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Abstract. The Amazon Basin plays an important role in the global climate and carbon budget. Natural emissions and re-
movals of CO2 and C H, prevail in the wet season, dynamically responding to weather forcings. Accurate greenhouse gases
(GHG) transport modeling is required to constrain the contribution of sources, sinks and atmospheric processes to observed
mixing ratios. Kilometer-scale atmospheric models offer a compromise between computational cost and physical realism by
partially resolving mesoscale processes that influence GHG transport in the Amazon. We evaluate the WRF-GHG model
(Weather Research and Forecasting Model with GHG module) using CO2 and C H, measurements from the Amazon Tall
Tower Observatory (ATTO) and aircraft observations during the CAFE-Brazil campaign in January 2023. Simulations em-
ployed two domains centered at ATTO, MapBiomas land cover data, regionally adapted C'O- biogenic flux parameters, and
multiple wetland C'H4 emission configurations: an online process-based, a top-down optimized product, and process-based en-
semble. The model correctly reproduced surface and vertical meteorological variables, particularly temperature and humidity.
However, wind biases, and convective-driven boundary-layer dynamics affected tracer transport. Regionally adapted biogenic
flux parameterizations improved representation of C'O- temporal variability and net ecosystem exchange. For C'H,, CAMS
Inversion-optimized flux product best reproduced observed concentrations and variability, while other inventories overesti-
mated near-surface mole fractions. Aircraft comparisons highlighted the role of wetland emissions and wind-driven transport
in regional C'H4 enhancements. These findings underscore the importance of improving the biogenic flux parameterizations

and kilometer-scale resolution to enhance GHG modeling in complex tropical environments.



20

25

30

35

40

45

50

https://doi.org/10.5194/egusphere-2026-979
Preprint. Discussion started: 10 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

1 Introduction

The Amazon Basin plays a relevant role in the global carbon cycle, storing carbon in its soils and biomass and accounting
for 14% of the gross primary productivity of terrestrial ecosystems (Zhao and Running, 2010). It is also a natural source of
methane (C H,) from wetlands, representing 8% of global emissions (Basso et al., 2021; Beck et al., 2012). Regional atmo-
spheric transport models are a useful tool for investigating the relative importance of processes driving greenhouse gas (GHG)
emissions, removals and transport, connecting local surface fluxes to mesoscale. In atmospheric inversion systems, regional
models are typically nested under global atmospheric models (Rodenbeck et al., 2009), refining the representation of surface
and atmospheric processes in the area of interest (e.g., Botia et al., 2025a). Accurate quantification of carbon dioxide (C'O-)
and C'H, fluxes and their spatial distributions relies on robust observational data and bottom-up emission estimates, comple-
mented by high-resolution atmospheric transport simulations that better represent key processes governing greenhouse gas
distributions (Colas et al., 2020). Coarse-resolution global models often misrepresent convection, boundary-layer processes,
and sub-grid heterogeneity, particularly in tropical regions such as the Amazon, where atmospheric and surface processes are
highly complex (Beck et al., 2012; Molina et al., 2015).

Some research also highlights the critical role of high-resolution atmospheric modeling and aircraft measurements in improv-
ing GHG modeling capabilities. For instance, high-resolution C'O- simulations using the Weather Research and Forecasting
model with greenhouse gas modules (WRF-GHG) at 1x1 km resolution over the Kanto region of Japan have demonstrated
improved representation of aircraft observations between 0-3 km altitude, compared to coarser 27x27 km simulations (Bisht
et al., 2023, 2025). While high-resolution simulations can improve the representation of vertical distribution of GHGs, it is
important to recognize that they do not fully resolve all challenges in GHG quantification, particularly in the lower atmo-
sphere (Gerbig et al., 2008). Accurate simulation of GHG transport is important to reduce uncertainties in flux estimates by
atmospheric inversions. Wilson et al. (2016) reported biases in the simulated background mixing ratios of C'H, in Amazonia
due to inaccurate representation of the interhemispheric transport of air masses. Improper representation of the near surface
vertical mixing can also lead to biases in flux estimates, when adjusting the simulated GHG vertical profiles to observations
in the boundary layer (Gerbig et al., 2008). This is especially true for C'Hy, as it is short-lived and typically shows stronger
vertical gradients compared to C'Oy (Basso et al., 2021). Beck et al. (2013) reported significant mismatches between C'Hy
simulated vertical profiles and observations under convective weather conditions, during the BARCA (Balango Atmosférico
Regional de Carbono na Amazonia) aircraft campaign in Amazonia. In addition to atmospheric transport, proper representation
of GHG emission and removal processes are important to accurately simulate the spatial and temporal distribution of GHGs
in atmospheric transport models. Beck et al. (2012, 2013) reported significant variations in the modeled C H, mixing ratios in
Amazonia, depending on the choice of wetland emission model and inundation map in the WRF-GHG model. Wetland adjust-
ment factors between -76% and +9% were reported to match C'H, simulations and observations during the BARCA aircraft
campaign. While these simulations provided valuable insights into C' H4 dynamics in the Amazon, they also emphasize the

need for more accurate wetland inundation data, and better convective and boundary layer parametrizations to enhance model
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performance.

In this study, we evaluate WRF-GHG simulations using C'Os and C'H, measurement over the Brazilian Amazon during
January 2023, coinciding with the CAFE-Brazil campaign. During this campaign, atmospheric measurements were conducted
using the German High Altitude and Long Range Research Aircraft (HALO) under predominantly pristine atmospheric con-
ditions (Curtius et al., 2024; Nussbaumer et al., 2024). The model setup builds upon previous WRF-GHG applications in the
region but introduces several key advances in comparison to previous studies (Beck et al., 2012, 2013). Land surface represen-
tation is improved through the replacement of the default WRF land-use dataset with MapBiomas land cover data (Souza et
al., 2020). Biogenic C'O, fluxes were estimated using the online Vegetation Photosynthesis and Respiration Model (VPRM),
incorporating a region-specific VPRM parameters set (Botia et al., 2025a) to improve the simulation of carbon fluxes across
Amazonian forests and the adjusted Joint UK land environment simulator (JULES) model as described by Prudente Junior et
al. (2025). For C Hy, this study goes beyond previous applications by explicitly comparing multiple wetland emission represen-
tations, including online process-based wetland emission model, a top-down optimized wetland flux field, and process-based
flux fields ensemble. This approach allows us to assess the contribution of wetlands to regional C'H, variability and evaluate

the sensitivity of model results to different emission inventories.

The objectives of this study are to (1) assess the model’s ability to reproduce surface-based observations from the ATTO site
as well as vertical profiles and spatial variability measured by the HALO aircraft, and (2) identify and characterize simulation
limitations that affect the transport, mixing, and dilution of GHGs, thereby improving the interpretation of simulations. A
secondary objective is to evaluate and refine the WRF-GHG model configuration for application in regional modelling over
tropical regions, including e.g. downscaling of future climate scenarios, which will be addressed in subsequent work. By
adjusting physical parameterizations to better represent the Amazon region, this study proposes a recommended model setup
for simulating future conditions and explicitly documents its limitations. This framework provides a robust foundation for
modeling net ecosystem exchange under future scenarios and supports further investigations within the context of Shared

Socioeconomic Pathways (SSPs).

2 Data and Observation Platforms
2.1 Ground based observations

Ground-based observational data at the INSTANT tower (2°08.64'S, 58°59.99'W) were used for the period 1-31 January 2023.
This tower is located approximately 650 meters away from the Amazon Tall Tower Observatory (ATTO; https://www.attodata.
org/), situated within the Uatuma Sustainable Development Reserve in central Amazonia, northern Brazil (Fig. 1). The IN-
STANT tower has a height of 81 meters and provides vertical profiles of meteorological variables, greenhouse gas (GHG) mole
fraction, and HyO and C'Os flux (van Asperen et al., 2024; Botia et al., 2025b) in the central Amazon. It is equipped with fast-

response 3D sonic anemometers, infrared gas analyzers (IRGA), and thermohygrometers at multiple heights (Mendonga et al.,
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2025). These measurements were used to estimate surface—atmosphere exchange processes for C'O5 via the eddy covariance
method. Continuous measurements of CO5 and C'H, at five heights along the tower were made using a Picarro G2401 (van
Asperen et al., 2024), with data from 81 meters selected for this study to examine GHG dynamics above the canopy. Mete-
orological variables—including wind speed and direction, temperature, humidity shortwave radiation and planetary boundary
layer (PBL)—were also selected at the same height (81 meters) and included in the analysis to complement the GHG data. The
PBL was estimated by a CHM 15k ceilometer installed at the ATTO experimental site (Sousa et al., 2023). Due to the dense
forest environment surrounding the ATTO site, a complementary site named Campina-ATTO was established approximately
4 km away, in a more open forest area, to accommodate ground-based remote sensing instrumentation (Cecchini et al., 2025).
At Campina-ATTO, radiosonde data were collected from January 11 to 26, 2023, with an average of 10 radiosondes launched
at different times of the day. These instruments were used to evaluate the performance of the WRF model, focusing on both

near-surface meteorological conditions and vertical atmospheric profiles.

In addition to the INSTANT, and Campina-ATTO observations, surface meteorological data from the Brazilian National
Institute of Meteorology (INMET) were employed to assess the sensitivity of the model to different physical parameterizations
and surface representations. Given the large number of INMET stations (colored circles inside Figure 1) and the exploratory
nature of this sensitivity analysis, a comprehensive description of the station network, data processing, and evaluation method-
ology is provided in the Supplementary Material (section A). Accordingly, Table 1 summarizes only the core observational

datasets used for the main model evaluation, while the INMET-based analyses are documented separately.
2.2 CAFE-Brazil Aircraft Campaign

CAFE-Brazil (Chemistry of the Atmosphere: Field Experiment in Brazil; Curtius et al., 2024; Nussbaumer et al., 2024) was
a major atmospheric chemical campaign focused on studying the interactions between clouds and aerosols, and in the new
particle formation in the upper troposphere. The campaign took place from end of November 2022 until end of January 2023,
only measuring in Brazil in December 2022 until January 2023. As part of the campaign, the German High Altitude and Long
Range Research Aircraft (HALO) research aircraft performed 22 flights in total between November 30, 2022 and January 29,
2023. The aircraft flew at altitudes ranging from 0.3 to 13.8 km across the Amazon region, spanning latitudes from 11°33’S to
4°40'N and longitudes from 72°33'W to 33°50'W. These flights aimed to collect data on aerosols and gases at various altitudes.
Equipped with advanced instruments, the aircraft provided real-time atmospheric data, including measurements of aerosols,
traces gases, and basic atmospheric parameters. The Research Flight 15 (RF15) mission (Table 1), which took place on January
14, 2023, was chosen to validate the WRF-GHG model, focusing on meteorological data and C'H4 mixing ratios. The latter
was measured via quantum cascade laser infrared absorption spectroscopy (QLAS) from Airborne Tropospheric Tracer In-situ
Laser Absorption spectrometer (ATTILA; Ort et al., 2024). Dry corrected C'H, (using N,O data, see Ort et al., 2024), was
averaged from 1Hz data to 300s averages to increase data precision (15.9 %, Accouracy: 5.5 % on 1 Hz in-flight calibration
gas mixing ratios of 1990 ppbv) (Ort et al., 2024). The mission lasted 9 hours, from 11:58 to 20:48 UTC (see Fig. 1b). This

study focuses on the wet season, a period when fire-related emissions are minimal.
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Figure 1. (Left panel) The study area and the WRF model domains (D01 and D02) are shown, with the color bar representing the MapBiomas
land cover classification. The star shows the ATTO site location, while the circles represent INMET meteorological stations. Dashed squares
delimit four different regions used for validation of simulated meteorological variables (refer to the supplementary material). (Right panel)
The map illustrates the vegetation types over the nested domain used in the VPRM module, as well as the aircraft trajectory for the CAFE-

Brazil RF15 mission. The color bar shows the altitude along the trajectory.

Table 1. Observation sites used to validate the WRF-GHG model

Sites Location Height Variables
INMET network™ "within DO2 - Fig. 1"  surface Tom, RHop, W S10m and W D1gm
ATTO-Campina 2.181°S; 59.02°W < 15km Ty, SH and WS
INSTANT tower 2.144°S; 58.99°W at81m  Ts1m, WSsim, W Ds1m, PBL, SW;, and Prec, CO3 and C Hy
Flight-CAFE Brazil 3.03°S; 60.04°W < 15km To, SH, WS, V,and CH,

Ty: Potential temperature; S H: specific humidity; V7 : vertical velocity
* The list of INMET stations can be found in the supplementary material, Table S1.

3 Model Description and Experimental Setup
3.1 WRF-GHG Model Configuration

In this study we integrate in-situ observations with high-resolution model simulations to assess the performance of the Weather
Research and Forecasting model coupled with the Greenhouse Gases module (WRF-GHG; Beck et al., 2011). WRF-GHG is
built upon the Advanced Research WRF model (version 4.2.1) and incorporates the Vegetation Photosynthesis and Respiration
Model (VPRM; Ahmadov et al., 2007) and the Kaplan-Ridgwell wetland model (Ridgwell et al., 1999; Kaplan , 2002) to sim-
ulate biosphere-atmosphere carbon and methane fluxes. By coupling meteorological dynamics with biogenic, anthropogenic,
and biomass burning emissions, WRF-GHG simulates the atmospheric transport of GHG, treated as inert species. We apply
the model at a 6-km horizontal resolution in its nested domain to simulate CO> and C' H, mole fractions near the Amazon
Tall Tower Observatory (ATTO) site. The model uses a Lambert Conformal Conic (LCC) projection for spatial mapping. Two
domains with different grid resolutions: the coarse domain (DO1) contains 348x161 grid points at 18-km resolution, and the

nested domain (D02) contains 592x295 grid points at 6-km resolution (as shown in Fig. 1 and Table 2). The outermost domain
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(D01) encompasses a large region of South America, including the Pacific and Atlantic Oceans and the northern Amazon basin,
covering ~ 6,228 x 2,880 km?. This wide coverage allows for the realistic simulation of synoptic-scale influences on regional
GHG dynamics. Both domains have 51 vertical levels, with a constant 50 m interval within the first 2 km of altitude, gradually
increasing to the model’s top at 100 hPa (~ 16.5 km). Simulations were conducted for the period from 00:00 UTC on January
Ist to 00:00 UTC on January 31st, 2023, covering the time frame of the CAFE-Brazil RF15 and the ATTO measurements. A
10-day spin-up period was used from January 1-10 to allow the model to remove any residual influence of the intital conditions
before the analysis period. The physical parameterizations applied in this study (see Table 2) were selected based on sensitivity
analyses designed to identify the most suitable configuration. The sensitivity analyses are described in the supplement section

A.

To streamline the data pre-processing and model setup, we developed WRF-GHG-Prepy, a Python-based pre-processor
available on GitHub: https://github.com/rnoeliab/WRF-GHG-Prepy. This tool automates the integration of emission invento-
ries, land cover maps, and VPRM inputs into the WRF-GHG workflow. A complete description of this pre-processing system
is provided in Appendix A. The model simulations were performed using re-initialization cycles, a strategy adopted to reduce
long-term drift and maintain meteorological consistency (Ho et al., 2024). A detailed description of the workflow used to
run WRF-GHG, including the re-initialization procedure, is presented in the supplement section C. For the incoming mole
fractions from outside the continent, a background tracer is used to monitor the evolution of GHG concentrations across the
domain within the WRF-GHG framework. Additionally, source-specific tracers are used to track emissions from different
sectors-namely anthropogenic, biomass burning, and natural biogenic sources. This enables a detailed breakdown of the total

simulated concentrations.
3.2 Initial and Boundary Conditions

Meteorological initial and lateral boundary conditions were derived from the ERAS5 reanalysis (Hersbach et al., 2020), produced
by the European Centre for Medium-Range Weather Forecasts (ECMWF). ERAS offers global coverage at 0.25 ° spatial
resolution, with 137 vertical levels and an hourly temporal resolution; however, for this study, a 6-hour temporal resolution was
considered. GHG concentrations for CO5 and C' H4 were initialized using the Copernicus Atmospheric Monitoring Service
(CAMS) global Inversion-optimized concentrations, hereafter referred to as CAMS-Inversion-C'O5 (version: FT24r1; CAMS,
2023a) and CAMS-Inversion-C H, (version: v23rl; CAMS, 2023b) , respectively. Although both systems follow a similar
Bayesian inversion framework that assimilates satellite and in-situ observations to generate three-dimensional atmospheric
concentration fields, they differ in their treatment of fluxes, chemical processes and also transport model. CAMS-Inversion-
COs provides data at a horizontal resolution of 0.7° (~ 78 km) in latitude and 1.4° (~ 155 km) in longitude, with 79 vertical
levels. In contrast, CAMS-Inversion-C H, provides data at a horizontal resolution of 1° x 1° (~ 110 km around equator), with
34 vertical levels. Updated every six hours, the CAMS-Inversion provides boundary and initial conditions that are consistent

with atmospheric measurements of CO5 and C' Hy.
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Table 2. Configurations used in WRF-GHG model with two-way nesting system

Model configuration

WRFV3 description

Vertical coordinate

Updated surface maps

Simulation period

Horizontal resolution

51 levels (top pressure-10hPa)
Vegetation Map: MapBiomas 2015 - Collection 3.1 (over DO1 and D02)
Greenness Fraction: MODIS NDVI 30s 1992-1993
Albedo: MODIS NDVI 30s 1992-1993; Soil moisture: GPNR 0.25° daily
01-31 January 2023 - 10 days for spin-up
DO1: 18x18 km (348 x 161) and D02: 6x6 km (592 x 295)

Meteorological initial/boundary condition
Chemical Initial/boundary
condition
Anthropogenic emissions
Biogenic emissions

Fire emissions

ERAS reanalysis data (Hersbach et al., 2020)
CAMS global Inversion-optimized concentrations
(CO4: FT24r1; CHy: v23rl; CAMS, 2020)
EDGAR v6.0 - GHG (Ferrario et al., 2021)
VPRM code (Mahadevan et al., 2008)
GFAS version 1.2 (Kaiser et al., 2012)

Domains DO1 D02

Microphysics scheme WREF Single-moment 6-class Scheme  WRF Single-moment 6-class Scheme

Cumulus parameterization Grell-Devenyi Ensemble Scheme turn-off

Planetary boundary scheme Yonsei University Scheme Yonsei University Scheme

Short-wave and Long-wave radiation scheme RRTMG Schemes RRTMG Schemes
Land surface model Unified Noah Land Surface Unified Noah Land Surface
Surface Layer Revised MM5 Revised MM5

3.3 Emission Inventories and Surface Fluxes
3.3.1 Anthropogenic and Biomass Burning Emissions

165 Anthropogenic fluxes were derived from the Emission Database for Global Atmospheric Research version 6.0 (EDGAR v.6.0;
Ferrario et al. (2021)). This dataset provides annual global emissions of C'Oz and C'Hy at 0.1° spatial resolution, including con-
tributions from energy production, industry, transportation, and waste (Janssens-Maenhout et al., 2019). EDGAR inventories
are based on bottom-up methods aligned with [PCC guidelines and complement national reporting under the Paris Agreement.
For this study, daily emission factors were applied to represent diurnal variations in COs and C'H, emissions. Emissions
170 from EDGAR were assumed to be emitted at the surface, which is generally sufficient for C'H4. While this approximation
may not be ideal for C'O-, it is reasonable in the context of the Amazon region, where industrial and power plant activities
are minimal, particularly around the ATTO site. Biomass burning emissions were sourced from the Global Fire Assimilation

System (GFAS v1.2), which assimilates satellite fire radiative power (FRP) data, including from MODIS sensors, to produce
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daily GHG emission estimates at 0.1° spatial resolution (Kaiser et al., 2012). However, little emphasis was placed on biomass
burning emissions in this study, as during this time of the year, such emissions are generally negligible in the Amazon region

because the wet season corresponds to low fire occurrence in the seasonal pattern.
3.3.2 Biogenic CO; Fluxes - Vegetation Photosynthesis and Respiration (VPRM)

The WRF-GHG framework calculates biogenic C'O5 fluxes online using the Vegetation Photosynthesis and Respiration Model
(VPRM) developed by Mahadevan et al. (2008) and implemented into a coupled WRF framework by Ahmadov et al. (2007),
which employs empirical formulations and remotely sensed parameters to simulate biosphere-atmosphere carbon exchange.
Net ecosystem exchange (NEE) is computed as the difference between gross primary production (GPP) and ecosystem respira-
tion. GPP is estimated using a light-use efficiency approach that incorporates meteorological drivers, such as air temperature (T)
and photosynthetically active radiation (PAR), along with satellite-derived indices like the Enhanced Vegetation Index (EVI)
and the Land Surface Water Index (LSWI). These indices are computed from MODIS surface reflectance bands (MOD09A 1
product; Reflectance 8-Day L3 Global 500m), interpolated to daily intervals, and smoothed using a lowess filter (Glauch et al.,
2025).

VPRM parameters require calibration for regional applications (Mahadevan et al., 2008), with key parameters including
maximum light-use efficiency (A\), photosynthetically active radiation at half-saturation (P ARy), and respiration parameters
(o and f3). The full set of VPRM parameters also includes Tin, Timazs Topt, and Tjoq,, which are drawn from the literature
to avoid numerical instabilities. The values for A\g, PARy, a and (3 are typically derived by calibrating VPRM-simulated
NEE against eddy-covariance flux tower measurements. In this study, the calibrated values for Ag, PARy, o and [ were
obtained from the previous work by Botia et al. (2025a). These are presented in Table S4 of the supplementary material.
Specific parameter values are assigned to each vegetation class to capture distinct physiological behaviors. Land-cover data
were obtained from the MapBiomas dataset and subsequently reclassified to match the vegetation classes used by the VPRM
module. For example, the VPRM “evergreen” class combines MapBiomas classes such as "forest formation" and "floodable
forest", while other VPRM classes were formed by grouping relevant MapBiomas categories accordingly (Figure 1b and Table

S5). This ensures ecosystem-specific characteristics are accurately represented in the simulations.
3.3.3 Biogenic C' H, Fluxes - Wetland Emission Inventories

For the simulation of C'H4 mole fractions, three different wetland emission configurations were used to represent the range of
uncertainties in wetland C'H, fluxes. The Kaplan model (Kaplan , 2002), implemented online within WRF-GHG, estimates
biogenic C'H, fluxes based on wetland parameterizations (Beck et al., 2011). Biogenic C' Hy fluxes are estimated based on
static inundation and soil carbon pool maps, and on the dynamical variables: soil temperature and humidity (Beck et al., 2013).
In the Kaplan model, the wetland extent is provided by the Bergamaschi et al. (2007) inundation map, while the soil carbon
pool was estimated by the Lund—Potsdam—Jena (LPJ) dynamic vegetation model (Beck et al., 2012). Additionally, the model

includes C'H,4 emissions from termites following Sanderson (1996) and soil C'H, fluxes calculated using the process-based



210

215

220

225

230

235

240

https://doi.org/10.5194/egusphere-2026-979
Preprint. Discussion started: 10 April 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

scheme of Ridgwell et al. (1999), both computed internally within WRF-GHG using static parameters and WRF meteorolog-
ical fields. In addition to Kaplan model, two C H, emission inventories were used in WRF-GHG, linked to separate tracers,
allowing the comparison of results. The first inventory is the CAMS global Inversion-optimized flux product (v22r2), which
estimates wetland C' H4 emissions through an atmospheric inverse modeling framework. This system assimilates atmospheric
C H, observations from satellites and in-situ measurements and combines them with a transport model to infer fluxes, providing
an observationally constrained alternative to process-based inventories. The spatial resolution is 1° x 1°, with a monthly-mean
output frequency. The second inventory corresponds to the WetCHARTSs (v131) six-model ensemble (Bloom et al., 2021),
which includes the variants: Wetch-2913, Wetch-2923, Wetch-2933, Wetch-2914, Wetch-2924 and Wetch-2934. As described
in Table 3 of the WetCHART's documentation (Bloom et al., 2021), each ensemble member is identified by a four-digit code,
with each digit specifying one of four model configurations: the global scaling factor, the heterotrophic respiration model, the
C H,:C temperature-dependence parameter (1), and the wetland-extent parameterization. In this study, all selected configu-
rations use a global scaling factor of 166 Tg C' H4 yr ' and the CARDAMOM heterotrophic respiration model. The ensembles
differ in their specifications of C'H: C temperature dependence (g1¢ = 3 in the “-3” series; q1o = 1 in the “-4” series) and in the
wetland-extent parameterization (either precipitation-based inundation fields combined with GLWD or GLOBCOVER static
maps). These combinations allow exploring how uncertainties in temperature sensitivity and wetland extent influence C'Hy

flux estimates. The temporal resolution is monthly, with a spatial resolution of 0.5° x 0.5°.

Together, these three different approaches for C'H, wetland emissions -Kaplan, CAMS-Inversion, and WetCHARTS en-
sembles -were integrated into WRF-GHG to estimate the "C' H4 wgr" (equation 3) component of the model’s biogenic C' Hy
fluxes. Using multiple inventories allows the model to capture the diversity of plausible wetland emission estimates. For a more
detailed description of the pre-processing methods for C'H, anthropogenic, fire, and biogenic emissions in our simulations,

please refer to Appendix A.
3.3.4 Biogenic CO; Fluxes - JULES Land Surface Model

The Joint UK Land Environment Simulator (JULES, Best et al., 2011) was used to simulate terrestrial biogenic carbon fluxes,
providing an independent estimate of land—atmosphere C'O5 exchanges for comparison with the VPRM-based fluxes used in
WRF-GHG. JULES is a process-based land surface model that represents energy, water, and carbon exchanges between the
land surface and the atmosphere, including photosynthesis, autotrophic and heterotrophic respiration, and soil hydrology (Clark
et al., 2011). The version utilized to run JULES was 7.0, based on nine plant functional types (PFT), including tropical forests
(Harper et al., 2016). The model was run offline, not over a spatial area, but rather at a specific coordinate point (ATTO site) to
simulate the corresponding conditions each hour, driven by hourly meteorological forcing derived from WREF outputs (T, RH,
wind velocity, specific humidity, air pressure, rainfall, downward flux of short and long-wave radiation). JULES parameters
were optimized for different sites within the Amazon biome, including the ATTO tower, as described in Prudente Junior et al.
(2025). The simulated NEE was directly compared with the C'O- fluxes from WRF-GHG at the ATTO, allowing an assessment

of the sensitivity of WRF-GHG simulations to the choice of land surface biogeochemical model.
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4 Model Evaluation Approach

To assess the performance of the WRF-GHG model in reproducing CO, and C'H; mole fractions, we first evaluated the
simulated meteorological variables against observations, since local meteorological conditions strongly influence both GHG
transport and surface fluxes. Simulated CO5 and C'H4 and meteorological parameters were extracted at the grid points nearest
to the ATTO Tower, ATTO-Campina site, INMET meteorological stations, and along the RF15 trajectory. A complete sensi-
tivity analysis of the model using the INMET stations is provided in the supplementary material (Section A). For datasets with
vertical resolution (ATTO and INSTANT Tower, ATTO-Campina, and RF15), simulated values were vertically interpolated
linearly in height to match observed heights. All meteorological comparisons were performed at hourly resolution. For precip-
itation, we used the Integrated Multi-satellitE Retrievals for the global precipitation measurement (GPM) mission (IMERG),
see Huffman et al. (2019). Simulated precipitation was computed by summing the “Accumulated total cumulus precipitation
(RAIN)” and “Accumulated total grid-scale precipitation (RAINNC)” fields. These fields were aggregated to obtain daily totals
(from 00:00 to 23:00 LT), and model output was spatially remapped to match the satellite resolution for consistent comparison.
WRF-GHG internally converts fluxes from offline emission inventories into atmospheric concentration timeseries and adds to
tracer variables representing the biogenic (BIO), biomass burning (BBU), and anthropogenic (ANTHRO) sources. The back-
ground tracer (BCK) is treated differently: it is not derived from fluxes but is prescribed directly in units of concentration (ppm)
and is transported by the model without requiring a flux-to-concentration conversion. To compare observed and simulated GHG
concentrations, model outputs underwent a numerical post-processing step in which total CO, and C' H4 concentrations were

computed as:

CO3total = CO2.g10-vPrM +CO2 ppu + CO2 ANTHRO + CO2, BCK (N

CHytotat = CHy pro +CHy ppu + CHy anTHRO + CHy BOK (2)

Here, COs totqi and C Hy to1q; represent the total atmospheric concentrations of C'O, and C'Hy. The subindices ANT H RO
and BBU for both gasses refer to their anthropogenic and biomass burning components, respectively. CO2 pro—vpri Cor-
responds to the biogenic C'O2 component estimated with the Vegetation Photosynthesis and Respiration Model. For methane,

the biogenic component C'Hy o includes contributions from wetlands, termites, and soil uptake:
CHypro=CHywer+CHyrerm +CHy s0i 3)

In this study, C Hy w g represents wetland emissions derived from three distinct inventories as mentioned in section 3.3.3.

In order to evaluate the model’s performance, we used several standard metrics of comparison (see Appendix B).

10
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S Results and discussion
5.1 Evaluation of Simulated Meteorological Fields

Overall, the model reproduces the local meteorological conditions at ATTO reasonably well, particularly the diurnal cycle
(Fig. 2). The simulated air temperature at 81 meters agrees closely with observations (MB = 0.58 °C; RMSE = 1.53 °C; r =
0.77), reproducing both the diurnal variability and the synoptic-scale fluctuations. In contrast, wind speed at 81 m shows larger
deviations: wind speed exhibits a positive mean bias of 1.28 m s~! (Fig. 2, top-right), and wind direction differences of -26.69°
(Fig. S3). The positive mean bias in surface wind is often due to imperfect surface processes and topographic resolution. In
particular, the dense vegetation and complex surface roughness of the Amazon forest can lead to inaccuracies in simulating
wind flow and turbulence, especially at lower altitudes. Such discrepancies may introduce uncertainties in horizontal transport

and consequently affect the modeled representation of CO2 and C H,4 plumes as we will show in session 5.2.2.
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Figure 2. Mean diurnal variation of Temperature (7s1,,) and Wind Speed (W3g1,,) at 81 meters; radiation, and the PBL height at INSTANT

tower. Black circles indicate observations and red lines represent the simulated data. Average of the days from January 11 to 30, 2023.

The lower panels of Fig. 2 illustrate the model performance for shortwave (SW) radiation and PBL height. The model cap-
tures the timing and amplitude of the diurnal cycle of incoming SW radiation with a strong correlation (r=0.83), although
peak values tend to be overestimated. This bias likely reflects deficiencies in cloud or convection parameterizations, a known
challenge in tropical regions (Adams et al., 2009; Sakaguchi et al., 2018). The radiation overestimation propagates into the
PBL evolution: WRF-GHG consistently predicts deeper daytime PBL heights (MB = 93.74 m; RMSE = 341.38 m; r = 0.61).
Such differences in PBL growth directly influence vertical mixing and the dilution of GHGs, potentially contributing to mis-

matches between modeled and observed tracer concentrations. For example, a deeper PBL can dilute near-surface C'O5 and
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C H, concentrations, while timing errors in the convective boundary layer development may alter the dispersion and transport

pathways of GHG plumes.

To further understand how meteorological uncertainties propagate into the simulated GHG fields, it is also important to
examine additional processes that modulate surface fluxes and vertical transport, particularly precipitation and the vertical at-
mospheric structure. Fig. S5 shows that WRF-GHG reproduces the timing of rainfall events at ATTO, but tends to overestimate
precipitation intensity, particularly during convective episodes (e.g., January 18, 24, 29). The rainfall spatial patterns shown in
Fig. S6 reveals an overestimation in northwestern Amazonia while underestimating it in other regions. These biases are consis-
tent with known challenges associated with representing tropical convection in regional models (Sousa et al., 2019; Herndndez
et al., 2024). These challenges are often related to the limitations of regional models in accurately capturing sub-grid-scale
turbulent processes, such as deep convection, cloud formation, and the heat and moisture fluxes occurring in the lower layers
of the atmosphere. The representation of clouds, in particular, remains a significant issue, as cloud models or cumulus parame-
terizations operates within the grey zone of convection, where key aspects of cloud dynamics and convective processes cannot
be fully resolved which are crucial for accurate precipitation and wind forecasts. To address this, the WRF model’s cumulus
parameterization was disabled for the 6 km nested domain (see Table 2), which falls within the grey zone. This approach allows
for a more explicit representation of convection, improving the resolution of small-scale processes and enhancing the accuracy

of precipitation and convection forecasts.

To assess the vertical atmospheric structure, radiosonde data from the ATTO-Campina station were compared with WREF-
GHG simulations (Fig. S7). The model reproduces the vertical profiles of potential temperature and specific humidity rea-
sonably well at both 10:00 LT and 16:00 LT, with high correlations (r ~ 0.98-0.99). These results indicate that the model
captures the main thermodynamic structure of the lower troposphere, including morning stability and afternoon boundary layer
deepening. In contrast, larger discrepancies are observed in the wind speed profiles, particularly within the boundary layer,
where WRF-GHG exhibits an overestimation in the morning (deviation = 0.44 m s~! at 10:00 LT) and even larger deviations
in the afternoon (deviation = 0.79 m s~ at 16:00 LT). Similar discrepancies were also reported in Beck et al. (2012). These
wind-related errors suggest a model limitation representing momentum mixing in the boundary layer and the transition from
calm morning conditions to afternoon convective turbulence. Such biases likely arise because the model underestimates surface
rugosity, which in turn affects plume lift, drag, and the overall transport of greenhouse gases, occur under conditions dominated
by surface convection or strong vertical wind shear.

To complement the radiosonde-based evaluation and extend the assessment into the free troposphere, we also used observa-
tions from the CAFE-Brazil aircraft campaign to validate WRF-GHG along the flight trajectories of 14 January 2023 (see Fig.
3). Aircraft observations were aggregated to 10-min averages to reduce noise and facilitate comparison to the instantaneous
hourly WRF-GHG outputs. Aircraft observations matching with each instantaneous hourly model output were compared. In
general, instantaneous hourly comparisons demonstrate strong performance, particularly for potential temperature (r = 0.99

and MB = -0.90 K) and specific humidity (r = 0.98 and MB = 0.93 g kg~ ') (Table S3). Wind speed is also reasonably well rep-
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Figure 3. Validation of WRF-GHG simulations using aircraft observations from the CAFE-Brazil campaign on 14 January 2023 for the
variables: Potential temperature (blue, right axis); specific humidity (red, right axis); Wind speed (orange, right axis); Vertical wind velocity
(purple, right axis). Solid lines and open circles represent 10-minute averages from observations, filled circles are hourly averages from
observations, and triangles are simulated values. The gray dashed line in all panels indicates the aircraft height. Aircraft observations were

averaged into 10-minute intervals to reduce noise and facilitate comparison. In contrast, the WRF-GHG outputs are available hourly.

resented, with correlation of 0.75 and RMSE of 3.08. While the model captures high wind conditions fairly well, deficiencies in
simulated surface winds are attributed to local influences that are not well represented in the model, rather than to errors in the
synoptic-scale flow. In contrast, vertical velocity exhibits very weak correlation (r = -0.11) and small mean bias (0.40 m s~ 1),
indicating limited model skill in capturing small-scale vertical motions. These quantitative results confirm that WRF-GHG
reproduces the large-scale vertical gradients and thermodynamic structure of the free troposphere, particularly temperature and
humidity, but struggles with variables sensitive to transient or unresolved processes. The poor performance in vertical velocity
is consistent with known limitations in convective parameterization, which do not explicitly resolve cloud convection, relying
on parameterized vertical mixing. However, it is clear that the main differences between observed and simulated occurs when
the airplane is flying in lower altitude, showing the importance in improving surface-atmosphere interaction in the numerical

models over Amazonia.

In summary, WRF-GHG performs well in capturing temperature, humidity, radiation, and boundary-layer evolution, but
systematic biases in winds, convection, and precipitation introduce uncertainties in atmospheric transport. Because these pro-
cesses directly control the mixing, dilution, and advection of trace gases, the meteorological limitations identified here provide
important context for understanding the behavior of the CO, and C' Hy tracers. The next subsection examines how these

transport-related uncertainties impact the simulated GHG fields.
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5.2 Performance of WRF-GHG Tracer Simulations Against In-situ Observations
5.2.1 CO5 simulations

Figure 4 presents the hourly time series and mean diurnal cycle of measured total CO» concentrations (top panels) and fluxes
(bottom panels) at the INSTANT Tower at 81 meters, compared with WRF-GHG simulations using two configurations of the
VPRM module: the default version (VPRM-default; blue) and the regionally calibrated version (VPRM-cal; red). VPRM pa-
rameters were optimized by Botia et al. (2025a) (parameters listed in Table S4, supplementary material), resulting in improved
representation of temporal variability in C'O5 concentrations. With this calibration, the mean model-observation difference
decreased from -16.62 ppm to -1.60 ppm, while maintaining a similar moderate correlation (r = 0.59). Notably, VPRM-cal bet-
ter captures the nighttime accumulation and daytime drawdown driven by photosynthesis, whereas VPRM-default continues
to underestimate both nighttime buildup and daytime mixing ratios (Fig. 4). The effect of VPRM calibration impacts not only
the concentration baseline, but also the diurnal amplitude of CO, concentrations. The amplitudes estimated by VPRM-cal
are closer to the observations. Multiple studies (Seo et al., 2023; Mai et al., 2023; Park et al., 2018; Wu et al., 2020) have
demonstrated that calibrating VPRM parameters for the region of interest is essential for accurately representing ecosystem
COs fluxes. The default VPRM parameters were originally developed for European ecosystems, which differ substantially
from Amazonian vegetation in terms of physiology, phenology, and environmental drivers. However, discrepancies between
observations and C'O» concentration simulations cannot be attributed solely to surface C'O5 fluxes. As discussed in Section 5.1,
meteorological factors such as PBL height, wind speed, and solar radiation impact near-surface C'Os mixing. Overestimating
PBL depth can dilute CO5 concentrations during the day, while nighttime mixing biases may reduce C'O buildup. Similarly,
inaccuracies in shortwave radiation affect photosynthesis rates, which in turn influence the daily cycle of C'Oy uptake and
release. These meteorological limitations contribute to the observed concentration errors in both VPRM configurations.

The diurnal cycle on the right side of Fig. 4 also reveals a characteristic early-morning "flushing peak" in the measured C'O2
concentrations, corresponding to the rapid release of CO5 accumulated overnight under the canopy (de Aradjo A., 2008). How-
ever, WRF-GHG simulates this peak with a lag of approximately one hour, suggesting that the model does not fully capture
the dynamics of nighttime C'O2 accumulation or its release at dawn (see Fig. 5). This lag is more pronounced at lower altitudes
(24 m and 38 m), where the model tends to underestimate the morning peak. This discrepancy likely reflects the sensitivity of
CO4 dynamics to factors such as canopy structure, the onset of turbulence, and near-surface stability in Amazonian forests.
The data in Fig. 5 emphasize this limitation, showing a morning discharge peak similar to that observed at 24 m, but with a
distinct lag in the model’s simulation. At higher altitudes (81 m), the model better represents C'O5 concentrations, suggesting
that vertical mixing processes are better captured above the canopy. This comparison highlights the importance of accurately
representing vertical stratification in Earth-atmosphere models, especially to correctly simulate the dynamics of nighttime C'O,

accumulation and its morning release in the lower canopy, where these processes are more pronounced.

The lower panels of Fig. 4 represent simulated net ecosystem exchange (NEE), where negative values indicate daytime

carbon uptake and positive values correspond to nighttime respiration. NEE is computed as the difference between GPP and
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Figure 4. (a) Time series of observed and simulated total carbon dioxide (C'O2) concentrations at 81 m, and (c) net ecosystem exchange
(NEE), at the INSTANT tower for January 2023. (b) Mean diurnal variation of total CO2 concentration at 81 m and (d) NEE at INSTANT
Tower. Black circles denote in-situ observations. Red and blue lines show WRF-GHG simulations using the calibrated (VPRM-cal) and
default (VPRM-default) VPRM modules, respectively. The green line represents simulations using the JULES land surface model. Shaded

areas indicate the variability (£ 1 standard deviation) of observations and model simulations.

ecosystem respiration (Res) using the VPRM-WRF module (blue and red lines) and the JULES model (green line). Compared
to the observations at ATTO, VPRM-cal and JULES underestimated the diurnal carbon sink, although they correctly repro-
duced the magnitude of nighttime respiration. However, VPRM-default underestimated nighttime respiration. Comparing the
three carbon flux modeling approaches, JULES showed the best performance, despite the underestimation in the diurnal carbon
uptake, possibly caused by limitations in the representation of canopy conductance, soil respiration dynamics, or carbon allo-
cation under Amazonian conditions. Optimization of the parameters of the JULES model for the ATTO site Prudente Junior
et al. (2025) may have contributed to decreasing the bias against observations. This highlights the importance of site-specific
tuning of model parameters. Although VPRM-cal used calibrated parameters for the Amazon forest, they were not specific for
the ATTO site.

Connecting C'O5 fluxes and concentrations, note that VPRM-cal underestimated the daytime carbon uptake (Fig. 4c), result-
ing in higher C'O5 concentrations compared to VRPM-default (Fig. 4a), and in lower biases compared to observations at ATTO.
In addition, bias in the modeled C'O5 background may exert an influence on modeled concentrations. Model-observation mis-
matches at tower sites through combined effects of measurement instrument biases, meteorological transport model uncertain-
ties and background, contribute to regional flux estimate uncertainties of approximately 10-30% (Masarie et al., 2011; Botia et
al., 2020; Gerken et al., 2021; Miles et al., 2021), which are particularly pronounced at tall towers like ATTO, where complex

atmospheric transport and decoupling between local and regional signals complicate accurate background determination.
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Figure 5. Diurnal cycle of C'O» concentration at different altitudes from January 11 to 30, 2023. Observations (solid lines) and WRF-GHG
model (dashed lines) for C'O; levels at 81m (black), 38m (orange), and 24m (green).

There are important structural differences between the VPRM and JULES models. VPRM relies on empirically calibrated
relationships between vegetation indices, radiation, and temperature, enabling it to capture site-specific flux variability when
properly tuned. VPRM was made to be a simple diagnostic model, proving first guess estimates for biogenic CO2 exchanges
within atmospheric regional transport models. In contrast, JULES explicitly represents photosynthesis, respiration, and soil pro-
cesses, which enhances physical consistency, but may dampen short-term variability associated with rapid canopy responses
and turbulence-driven fluxes. The comparison of modeled C'O, fluxes against observations at the ATTO site provides an un-
certainty measure to the regional flux estimates, when the models are applied to the whole Amazon Basin. Specifically, when
using the WRF-GHG model with the given configurations, the simulated NEE for the ATTO region may be overestimated by
up to 16% (VPRM-default), 11% (VPRM-cal), and 2% (JULES).

5.2.2 For C H, simulations

Figures 6 and S11 (from supplementary material) display the total observed (black line with open circles) and simulated C' Hy
concentrations at ATTO for January 2023. The simulated C'H, total concentrations were dominated by the background (95
%) and by the biogenic component (4 %). In-situ data show a nearly constant concentration along the day, with a similar con-
centration to the simulated background, driven by the variability of simulated wetland C H4 mixing ratios (Figure S12). This
result occurs because the ATTO plateau has no strong sources, and the simulated diurnal cycle is not associated with biogenic
emissions but with incorrect transport. All simulations overestimated the observed C'H,, with CAMS-Inversion (blue triangles)
providing the best agreement, showing the lowest mean bias compared to the other inventories. Kaplan (red stars) consistently
produced concentrations exceeding 2100 ppb, likely due to an overestimation of wetland emissions (Fig. S12). This aligns with

Beck et al. (2013), who reported an average 76% overestimation in wetland emissions using the Kaplan model, which likely
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contributed to the higher C H, concentrations in these simulations.
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Figure 6. (a) Time series and (b) mean diurnal cycle of total C'H, concentration at INSTANT tower during January 2023, comparing
observations (black circles) with simulations using Kaplan (red stars), WetCHARTSs ensemble (magenta triangles) and CAMS-Inversion
(blue triangles) wetland fluxes and the background (green line) field. All comparisons correspond to measurements at 81 meters above

ground level.

The marked diurnal cycle of simulated C'H, concentrations is driven by atmospheric transport and PBL processes in the
model, rather than by emission dynamics. While the Kaplan module responds to dynamic model variables, CAMS-Inversion
and WetCHARTS consist of monthly C'H, flux data, constant at the hourly scale. The three modeling approaches show diurnal
cycles correlated with each other, suggesting that PBL processes and advection may drive this diurnal variability. The simulated
mean diurnal cycles of C'H,4 concentrations show the typical pattern of nighttime accumulation and daytime dilution, controlled
by boundary-layer dynamics (Téta et al., 2012; Beck et al., 2012; Miller et al., 2007). Diurnal variability of the advective
transport simulated by the model may also contribute to the simulated temporal variability (Botia et al., 2020; Querino et al.,
2011).

Discrepancies between observed and simulated C'H4 mole fractions may also have a contribution of the simulated wind
field. The model predicts predominantly northeasterly winds and larger wind speeds (Fig. S14, upper panels), whereas ob-
servations indicate prevailing winds from northeast-east and lower wind speeds. This bias directly affects C H, transport. For
example, the simulated C'H, enhancement on 20 January reaches ~ 2200 ppb (Fig. 6). In this day, the model misrepresented
the local wind direction at ATTO, predicting winds mostly from the southeast while observations showed a more variable wind
direction, ranging from east to southwest (Fig. S14). A section of the Amazon River is located southeast of ATTO, about 150
km away, see Fig. S13 and Fig. 7. The river and its flooded area is a source of C'Hy in the model, therefore, the simulated
advection of C'H, likely contributed to the modeled concentration increase on January 20th. However, as discussed in Botia et
al. (2020), the Amazon was discarded as a primary C' H,4 source for nighttime positive gradients due to wind speeds below 5
m/s, which limited transport to ATTO. In contrast, the WRF-GHG model sometimes simulates winds above 5 m/s (Fig. S14),

allowing C' H, advection from the Amazon, suggesting it could be a relevant source in certain conditions. This highlights key
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Figure 7. Vertical cross-sections of simulated total C'H4 concentrations (color shading) and wind vectors along the downwind plume at
the ATTO site on 20 January 2023, following the path of the line drawn between the Amazon River and ATTO (see Fig. S13a). Simulated
C' H4 concentrations are based on the Kaplan model. Wind vectors are represented by black arrows, the planetary boundary layer (PBL)
is highlighted by the magenta dashed line, and the topography is shown in black. The Blue rectangle correspond to ATTO site, the word

"Source" represent the Amazon river and word "Final" indicates a point near Balbina Lake.
differences between observed and simulated wind patterns.

To further investigate the contribution of advection to the C'H4 modeled concentrations at ATTO, vertical cross sections of

concentrations and winds were depicted in Fig. 7 for January 20th, showing a transect from the Amazon River towards the
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ATTO site. Elevated C H,4 concentrations remain largely confined to the lower 0.5-1.5 km throughout the day, reflecting strong
boundary-layer. Before dawn (00:00-06:00 LT), weak winds and a shallow, stable surface boundary layer favor near-surface
accumulation, forming a dense C'H,4-rich layer near the emission source. As solar heating develops (08:00—14:00 LT), the con-
vective layer deepens and mixing intensifies, redistributing C' H, vertically and intermittently transporting higher-concentration
air masses to 1-1.5 km (= 8:00 LT). In the afternoon and evening (16:00-22:00 LT), partial re-stabilization of the lower atmo-

sphere leads to renewed near-surface accumulation as vertical mixing decreases.

A notable feature of this simulation is the persistent northwest-to-southeast advection pattern, which directs the wetland
plume toward ATTO throughout the day (Fig. S15). This pattern reflects the model’s low-level wind bias and explains the
pronounced simulated C'H, increase at the tower, despite observations indicating that winds flow from different direction.
Cross-sections demonstrate how errors in low-level wind direction and convective boundary-layer depth can propagate into
significant biases in C'H, transport and vertical distribution, highlighting that meteorological uncertainties, rather than emis-
sions variability, dominate the discrepancies between simulated and observed concentrations during this event. Figure S13
further confirms this poor representation of methane concentrations at the ATTO tower, revealing how the modeled advection

of biogenic methane concentrations leads to overestimated C' H, levels at the site.

This does not means that the C'H, fluxes and background are correctly represented by the simulations, the magnitude of the
fluxes and their spatial distribution may not be well represented. The simulated spatial distribution of C H, concentration may

be incorrectly represented as we will discuss in the next section.
5.3 Comparison of Simulated C H, with Aircraft Measurements

Figure 8A shows the spatial distribution of C' H total concentration at 81 meters, averaged for the period of the RF15 mission
in January 14, 2023 (8-16 LT), simulated using the Kaplan model. Hotspots of C' H, concentrations were simulated along Ne-
gro, Solimdes and Amazon Rivers. Hotspots of C' H4 concentrations were simulated along the Negro, Solimdes, and Amazon
rivers, as well as near areas known as ’campinarana’ (forests on white-sand soils; in T5) (Botia et al., 2020; de Oliveira et
la., 2022). Figure 8B presents a comparison between C'H4 simulations and observations from aircraft in January 14, 2023. To
make this comparison, the C'H, concentration data from the WRF-GHG model and the aircraft measurements are first spatially
and temporally aligned. Due to differences in temporal resolution, the aircraft data was averaged over 10-minute intervals and
then the nearest hourly data were selected for comparison with the model. The comparison was conducted at different altitudes
along the flight trajectory, between 08:00 LT and 16:00 LT. The simulated C'H, concentrations reasonably reproduce both the
spatial distribution of observed C'Hy, including the observed changes in methane levels as function of the airplane altitude
(Fig. 8, panel B).

Among the different wetland emission inventories, the simulation using WetCHARTS emissions shows the best agreement

with the observed data (r = 0.50; MB = -27.1 ppb; RMSE = 92.6 ppb), capturing both the magnitude and the spatial variability
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Figure 8. Panel A: Shows the spatial distribution of total methane (C'H4) concentrations over the region where the RF15 occurred on
January 14, 2023, simulated using the Kaplan model. The star marks the location of the ATTO (Amazon Tall Tower Observatory), while
the black triangle represents a sector of the Amazon River, about 150 km southeast ATTO. The markers "Tstart, T1, T2, T3, ... T6, Tend"
indicate the aircraft’s position at specific time points between 08:00 and 16:00 LT. Panel B: Displays the temporal variability of C'Hy
concentrations, comparing the observed data with simulations from the WRF-GHG model, considering three different wetland emission
inventories. The simulated C'H,4 data represent instantaneous hourly values, while the observed data are recorded every 10 minutes. The
comparison between the simulated and observed data was made by matching the simulated hourly values. The error bars represent the

variability of C' H4 concentrations within the hourly average. The gray dashed line represents the altitude along the flight trajectory.

of C'H,. Simulations based on CAMS-Inversion also show a reasonable agreement with the observed values (r = 0.45; MB =
-38.2; RMSE = 97.9). In contrast, the Kaplan emission model yields poorer results, with the simulated C'H4 concentrations
overestimating the observed values (r = 0.09; MB = 19.9 ppb). This discrepancy was already observed in the C'H, analysis
at 81 meters above the ATTO site, where simulations using the Kaplan inventory produces abnormally high C'"H, concentra-
tions (see Fig. 6). The overestimation can be attributed to the Kaplan inventory’s higher methane fluxes, which are based on
a larger percentage of inundated areas. This leads to higher C' H4 emissions compared to the other inventories. The simulated
background C' H, concentration component remains nearly constant along the flight path, confirming that the observed C'H,
has reduced vertical stratification and above the boundary layer, the concentration is homogeneous. A key observation is that
the background C'H,4 concentration dominates along most of the flight trajectory. Flights where surface emission effects are
most evident is between T2 and T3, when the aircraft flies lower and appears to cross a region with elevated C'H, concentra-
tions. At T2 and T3, the background C' H, concentration is lower than the observed concentrations, indicating that emission
inventories must be considered in these regions to accurately reproduce the observed data. The aircraft passes near a significant
C H, emission hotspot, known as campinarana (T4 and T5). While the observed C'H, concentrations above the boundary
layer remained constant, the simulated concentrations, based on the Kaplan inventory, overestimated the observed data. This
discrepancy is directly attributed to the wetland map used (see Fig. 8, panel C; paths T4 and T5). In contrast, at other points

along the trajectory, far from emission hotspots, the background concentration is well represented by the model.
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To investigate the contribution of different C'H, tracers to the total concentration along the aircraft trajectory, we analyzed
the simulated background (Fig. 9, panel F) and biogenic wetland components separately (Fig. 9, panel C, D and E). Panels
C, D, E and F show the vertical distribution of simulated C'H,4 concentrations (in ppb) from the WRF-GHG model along the
aircraft trajectory during the RF15 mission on January 14, 2023. Figures 9 (C-F) display C'H, concentrations across different
heights from 0 to 14.7 km and span various time intervals between 08:00 and 16:00 LT, with data points marked as "Tstart,
T1, T2, T3, ... T6, Tend". In Panel C, the simulation using the Kaplan emission inventory reveals high C H, concentrations
near surface, particularly during time segments from T1 to T4. The C'H4 plume appears most concentrated close to the flight
trajectory near wetland regions (as shown in Fig. 8 panel A). This panel also shows significant vertical variation in the C'H,4
concentration, suggesting an overestimation of near-surface C'H, levels in the Kaplan simulation, especially during the morn-
ing hours when the boundary layer is more stable. The wind direction, shown by the black vectors, transport C'H4 downwind

along the flight, with concentrations decreasing slightly as the aircraft moves away from the river region.

In Panel D, the simulation using the CAMS-Inversion emission inventory shows a similar general trend, but with slightly
lower C'H, concentrations compared to the Kaplan inventory. As the inventory does not impact the model dynamics, all pan-
els should have the same patterns, with the difference in the concentration, as the concentration are the difference among the
emission inventory. These sources are responsible for the observed C H, increases, particularly in the areas near the wetland-
dominated region. Panel E presents the simulation using the WetCHART's emission inventory, which aligns most closely with
the observed C'H,4 concentrations. In this panel, C'H,4 concentrations remain relatively consistent with the observed data across
different altitudes, particularly in the lower to middle layers of the atmosphere. The temporal variation in C' Hy levels is also
captured more accurately, as seen in the transition of concentrations between time segments T4 to T7. Both CAMS-Inversion
and WetCHARTS simulation provide the best agreement with the observed C'H4 plume, demonstrating a more accurate repre-
sentation of C'H, fluxes from the wetland regions. This alignment is particularly evident when compared to aircraft trajectory
shown in Fig. 8, panel B, where high concentrations are observed precisely along the aircraft trajectory, reinforcing the regional

source of C'Hy.

Overall, these panels demonstrate that the simulated C'H4 concentrations follow the expected pattern of downwind dis-
persion, with higher concentrations observed in the areas near the wetland-dominated regions. The consistency between the
CAMS-Inversion and WetCHARTS inventories and the observed concentrations highlights their ability to capture the spatial
distribution of C' H, particularly in regions influenced by biogenic sources like wetlands. The wind direction also plays a cru-
cial role in shaping the observed C H,4 plumes, as it transports C'H, from the wetland regions downwind along the aircraft’s
trajectory. A notable section of the flight is between T2 and T3, where the aircraft flies closer to the surface. In this region,

surface emissions become more significant, and the background C'H, concentration has less influence.
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Figure 9. Continued from Figure 8. Vertical profiles of simulated C H4 concentrations along the RF15 aircraft trajectory on January 14,
2023, using different wetland emission inventories (Kaplan, CAMS-Inversion and mean WetCHARTS). Panels C, D, and E show C'Hy
concentrations at altitudes between 0 km and 14.7 km during different time intervals (08:00 to 16:00 LT). Panel F displays background C' H4
concentrations in the same altitude range and time intervals (08:00 to 16:00 LT). Wind vectors are indicated by black arrows and the planetary

boundary layer (PBL) is shown by the dashed line in magenta. Aircraft measurements are represented by markers.
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6 Conclusions

WRF-GHG simulations of CO5 and C'H, fluxes and concentrations over the Amazon were evaluated against in situ and air-
borne measurements collected during the CAFE-Brazil campaign using different biospheric flux parameterizations and back-
ground datasets. In terms of meteorology, the model successfully reproduced the diurnal cycles of temperature, radiation, and
humidity; however, systematic biases in wind speed and direction, precipitation, and planetary boundary layer (PBL) height
were identified, directly affecting the transport and mixing of trace gases. In comparison to other studies in tropical regions,
our results confirm ongoing challenges in accurately representing convective processes and local circulation in regional mod-
els, aligning with broader modeling efforts that emphasize the need for improved atmospheric transport representations. By
combining tower and aircraft observations with multiple tracer configurations, this study provides a more comprehensive as-
sessment of how transport and emission uncertainties interact across spatial scales, thus contributing valuable insights for future

model improvements.

For C'O4, regional calibration of the VPRM biospheric flux module (VPRM-cal) substantially improved agreement with
observations at ATTO, reducing the mean bias from -16.62 ppm to -1.60 ppm and yielding a more realistic carbon budget.
Persistent discrepancies, particularly in the timing of the early-morning peak, highlight limitations in representing vertical
stratification and near-surface turbulence. Comparisons with JULES showed consistent carbon flux magnitudes but differences
in diurnal variability. Although JULES achieves higher accuracy when locally calibrated, VPRM-cal offers a good compromise
between performance and computational efficiency. These results emphasize the importance of accurately representing the ra-
diation field inside the canopy and the associated turbulence. Uncertainties in atmospheric transport, particularly in vertical
mixing and radiation, can limit the accuracy of top-down C'O- flux estimates, even when flux parameterizations are improved.

These challenges, therefore, have important implications for the reliability of carbon budget estimates in tropical regions.

For C'H,, simulated concentrations were largely controlled by background concentration and atmospheric transport, with
local emissions playing a secondary role at ATTO. The simulations produced an artificial diurnal cycle driven by PBL dynam-
ics, in contrast to the nearly constant observed concentrations, highlighting deficiencies in the representation of boundary-layer
transport (particularly horizontal mixing), which compromise the concentrations observed at ATTO. Among the flux models,
Kaplan strongly overestimated C' Hy, whereas CAMS-Inversion and WetCHARTS showed better agreement with both surface
and aircraft observations. Aircraft observations from the CAFE-Brazil campaign further demonstrate that WetCHARTS and
CAMS-Inversion better capture the spatial variability of C'H,. These results are consistent with other recent methane modeling

studies, which also emphasize the need for better representation of atmospheric transport and wetland emissions in the Amazon.
Overall, these results underscore that meteorological uncertainties—particularly in PBL. dynamics and the description of

radiation within the understory—are a primary source of error in greenhouse gas simulations over the Amazon. Improving

the representation of convection, vertical transport, and surface—atmosphere interactions, together with better-constrained bio-
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spheric flux models, is essential to enhance the reliability of regional carbon budget estimates. These implications suggest that
further model improvements are critical for refining the accuracy of greenhouse gas fluxes in tropical forests and for more

reliable future climate projections.

Appendix A: WRF-GHG-Prepy - Setup and Workflow

WRF-GHG-Prepy (https://github.com/rnoeliab/WRF-GHG-Prepy) is a Python-based preprocessing tool developed to inte-
grate all relevant greenhouse gas (GHG) emissions inventories for use with the WRF-GHG modeling system. It facilitates the
preparation of input datasets required for simulating GHG fluxes and atmospheric transport using the Weather Research and

Forecasting (WRF) model, coupled with the Greenhouse Gases module (WRF-GHG).

WRF-GHG supports both online and offline treatments of emissions. Online flux models dynamically calculate biogenic
and soil-atmosphere exchanges during model runtime, while offline inventories provide precomputed emissions from anthro-
pogenic and biomass-burning sources that are introduced as surface or boundary fluxes. To obtain regional GHG emissions,
we separated into background and regional contributions. Background contributions comes from sources outside the study do-
main and are transported into the region from other continents, whereas regional contributions originate within the study area
and include anthropogenic emissions (excluding biomass burning), biomass burning, and biogenic sources such as wetlands,

termites, and soil uptake.

To integrate these diverse emission sources within WRF-GHG, we developed WRF-GHG-Prepy as a unified preprocessing
framework. The tool is structured into four main modules (Fig. A1): (I) biogenic emissions (named as "GHG module"), (II)
biomass-burning emissions (named as "GFAS-Fires"), (II) anthropogenic emissions (named as "EDGAR-Anthro"), and (IV)
initial and lateral boundary conditions (named as CAMS-Bck) for GHGs. Consolidating all emission components into a single
preprocessor addresses the inherent complexity of handling heterogeneous datasets and formats. WRF-GHG-Prepy facilitates
activation of the GHG module in WRF (chemical options 16 and 17; Beck et al. (2011)), thereby enhancing the model’s

capability to simulate regional and background GHG contributions in a consistent and reproducible manner.
Al Summary of Setup and Execution Steps

The following procedural steps summarize the use of WRF-GHG-Prepy Version 1:

A2 Environment Setup

The user clones the repository and sets up the environment using the provided environment.yml file.

A3 WREF Input Preparation

Place required WRF model files (wrfinput, wrfbdy, and geo_em.dO#.nc) in the wrf_inputs/ directory
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Figure A1. Workflow of WRF-GHG-Prepy Version 1 - (Source: https://github.com/rnoeliab/ WRF-GHG-Prepy)

A4 Biogenic Emissions
A4.1 CO; via VPRM

Process MODIS and MapBiomas or Copernicus Land Cover data using the vprm_preprocessor_new.py script (from the

pyVPRM_examples repository, Glauch et al. (2025)).
Ad4.2 CH, Flux Models

Compute C' H, emissions using the following: Wetlands: Kaplan (2002), Termites: Sanderson (1996) and Soil uptake: Ridg-
well et al. (1999). This models require ERAS soil temperature data, processed using scripts such as prep_wetland_kaplan.py

and prep_T_ann.py.
A5 Anthropogenic Emissions

EDGAR GHG datasets are downloaded and converted using the download_edgar_ghg.sh and EDGARtoAE.py scripts, respec-
tively.

A5.1 WetCHARTSs Emissions

Obtain monthly C'H, wetland emissions data from the WetCHARTSs dataset and store them in the wetchart/ directory. This
database includes biogenic emissions; however, to avoid substantial modifications to the WRF-GHG model structure, these

emissions are stored within the "E_CHA4TST" variable in "wrfchemi" file. Since individual tracers do not interact during model
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execution, this approach does not affect the model dynamics. This strategy was adopted to allow the incorporation of multiple

externally derived biogenic methane fluxes while maintaining compatibility with the existing WRF-GHG framework.

A6 Biomass Burning (Fire) Emissions

GFAS fire data are downloaded using download_gfas_fire.py and processed with prep_gfas.py. CDS API access is required.
A7 Main Preprocessing Execution

The core script WRF_GHG_PrepPy.py is executed to generate the final WRF input files: wrfchemi_d0*, wrffire_d0*, and

vprm_input_dO*.
A8 Background Concentration Fields

CAMS data for CO5 and C'H, are downloaded and interpolated to WRF domains using download_CAMS_with_cmmd.py,
followed by calculate_ CAMS_interpolation_indices.py, prep_initial_cond.py, and prep_boundary_cond.py. This sequence en-

ables integration of all GHG-related emissions into WRF-GHG for accurate regional atmospheric simulations.

Appendix B: Standard metrics

— Mean Bias (MB): The average difference between the observed and simulated concentrations. It provides an indication

of the model’s tendency to over- or underestimate the concentrations.

N

1 7 7
MB = N ; (Csim - C’obs) (Bl)

where C? and C,  are the simulated and observed values at the i-th time step, respectively.

— Pearson’s correlation coefficient (r): This metric quantifies the strength and direction of the linear relationship between

observed and simulated concentrations. A value close to +1 indicates a strong positive correlation.

r= Ei\,:l (Cglm - C;im) (Oébs - C;bs)
\/Zf\il (Csllm - C;im)Q vazl (Cgbs - Cgbs)2

where Cy,,, and Cqy, are the mean simulated and observed concentrations, respectively.

(B2)

— Root Mean Squared Error (RMSE): A measure of the differences between observed and simulated concentrations,
with greater weight given to larger errors. This metric gives an indication of the magnitude of the error in the model

simulation.
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N
1 ) N
RMSE =, | + ; (Ciéim — Ciis) .

All metrics were computed for the hourly model output against observed data.
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