomb 14C excess. Meanwhile
the large negative Amazon isoflux observed during the early bomb-
period was weakened, due to the gradual assimilation of bomb-14C ex-
cess by the Amazon rainforest. Then, between 1965 and 1972 the
Amazon and upper troposphere endmembers do not show large



Fig. 4.HYSPLIT backward trajectory analysis results for TSA. (a) Air parcel density arriving to the Altiplano fromwithin the atmospheric boundary layers (see Supplementary information).
The colorbar scale indicates the total number of air parcels located on each pixel grid (1° × 1°) at hour−120 during the entire study period (DJF, 1950 to 1985). The solid grey lines show
themean temporal shape of the Tropical Low-Pressure Belt ±2σ of its spatial variability; (b) Same as (a) but for Southeast Brazil; (c) Same as (a); but for air parcels originating above the
atmospheric boundary layers (see Supplementary information) (d) Same than (c) but for Southeast Brazil; (e)Mean altitude of the air-parcel trajectories that reached theAltiplano during
the studied period (solid colour lines) and its standard deviation (dotted colour lines); (f) same that (e) but for Southeast Brazil; (g) air parcel contribution (%) of each geographical prov-
enance arriving in the Altiplano during the studied period (h) same as (g) but for Southeast Brazil. The shaded yellow area highlights the maximum gradient period of 1950–1972.
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differences. However, from 1973 onwards, the Amazon endmember
turns into the highest source of enriched 14C, notably after theMGP. Car-
bon cycle modeling studies have suggested that the reversal (from neg-
ative to positive) of the Amazon biospheric isoflux occurred during the
mid-80s as enriched bomb 14C from previous decades was respired
(Levin et al., 2010; Randerson et al., 2002). Our calculated Amazon
endmember, however suggests that this reversal could have happened
at least 10 years earlier. Although preliminary, new 14C data from
Cedrela odorata from the northeastern sector of the Amazon basin also
point to an earlier isoflux reversal (Santos, unpublished results). Rea-
sons for this discrepancymight be the coarse resolution of themodeling
framework that could underestimate the carbon reservoir effect of the
Amazon biosphere (Randerson et al., 2002) and/or the soil carbon turn-
over times that are poorly constrained in the model considering the
large Amazon respiration fluxes (Fan et al., 1990). Therefore, our results
strongly suggest that when comparing the bomb signal in tree-ring re-
cords from different latitudes, the disruption on the expected north-
7

south positiveΔ14C gradient global pattern could be associated to the al-
titude of a record, atmospheric circulation, and the carbon reservoirs
upwind to the record.

4. Conclusions

The new P. tarapacana 14C record faithfully captured the bomb signal
both in terms of timing and magnitude. Atmospheric Δ14C offsets be-
tween TSA and SH records provide evidence that the expected north-
south positive Δ14C gradient global pattern did not always occur. De-
spite being broadly applicable, global zoning according to regional
Δ14C concentrations and superficial atmospheric circulation is an over-
simplification that needs to be reevaluated.

Our air parcel analyses demonstrated that TSA 14C records are influ-
enced by air parcels from three different geographical provenances. In
agreement with previous studies, our Δ14C estimations from these
three geographical provenances suggest an important signal associated



Fig. 5. (a) Comparison between TLPB index I (green dashed line), Extratropical index I (red
solid line) and the % of air parcels from the Amazon basin arriving in the Altiplano (green
solid line); (b) Comparison between TLPB index II (green dashed line), Extratropical index
II (red solid line) and the % of air parcels from the Amazon basin arriving to Southeast
Brazil (green solid line); (c) Calculated Δ14C endmember values for TSA (Extratropical
Ocean is the New Zealand atmospheric detrended record) together with radiocarbon lat-
itudinal zones (Hua et al., 2013). Using the errors of each record were calculated the pos-
sible maximum and minimum values for the estimation of both Amazon and Upper
troposphere endmembers (± 1σ, ± 2σ, and ± 3σ are represented by shaded colors of
the same tinge).The magnitude of nuclear explosions during the bomb-testing period
(grey bars, based on Enting, 1982) is also shown. The dashed horizontal line indicates
Δ14C = 0. The shaded area highlights the Maximum Gradient Period (MGP).
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to isofluxes from these areas on air parcels. Hence, our findings suggest
that when comparing the bomb signal in tree-ring records from differ-
ent latitudes, the disruption on the expected north-south positive
Δ14C gradient global pattern could be associated to the altitude of a re-
cord, atmospheric circulation, and the carbon reservoirs upwind to the
record.

Data availability

The new Altiplano P. taparacana 14C dataset can be found in the sup-
plementary information.
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