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Abstract: This paper addresses the study of synoptic-scale meteorological conditions that favor
long-range pollen transport in southern South America combining airborne pollen counts, modeled
three-dimensional backward trajectories, and synoptic and surface meteorological data. Alnus pollen
transport trajectories indicate origins predominantly in montane forests of the Yungas between 1500
and 2800 m altitude. The South American Low-Level Jet is the main meteorological feature that
explains 64% of the detected pollen arrival at the target site. Podocarpus and Nothofagus pollen instead
are linked primarily to the widespread Subantartic forests in southern Patagonia. Their transport
patterns are consistent with previous studies, which show an association with synoptic patterns
related to cold front passages carrying pollen in the free atmosphere (27% for Nothofagus and 25% for
Podocarpus). These results show the significance of understanding long-distance pollen transport for
disciplines such as climate change reconstruction and agriculture, emphasizing the need for further
research to refine atmospheric circulation models and refine interpretations of past vegetation and
climate dynamics.

Keywords: airborne pollen tracers; atmospheric circulation; SAMS; South America; Alnus acuminata;
Nothofagus

1. Introduction

Atmospheric pollen transport is of great interest in many aspects, from the purely
academic, as in the case of the theory of pollen analysis that supports palaeoenvironmental
reconstructions [1-7], to social ones like the treatment of respiratory allergies [8-13]. In these
studies, there has been a demand for modeling, leading to the analysis of the relationships
between meteorological variables, such as precipitation, temperature, and pollen emission.
When models are applied, researchers must consider local pollen emissions and more
complex processes involving wind-driven material from distant sources. Generally, distant
sources have a low pollen contribution to the pollen sum of a given site and can be neglected
without major consequences, but there are exceptional events of remarkable impact, as
reported by some authors [14-16].

Investigating long-distance pollen transport is much more difficult in low latitudes
because, although it is more diverse, the flora from tropical or subtropical regions is not
commonly wind-pollinated. Conversely, at mid or high latitudes, this pollination syndrome
is very extended, the vegetation includes fewer species, occupies wide regions, and long-
range transport is easily observed. As a component of atmospheric aerosols, airborne pollen
is considered the largest biological particle of the size spectrum [17] that could be used as a
proxy of atmospheric circulation [18]. Usually, the preferred study technique comprises
meteorological models employed in air pollution or environmental issues, within which
Gaussian, Eulerian, or Lagrangian approaches are the most widely used. A comprehensive
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list of model categories can be found in Fraile et al. (2006) [18] and the feasibility of
simulating pollen transport was also thoroughly evaluated by Sofiev et al. (2006) [19].

Many case studies document long-range pollen transport in the Northern Hemisphere,
for example, those reporting pollen arrivals to the high Arctic, Greenland, or the North
Pole [20-22], or into the Mediterranean [23-26] among many others. On the contrary,
there are few studies on this topic in South America. It is important to mention those
who analyze the source-receptor relationship of pollen from extra-regional origin [27], the
atmospheric mechanisms involved in trans-Andean pollen transport [28], and the role of
transient weather systems defining the pollen source area in northern Patagonia [29]. Only
one study accounts for bioaerosol dispersal concerning subtropical atmospheric circulation.
Meza Torres et al. (2015) [30] first analyzed the combined effect of trade winds and the
South American Monsoon as a possible dispersal pathway of Ophioglossum reticulatum L.
fern spores coming from Northwestern Africa.

This paper addresses studying the main circulation patterns and synoptic-scale mete-
orological conditions that favor long-range pollen transport in southern South America.
To complete this task, we carried out an interdisciplinary study with aerobiological sam-
pling techniques using airborne pollen as atmospheric circulation tracers and numerical
modeling of trajectories commonly used in meteorology.

2. Main Features of Atmospheric Circulation in Southern South America

Regional variations in South America’s weather are the direct consequence of the
land—ocean distribution, the mean climatic conditions, and the regular cycles at different
timescales in the Southern Hemisphere. Diverse patterns from tropical to midlatitude
zones arise from the latitudinal span of the continent (12° N-56° S). The Andes constitute
a barrier to the zonal tropospheric flow producing dry conditions on the western slope
and moist on the eastern slope in the subtropics [31]. A reversed pattern appears south
of 35° S. Andean ranges also lead to intense tropical-extratropical interactions to the east,
which characterizes the weather and climate of the Pampa plain and Patagonia plateau.
Midlatitude synoptic variability shows different pressure patterns from which the main
one represents the characteristic westerly flow south of 40° S [32]. The second variability
mode represents equatorward cold-air outbreaks occurring all year round at 1- or 2-week
intervals [32]. Its seasonal structure has modest changes although the interaction with
warm and humid subtropical air masses in summertime leads to stronger convective pro-
cesses [33,34]. Cold fronts also deeply impact the surface temperature mainly in wintertime
when extremely persistent episodes produce intense freezing conditions in central-southern
South America [35,36].

North of 35° S and east of the Andes, the most significant feature of the atmospheric
circulation is the seasonal moisture, heat, and pressure, horizontal and vertical changes
involved in the South American Monsoon System (SAMS) [37]. The South American Low-
Level Jet (SALLJ) is a component of the SAMS that has been extensively studied due to
its role in the hydrological cycle of Southeastern South America (SESA) [38]. Specifically,
the SALL] is the strengthening and south-eastward deflection of the flow, at the westward
side of the South Atlantic subtropical high due to the Andes mountains. The atmospheric
dynamics drive moisture from tropical to extratropical latitudes and contribute to develop-
ing convective systems in the austral warm season [39,40]. Bonner (1968) [41] designed an
objective procedure to document the occurrence of a low-level jet based on observed wind
speed profiles. The procedure considers a range of possible heights at which maximum
wind should occur (between 1 and 1.5 km) with three criteria determining maximum
intensities and wind-speed dropoffs above those maximumes.

Paegle (1998) [42] raised the role of SALLJ in the dispersion of biogeochemical species.
SALLJ acts as a conveyor belt in the regional transport of biomass-burning products that
impact distant downwind receptors in SESA and the Atlantic Ocean [43,44]. This occurs
during the tropical dry season (from June to October) and corresponds to midlatitudes
in late austral winter and spring. Owing to this dynamic situation, different SALL]J types



Aerobiology 2024, 2

87

are found according to the region where the jet core is located [45,46]. Particularly, the
events that stretch from tropical—about 15° S—to middle latitudes—at least 35° S—with
a northwest-southeast orientation are known as Chaco Jet (CJ). The other two types are
the No Chaco Jet (NC]) and the Argentine low-level jet (ALLJ). The configuration of these
events meets the SALJ criteria, but the region where it occurs varies. During an NCJ
event, the wind is more zonal than meridional, while with CJs the meridional component
is the most important. Convection tends to develop between northern Paraguay and
southern Brazil. The ALLJ events, develop along the western periphery of a post-frontal
anticyclone. In these cases, in contrast to the CJs and NCJs, the main source of moisture is
the Atlantic Ocean. Precipitation develops along the eastern slopes of the Andes, in central
and northwestern Argentina. The additional requirement of no rain occurring in their
span—thus avoiding the wet removal mechanisms—was expected to favor pollen transport
from the source region to SESA. Castafieda and Ulke (2015) [47] particularly studied CJs
that match this requirement (known as CJ1 events), which represent almost 36% of the total
summer variance.

Vertical circulation associated with high- and low-pressure systems, ridges, and
troughs plays a crucial role in pollen grain suspension, long-distance transport, and deposi-
tion. High-pressure systems are characterized by descending air (subsidence), resulting
in fair weather conditions. In contrast, low-pressure systems involve rising air, leading to
cloud formation and potential precipitation. Ridges and troughs are wave-shaped pressure
systems where horizontal winds circulate anticyclonically and cyclonically. Along the
frontal boundaries of ridges, high-pressure regions feature sinking air that promotes fair
weather. Instead, upward air motion induces cloudiness and precipitation along trough
fronts, conducting atmospheric washout. Updraft and downdraft air movements are
quantified by a meteorological variable known as omega. Usually calculated at a 700 hPa
geopotential height, omega units are given in Pa s~ !, which take positive or negative values.
Positive values show air descent, while negative ones air ascent.

3. Material and Methods
3.1. Airborne Pollen Sampling

Atmospheric pollen monitoring was carried out in two periods (1 August 2012-27
November 2012; 9 August 2013-5 December 2013) including the greatest palynological rich-
ness in the air of most of the localities studied in Argentina [48]. The survey was performed
with a Hirst (1952) [49] seven-day volumetric suction sampler located approximately 3 km
SW of Sunchales City, at the National Weather Service station (30°57'24.5” S, 61°31'59.2" W,
93 m a.s.L.). The site was selected considering the possibility of capturing subtropical and
midlatitude circulation. The device collects the aerosols by inertial impact on an adhesive
tape mounted on a drum that spins at a speed of 2 mm h~!. The trap was operated at a
constant suction volume of 0.6 m® h=1. Pollen collection started at 13 UTC; therefore, the
“pollen day” lasted from 13 UTC (—3 GMT) day 0 to 12 UTC day + 1. The date assigned
to each sample corresponds to day 0. The sticky tape and the slides were prepared by
standard techniques [50]. Pollen counting was performed with an optical microscope with
a final magnification of 1000, analyzing the complete slide for each day and seeking
the specific pollen types selected in the survey. Observed pollen types were identified
using dichotomous keys and images from pollen atlases [51-54] and are expressed as daily
concentrations (grains m~2 of air). Pollen morphology, the nature of the aerobiological
samples, and mineral dust on slides precluded taxonomic determination to the species
level using standard light microscopy techniques.

We selected pollen from Alnus, Podocarpus, and Nothofagus to follow subtropical and
midlatitude circulations of southern South America. As daily concentrations of these pollen
types far from the source are extremely diluted, the data are expressed as the number of
pollen grains per 100 cubic meters of air (gr x 100 m~3). Being anemophilous, these pollen
types were adapted to air transport and produced in large quantities, making them ideal
airborne pollen tracers. In addition, these types of pollen have been previously recorded in
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the air from different locations far from their sources, where their presence has been linked
to medium- and long-range transport [27,55,560]. Alnus (Alnus acuminata) grows within
the Yungas forest on the eastern slopes of the Andes and Bolivian southern Altiplano in
the montane forest vegetation belt between 1600-2700 m a.s.l. [57,58]. Its southernmost
geographical distribution reaches 29° S (Catamarca Province, Argentina). Podocarpus
represents two species: P. nubigena from the Subantarctic forests and P. parlatorei from the
Yungas forest; therefore, it is potentially a tracer for both, midlatitude and subtropical
circulation . The genus Nothofagus comprises several species (N. dombeyi, N. oblicua, N.
pumilio, N. alessandri, N. alpina, N. antarctica, N. betuloides, N. glauca, N. macrocarpa, and N.
nitida) that grow in South American Subantarctic forests, within a narrow longitudinal strip
on the Andes (35.7-55° S), between 500-1800 m a.s.l. at their northern distribution and
from sea level up to 500 m a.s.l. on their southernmost location [57,59].

3.2. Meteorological Data and Calculation of Backward Trajectories

Once pollen tracer concentrations were obtained, we sought a connection with their
potential sources. Therefore, the online version of the HYSPLIT 4.9 model (Hybrid Single-
Particle Lagrangian Integrated Trajectory) of the Air Resources Laboratory (ARL), National
Oceanic and Atmospheric Administration (NOAA) [60,61], was used to calculate three-
dimensional backward trajectories arriving at Sunchales. Stein et al. (2015) [62] made
a complete revision of the historical evolution and multiple applications over the three
decades of this model. ARL-Global Data Assimilation System (GDAS) data with a 1° x 1°
horizontal resolution were used to perform 72 h backward trajectories covering each
pollen day. We considered two arrival heights (750 and 1500 m above ground level) at the
synoptic times 00, 06, 12, and 18 UTC. Among the options to compute the vertical pollen
transport, we chose the vertical velocity provided by the model. For each trajectory, we
checked that no precipitation occurred along the path. In addition, surface meteorological
data (daily precipitation, maximum and minimum temperatures, hourly temperature,
pressure, present weather, wind speed, and direction) measured at Sunchales Airfield
station (National Weather Service) were checked at the time of arrival of the pollen tracers.

Aiming to identify the synoptic systems driving the airborne pollen transport and their
evolution, we analyzed the geopotential height (925 and 700 hPa) and vertical pressure
velocity (omega 700 hPa) fields for each pollen day. These levels were chosen as representa-
tives of near-surface and mid-tropospheric flow that have been identified as relevant for
airborne pollen transport [28]. Study cases representing the most frequent synoptic patterns
associated with long-range pollen transport were selected for a detailed description.

For the subtropical circulation, we sought to identify low-level jet situations. The
Bonner procedure was adapted to use different meteorological fields (analysis, forecasts,
and reanalysis) allowing its application to the extended territories of South America where
there are scarce upper air measurements [63]. The modified Bonner’s criteria were applied
to 850 and 700 hPa GDAS wind fields of the National Center for Environmental Prediction
(NCEP). Six hourly fields with one-degree horizontal resolution were considered because
of the variations in the synoptic weather conditions and the influence of the daily cycle.
Aiming to focus on the airflow structure in the near-source region, the 750/800 hPa layer
mean horizontal flow, wind vector, and streamline patterns were studied. In addition, wind
vector and omega vertical cross sections were analyzed at the source (19° S) and receptor
(30.97° S) latitudes for the start and end times of the transport event, respectively.

The South American midlatitude circulation is dominated by transient synoptic systems
moving from SW to NE. We used ERAS (fifth generation ECMWF reanalysis) gridded data
with a regular 0.25° lat-long resolution to obtain the time evolution of 700 hPa geopotential
and omega along two different SW-NE transects connecting the Nothofagus and Podocarpus
source region with Sunchales. The information summarized in Hovmoller diagrams allowed
us to identify weather systems and their associated horizontal and vertical displacements.
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4. Results
4.1. Pollen Tracers of Subtropical Circulation

No trajectory linked the presence of Podocarpus with the source located in the Yun-
gas forest. Therefore, Alnus was the only tracer analyzed for the subtropical circulation
transporting pollen species toward Sunchales.

The backward trajectories show that 35 out of 61 Alnus occurrences at Sunchales (57%)
are linked with the source location. Nevertheless, considering the flowering period, which
extends from August to September, the percentage rises to 64%. Few occurrences (four
cases) lay outside these months, but none of them was related to source emission.

The arrival of Alnus pollen occurs with a weak cyclonic system (trough or low) located
northeast of Sunchales, and the South Atlantic High advanced over the continent (77% of
the registered cases; see Table 1). The post-frontal high produces the required air descent
for pollen capture.

Table 1. Frequencies of transient synoptic systems (925 hPa geopotential height field) and omega
(700 hPa) on the Alnus pollen capture dates at Sunchales.

Synoptic Pattern ! 2012 2013 Percentage
Leading-edge trough 0 2 5.6
Trough-eastern high 7 6 37.0

Low-eastern high 7 7 40.0

Weak high 0 3 9.0
Eastern high 0 1 2.8
Weak low 1 0 2.8
Ridge 0 1 2.8
Total 15 20 100
Omega 2012 2013 Percentage
w > 0 (descent) 13 13 74.2
w < 0 (ascent) 2 7 25.7
Total 15 20 100

1 We provide a cartoon for each pattern in Appendix A, (Figure A1l).

The median pollen concentration for the study period was 10 gr x 100 m~3. The
highest values (21 and 42 gr x 100 m~3) occurred on 31 August and 1 September 2013 within
an episode of continuous arrival that began on 28 August and lasted until 7 September.
Therefore, they were selected for a detailed analysis.

Alnus Case Study

Most of the trajectories ending between 14 UTC on 31 August and 12 UTC on 1 Septem-
ber 2013 (Figure 1) start moving towards the northwest and then turn to the southeast
when they reach the northern limit of the Yungas forest in southern Bolivia. From this
position onward, the trajectories continue in a southerly direction at altitudes between 1000
and 2000 m a.s.l. Travel times take from 28 to 72 h.

The examples in Figure 1 started from 29 to 31 August and ended from 31 August to 1
September. The trajectories illustrate the typical pathway of low-level flow in an SALL]J
event. Most of them indicate that air masses travel over the Yungas region, thus advecting
pollen southwards. Light-colored ones show how the northerly flow is progressively
constrained to the eastern flank of the Andes, while the dark ones (17 UTC 31 August, and
02-18 UTC 1 September) surpass the geographical distribution of the Tucumano-Bolivian
Yungas (Figure 1). Near the destination, the trajectories rotate counterclockwise due to the
advance of a cold front and arrive at their target location from the south.
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Figure 1. (a) Even-hour Alnus trajectories arriving at 1500 m a.s.I. from 14 UTC of 31 August-12 UTC
of 1 September 2013 and (b) 14 UTC of 1 September—12 UTC of 2nd September 2013. The Yungas
Forest is shaded in green.

The meteorological conditions recorded at Sunchales Aero station show that on 31 Au-
gust clear skies and low relative humidity (on average 52%) prevailed. The maximum and
minimum temperatures reached 32.8 °C and 6.6 °C at 19 UTC and 10 UTC, respectively. On
1 September, surface conditions were similar, with maximum and minimum temperatures
of 31.2 and 10.5 °C. Consistent with the calculated trajectories, on 31 August, the wind
blew from the north until it changed to a slight southerly wind that increased from 1.2 to
3.1ms~! on 1 September.

The synoptic situation remained similar between 31 August and September 1st. The
average geopotential height field at 1000 hPa (Figure 2) shows a thermal-induced low-
pressure system identified as the Chaco low [64] centered at 25° S, 63° W.

There is an intensified pressure gradient on its eastern flank due to the presence of
the South Atlantic Anticyclone over the continent. This feature favors an intense northern
meridional component of the wind between the Argentina—Paraguay border. In turn, the
midlatitude baroclinic zone is positioned south of 35° S. The 500/1000 hPa thickness field
shows a warm air mass (thickness higher than 5700 gpm) over the Amazon basin and
northern Argentina. Cold air masses extend up to approximately 40° S (thickness lower
than 5400 gpm).

This pattern agrees with the structure described by some authors during an SALLJ
event [65,66]. In total, 60% of the analyzed cases were consistent with the no precipitation
pattern of CJ1 described by Castafieda and Ulke (2015) [47], while 30% with NCJ and
10% with ALLJ. Moreover, the area that includes central Bolivia, northern Argentina, and
Paraguay satisfies the modified Bonner’s criteria and presents winds with an intense
southward meridional component. Two examples are shown in Figure 3.

The example in Figure 3a shows NNW winds blowing from the source area towards
Sunchales, reaching approximately 35° S. The situation on 31 August shows that the jet core
moved slightly towards the northeast pushed by the advance of a cold front (Figure 3b).
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Figure 2. Mean geopotential height at 1000 hPa (black solid lines) and 500/1000 hPa thickness fields
(gray dashed lines) for the Alnus case study (31 August-1 September 2013). The shaded area shows
the highest heights of the Andes (above 1500 m a.s.1.).
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Figure 3. Images of 850 hPa winds (vectors, m s~!) and areas satisfying the modified Bonner’s
criteria for (a) 06 UTC 31 August and (b) 06 UTC 1 September showing the position of the cold front.
Shading indicates wind speeds at 850 hPa greater than 12, 16, and 20 m s~1. White contours indicate
a 700/850 hPa wind difference greater than 6, 8, and 10 m s~1. Dashed line masks altitudes above
1500 m.

The streamlines in Figure 4 show a more detailed view of the flow pattern and pro-
gression features. The jet core is located over southern Bolivia and northern Paraguay. In
addition, the exit region appears in NE Argentina and SE Brazil on 31 August (Figure 4a)
with a clear dominance of northern winds over Sunchales. Interestingly, the flow, oriented
west to east, overpasses the Yungas region to end up in the jet, thus ensuring the fast advec-
tion southwards. The advance of the cold front that extends in the SSE-NNW direction on
1 September (Figure 4b) allows the entry of wind from the south sector towards the central
region of Argentina.
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while the shaded area masks altitudes higher than 3250 m. The color scale shows the horizontal wind
intensity (m s~h.

The vertical cross sections by the time the studied trajectories arrive at Sunchales
show that, until 06 UTC on 31 August, and eastward of the Andes, the wind is predomi-
nantly from the north sector except at upper levels where a progressive coupling with the
westerlies is observed (Figure 5).
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Figure 5. Vertical cross sections (30.97° S) showing the horizontal wind (vectors, m s 1 and omega
(lines, Pas™1) by the end of the SALL] event. The star shows the position of Sunchales. Panels show
the situation every 6 h from 30 August to 1 September 2013. The shaded area shows the Andes and
Coérdoba ranges. The star indicates the position of Sunchales.
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At 12 UTC, below 900 hPa, the wind begins to rotate northeast and east (00 UTC
1 August) to later settle in the south quadrant below the 750 hPa level due to the cold
front passage. The atmospheric conditions over Sunchales show moderate subsidence
(omega > 0) throughout the period. The progressive displacement of the SALL]J towards
the east is also observed.

Figure 6 shows the vertical cross section at the beginning of the event at the latitude of
the Yungas. The event starts on 29 August, with no jet structure in the pollen source area.
The next day, the wind intensify on the eastern flank of the Andes and omega changes to
increasingly negative values (ascents), which is maximum at the time of greater warming

(18 UTC, 2:00 p.m. local time).
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Figure 6. Vertical cross sections (19° S) showing the horizontal wind (vectors, m s~ 1) and omega
(lines, Pa s~ 1) at the latitude where the SALL]J passes over the Yungas. Panels show the situation
every 6 h from 29 August to 31 August 2013 when the event started. The shaded area shows the
Andes and Brazilian ranges.

From 12 UTC onward, a wind maximum from the NNW direction and SALL]J char-
acteristics were established below 700 hPa at approximately 62°W. In addition, a positive
omega cell is located where the higher wind occurs. The subsidence occurred by the
horizontal divergence at the northward inlet of the jet. 31 August is the day of greatest
development when the SALL] core registered NNW winds with more than 20 m s~!. The
pattern and values are consistent with those documented by Salio et al. (2007) [67], and

Nicolini and Garcia Skabar (2011) [68].

4.2. Pollen Tracers of Midlatitude Circulation

Backward trajectories confirmed that 15 out of 20 Nothofagus occurrences at Sunchales
(75% of the total cases) linked the source and destination and occurred within the flowering
season (October-November). These cases show that the arrival of airborne pollen mainly
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occurred with anticyclonic conditions and air subsidence (80% of the cases). Post-frontal
features are the most frequent synoptic situations (46.6%, Table 2).

Table 2. Frequencies of transient synoptic systems (700 hPa geopotential height field) and omega
(700 hPa) observed at Sunchales on the capture dates of airborne Nothofagus pollen.

Synoptic Pattern ! 2012 2013 Percentage
Leading-edge trough 0 1 6.7
Trough 0 1 6.7
Post-frontal 6 1 46.6
Low 0 1 6.7
Ridge 0 1 6.7
High 1 3 26.6
Total 7 8 100
Omega 2012 2013 Percentage
w > 0 (descent) 0 3 20
w < 0 (ascent) 7 5 80
Total 7 8 100

1A cartoon for each pattern in Appendix A, (Figure A1l).

Similarly, 12 out of 15 total occurrences of Podocarpus pollen were linked to the southern
source by backward trajectories. Their arrival is mainly related to anticyclonic conditions
and air subsidence (75% of total cases) and like the previous case, post-frontal situations
are the most frequent (66.7%, Table 3).

Table 3. Frequencies of transient synoptic systems (700 hPa geopotential height field) and omega
(700 hPa) observed at Sunchales on the capture dates of airborne Podocarpus pollen.

Synoptic Pattern ! 2012 2013 Percentage
Leading-edge trough 0 3 25.0
Post-frontal 4 4 66.7
High 1 0 8.3
Total 5 7 100
Omega 2012 2013 Percentage
w > 0 (descent) 0 3 25
w < 0 (ascent) 5 4 75
Total 5 7 100

! Cartoons for each pattern in Appendix A, (Figure A1l).

Both Nothofagus and Podocarpus airborne pollen concentrations were low. They reached
medians of 7 gr x 100 m 2 of air and maximum concentrations of 42 and 14 gr x 100 m3,
on 24 November 2012 and 29 October 2013, respectively. Two case examples were selected
for further study: 24 November 2012 for Nothofagus, and 24 October 2013 for Podocarpus.

4.2.1. Backward Trajectories

Nothofagus trajectories show a SW-NE orientation crossing the northern region of the
Subantarctic forest on 22-23 November 2012 at an altitude between 2500 and 3500 m.a.s.L.
(Figure 7a).
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Figure 7. Even-hour Nothofagus (a) and Podocarpus (b) trajectories arriving at 750 m a.s.l. on 14 UTC
of 24 November—12 UTC of 25 November 2012, and 14 UTC 24 October-12 UTC 25 October 2013,
respectively. Light-colored lines show trajectories not passing over the pollen source area (see text).
Straight lines represent the construction cuts of the Hovméller diagrams in Figures 8 and 9. The
shaded area shows the geographic distribution of the Subantarctic forests.

Podocarpus trajectories crossed the continent at the same latitudinal strip, between
39 and 47° S but with a meridional alignment, and then turned counterclockwise near
Sunchales (Figure 7b). The Subantarctic forests were surpassed on 22-23 October 2013 at
altitudes ranging from 2000 to 3000 m.a.s.l. Some trajectories passing over the southernmost
Subantarctic forest are not linked to the Podocarpus pollen source area, as its geographical
range only extends between 39.83° and 50.38° S [69]. Also, the curved trajectory (arriving
at 12 UTC on 25 October) does not come from the pollen source area. As a rule, the travel
time from the source area to the destination point lasts from 48 to 72 h, although in some
exceptional cases, they last up to 96 h.

4.2.2. Nothofagus Case Study

The Hovmoller diagram in Figure 8 resumes the synoptic situation from 15 November
to 1 December 2012 over a transect with a SW-NE orientation (41.54° S, 74.71° W-29.69° S,
60.02° W).

On 16 November, the 700 hPa geopotential field shows a low-pressure system that
weakens leeward. Subsequently, between 21 and 22 November, a new trough crosses the
Andes range, generating a windward descent over the Nothofagus pollen source area. The
system moves to the northeast with omega values < 0, which keeps the pollen airborne
until the time of arrival (24 November) when the associated subsidence (omega > 0) takes
airborne pollen to surface level. On 24 November, clear skies and light winds (2.3 m )
predominantly from the SSE direction prevailed at Sunchales. A minimum temperature of
15.1°C was recorded at 10 UTC, while a maximum of 28.4°C was observed at 21 UTC. The
mean relative humidity was 62.6%.
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Figure 8. Hovmoller diagram for Nothofagus case study from 15 November to 1 December 2012. The
space cut corresponds to the straight line in Figure 7a. Lines show the 700 hPa geopotential height
(gpm) and the shaded areas show 700 hPa omega (Pa s~!). The lower panel shows the associated
topography and the vertical line represents the geographical location of Sunchales.

4.2.3. Podocarpus Case Study

The geopotential height field on 22 October 2013 shows a trough passage over the
pollen-source area in the Andes of Northern Patagonia (Figure 9). The trough front produces
the pollen uplift that enters the free atmosphere to be transported over long distances.

On 23 October, the trough reached Sunchales leading to post-frontal subsidence and
the entry of Podocarpus pollen to the city on 24 October, when the daily pollen concentration
reached 14 gr x 100 m~3. The surface pressure showed a sharp decrease of up to 995 hPa
without any significant meteorological phenomena, except for dust due to wind gusts
recorded between 20 UTC on 23 October and 01 UTC on 24 October. The 24 October
showed clear skies and strong southerly winds (6.3 m s~!). The minimum temperature
reached 14.1 °C at 10 UTC, while the maximum temperature (24.7 °C) occurred at 19 UTC.
Also, this day registered the lowest relative humidity of the week (51.6%). Figure 9 also
shows a situation similar to that previously described, which occurred between 20 and 22
October , bringing a Podocarpus pollen concentration of 7 gr x 100 m~3 to the city.
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Figure 9. Hovmoller diagram for Podocarpus case study from 15 October to 1 November 2013. The
space cut corresponds to the straight line in Figure 7b. Lines show the 700 hPa geopotential height
(gpm), and shaded areas show 700 hPa omega (Pa s~1). The lower panel shows the associated
topography and the vertical line represents the geographical location of Sunchales.

5. Discussion

The Alnus geographical distribution represents a pattern of several regions of more or
less isolated populations along the eastern flank of the Andes. Today, it reaches approxi-
mately 29° S resulting from the complex migration dynamics of repeated glacial-interglacial
events during the last million years through Central America from the Northern to the
Southern Hemisphere [70-72]. Most of the events of Alnus pollen arrival (64% within its
flowering period) were linked with a source location, which extended from Jujuy province
(Argentina) to the eastern flank of the Bolivian altiplano. Only four cases were not con-
nected with any source location. The absence of other Alnus tree species growing in the
vicinity of the city of Sunchales presupposes that the source of this tracer is located in
the montane forest between 1500 and 2800 m. a.s.l. The analyzed cases show trajectories
passing over the southeast of Bolivia and turning to a southerly direction. Afterward, a cold
frontal passage rotates trajectories counterclockwise until arrival at Sunchales. Travel times
range from 28 to 72 h according to wind intensities. The synoptic situation corresponds to a
trough (37%) or weak low (40%) over the source region combined with a high in southeast
Brazil. This is consistent with the structure of CJ1 with no precipitation (60%) described by
Castafieda and Ulke (2015) [47]. Composite wind fields at 850 hPa indicate that the region
meets modified Bonner’s criteria, confirming the presence of a Low-Level Jet east of the
Andes. Other SALL]J types were minimally represented in this study. It is important to note
that these percentages are significantly influenced by the sampling design. The selection
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of airborne pollen sampling sites depends on the specific objectives of the research. The
Sunchales location is justified by the SALL]’s role in supplying moisture to the region’s
agricultural productive core of SESA, thereby enhancing the representation of CJ1 events
south of 30° S. Future studies should consider additional sampling locations to thoroughly
assess pollen transport across different types of SALLJ, including the NCJ and ALL]J.

Our results show that during its approach to the eastern flank of the Andes, the core
of the SALL] is located at similar altitudes to those at which pollen sources grow, although
some kilometers to the east (see Figure 6). The scale of the meteorological analyses of
this work does not allow us to explain how the pollen emitted by the source enters the
SALLJ. However, streamline results (Figure 4) show an eastward zonal transport up to 6 m
s~! that could account for the entry of pollen into the SALLJ. Previous studies on pollen
transport in the Yungas of Jujuy showed mountain—valley breeze systems that produce
Alnus acuminata upslope transport, up to 3800 m a.s.1. [73]. Presumably, the presence of these
mesoscale systems that occur in conditions that favor pollen release may be responsible for
this connection.

Concerning pollen source location for Podocarpus, no trajectory linked the presence of
this pollen type with a northern source, but with the southern one instead. According to
Hooghiemstra et al. (2006) [74], the pollen grains from different Podocarpus species are mor-
phologically identical; therefore, the detection of this genus does not allow an unambiguous
source identification. P. nubigena grows in Subantarctic forests, while Podocarpus parlatorei
grows in the Yungas. According to Bianchi and Olabuenaga (2006) [75], the flowering
period of P. nubigena extends from October to December, while it is detected in the air of
Patagonian localities until February [76]. P. parlatorei blooms in October at the end of the
dry season [77]. However, no trajectory is linked with the Yungas, but instead with its
southern source (Figure 1b). P. parlatorei is a low pollen producer causing low airborne
pollen concentrations even near its source [78,79]. Moreover, it is also a shade-tolerant
species that makes a sparse low-density understory [80,81]. Therefore, P. parlatorei is a
weak pollen source, which could explain the lack of northerly pollen trajectories; thus,
we conclude that Subantarctic forests are their main source. However, the study period
may not be sufficient to evaluate the possibility that the northern source has a greater
contribution than detected. In this sense, more extensive studies will be necessary.

The biogeography of Nothofagus places it not only in southern South America but also
in New Guinea, New Zealand, and eastern Australia. According to some authors, this dis-
joint distribution comes from the detachment of Gondwana [82], while for others, it would
represent a post-Gondwanan irradiation that would have begun between 55 and 40 million
years ago [83]. The many species of this genus are also difficult to discern with optical
microscopy. Those that grow in New Zealand, New Guinea, and eastern Australia are less
probable pollen sources for South American locations. Calculated trajectories confirm this
hypothesis following previous studies in southeastern Buenos Aires Province [27].

In the case of the southern circulation, the sequence in the source area associated with
a long-distance transport event is always the same regardless of the tracer, i.e., whether
it is Nothofagus or Podocarpus. Post-frontal subsidence at 700 hPa ensures good weather
conditions and surface diurnal heating triggers the pollen uplift above the ABL to be trans-
ported in the free atmosphere. Previous studies in northern Patagonia indicate that airborne
pollen transport (Podocarpus) initiates with a trough located over the South Pacific Ocean
(41% of the studied cases over 5 years) or with its axis over Patagonia (21%) [55]. At the
destination, pollen descent from the upper atmosphere occurs by post-frontal subsidence
(46.6 for Nothofagus and 66.7% for Podocarpus of total cases), situations of a leading-edge
trough (25% for Podocarpus) or a high (26.6% for Nothofagus). This mechanism agrees with
that described by Gassmann and Pérez (2006) [27] for the transport of Nothofagus reaching
southeastern Buenos Aires Province; thus, it should be a valid transport mechanism for
any pollen type whose source is found in the Subantarctic forests.
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6. Concluding Remarks

The study of long-distance transport is of fundamental interest to many disciplines.
The entry of allochthonous pollen outbreaks into a given area is of interest to allergology,
especially when it occurs in quantities that can cause widespread symptoms in the sus-
ceptible population. Anticipating these events is essential and, therefore, of interest to
study pollen forecasting. Knowing the dispersion pathways of bioaerosols such as insects
or fungal spores has direct applications in agriculture, for example, to prevent biological
invasions and the dispersal of crop diseases. On the other hand, pollen grains preserved
in the fossil record are used to study climate changes that affect past vegetation. Many of
them investigate the role of the SAMS in the hydrological, dust deposition, and vegeta-
tion changes detected mainly in the last 2000 years [84-91]. These interpretations require
understanding current pollen—climate relationships with which these reconstructions are
produced. Knowledge of the atmospheric patterns that disperse pollen over long distances
constitutes the first step in building a tool to provide information on changes in atmospheric
circulation in the past and an independent technique to cross-validate the reconstructions
obtained particularly for the region of Southeastern South America.

Using wind-borne pollen grains as a research method has advantages and disadvan-
tages. One advantage is that these grains are easily identifiable and can be linked to specific
plants, making them distinct from other airborne particles. The geographic distribution of
the source plants can help determine their origin, especially if the plants are not widely
spread. This method also allows us to gain knowledge from pollen with a low contribution
to a pollen assemblage (usually less than 2%), which may not be possible through statistical
studies. However, the results heavily depend on the monitoring period, which may not
always be long enough. Short monitoring periods can lead to generalizations based on
non-recurring conditions. Therefore, it is important to validate the results of these studies
with long-term research to establish statistically reliable generalizations of the processes
being analyzed.
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SESA Southeastern South America

SAMS South American Monsoon System

SALLJ South American Low-Level Jet

CJ Chaco Jet

i Chaco Jet with no precipitation

ALLJ Argentine low-level jet

NCJ No Chaco Jet

UTC Coordinated Universal Time

m a.s.l. meters above sea level

HYSPLIT

ARL Air Resources Laboratory

NOAA National Oceanic and Atmospheric Administration
GDAS Global Data Assimilation System

NCEP National Center for Environmental Prediction
Appendix A

Hybrid Single-Particle Lagrangian Integrated Trajectory model
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Figure Al. Cartoons describing the transient synoptic patterns (see Tables 1-3) recognized for
Alnus, Nothofagus, and Podocarpus pollen arrival at Sunchales. The red star shows the city’s location.
(a) leading-edge trough, (b) trough—eastern high, (c) low—eastern high, (d) weak high, (e) eastern
high, (f) weak low, (g) ridge, (h) trough, (i) post-frontal, (j) low, (k) high.
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