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Chemical Composition of Atmosphere 
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Annual average PM2.5 concentration in cities 
estimated from surface monitoring and 
GBD2010 model 

•Krzyzanowski, 2014 



PM2.5 exposure estimates used in GBD2010 analysis 
were based on a combination of estimates provided 
by global chemical transport model TM5, and 
estimates from remote sensing and calibrated to 
available surface measurements.  
 
Year 2005 emissions from the GAINS emissions 
data base.  
 
Satellite-derived PM2.5 estimates were based on the 
observations of the Aerosol Optical Depth (AOD) 
provided by the National Aeronautics and Space 
Administration (NASA) from two instruments 
(MODIS and MISR).  



Annual average PM2.5 concentration in cities 
estimated with GBD2010 model for 2005 and 
extrapolated to 2010 

•Krzyzanowski, 2014 



Year 2005 PM2.5 surfaces at 0.1° 
grid resolution for the 
surrounding environs of four 
mega-cities (São Paulo, Mexico 
City, New Delhi and Beijing) 
derived from a combination of 
satellite remote sensing, 
chemical transport modelling, 
and ground-based observations  
 
The population-weighted mean 
of the PM2.5 surface within the 
urbanized land area is displayed 
for each city 









PHOTOCHEMISTRY 







PHOTOCHEMISTRY 

 Ozone Precursors: nitrogen oxides (NOx), carbon 

monoxide (CO), methane (CH4), and 

nonmethane hydrocarbons (NMHC) 

 

 Importance of hydroxyl (OH) and peroxy radicals 
(HO2 or RO2) 



Atmospheric Chemistry - Tropospheric ozone 

NO2 (h, l<400 nm)  NO + O 
 

O + O2 + M  O3 

ROO + NO  RO + NO2 

NO + O3  NO2 + O2 



Para ilustrar o papel dos COV na formação do ozônio, tem-se as reações R1 a R6. A 

seqüência é quase sempre iniciada pelas reações de vários COV ou CO com o radical 

hidroxilaa, OH [R1, R2]. Estas são seguidas pela conversão do NO a NO2 (através da 

reação com radicais HO2 ou RO2), que também regeneram OH [R3, R4]. O NO2 é 

fotolizado no oxigênio atômico que combina com o O2 para criar O3 [R5, R6]. 
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 O radical peroxila (RO2) representa qualquer molécula orgânica com número 

variável de átomos de carbono com um O2 ligado (substituindo o H na cadeia 

original).  

Role of VOC on ozone formation 

RO2 represents any organic molecula  

At night or close to strong sources of NO 

Essas equações explicam a seqüência de formação do ozônio, entretanto à noite e na 

proximidade de grandes fontes de NO (por exemplo em uma via de muito tráfego), as 

concentrações de ozônio são reduzidas através de processos de remoção do O3 pela 

reação com o NO [R7]. 

7223 RONOONO   

 Durante o dia essa reação é em geral balanceada pela fotólise do NO2 [R5, 

R6]. Entretanto na proximidade de grandes emissões de NO o resultado líquido é a 

conversão de O3 a NO2. Nas proximidades dessas fontes o ozônio é consumido e pode 

se tornar elevado à medida que a pluma se move com o vento. Como a noite não há a 

fotólise do NO2, a R7 leva a remoção do ozônio. 

HC and oxigenate species 



RATIO  VOC/NOX AND OZONE FORMATION 
 

NO2 + h  NO + O  

O + O2 +M  O3 +M 

O3 + NO  NO2 + O2 

 

O3 + h  O(1D) + O2 

O(1D) + H2O  2OH. (the  radical hidroxila is the key to 

understand the tropospheric chemistry) 

 

RH + OH.  R. + H2O 

R. + O2  RO2.  

RO2.+ NO  NO2 + RO. 

 

OH. + NO2 + M  HNO3 + M 

More VOC 
NOx-limitante 

More NOx 
COV-limitante 

•If no nitrogen oxides are available, the 
reaction cycle cannot take place. 
•If too much nitrogen oxides are available 
the excess of nitrogen oxide NO reacts 
not only with the peroxy-radicals but 
removes the ozone again. 
•If no sunlight is available NO cannot be 
recycled again and the formation of 
peroxy-radicals is not sufficient. 
 







Razão NMHC/Nox 

7:00-9:00 horas 

Industrial Area 

Urbanl Area 



NMHCs average mixing ratios in São Paulo compared with those in other megacities.  

Paris and London data were obtained in urban background air quality stations (Evry 

(AIRPARIF, 2013) and London Eltham site (DEFRA, 2013), respectively). Los Angeles data 

were attained from CalNEx study in 2010 (ref) (CalNex, 2010). 

Dominutti et al., 2016. Atmos. Environ. 



Normalized hourly profiles to midnight values of the mixing 

ratios of selected NMHCs and carbon monoxide (CO) during 

summer (red lines) and winter (blue lines) 2013.  

Dominutti et al., 2016. Atmos. Environ. 



OZONE PROFILE 



Evaluation of a 

superficial ozone 

concentration 

increase  

For 2000 to 2100 
 

 
Prather et al., GRL 2003 



NMVOC CH4 

CO NOx 
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IMPACT OF ETHANOL/GASOHOL 

ON OZONE FORMATION 

 Scenarios 

 

 1- All the FLEX Fuel vehicles running with gasohol 

 2- All the Flex Fuel vehicles running with ethanol 

FAPESP, NOV 28th, 2016 



Chamber Experiments 



OTHER RESULTS: 

Estimated OFPs (mg O3 km−1) (left) and 

the percentage contributions (right) at 22 

and −7 °C over the NEDC (New European 

Driving Cycle). 

Acetaldehyde, ethylene 

and their precursor, 

ethanol, were the main 

contributors to the OFP, 

accounting for up to 90% 

of the total at both 

temperatures.  

 

As a consequence of 

increased use of ethanol 

fuel in Brazil, 

acetaldehyde, has 

become the fourth largest 

ozone precursor in some 

Brazilian areas 
Emissions from a flex-fuel vehicle, fueled 

with E85 and E75, lead to SOA formation, 

from Oxygenated compounds. 

R. Suarez-Bertoa et al. Primary emissions and secondary organic 

aerosol formation from the exhaust of a flex-fuel (ethanol) vehicle, In 

Atmospheric Environment, Volume 117, 2015, Pages 200-211,  



 The number of 

vehicles that can 

burn ethanol has 

increased (flex-fuel 

vehicles) 

 The concentration of 

aldehydes has not 

increased (the use of 

ethanol has 

decreased) 
Source: Formaldehyde and acetaldehyde measurements in urban atmosphere impacted by the use of ethanol biofuel: Metropolitan Area of 

Sao Paulo 

Fuel, Nogueira et al., 2015 

Formaldehyde and Acetaldehyde 

Concentrations in MASP 



PM2.5 – Particles with diameter less than 
2.5 µm 



 

SECONDARY ORGANIC 

AEROSOL (SOA) 

 

SECONDARY INORGANIC 

AEROSOL (SIA) 

 



Particulate Matter Science for Policy Makers: A 

NARSTO Assessment 

 

Chemical links between Ozone and PM formation 



 

SECONDARY ORGANIC AEROSOL (SOA) 

PRIMARY BIOLOGICAL AEROSOL PARTICLES (PBAP) 



[Zhang et al., 2007] Sulfate  Organics 

• Organic material contributes 20-50% of the total fine aerosol mass at continental mid-latitudes 

[Saxena and Hildemann, 1996; Putaud et al., 2004] and as much as 90% in the tropical forested 

areas [Andreae and Crutzen, 1997; Talbot et al., 1988; 1990; Artaxo et al., 1988; 1990; Roberts 

et al., 2001] 



Ramanathan &Carmichael 

Nature Geoscience 1, 221 (2008) 

 
Black Carbon 
Black carbon climate danger “underestimated”’ 

Black carbon, is very important in a global scale, 

 

Studies showed that Black Carbon can be the second 

major responsible for the global warming, being behind 

only for  CO2.  

Sao Paulo Advanced School - Climate Change, july 6, 2017 



Ulrich Pöschl; Manabu Shiraiwa; Chem. Rev.  2015, 115, 4440-4475. 

 



 

Botton-up approach 

 

BSOA (biogenic SOA)    12-70 TgC/year 
 

POA     35 TgC/year (9 anthropogenic) 

      (25 biomass burning) 

 

ASOA      2- 12 TgC/year 
 

 

Total     50-90 TgC/year 

The formation, properties and impact of secondary organic aerosol: current and emerging 

issues 

 

Atmos. Chem. Phys., 9, 5155–5236, 2009 www.atmos-chem-phys.net/9/5155/2009/  

 

Emission Inventory of Organic Aerosols 
 







PRIMARY BIOLOGICAL AEROSOL PARTICLES (PBAP) 

POLLEN 

BACTERIA VIRUSES 

FUNGUS 

ALGAE PLANT 

DEBRIS 

Jaenicke [2005] suggests may be as large a source as dust/sea salt (1000s Tg/yr) 

 

May act as CCN and IN [Diehl et al., 2001; Bauer et al., 2003; Christiner et al., 2008]  



SOUTH AMERICA 



Latin America and the Caribbean Population 

• 648,476,231 (in 2017 according to United Nations) 

 

• Latin America and the Caribbean population is equivalent 
to 8.62% of the total world population. 

• The population density in Latin America and the 
Caribbean is 32 per Km2 (83 people per mi2). 

• The total land area is 20,158,154 Km2 (7,783,104 sq. 
miles) 

• 79.7 % of the population is urban (516,362,188 people in 
2017) 

• The median age in Latin America and the Caribbean is 
29.6 years. 

Worldometers (http://www.worldometers.info/world-population/latin-america-and-the-

caribbean-population/) 





Metropolitan Area of São Paulo - MASP 

MASP= São Paulo city + 38 cities 

•21 million inhabitants 

•7,2 million vehicles 

•2000 significative industrial plants 
•8000 km2 



Characterization of the air Pollution Problem 

New Directions: from biofuels to wood stoves: the modern and ancient air quality 

challanges in the megacity of São Paulo. Atmos. Environ., 2016  



MASP (Metropolitan 
Area of São Paulo ) 

Population:~ 21 
million inhabitants. 

Area: 8511 km2 

Vehicle fleet: 7 
million passenger 
and commercial 

vehicles 

85% light-duty 
vehicles (LDVs) 

31 % of LDVs use 
gasohol (75% 
gasoline +25% 

ethanol)  

2 % use hydrous 
ethanol  (95% 

ethanol +5% water) 

50 % are flex-fuel 
(any proportion of 

gasohol or ethanol) 

2% use diesel 
(diesel with 8%  

biofuel) 

3% heavy-duty 
diesel vehicles 

(HDVs) 

12% motorcycles 

•Ethanol represents  55% of the 

burned fuel.  

•50% of the cars have more than 10 

years of use. 



Evolution of the average values of CO, PM10, O3, SO2 and NO2 concentrations 
measured at the CETESB air quality monitoring stations in the MASP  

Source: Air quality in the megacity of Sao Paulo: evolution over the last 30 

years and future perspectives. Atmos. Environ., 2017 

PROCONVE: 

PROGRAM FOR 

CONTROLLING 

THE 

VEHICULAR 

EMISSIONS 

Established in 

1983 for light and 

heavy-duty 

vehicles  

 

 

 

PROMOT: PROGRAM 

FOR CONTROLLING 

THE EMISSIONS BY 

MOTORCYCLES 

Established in 2003 for regulation of 

motorcycles emission. 



Sources not properly accounted 

• Evaporative emissions during refuelling 

• Solvents: painting and industries 

• Biomass burning  

• Vegetation residues  

• Wood, charcoal 

 
Exhaust 

Emissions 

Refuelling 

Emissions 

Evaporative 

Emissions 

Hot Soak 

Running Losses 

Diurnal 

Vehicular Emissions 

 

NOAA HYSPLIT, 

may 21, 2016 



Air 
pollution in 
Sao Paulo 
MegaCity 
 
who is 
more 
impacted? 

PROGRAMS TO CONTROL 
EMISSIONS REDUCED THE 

AVERAGE CONCENTRATION 

BUT STILL HOT SPOTS OF 
CONCENTRATION AFFECT THE 

POPULATION 

TWO ASPECTS: TIME SPEND TO 
COMMUTE AND INEQUALITY IN 

ACCESS TO TRANSPORT 

POPULATION EXPOSURE DUE TO 
HOT SPOTS OF POLLUTION, 

INEQUALITY EXPOSURE 



- The air we breathe is different from place 

to place 

- The air quality is very variable in the 

same city 

- The concentration of pollutants varies 

according to site, hour and season 

- The climate change will impact the air 

quality mainly in the megacities. 

 



Mean annual concentrations of trace elements (in ng/m3) present in the PM2.5 
(in µg/m3). The measurements were performed during different experimental 

campaigns and at different locations in the MASP. 

Air quality in the megacity of Sao Paulo: evolution over the last 30 years 

and future perspectives. Atmos. Environ., 2017 

OC/PM2.5= 0.55 
EC/PM2.5= 0.20 



Santos et al., Atmos. Environ, 

2016 

Carbonaceous aerosols in MASP 

Pereira et al., ACP, 2017 
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