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Abstract

Understanding the dynamics of natural and anthropogenic sources and sinks of greenhouse gases
(GHG) is key to projecting anthropogenic climate change and detecting potential climate-carbon
feedbacks. While our understanding of the sources and sinks has increased considerably over the
past decades, much of the progress has focused on extratropical ecosystems, leaving large parts of
the tropics understudied. Tropical ecosystems are assumed to be important carbon sinks and
significant sources of methane, but much of the temporal and spatial heterogeneity and trends are
still poorly understood. Observational efforts have largely concentrated on key tropical regions such
as the Amazon Basin, whereas other tropical areas remain sparsely monitored with in-situ
measurements. In particular, northern South America—despite being identified by bottom-up and
top-down models as a significant contributor to global GHG budgets—currently lacks atmospheric
observations to evaluate these estimates or resolve their spatial and temporal variability. To address
this observational gap, here we present the establishment of the Villavicencio Tower (VLO) for
atmospheric GHG measurements to provide additional constraints on GHG emission estimates
across northern South America. This 26 m tower is located within the Orinoco lowlands, close to the
Andean foothills in Colombia. Due to the predominantly easterly winds in the region, the footprint
covers the Orinoco basin and the northern Amazon. Weekly duplicated flask measurements are
taken, and laboratory analysis of trace gases (CO,, CHs, CO, N2O, SFs, H2) and the stable isotope
composition of CO, (*3C and 80) and CH,4 (*3C and 2H) are performed, as well as O,/N, and Ar/Na.
The tower started operating on 20 June 2023 and here we present the first 21 months of data. Time
series of all measurements are presented as well as a discussion regarding uncertainties. These
measurements will allow for improved estimates of GHG emissions across northern South America
and to detect long-range transport across the Amazon to the Orinoco river basin.
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1. Introduction

Atmospheric greenhouse gas (GHG) mixing ratios are increasing year after year, driving
anthropogenic climate warming. The main GHG gases driving this anthropogenic climate change are
CO,, CHs and N0, in decreasing order of importance. Over the past few decades, our understanding
of the drivers, sources, and sinks of these gases has advanced considerably (Arias et al., 2021). These
advances have allowed the generation of functional processed-based models that are able to
estimate global budgets for the main GHGs (Friedlingstein et al., 2025; Saunois et al., 2025; Tian et
al., 2024). In parallel, improvements in atmospheric inversion methods (Houweling et al., 2017),
together with the increasing availability of globally distributed atmospheric observations and
remotely sensed products, have helped constrain these process-based global estimates (Ciais et al.,
2013; Peylin et al., 2013).

The annually updated global CO, budget estimates generated by the Global Carbon Budget
(Friedlingstein et al., 2025) provide annual assessments of atmospheric CO, growth rates and their
underlying drivers. Similar projects have produced budgets for methane (Saunois et al., 2025) and
nitrous oxide (Tian et al., 2024). These studies have clarified the importance of distinguishing
between anthropogenic and natural sources, highlighting the dominant role of fossil fuel emissions
in driving CO, increases, the substantial contribution of agriculture and wetlands to methane
emissions, and the key influence of agricultural practices on nitrous oxide fluxes. Together, these
coordinated efforts have improved our understanding of the global greenhouse gas budget and
reduced uncertainties in source attribution.

Despite these advances, substantial uncertainties remain regarding the magnitude, dynamics, and
spatial distribution of greenhouse gas (GHG) sources and sinks (Canadell et al., 2021). Much of the
progress to date has focused on extratropical regions, while research in the tropics has largely
concentrated on a few key areas, such as the Amazon rainforest, leaving many tropical regions
understudied (Watts et al., 2026). This imbalance leads to large uncertainties in these regions, both
in process-based global models and in atmospheric inversion studies, where sparse observational
networks limit representation. As a result, tropical GHG fluxes remain comparatively poorly
constrained although some of these have been recognized as key source regions at a global scale
(Feng et al., 2022; Gentine et al., 2019).

One such region is the Orinoco basin in northern South America (Fernandes Amaral et al., 2026).
This region is covered by natural savannas (the Llanos) and tropical rainforest. Part of these savannas
present biomass-burning during the dry season (December-April) but also flooding during the wet
season (May-November), which, together with the other wetland systems in South America (e.g.
Pantanal (Gloor et al., 2021), and Llanos de Moxos (France et al., 2022) make it an important source
of methane at a global scale. Furthermore, savanna management has traditionally been based on
cattle ranching, but the region is currently undergoing rapid agricultural transformation driven by
the expansion of oil palm plantations and rice cultivation. Due to its remoteness and political
instability, limited field data is available, leaving us in the dark on the importance of this area for
global GHG fluxes and how it is responding to ongoing climate change and socio-economical
dynamics (Fernandes Amaral et al., 2026).

One approach to monitoring such regions is through the use of remotely sensed data (He et al.,
2026). Over the past decades, substantial advances have been made in estimating atmospheric
column-averaged mixing ratios of CO, and CH,4 from satellite observations (Buchwitz et al., 2015).
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These datasets enable monitoring at the global and regional scale, helping to fill observational gaps
in regions where in situ measurements are sparse or absent. However, satellite-derived products
are subject to their own uncertainties and biases (Frankenberg et al., 2024) and therefore require
validation against ground-based observations. The limited availability of such measurements across
large parts of the tropics increases the uncertainty associated with these estimates in these key
tropical regions (Hancock et al., 2025, 2026).

An alternative approach for monitoring greenhouse gases (GHGs) is through high-precision
atmospheric measurements at the surface. Temporal variations in atmospheric mole fractions, as
well as differences among monitoring stations, can be used to infer the spatial dynamics and trends
of regional GHG fluxes, typically in combination with atmospheric transport and inverse modeling,
which relate observational gradients to surface fluxes. An important advantage of atmospheric flask
monitoring over remotely-sensed columns is the ability to obtain stable and radioactive
isotopologues on CO, and CH4(Heimann et al., 2022; Sierra et al., 2025), which are crucial for source
attribution and process understanding. Although global atmospheric observation networks have
been established in the last decades (Schuldt et al., 2025), these stations are concentrated in
extratropical regions, with a focus on monitoring background air and with relatively limited coverage
across the tropics. This sparse coverage partly reflects the logistical and infrastructural challenges
associated with establishing and maintaining long-term atmospheric monitoring stations in remote
tropical environments. One notable exception is the Amazon Tall Tower Observatory (ATTO), which
was established to monitor atmospheric composition and ecosystem—atmosphere interactions
across a large portion of the Amazon rainforest (Andreae et al., 2015). In addition, aircraft-based
vertical profile measurements have been collected over the past decades in several parts of the
Amazon Basin (Gatti et al., 2021, 2023), resulting in comparatively good observational coverage for
this region. However, the prevailing easterly trade winds largely constrain the source regions
represented by these measurements to central and eastern Amazonia, leaving the Orinoco plains
and the northern Amazon poorly monitored (Botia et al., 2025).

Considering the limited availability of field data on GHG fluxes and the fact that no atmospheric
monitoring station adequately covers northern South America, we established the Villavicencio
Tower (VLO) in the Orinoco floodplains near the Andean foothills, outside the city of Villavicencio,
Colombia. The main objective of the VLO tower is to produce a record of high precision atmospheric
measurements of greenhouse gases and their isotopic composition for the understudied region of
the Orinoco Llanos. In addition, we aim at integrating the results of this monitoring program into a
larger network of global atmospheric observations that are currently used for atmospheric inversion
studies and for producing global budgets of GHGs. Here, we describe the characteristics of the
tower, the sampling and analytical procedures, its seasonal footprint, and present the time series
from the first 21 months of data collection. We also discuss data limitations and tower
characteristics that should be taken into account for the appropriate use of the collected data.

2. Methods
2.1 Tower and flask measurement description

Measurements are taken from a 26 m high tower (4°04'23.75”’N; 73°35’05.31”’W), located within
the Barcelona Campus of Universidad de Los Llanos (Unillanos), approximately 9 km south-west of
the city of Villavicencio, Colombia. Advantage was taken from an existing 20 m high structure, on
top of which a 6 m high tower was constructed (see Figure S1 for a photo of the tower). The tower
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is approx. 1750 km away from the nearest other atmospheric monitoring station at ATTO and
approx. 1850 km away from the background NOAA station of Ragged Point Barbados (Figure 1). Due
to the predominantly easterly winds, the atmospheric measurements of Barbados and Ascension
Island (NOAA stations) should be informative regarding the background atmospheric conditions
reaching the continent.

Since 20 June 2023, weekly atmospheric flask samples have been collected at the tower site using a
manual sampler (Figure S2 (Heimann et al., 2022)). The inlet is located at the top of the tower (26
m), covered with an air filter (Solberg F-15-050) and attached to a 30 m long % inch Synflex 1300
Dekabon tubing (aluminium tape with an ethylene copolymer coating and an outer cover of high-
density polyethylene) with an inner diameter of approximately 4.3 mm. Air samples are pressurized
to 1.6 barin 1 L glass flasks (Figure S2), with duplicates collected to minimize data loss, ensure quality
control, and support uncertainty estimation. Prior to sample collection, the sampling tubing was
flushed to remove residual air from the inlet system. Subsequently, air was directed through the
sampling flasks, which were flushed with at least three times their internal volume. To avoid the
influence of water vapor on greenhouse gas (GHG) mixing ratio measurements (Baier et al., 2020),
the sampled air was dried using magnesium perchlorate before entering the flasks. Flasks are
shipped from Colombia to the Max Planck Institute for Biogeochemistry (MPI-BGC) for analysis
approximately every six months. Due to these logistical constraints, there is a substantial delay
between sample collection and the availability of laboratory results. Experiments evaluating the
effects of sample storage on atmospheric mixing ratios and isotopic composition have shown that
storage does not substantially alter the measurements (Rothe et al., 2005). The transfer of samples
from the measurement site to MPI-BGC results in an average lag of 238 days for greenhouse gas
concentration measurements and 283 days for isotopic composition analyses (Figure S3). Since 13
May 2025, continuous wind speed and direction are measured at the top of the tower using a 1405-
PK-165 Gill WindSonic® instrument.

2.2 Determination of surface influence or footprint

Spatially explicit surface influence maps (footprints) were calculated using the Stochastic Time
Inverted Lagrangian Transport (STILT) model (Lin et al., 2003), following the setup of Botia et al.
(Botia et al., 2022) for the Amazon Tall Tower Observatory. Back trajectories were computed by
releasing 100 particles at each measurement coordinate (x, y, z, t), at the height of the flask inlet (z,
26 m). Gridded footprints were derived at a spatial resolution of 0.25° x 0.25° and defined as the
flux sensitivity of mole fractions at the receptor location (units: ppm per umol m=2s™"). From these,
we computed: (1) the mean footprint over the full measurement period, with areas of influence
corresponding to the 50th and 75th cumulative percentiles, and (2) monthly average footprints
illustrating the seasonally varying surface influence over the 2023-2025 period.
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Figure 1. Map with the location of atmospheric monitoring towers across northern South American
and the tropical Atlantic, including Amazon Tall Tower Observation (ATTO), Ragged Point Barbados
(RPB), Ascension Island (ASC), Cape Verde Atmospheric Observatory (CVAO), and Villavicencio
Tower (VLO) with red and yellow polygons that indicate the 50% and 75% cumulative footprints
obtained using the STILT model (Lin et al., 2003). Monthly footprints can be observed in Figure 4.
Land use and cover data for the year 2023 are based on MapBiomas, Collection 3 for Colombia and
Venezuela, and Collection 6 for Amazonia. Sources: Esri, HERE, Garmin, FAO, NOAA, USGS | Powered
by Esri.

2.3 Laboratory analysis

The atmospheric samples are analyzed for their GHG concentration and isotopic composition
respectively in the Jena GasLab and IsoLab of the MPI-BGC. Gas Chromatography is used to measure
the concentration of CO,, CHa, CO, N2O, SF¢, Hzin the samples. Mass spectrometry is used to analyze
the isotopic composition of CO;, (*3C and '80) and CH4 (*3C and Deuterium), as well as 0,/N; and
Ar/N,. Table S1 gives an overview of the analytical methods and precision of each measurement. A
detailed description of the analysis methods and instruments has been provided in Heimann et al.
(Heimann et al.,, 2022). Uncertainties in the dataset are quantified by means of individual
measurement uncertainty as provided by the laboratory, differences between duplicated samples
and outlier detection (Figure 2 & 3).

2.4 Time series analysis
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In addition to the uncertainty provided by the Gas- and Iso-Labs, we identify statistical outliers in
the flask time series by performing a two-stage procedure combining a robust spline fitting with
iterative sigma-clipping based on the root-mean-square deviation (RMSD). For each species, a per-
timestamp mean was first computed by averaging the upstream and downstream flask values. In
the first stage, the spline was fitted to all duplicate means and the RMSD of the residuals was
calculated. Any point whose residual exceeded three times the RMSD was removed, the spline was
re-fitted to the remaining points, and the RMSD was recomputed. This process was repeated until
no further points were rejected, yielding a robust spline that is not influenced by outliers. In the
second stage, all original data points (i.e. the duplicate means) were evaluated against the final
robust spline and a point was classified as an outlier if its residual exceeded three times the RMSD.
The smoothing parameter of the cubic spline was set to s =f- n - g2, following the parameterisation
of the UnivariateSpline function in the SciPy library (Virtanen et al., 2020) in python, where n is the
number of data points and a2 is the sample variance. The species-specific scaling factor f was
selected by visual inspection of the fitted spline for each species, balancing smoothness against the
ability to capture real atmospheric variability (f = 0.35 for CH4; f = 0.5 for CO,, N2O, CO, SFg, and Hy;
f=0.7 for the isotope ratios, O,/N, and Ar/N,).

2.5 Data availability and format

The data are available in the following Zenodo repository:
https://doi.org/10.5281/zenodo.23300649 and will be updated as new measurements become
available. The current version (v1) covers the period June 2023 to March 2025. Data are provided
as separate ASCII-formatted CSV files for each gas species or isotope measured. Each file starts with
a short commented header containing metadata: station name, coordinates, sampling and ground
altitude, time convention (UTC), flag definitions, dataset version and date, and the measured gas or
isotope with its units. The header is followed by the observations, with one row per sampling date,
giving the date and time (UTC), the mean mole fraction or isotopic value of the flask replicates, the
standard deviation across replicates (o), a quality flag indicating whether the value failed the time-
series anomaly test, and the number of flasks averaged (N). Further details on the data format and
processing are given in Heimann et al. (2022).

3. Results

The mole fraction time series of the different gases measured at the VLO tower are presented in
Figure 2. The time series are characterized by temporally coherent measurements without any clear
gaps, but with some outliers and discrepancies between duplicate samples detected for most gases
(see also Figure S4). CO, shows an increase in mole fraction over time, with a clear seasonal pattern
in which concentrations begin to decrease slightly from April-May and rise steeply around the end
of the year (December—January). Methane mole fractions show a small but discernible increase over
time, without a clear seasonal pattern, yet with mean mole fractions consistently above the global
mean. N,O shows a linear increase of approximately 3 ppb over the 21-month period analyzed here,
with a similar trend observed in SFs¢ mole fractions; however, SFs also exhibits a distinct seasonal
pattern. CO displays a strong seasonal pattern, with peaks during February—April and, in 2024, an
additional peak during August—September. Hydrogen exhibits an almost identical seasonal pattern
to that of CO.
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Figure 2. Time series of trace gas mole fractions measured from flask samples at station VLO
(Universidad de los Llanos, Villavicencio, Colombia; 4.07°N, 73.58°W; 375 m a.s.l.). Dots indicate the
mean value of the duplicate measurements, collected concurrently at 26 m above ground. The end
of the whiskers represent the values of the individual flask measurements. Red markers indicate
additional statistical outliers identified by iterative sigma-clipping of the spline residuals (rejection
threshold: 3 x RMSD), applied only to data that passed the replicate criterion. Flagged points are
excluded from the spline fit. All data are shown here for completeness, but individual studies may
require the exclusion of samples that do not meet certain criteria. The same figure including all
individual measurements is presented in Figure S4.

Results for the isotopic composition of CO; and CHa, as well as O,/N, and Ar/N; ratios, are presented
in Figure 3. In line with the data presented in Figure 2, coherent time series with some outliers and
excess replication differences are observed (see also figure S5). A decrease in §"3C of CO, through
time is observed, with more negative values during the dry season (January—May). No temporal
trend in 6'®0 of CO; is found; however, the same seasonal pattern is observed, with more negative
values during the dry season. Time series of 6°H and §"C of CH, show neither a clear temporal trend
nor a seasonal pattern. O,/N, ratios show a small decline over time, while no trend is observed in
the Ar/N; ratios. Note that due to logistical constraints the time series of O,/N, and Ar/N, started
almost a month after all the other tracers.
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Figure 3. Time series of stable isotope ratios and atmospheric gas ratios at station VLO (Universidad
de los Llanos, Villavicencio, Colombia; 4.07°N, 73.58°W; 375 m a.s.l.). Dots indicate the mean value
of the duplicated samples, with the end of the whiskers representing the values of the individual
flask measurements. Error bars denote measurement uncertainties. The solid black line is a robust
cubic smoothing spline fitted to quality-controlled data; the grey band shows the spline £ RMSD.
Red markers indicate sigma-clipping outliers. Flagged points are excluded from the spline fit. All data
are shown here for completeness, but individual studies may require the exclusion of samples that
do not meet certain criteria. The same figure including all individual measurements is presented in
Figure S5.

4. Discussion

Here we present the first 21 months of atmospheric mixing ratios and stable isotopic composition
measurements from the new atmospheric monitoring site in Villavicencio, Colombia (VLO). The time
series collected up to date do not contain major long-term gaps and show overall good temporal
consistency, although some spurious values and samples with large differences between duplicates
were observed (Figures 2, 3 and S4, S5).
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We find that the mean annual footprint of the tower covers a large part of northern South America,
with a particularly strong influence from the savannas of the Orinoco plains (Figure 1). However,
this mean pattern masks important seasonal differences, which corresponds to the seasonality of
most of the gases analyzed. Two main factors likely explain the observed seasonal variability in GHG
mixing ratios and, to a lesser extent, in stable isotopic composition: (1) the footprint from which the
atmospheric signal originates changes seasonally, and (2) the region is characterized by a well-
defined dry season from December to April, which strongly affects biosphere-atmosphere gas
exchange.

During the dry season (December—April), the footprint is dominated by the savannas of the Orinoco,
whereas during the wetter months it shifts southward and becomes more strongly influenced by
the northern Amazon forest region (Figure 4). Such a seasonal shift in footprint is expected to
transport air masses originating from the Southern Hemisphere and passing over Amazonian
forests, which have markedly different land-atmosphere exchange characteristics compared to the
tropical savannas of the Orinoco plains. Consequently, this shift likely contributes substantially to
the atmospheric signal measured at VLO.

The transition from predominantly Northern Hemisphere to Southern Hemisphere air masses can
be clearly observed in the SFe¢ time series. Atmospheric SFs concentrations are increasing nearly
linearly at the global scale; however, because most emissions originate in the Northern Hemisphere,
mixing ratios are systematically higher in the northern hemisphere than in the Southern
Hemisphere. In our time series, we observe an initial linear increase in SF¢ concentrations, followed
by a temporary stabilization when the footprint shifts southward, and finally a renewed increase
when Northern Hemisphere air masses become dominant again from October onwards (Figures 2
& 54).

The second driver of the observed seasonal dynamics is the pronounced dry season that
characterizes the region. Precipitation is generally very low during the December—April period,
limiting photosynthesis and promoting widespread fires in the Orinoco savannas, as well as
deforestation fires along the edge of the Amazon rainforest in Colombia (Arias et al., 2025). The
influence of these fires is clearly visible in the CO time series, as CO is a tracer of incomplete
combustion and is therefore strongly associated with wildfire occurrence (Figure 2). We observe a
marked CO peak at the beginning of 2024 and the onset of another peak at the start of 2025. In
agreement with the CO peak, we also observe elevated H, concentrations, higher CO, mixing ratios,
and decreases in §3C and 680 in CO..
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Figure 4. Monthly footprint for the Villavicencio Tower (VLO) at Universidad de los Llanos (4.073, -
73.584) simulated at 26 m height. For the simulation we used the STILT model (Lin et al., 2003). The
model was run for all times in which there are flasks data available (June 2023 to March 2025).

VLO is located relatively close to the Andean foothills, where the pronounced topographic gradient
influences local wind patterns (Figure S6). This influence is especially noticeable from the evening
until the early morning, when wind direction is dominated by westerly winds originating from the
mountainous region. During daytime, the prevailing wind direction shifts and becomes aligned with
the dominant regional easterly circulation. Consequently, the flask measurements which are
conducted between 12-2pm predominantly sample air bringing signals from the targeted regions to
the east. However, because the city of Villavicencio is located only 9 km west of the tower, the
atmospheric composition measured at the site can be affected by the urban plume during the
relatively infrequent periods when winds originate from westerly directions.

While we present here only the first 21 months of data collected at the tower, corresponding to the
dataset available at the time of writing this manuscript, measurements have continued without
interruption up to now. Once a sufficiently long time series has been established, the VLO
observations are expected to be incorporated into the Jena CarboScope inversion framework for
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CH, and CO,. The VLO station is envisioned as a long-term atmospheric monitoring site for northern
South America, and we anticipate continuing the sampling into the foreseeable future. We
expect to share the data with the community for evaluating regional and global atmospheric
transport inversions.

5. Conclusions

Atmospheric measurements have been conducted continuously at the Villavicencio Tower (VLO)
since 20 June 2023. The current time series does not contain any major gaps and shows overall good
temporal consistency, with only a limited number of anomalous values or samples exhibiting large
differences between replicates. The footprint of VLO covers large parts of northern South America,
a region that is currently not represented by any other atmospheric monitoring station. As such,
VLO provides a unique observational dataset for monitoring atmospheric composition and
improving our understanding of biosphere—atmosphere interactions in this key tropical region. As
the observational record continues to expand, the VLO dataset is expected to contribute to regional
and global atmospheric inversion frameworks and to help reduce current uncertainties in
greenhouse gas sources and sinks across northern South America.

Data availability

The dataset presented here is stored at the Zenodo repository:
https://doi.org/10.5281/zenodo.23300649 (Hantson et al., 2026)
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