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 Abstract 
Air pollution, especially in urban areas, is the result of a complex mixture of natural and 

anthropogenic emissions and their atmospheric processing. It causes millions of premature 

deaths worldwide and affects plant metabolism, which in turn alters the emissions of Biogenic 

Volatile Organic Compound (BVOCs) by plants. By taking the subtropical Metropolitan Area 

of São Paulo (MASP) as a natural laboratory, the BIOMASP+ project (BIOsphere-atmosphere 
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interactions in the Metropolitan Area of São Paulo - plus) aims to evaluate the interplay between  

the biosphere and secondary pollution (ozone and SOA formation and aging). The Brazilian  

Atlantic Forest (Mata Atlântica) is the target ecosystem as the fifth biodiversity hotspot in the  

world. Here we present the scientific motivations of the project, its methodology and the  

preliminary observations from the Special Observation Periods of year 2023 (SOP1, 2, 3 and  

4). BIOMASP+ is (i) integrative, by combining in-situ/remote/laboratory observations and  

modeling, (ii) multidisciplinary, addressing micrometeorology, urban climate, atmospheric  

chemistry and biology. The project involves multiple nested scales: from leaf to above-canopy  

levels, from very short time (microseconds) to multi-year scale, from few millimeters  

(turbulence scale) to synoptic scale. In particular, the experimental effort relies on the  

implementation of two contrasting supersites (primary forest and urban forest) with a 30-m and  

20-m flux towers, respectively, and a variety of state-of-the-art instruments. Ambient  

observations and the quantification of BVOC emissions have highlighted the complex  

interactions between meteorology, atmospheric composition of pollution, biogenic emissions  

of representative remnants of the Atlantic Forest and anthropogenic emissions.   

Capsule  

Since 2022, the international and multidisciplinary BIOMASP+ project has been addressing  

meteorology, matter fluxes, atmospheric chemistry of reactive species (gases and aerosols), and  

biology through comprehensive experimental efforts in the megacity of São Paulo.  

Significant statement  

The purpose of the BIOMAP+ project is to understand the interactions between the biosphere  

and urban pollution in a multidisciplinary way. It is an important topic in an era of  

decarbonization and a warming climate expected to enhance emissions from the vegetation.  

The project is based on an experimental effort in the subtropical megacity of São Paulo, Brazil,  

combining state-of-the art instrumentation for gas and particle properties, biogenic emission  

chambers, a photochemical reactor and micrometeorology flux towers. The Special  

Observation Period (SOP) of April-July 2023 confirmed the complex coupling between air  

pollution and meteorology and the combined effect of both anthropogenic and biogenic  

emissions on the atmospheric composition, even in the surrounding forested areas. 
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Biosphere–atmosphere interactions and urban pollution   

Urban air pollution arises from a complex mixture of primary compounds originating  

from both natural sources, such as biogenic volatile organic compounds (BVOCs), and  

anthropogenic emissions, including anthropogenic volatile organic compounds (AVOCs),  

nitrogen oxides (NOx = NO+NO2), carbon monoxide (CO) and primary particulate matter.  

Through complex mechanisms under suitable meteorological conditions and photochemical  

reactions, these compounds produce secondary pollutants such as ozone (O3) and secondary  

organic aerosols (SOA). These pollutants contribute to millions of premature deaths worldwide  

(WHO 2021) and negatively impact plant metabolism and natural ecosystems (Stevens et al.  

2020). Moreover, SOA plays a critical role in the Earth's radiative balance, representing one of  

the largest uncertainties in climate models (Tsigarids and Kanakidou 2018). Under conditions  

of lower NOx, economic decarbonization efforts, and climate warming, BVOC emissions from  

urban vegetation may increase. As a consequence, the formation of O3 and SOA may become  

even more sensitive to these BVOC emissions (Liaskoni et al. 2024; Gao et al. 2022; Penuelas  

and Staudt 2010).    

The mechanisms of ozone production from biosphere-atmosphere interactions were first  

elucidated in Atlanta by Chameides et al. (1988) and have been extensively studied since then  

(Fitzky et al. 2019; Fierravanti et al. 2017; Calfapietra et al. 2013). The processes of SOA  

formation from these interactions have also been intensively investigated (Li et al. 2022;  

Takeuchi et al. 2022; Voliotis et al. 2022; Xu et al. 2021; McFiggans et al. 2019; Srivastava et  

al. 2017; Xu et al. 2015; Shillings et al. 2013; Carlton et al. 2009; Hallquist et al. 2009). BVOCs,  

primarily unsaturated hydrocarbons such as isoprene (2-methyl-1,3-butadiene), monoterpenes,  

and sesquiterpenes, can undergo oxidation reactions with the three main oxidants (OH, ozone  

and NO3), leading to the formation of ozone and SOA. SOA yields significantly vary among  

BVOC from one to three orders of magnitudes as reported by Farhat et al. (2025). The  

contribution to SOA formation also depends on ambient conditions such as NOx levels,  

temperature and organic aerosol concentrations. Under high NOx conditions, AVOCs such as  

toluene can exhibit SOA yields on the order of 10% (Ng et al. 2007), whereas isoprene under  

similar conditions exhibit yields three times lower (Kroll et al. 2006). However, large  

heterogeneity in ambient conditions in terms of NOx, temperature, organic aerosol loads -  

including within urban areas - can lead to substantial variation in SOA formation mechanisms  

and yields (Srivastava et al. 2022; Wennberg et al. 2018). Notably, the oxidation products of  

BVOCs, mainly semi-volatile compounds, exhibit higher yields in SOA production compared  
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to those of anthropogenic origin. Quantification of semi-volatile species and their partitioning  

between the gas and particulate phases is essential for a deeper understanding of SOA formation  

and its dependence on anthropogenic NOx levels (Voliotis et al. 2022b; Heald and Kroll 2020;  

Donahue et al. 2006). Recent studies have highlighted the biogenic component of urban  

pollution. Therefore, it is urgent to consider BVOC emissions to accurately assess their  

potential for O3 and SOA production and, consequently, their impacts on health (Déméautis et  

al. 2022) and climate (Dominutti et al. 2024; Fitzky et al. 2019; Ren et al. 2017). The complexity  

of this issue is compounded by the fact that BVOC emissions, both in terms of quantity and  

composition, vary significantly among plant species and are strongly influenced by  

environmental factors such as air pollutants, UV radiation, temperature, soil water availability,  

and seasonal variations (Fierravanti et al. 2017).   

Despite the long-recognized importance of biosphere-atmosphere interactions in urban  

pollution, our understanding remains incomplete in large metropolitan areas given the strong  

heterogeneity of AVOC and BVOC presence, the large heterogeneity in their ozone and SOA  

forming potentials, the emerging importance of the anthropogenic nature of terpenoids (Peron  

et al. 2024; Borbon et al. 2023; Gu et al. 2021; Churkina et al. 2017) and the heterogeneity of  

ambient conditions. The differences between these emissions and the potential for O3 and SOA  

formation, as well as the photochemical reactions involved in these processes, may be  

especially important in poorly explored ecosystems, such as the Atlantic Forest in Brazil  

(Santos et al. 2022).  

In this context, the BIOMASP+ project addresses the role of biosphere-atmosphere  

interactions in urban pollution, by considering its physicochemical and biological dimensions  

from both emission and atmospheric chemistry perspectives. BIOMASP+ builds upon two  

previous initiatives. The first, MCITY Brazil, has involved continuous turbulent flux  

measurements at urban, suburban and rural locations in MASP since 2013, providing critical  

insights into the surface energy and radiation budget, local circulation patterns, the urban heat  

island effect, and boundary layer characteristics (Ferreira et al. 2024; Oliveira et al. 2020). The  

second project, BIOMASP: Biosphere-atmosphere interactions in the São Paulo Metropolitan  

Area (Brazil-France collaboration), provided the first data on atmospheric isoprene  

concentrations from representative sites of the Atlantic Forest, within and outside the densely  

urbanized area of MASP, in 2018 and 2019 (Santos et al. 2022).  
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The Metropolitan Area of São Paulo (MASP): a paradigm for the study of 

atmospheric biogenic-anthropogenic interactions 

The Atlantic Forest (Mata Atlântica): an island within the sea of human-made  

disturbances  

The Atlantic Forest is the most densely populated biome in Brazil, home to about 70% 

of the Brazilian population, although it covers only about 15% of the country’s territory 

(Fundação SOS Mata Atlântica; INPE 2023). The Southeast region encompasses a substantial 

part of the preserved biome (around 40%) but is under high pressure due to its increasing 

urbanization, such as the Metropolitan Area of São Paulo, and its economy, which is heavily 

based on agriculture and livestock. The native Atlantic Forest cover, found in small to large 

forest fragments, has continued to decrease in the last decade, with deforestation rates ranging 

from approximately 11,400 to 29,000 ha/year (Fundação SOS Mata Atlântica; INPE 2023), 

despite Law no. 11,428/2006 − known as the Atlantic Forest Law − which deals with the 

conservation, protection, and regeneration of the biome. This deforestation even affects old 

native forests, which are responsible for irreplaceable ecosystem services and biodiversity 

conservation. In fact, there is an ongoing progressive process of rejuvenation of the Atlantic 

Forest, especially in flatter areas (Rosa et al. 2021). Forest fragments have not only lost biomass 

but also biodiversity, with species loss rates ranging from 23% to 31% over the last 40 years 

(Lima et al. 2020). 

MASP: Air pollutants and climatology  

MASP is one of the world’s largest megacities, with a population exceeding 20 million 

and a fleet of approximately 7 million vehicles (CETESB 2024). This fleet burns a complex 

mix of fuels. Consumers can choose between gasoline with 27% ethanol content and anhydrous 

ethanol (both for flex-fuel passenger vehicles) (Frutuso et al. 2023). Buses and trucks use diesel-

S10 (blended with 10% biodiesel). According to the official emissions inventory of the 

Environmental Agency of São Paulo State (CETESB), fuel combustion from the vehicle fleet 

accounts for more than 90% of carbon monoxide (CO) emissions, 70% of hydrocarbons (HC), 

60% of NOx, 40% of particulate matter (PM10), and 8% of sulfur oxides (SOx) (CETESB 2024). 

The total annual mass emissions (1000 t / year) decreased substantially between 1994 and 2023, 

by more than 6, 12, 17, 19 and 20 times for NOx, HC, CO, SO2 and PM10, respectively 

(CETESB 2024). This progress in reducing pollutant emissions can be largely attributed to the 

establishment of the Brazilian Air Pollution Control Program for Motor Vehicles  
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(PROCONVE) in 1986, despite a more than eightfold increase in the number of vehicles over  

the past five decades (CETESB 2024; Fornaro and Gutz 2006; CETESB 1994). Thus,  

significant improvements in air quality were observed between 1994 and 2023. PM10  

concentrations decreased from 70 to 27 μg.m-³ on an annual average while PM2.5 levels  

remained relatively stable at 15 μg.m-³ over the last 12 years. The official inventory estimates  

that 50% of PM2.5 production originates from secondary atmospheric reactions. Such absence  

in the PM2.5 trend raises the role of BVOC precursors in its secondary formation. Carbon  

monoxide (CO) levels also showed a notable reduction, declining from 6 ppm to less than  

1  ppm over the same period (CETESB 2024). Despite the reduction in its precursor emissions,  

ozone concentrations remain stable, as illustrated in Figure 1. While NOx precursor  

concentrations have decreased significantly over the last 20 years (Fig. 1), ozone concentrations  

have increased slightly, indicating the well-known NOx-saturated regime in MASP (Schuch et  

al. 2019; Orlando et al. 2010). As for PM2.5, the temporal evolution of ozone also raises the  

role of BVOC precursors in its formation. The emissions of BVOC precursors are expected to  

increase in the regional warming climate of MASP observed over the last two decades (see next  

section).   
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FIG. 1. Trends in monthly averages of hourly NOx mixing ratios (Congonhas Air Quality Station)  

and daily 8-hour maximum O3 mixing ratios (Ibirapuera Air Quality Station), along with their  

standard deviations, based on data from the official air quality monitoring network, from May  

2001 to April 2024 (CETESB, QUALAR). The distance between these two stations is 4.5 km.  

  

The climate of the MASP is classified as high-altitude subtropical humid, characterized  

by dry and mildly cold winters (June–August) and wet and warm summers (December– 

February) (Alvares et al. 2013). These seasonal variations are influenced by the altitude of the  

region (~750 m) and its proximity to the Atlantic Ocean (~55 km; see Fig. SM1 and Table  

SM1). The seasonal pattern of meteorological conditions in MASP is controlled by the position  

and intensity of the semi-permanent South Atlantic subtropical high and continental low- 

pressure systems. This large-scale pattern is often perturbed by the passage of cold fronts  

throughout the year (Sánchez et al. 2020). In addition, MASP is influenced by meso- and local- 

scale circulations such as Sea Breeze (SB), mountain-valley flows, and UHI (Urban Heat  

Island) circulations (Oliveira et al. 2020; Ribeiro et al. 2018). These thermally induced  

circulations arise from horizontal thermal contrasts induced by differences in land-ocean  

thermal capacity, topography, and land use configuration of the MASP (Ferreira et al. 2024;  

Moreira et al. 2022a; Moreira et al. 2022b; Sánchez et al. 2022; Silveira et al. 2022; Oliveira et  

al. 2020; Sánchez et al. 2020; Ribeiro et al. 2018).   

During the two 30-year normal periods (1961–1990 and 1991–2020), MASP exhibited  

a consistent increase in temperature (Fig. SM2a, Table SM2) and summer rainfall (Fig. SM2c,  

Table SM2), with a concomitant decrease in relative humidity (Fig. SM2b, Table SM2) and  

wind speed (Fig. SM2d, Table SM2). These changes are attributed to the combined effects of  

urbanization (e.g., vertical expansion of buildings and increasing the impermeability of  

surfaces) and global climate change (Oliveira et al. 2020; Marengo et al. 2018). The UHI also  

exhibits strong gradients, and its effects are more pronounced in areas further from the Atlantic  

Ocean (Fig. SM3 and Table SM2). The subtropical climate, with a dry period in winter and hot  

and rainy summers (Fig. SM2), presents a high potential for intense biogenic emissions in  

spring and summer in MASP (Santos et al. 2022). All together, these climatological conditions  

are favorable to photochemical activity, and, as a consequence, a production of O3 and SOA  

can be expected.  
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Objectives of the BIOMASP+ project  

The Franco-Brazilian BIOMASP+ project uses the MASP region as a natural laboratory  

to fill critical gaps in the understanding of atmospheric processes influenced by anthropogenic  

and biogenic emissions. This area, with remnants of the Atlantic Forest, provides a unique urban  

ecosystem to study. Using a multidisciplinary approach, the BIOMASP+ consortium  

investigates the interactions between the biosphere, air quality, climate, and human health under  

changing climate conditions. The study addresses the following key scientific questions:  

● How do biosphere-atmosphere interactions affect secondary pollution (ozone formation,  

SOA production and aging) and health?  

● What are the feedbacks of these interactions on the biosphere?  

Methodology   

The methodology in BIOMASP+ combines in-situ observations, laboratory  

experiments, 0D box modeling and 3D modeling with the Weather Research and Forecasting  

coupled to the Chemistry (WRF-Chem) model (Grell et al. 2005) and the Model of Emissions  

of Gases and Aerosols from Nature (MEGAN - Guenther et al. 2006). The project is divided  

into four tasks (see SM for a full description of each task). The experimental design includes  

several observation periods to describe and quantify in detail the meteorology and the dynamics  

(surface, mixing and entrainment layers during the convective regime within the urban  

roughness and role of topography), the properties of gases and aerosols (physics, chemical  

composition, reactivity and oxidative potential), and the emissions of BVOCs thanks to state- 

of-the-art instrumentation (Table SM4a, SM4b, SM4c and SM4d). Five Special Observation  

Periods (SOP1 to SOP5) have been implemented for an in-depth analysis of BVOC emission  

fluxes and biophysical-chemical processes, as well as two Extended Observation Periods (EOP)  

of at least one year to enable a long-term integration of meteorological conditions, emission  

dynamics, atmospheric concentrations, and chemical transformations (EOP1 and EOP2) (Table  

SM3). 0-D box physico-chemical modeling and 3D modeling will be constrained by  

observations collected during SOPs for an in-depth investigation of the atmospheric processing  

of gases and particles and an evaluation of air quality changes in MASP regarding the  

interactions with the Atlantic Forest emissions at present and under changing climate conditions  

(see Task 4 in the SM).  
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The experimental effort focused on field campaigns conducted at two contrasting sites  

(Fig. 2). The first site, Matão-IAG on the University of São Paulo campus (USP, 23º33'34''S;  

46º44'01''W; 744 m asl), is located in a densely urbanized area and is affected by both biogenic  

emissions from nearby urban forests and anthropogenic pollution from the MASP. The second  

site, Morro Grande Reserve (RMG) (23º39'15''S; 46º58'9''W; 890 m asl), is expected to be  

predominantly influenced by biogenic emissions from the Atlantic Forest (Fig. 2). The 30-m  

tower and a shelter at its base were installed at the RMG site (Fig. 2c and 2d), and the 20-m  

tower was set up at the top (17 m high) of the main IAG building at the Matão-IAG site (Fig.  

2e and 3). Conventional meteorological and flux (CO2, H2O and energy) instruments were  

implemented at the end of 2022. In 2023, during the wet-transition and dry seasons, SOPs 1, 2,  

3 and 4 investigated BVOC emissions and biophysicochemical atmospheric processes. For the  

latter, the experimental design at the two supersites (inlets and instrumentation) is shown in  

Figure 3. At the RMG site, a trailer 200 m away from the tower was also deployed for additional  

observations (Fig. 3). To complement the field experiments, laboratory experiments dedicated  

to the quantification of BVOC emissions were performed at the Environmental Research  

Institute (IPA-SP), using standard biogenic emission and fumigation chambers (Fig. 2f), a  

greenhouse chamber for species cultivation and acclimation (Fig. 2j and 2k), and analytical  

devices (see Task 2 and Instrumentation sections in SM).   
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FIG. 2. The experimental set-up of BIOMASP+ within the Metropolitan Area of São Paulo  

(MASP): a) Maps of Brazil and São Paulo State, b) Satellite image of MASP (in white) and the  

cities of São Paulo and Cotia (in red), where the Matão-IAG and RMG supersites are located.  

Pictures: c) Tower and shelter at RMG, d) View of the top of the RMG tower by drone, e) View  

of the top of the Matão-IAG tower by drone,  f) Fumigation chambers and instruments at IPA- 

SP, g) Instruments inside the RMG shelter, h) Instruments in the Matão-IAG laboratory,  

i) Potential Aerosol Mass-Oxidation Flow Reactor (PAM-OFR), j) Greenhouse at IPA-SP, and k)  

Some species for chamber studies at IPA-SP.  
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To evaluate the regional representativeness of the observations within the MASP  

domain and to put them into a historical perspective, the project also benefits from the ongoing  

observations performed by the meteorological and air quality networks on the ground.  

Climatological and meteorological data have been obtained from the MIRANTE and PEFI  

stations (Fig. SM1, Table SM1 and SM2). Atmospheric pollutants (O3, NOx, CO, SO2, PM2.5  

and PM10) have been monitored since the 1980s by the official network (data accessible in the  

Qualar-CETESB system) with more than 15 stations in MASP (CETESB 2024). Since March  

2024, three new low-cost pollutant sensors (Vaisala AQT530, Petäjä et al. 2021) have been  

installed at the BIOMASP+ sites (RMG, at two different heights: 12 m and 31 m) and Matão- 

IAG (10 m).   

To extend the spatial scale of the in-situ observations by considering the atmosphere in  

its three dimensions, remote sensing and sounding free balloon observations complement the  

ground-based measurements. The daytime variation of the urban planetary boundary layer  

(PBL) is evaluated by LIDAR installed at the Instituto de Pesquisas Energéticas e Nucleares  

(IPEN-USP) in the same area of the Matão-IAG site (Fig. 2 and Fig. SM1). The BIOMASP+  

project will provide an opportunity, similar to the previous analysis, to conduct a 10-day  

observation campaign in 2026, with launched rawinsondes, including O3 vertical profiles, every  

3 hours at the RMG site, a rural forested area within MASP (Sánchez et al. 2025).  

Formaldehyde columns obtained by the TROPOMI-Sentinel satellite (Freitas and Fornaro  

2022) are also part of the BIOMASP+ scope dataset, and for this compound in particular,  

surface measurements with Differential Optical Absorption Spectroscopy (DOAS) are  

scheduled to start in August 2025. Together with in-situ air quality observations from the air  

quality network, these observations are useful to constrain the WRF-Chem model outputs.   
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FIG. 3. Diagram of the Matão-IAG (20 m high from a platform at the top of one of the IAG-USP  

buildings) and RMG (30 m high from the ground) towers, showing the main infrastructure and  
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instruments for extensive (EOP) and intensive (SOP) observation periods. Instrumentation is  

detailed from Table SM4a to Table SM4d in the SM.  

  

The Special Observation Periods of 2023  

During the year 2023, four SOPs were implemented to characterize BVOC emissions of  

representative remnant species of the Atlantic Forest , the properties of gases and aerosols and  

the meteorology at the two contrasting sites. These preliminary observations are the basis of  

future analysis within BIOMASP+.  

First insights into floristic diversity, BVOC emissions and leaf anatomy in response  

to urban stress during SOP1 and SOP2  

In the floristic survey of the Matão-IAG forest, 194 individuals of 48 species from 20  

families were characterized (Fig. SM7). The tree density was 970 individuals ha-1 and the mean  

cross-sectional area of tree trunks was 5.19 m2 ha-1. Of the 48 documented species, 54%  

belonged to the families Myrtaceae, Lauraceae, and Euphorbiaceae. The most dominant species  

were the Euphorbiaceae Croton floribundus and Alchornea sidifolia, which together accounted  

for 31.3 % of the floristic composition and also reached the highest cover values (Fig. SM7).  

25 species (52%) were native to Brazil, of which 19 (39.6%) were endemic (mainly Lauraceae  

and Myrtaceae). Two species, Coffea arabica and Archontophoenix cunninghamiana, were  

classified as exotic. Several species, including Eugenia pruinosa and Ocotea odorifera, are  

listed as endangered or threatened (MMA 2022).   

In the RMG forest, 188 individuals belonging to 43 species of 22 families were  

identified (Fig. SM7). The tree density of 940 individuals/ha was similar to that of the Matão- 

IAG site, while the average cross-sectional area of tree trunk was higher at 8.75 m2 ha-1. The  

main families were Fabacea, Meliaceae and Sapindacea. Among the endemic species, Ocotea  

glaziovii had the highest number of individuals. Nectandra barbellata and Ocotea odorifera  

were listed as endangered and Araucaria angustifolia as critically endangered (MMA 2022).  

Pittosporum undulatum was designated as exotic. The average LAI in the RMG forest was 5.3  

± 0.3.   

Comparison of four selected species growing in both sites suggests that vegetation in  

the RMG is less affected by urban stress than vegetation in Matão-IAG (Fig. 4Aa-4Ah).  

Visually, all plants in the Matão-IAG presented higher levels of visual leaf damage compared  

to RMG plants (Fig. 4Aa-4Ab). The leaves of the Matão-IAG species showed larger chlorotic,  
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discolored, and necrotic spots, as well as larger lesions due to herbivory (Fig. 4Ae-4Ah). In  

addition, there was more PM on their surfaces. The first results of the screening of BVOC  

emissions for the same species suggest significant differences in relative emissions between  

both sites (Fig. 4B).  

 
FIG. 4. (A) Anatomical parameters, including visual characterization (Aa-d) and evidence of cell   

death (Ae-h) of individuals at the RMG and Matão-IAG sites. Note the presence of necrotic spots  
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(ns), accumulation of particulate matter (pm), chlorosis (cl) and herbivory (he). Blue staining  

indicates a positive reaction for cell death (black arrows in Ah). Leaf photographs and staining  

with Evans’ Blue dye were used to assess the extent of visual damage and cell necrosis. (B) Relative  

percentage of BVOCs emitted by Casearia sylvestris leaves during SOP2a (dry season). All BVOCs  

belong to the sesquiterpene class.   

Meteorology during SOP3 (April 24 - June 29, 2023)  

During SOP3, MASP was under the influence of anticyclonic circulation associated  

with the postfrontal high-pressure systems, moving northeast and merging with semi stationary  

South Atlantic Subtropical High, inducing surface winds from southeast. During this period,  

four cold fronts passed, characterized by sharp drops in temperature and increases in relative  

humidity (RH) (Fig. 5a and 5b), followed by changes in surface flow from weak southeast to  

strong prefrontal northwest winds (Fig. 5c and 5d). The heavy rain on May 31st, reaching 40mm  

in a single day, occurred during a cold front in RMG (Fig. 5b). The accumulated precipitation  

was 76 and 74 mm at both sites, indicating a homogeneous spatial pattern of precipitation in  

this MASP sector (Fig. SM1). On average, RMG temperatures and RH were 15 ±10°C and 87  

±10%, respectively, and at Matão-IAG were 18 ±4°C and 76 ±16%, respectively, being  

plausible to infer that these observed differences are caused by differences in altitude and land  

use (Table SM1). The wind patterns are remarkably consistent between both sites:  

predominantly below 5 m s-1 and from south and (Fig. 5c and 5d).Those values are within the  

climatological ones for the April-June period (Fig. SM2). As indicated in Figure 5, the diurnal  

evolution of meteorological variables at both sites are modulated by synoptic (cold-fronts),  

mesoscale systems such as sea-breeze (SB) and local-scale circulations induced by topography  

and land use and is also expected to influence the diurnal cycle of pollutant and non-pollutant  

concentrations in the atmosphere at MASP (Sánchez et al. 2025; Tito et al. 2024; Ferreira et al.  

2024; Moreira et al. 2022a; Moreira et al. 2022b; Sánchez et al. 2022; Silveira et al. 2022;  

Oliveira et al. 2020; Sánchez et al. 2020;  Ribeiro et al. 2018) .  
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FIG. 5. Variability of 5-min average values of (a) temperature, (b) relative humidity, (c) wind  

speed, (d) wind directions at RMG (green) and Matão-IAG (red), from April 25 to June 29, 2023  

(SOP3). Rainfall in (b) corresponds to the accumulated daily values at RMG.   

  

Dynamical features and fluxes during SOP3  

Low Level Jets (LLJ)  

The main characteristics of low-level jet (LLJ) events at MASP were investigated in  

detail during the MCITY project (Sanchez et al. 2022). During SOP 3, the analysis of vertical  

wind speed profiles from rawinsondes carried out twice a day at Campo de Marte Airport  

(MARTE, Fig. SM1, Table SM1) indicated the presence of 52 LLJ events from April 1 to June  

30 at MASP (62 % of the days). One event was identified on the night of April 23-24, reaching  

intensity of 11.8 ms-1 at 582 m (LLJ, Fig. 6a) and a no-LLJ event for May 8-9 (NO LLJ, Fig.  

6b). The comparison indicates that CO₂ (Fig. 6c) and PM2.5 (Fig. 6d) concentrations during the  

night with LLJ were systematically lower than those observed during the night without LLJ.  

This result corroborates previous findings by Sánchez et al. (2022), which indicate that the  

ventilation effect and horizontal advection associated with LLJ can reduce surface  

concentrations of aerosols and gases, such as PM2.5 and CO₂, during the night at MASP.   
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FIG. 6. Vertical wind speed profiles at 2100 and 0900 LT on (a) April 23-24, 2023, and (b) May 08- 

09, 2023, obtained from rawinsonde carried out in the Campo de Marte airport. The temporal  

evolution of days with LLJ (blue) and NO LLJ (red) events of (c) CO2 concentration at Matão- 

IAG, and (d) PM2.5 in the CETESB air quality monitoring station located at the IPEN (CETESB  

– QUALAR, 2024). Green vertical arrows in (d) indicate rawinsonde released from local time.  
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Fluxes  

The diel evolution of the main components of both the surface energy balance (SWB)  

and CO2 fluxes are analyzed to identify the impact of land use in Matão-IAG and RMG,   

suburban ZCL 6 and rural ZCL A, respectively (Table SM1), on these properties. Those climate  

classifications relative to land use are described in the SM. The eddy covariance method which  

is detailed in the SM (Task 1 - Procedure) was applied to estimate vertical turbulent fluxes of  

sensible (H) and latent (LE) heat, and vertical turbulent flux of CO2 (FCO2), from turbulence  

measurements and using EddyPro algorithm (Fratine and Mauder, 2017) (Fig. 7). Footprint  

analyses are performed using the Flux Footprint Prediction (FFP) model developed by Kljun et  

al. (2015) and previously applied at MASP (Ferreira et al. 2024). The differences and  

commonalities in diel flux behavior between both sites generally depend on the presence of  

vegetation (evaporation, respiration, and photosynthesis). The FFP (Fig. SM6) shows that 90%  

of the turbulent fluxes, for Matão-IAG, follow the predominant wind direction between the  

south and southeast sectors, indicating the contribution of urban/suburban surfaces as the  

energy source area (Fig. SM6a and SM6b). Meanwhile, for RMG, the result shows the  

predominant south and southwest wind direction, indicating the rural/forest area as the main  

energy source area (Fig. SM6c and SM6d). On average, the SEB components in Matão-IAG  

and RMG reflect the predominantly suburban and rural land use of the sites (Fig. 7).   

Net radiation at both sites shows similar amplitude while residue is systematically larger  

at Matão-IAG (Fig. 7a and 7b), indicating that there may be a larger store of energy in the  

suburban canopy at Matão-IAG (Ferreira et al. 2024). Although H and LE display a similar  

diurnal evolution at both sites, the large presence of vegetation in RMG is responsible for the  

larger values of LE. The presence of a dam southeast of the tower in RMG (Fig. 2d) may also  

contribute to the increase of LE.  

Diurnal evolution of FCO2 show an opposite trend during the day from 9 AM to 4 PM:  

negative values (-15 μmol m-2 s-1) at RMG versus slightly positive ones (+5 μmol m-2 s-1) at  

Matão-IAG, (Fig. 7b). At the forested RMG site, these above-canopy fluxes indicate the  

expected net uptake of CO2 by photosynthesis which usually acts as a carbon sink. During the  

night, the RMG site shows positive CO2 fluxes (+5 μmol m-2 s-1) due to nighttime respiration.  

The pattern and intensity of CO2 flux at the RMG are consistent with the one determined at  

other tropical forest sites like the Amazon (Carswell et al. 2002). The nighttime null fluxes at  

Matão-IAG rather indicate no net exchange of CO2. The CO2 flux patterns in urban areas are  

usually more heterogeneous being modulated by anthropogenic source emissions, vegetation  
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activity, urban underlying surface, and atmospheric stability (Cheng et al. 2017). Comparatively 

to European cities (Nicolini et al. 2022), the diurnal evolution of CO2 flux at the Matao-IAG 

(LCZ 6) display a similar behavior, with positive values during the entire day, but a smaller 

amplitude ( 5 μmol m-2 s-1). 

  

  

FIG. 7. Diel evolution of mean half-hourly values of surface energy balance (SEB) main  

components during SOP3 (April 21-May 24, 2023) at (a) Matão-IAG, (b) RMG, corresponding to  

net radiation (NR), sensible (H) and latent (LE) heat fluxes, and residual (R = NR+H+LE).  

Comparison between Matão-IAG and RMG for H, LE, and FCO2 are indicated in (c), (d) and (e).   

Vertical bars correspond to standard error of the mean. Vertical fluxes are assumed to be positive  

when oriented upwards by convention.   

  

  

  

Unauthenticated | Downloaded 04/01/26 01:03 PM UTC



20
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-23-0161.1.

 

 

Variability of gaseous precursors and secondary pollution during SOP3  

The University of São Paulo campus, where the Matão-IAG site is located, is known to  

be an ozone hotspot within MASP (CETESB 2024). This has generally been attributed to  

emissions from surrounding heavy traffic and the emission of BVOCs by its urban forest, which  

favor local ozone production. The daily variability of ozone during the campaign period at  

Matão-IAG and RMG (SOP3a) reach comparable levels (45-50 ppb), with higher daily maxima  

in contrast to other regions within the MASP (35 ppb), despite a remarkably comparable  

temporal variability (Fig. 8). Such consistency indicates the regional signature of ozone  

production regardless of the location. The hourly cycle depicted in Figure 8b is typical of that  

of ozone in the MASP suggesting its photochemical production in the middle of the day. The  

nighttime behaviour of Matão-IAG closely follows that of the city, while RMG remains higher,  

likely less affected by nighttime NO emissions. From May 9th to May 14th during the cold front  

period, ozone levels are low (maxima of 30 ppb) and the diel cycle is no longer present.   

  

FIG. 8. Ozone mixing ratios during SOP3a at Matão-IAG (IPEN-USP), RMG (30m agl - tower)  

and an average of five CETESB stations across São Paulo city (Pinheiros, Grajaú, Ibirapuera,  

Interlagos, Carapicuíba). Panel (a) shows the time series and (b) the daily variability. Date in  

Local Time.  

  

Figure 9 depicts the average concentrations of VOCs and the submicron chemical  

composition of PM at the RMG and Matão-IAG supersites. The VOC concentrations in Figure  

9 are compared with literature values at MASP (CETESB 2024; Dominutti et al. 2016; Brito et  

al. 2015) and the Amazon (Yañez-Serrano et al. 2020). The compounds presented here are  

reactive species representative of biogenic (isoprene, sum of monoterpenes, speciated  

monoterpenes α- and β-pinenes, and their respective oxidation products) and anthropogenic  

(toluene and benzene) origins. Information is reported for species measured by PTR-ToF-MS  
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at the two supersites and by Gas Chromatography coupled to Flame Ionisation Detection (GC- 

FID) at the RMG supersite. The oxidation products of isoprene are the sum of Methyl Vinyl  

Ketone (MVK), Methacrolein (MACR) and Isoprene Hydroxy Hydroperoxide (ISOPOOH),  

while nopinone was selected as the monoterpene oxidation product (from β-pinene).   

 

  
  

FIG. 9.  Average mixing ratios (±σ) of VOCs (a and c) and average chemical composition (±σ) of  

non-refractory submicron aerosol (b) at RMG and Matão-IAG supersites during the BIOMASP+  

SOP3a. Those values are compared to other measurements in the MASP and the Amazon region.  

VOCs are reported for the PTR-ToF-Ms at the two sites and for the GC-FIDs at the RMG site.  

For (a), the horizontal axis represents the unit mass resolution for simplicity, and the  

corresponding tentative VOC, although the SOP3 data were calculated from high resolution  

observations. * mvk+macr stands for methacrolein + methyl vinyl ketone + isoprene hydroxy  

hydroperoxide.  

  

For most of the gaseous and particulate species shown in Figure 9, the levels observed during  

BIOMASP+ SOP3a are consistent with those documented in previous field studies in the  

MASP, although they do not necessarily capture the same seasonal conditions or sampling site.  
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SOP3a took place in May 2023, during autumn, which marks the transition from the rainy to  

the dry season. In contrast, previous studies using PTR-MS and ACSM were conducted during  

different seasonal periods: Brito et al. (2018; 2015) reported observations from February 2013  

(summer, rainy season) at a downtown site, and Almeida et al. (2014) from October 2012  

(spring, transition from dry to rainy season) at the Matão-IAG site. Meanwhile, GC-FID  

observations (Santos et al. 2022; Dominutti et al. 2016) provided coverage over a full seasonal  

cycle for 2013-2015 and 2018-2019, respectively, and the data presented here were selected to  

coincide with SOP3.  

Results show generally higher levels at Matão-IAG compared to RMG for the gaseous  

and particulate species regardless of their anthropogenic and biogenic origin. The scattering of  

the data is large, showing their high variability due to the contrasting environmental conditions  

encountered during SOP3a, as well as the reactivity of the gaseous species shown here. During  

SOP3a, primary BVOCs were about three times higher at Matão-IAG compared to RMG (0.85  

and 0.33 ppb for isoprene, 0.24 and 0.08 ppb for monoterpenes), while aromatics were three to  

seven times higher (1.46 and 0.46 ppb for toluene, 0.83 and 0.13 ppb for benzene). These results  

are consistent with a pre-BIOMASP study reported by Santos et al. (2022), in which isoprene  

was observed to be approximately twice as high at the Matão-IAG site (0.46 ± 0.34, 0.31 ± 0.1  

(dry), 0.87 ± 0.3 (rainy)) compared to RMG (0.19 ± 0.16, 0.11 ± 0.07 (dry), 0.37 ± 0.1 (rainy)),  

in 2018 and 2019. The authors assumed differences in vegetation types and the effect of Urban  

Heat Island. The additional fraction of anthropogenic isoprene and changes due to ozone  

exposure cannot be excluded.  

Interestingly, observations of isoprene at Matão-IAG in May 2013 and 2015 depict  

significantly lower levels (0.10 ppb, Dominutti et al. 2016), suggesting a steady increase in  

isoprene over the past decade at this urban forested site captured by the same measurement  

technique (GC-FID). This increase is also evident when comparing  the annual medians at IAG  

for 2013, 2014 and 2015, which are 0.16, 0.22 and 0.28 ppb, respectively (Dominutti et al.  

2016). Taken together, the RMG and Matão-IAG sites show comparable isoprene levels but  

significantly lower monoterpene levels during SOP3 than those observed in the Central  

Amazon (Yañez-Serrano et al. 2020).  

Isoprene oxidation products were observed at 0.27 and 0.14 ppb at Matão-IAG and  

RMG, respectively, while monoterpene oxidation products were at 0.04 and 0.01 ppb. The ratio  

of isoprene oxidation products to isoprene levels, which were used to assess OH exposure (e.g.  
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Santos et al. 2018), was 0.42 and 0.32 at RMG and Matão-IAG, respectively, suggesting  

comparable OH reactivity at both sites. This value is low compared to a ratio of 2 reported in  

the Central Amazon (Yañez-Serrano et al. 2020), indicating a strong dominance of local  

isoprene emissions at both RMG and Matão-IAG sites. This value is also in contrast to previous  

observations in the MASP, namely the downtown area, with a ratio closer to unity (Brito et al.  

2015). This latter value was attributed to both transport from the Ibirapuera Park, a strong  

source of BVOCs within the MASP located a few kilometers from the downtown site, and  

primary anthropogenic emissions of MACR+MVK (Borbon et al. 2024).  

The chemical composition of non-refractory submicron aerosol particles (i.e. NR-PM1:  

Organic, Sulfate, Chloride, Ammonium and Nitrate) at both Matão-IAG and RMG sites are  

shown in Figure 10b. Results show an organic-dominated composition, with 82% and 61% of  

the mass on average at Matão-IAG and RMG, respectively, followed by Sulfate (8% and 16%)  

and Nitrate (4% and 13%). The strong dominance (over 80%) of Organics at Matão-IAG is  

confirmed by previous measurements conducted a decade earlier (Almeida et al. 2014), while  

observations at downtown MASP report a lower fraction (60%, Brito et al. 2018), even if the  

mass concentration remains equivalent. On average, NR-PM1 concentrations during SOP3a  

were almost three times higher at Matão-IAG compared to RMG (13.9 and 5.1 μg m-3,  

respectively), and roughly twice as high as those reported at the University site in October 2012  

(6.0 μg m-3, Almeida et al. 2014) and downtown in February-April 2013 (7.1 μg m-3, Brito et  

al. 2018). Taken together, these results suggest the combined effect of anthropogenic and  

biogenic emissions at both sites, with the latter being dominated by isoprene.   

Conclusion and way forward   

The BIOMASP+ project is a Franco-Brazilian consortium with the objective of studying  

atmospheric biogenic-anthropogenic interactions and urban pollution in the context of the  

Brazilian Atlantic Forest in the Metropolitan Area of São Paulo. The two observation supersites  

are located in an Atlantic Forest Reserve outside the densely urbanized area (RMG) and in an  

urban forest inside the densely urbanized area (Matão-IAG). The towers were equipped with  

continuous instrumentation for the measurement of conventional meteorological parameters,  

energy, H2O and CO2 fluxes, and regulated pollutants during an extensive observation period.  

Special observation periods were dedicated to the quantification of BVOC emissions and to the  

characterization of the physical and chemical properties of gases and PM at the two contrasting  

supersites. The floristic survey showed the diversity of Atlantic Forest species at both locations,  
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with a greater presence of exotic species at Matão-IAG. Here, the  preliminary results on BVOC  

emission composition, meteorology and dynamics and aerosol and gas composition during the  

first half of 2023 (SOP3 - fall, transition from the rainy to the dry season, April-June 2023)  

have been presented. The observations of SOPs of the year 2023 were consistent with the larger  

scale observations and have been placed in a historical perspective. First, results have shown  

higher levels of VOCs at Matão-IAG compared to RMG for the gaseous and particulate species  

regardless of their anthropogenic and biogenic origin. Moreover, the distribution of organic  

matter showed the combined effects of both anthropogenic and biogenic emissions at both sites,  

which seems to be enhanced at Matão-IAG. Second, the individual plant species from Matão- 

IAG usually presented more visual damages than the ones at RMG suggesting a stronger effect  

of urban stress. The composition of emitted BVOC changed at each location for a specific  

species. Finally, the coupling between emissions, air pollution and meteorology was  

demonstrated at both sites. The analysis of the detailed chemical composition of both gases and  

particles together with meteorological parameters will provide insights on their origin and on- 

going processes. Measurements of BVOC fluxes and launching of atmospheric profile  

soundings (temperature, relative humidity, pressure, and ozone) during SOP5 will complete the  

dataset in a 3D-dimension. At the end, all observations will constrain 0D and air quality  

modeling to understand the role of biogenic emissions in urban pollution (ozone and PM2.5) and  

how this role is affected in a warming climate.   

Acknowledgments   

This study is funded by Fundação de Amparo à Pesquisa do Estado de São Paulo, Brazil (FAPESP-  

2020/07141-2) and Agence Nationale de la Recherche, France (ANR-20-784 CE01-0019). The  

Brazilian groups are supported by the Meteorology Post-Graduation Program of the University of São  

Paulo (IAG-USP) for the scholarships (CNPq and CAPES 001) and the special grants from CNPq  

(processes 312892/2023-3 and 402044/2022-3). The French groups are supported  by the National  

Center for Scientific Research (CNRS/INSU - Terre et Univers), the PhD Joint Programme between  

CNRS and University of São Paulo and by the InVolc Graduate Track from University Clermont  

Auvergne. IMT Nord Europe acknowledges financial support from the Labex CaPPA project, which is  

funded by the ANR through the PIA (Programme d’Investissement d’Avenir) under contract ANR-11- 

LABX-0005-01, the Regional Council “Hauts-de-France”, and the European Regional Development  

Fund (ERDF). O. Murana was awarded an International Mobility Grant from the “Science for a  

Changing Planet” Graduate Programme, supported by the French government through the PIA (I-SITE  

ULNE / ANR-16-IDEX-0004 ULNE) managed by the ANR. Part of the measurements on the PM10  

yearly series are supported in France by the ANR ABS (ANR-21-CE01-0021-01). INERIS  

Unauthenticated | Downloaded 04/01/26 01:03 PM UTC



25
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-23-0161.1.

 

 

acknowledges financial support from the French Ministry of Environment. The authors would like to 

especially thank the people involved in the preparation of the intensive field campaign and on the field: 

Evelyn Freney, Jean-Marc Pichon, Mickael Ribeiro, Laetitia Bouvier, Eduardo P. C. Gomes (in 

memoriam), Fernando Morais, Fabio Jorge, Alex Almeida dos Santos and Danilo de Andrade. Carine 

Gama provided the meteorological forecast during SOP3a. Thanks to SABESP for the logistical support 

for the installation and maintenance of the 30m tower at the Reserve of Morro Grande (Alto de Cotia 

Reservoir). 

 

Data and availability statement 

The metadata are available on the AERIS portal  datacentre https://www.aeris-data.fr/catalogue-

biomasp/https://www.aeris-data.fr/projects/biomasp/ 

References 

Almeida, G. P., Brito, J., Morales, C. A., Andrade, M. F., Artaxo, P. 2014: Measured and modelled 

cloud condensation nuclei (CCN) concentration in São Paulo, Brazil: The importance of aerosol 

size-resolved chemical composition on CCN concentration prediction. Atmos. Chem. Phys., 14, 

7559–7572, https://doi.org/10.5194/acp-14-7559-2014. 

Alvares, C. A., Stape, J. L., Sentelhas, P. C., Gonçalves, J. L. M., Sparovek, G. 2013. Koppen’s climate 

classification map for Brazil, Meteorol. Zeits., 22(6), 711–728, https://doi.org/10.1127/0941-

2948/2013/0507. 

Araújo, H. H., and Coauthors, 2024: Atmospheric pollution affects the morphoanatomical and 

physiological responses of plants in urban Atlantic Forest remnants. Environ. Sci. Pollut. Res., 32, 

4567–4587, https://doi.org/10.1007/s11356-025-35952-0. 

Arcosi, G.M, Miranda, F.D.A, Martello, M., Smaniatto, D.A, Sartor, L.R. 2019: Estimating Biomass of 

Black Oat Using UAV-Based RGB Imaging. Agronomy, 9, 344, 

https://doi.org/10.3390/agronomy9070344. 

Baray, J.-L., and Coauthors, 2020: Cézeaux-Aulnat-Opme-Puy De Dôme: a multi-site for the long-term 

survey of the tropospheric composition and climate change. Atmos. Meas. Tech., 13, 3413–3445, 

https://doi.org/10.5194/amt-13-3413-2020. 

Borbon, A., Salameh, T., Sauvage, S., Afif, C. 2024: Light oxygenated volatile organic compound 

concentrations in an Eastern Mediterranean urban atmosphere rivalling those in megacities. 

Environ. Pollut., 350, 123797, https://doi.org/10.1016/j.envpol.2024.123797. 

Unauthenticated | Downloaded 04/01/26 01:03 PM UTC



26
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-23-0161.1.
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