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ABSTRACT

CLAUDIO D. ALONSO. Levels of . Particulate Carbonaceous
Material in Sao Paulo - Brasil, An Historical Data

Base. (Under the direction of Dr. Parker C. Reist)

A calibfation curve relating the carbon concentration
to reflectance measurements was obtained. The curve was
generated with data gathered in two different places and two
differénﬁ years. The curve was used to calculatefthe
atmospheric carbon concentration in five Sao Paulo
neighborhoods, from 1973 to 1988. It was possible to observe
the seasonal variatién of the data that show a maximum in
the guarter endiné in.July or August; depending 6n the year
or. place. The loné terﬁ trend analysis showed that the
concentrations ére deqreéSing in all sites. By comparing the
Sao Paulo data to some cities in the United States, it was
possible to verify that although the concentrations are

decreasing, thé‘levels are still extremely high.
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TITLE: LEVELS OF PARTICULATE CARBONACEQOUS MATERIAL IN SAO
PAULO -BRASIL, AN HISTORICAL DATA BASE

by Claudio Darwin Alonso

1. INTRODUCTION

The presence of the particulate carbonaceous material

‘suspended in the atmosphere has long been recognized. The

study of this atmospheric component is important not only

due to its high concentrations, but also due to its adverse

effect on health and the environment.

Two broad classifications can be given to the
particulate carbonaceous material. The first is based on the
chemical characteristics of the components,vdividing them
into Organic Carbon and Elemental Carbon. The second is
based on the origin of the compounds and divides them into

primary and secondary carbon .

Organic carbon, no matter its physical state, can react

_in the atmosphere forming other compounds, but this is pot'

true for elemental carbon. Organic compounds' can be both

‘primary and secondary components. Elemental carbon is

uniquely a primary component carbonaceous aerosol.

Furthermore, particulate organic carbon is not only emitted
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from combustion sources, but is also formed in the

atmosphere through. photochemical reactions.

According to Pitts(16), there is a production of
reactive free radicals by pyrolysis of fuel hydrocarbons in
the chemically reducing zone of a flame burning with an
insufficient supply of 6xygen. The Cq, Cy and higher
radicals combine rapidly in the reducing atmosphere to form
partially condensed aromatic molecules. Thése kinds of
compounds are known as PAH’s (Polycyclic Aromatic
Hydrocarbons) . Today it is recognized that PAH’s and its

derivatives are animal,‘and possibly human carcinogens. (17)

Y

Epidemiologic studies on the health effects of
combustion producté are difficult due to the substantial
effect of confounding faétors, especially smoking. Animal
biocassays can provide impor;anﬁ informations of the |
éarcinogenic potential éf-air pollution. However, these
assays are expensivé; take-a.iong time to be completed and

require a large amount of samples.

Thé introduéﬁién iﬁ the mid-1970’s of the rapid,
relatively inexpenéiﬁe.in—vitro test for chemical mﬁtagené
by Ames and co—workéfs(§); made possible the sfﬁdy of the
mutagenicity of the amﬁient partiéles in severai cities
(23,15,36) . These studies Showed that some organic compounds
in the atmosphere are direct mutagens; they show
mutagenicity wiéhout any previous'activation by enzymes.Qn

the other hand, some compouhds such'as benzo (a) pyrene need a
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liver enzyme activation'to express mutageniciyy and are

called promutagens.

Another consideration is that some PAH’s react with
near ambient levels of NO, +HNO3 and with ozone forming

nitro-PAH and oxy—PAH that are direct mutagens(17).

In the 1986 Infernational Symposium on Toxicological
Effects of Emissions from Diesel Engines (20) were presented
a large number of works, most of them showing that diesel
exhéusté indpce lung cancer in animals; in-vitro studies
were also presented providing an increasing evidence for
genotoxic effects of particles extracts and'specific
constituents. One of the conclusions of the symposium
probably summarizes today’s knowledge about the
subject:"Taking all of the information together, it would
appear appropriate to conclude that whole diesel exhaust -is

a probable human carcinogen" (24).

Although the hafmfulness of elemental carbon‘has not
been sﬁown, it plays an important role in the lung
deposition of toxic compounds inciuding the organic carbons.
As product of combustion, elemental céﬁbon.is ﬁostly preseht
in the atmoséheré in the range of sﬁb—microh sizes so it can

penetrate deeply into the lung.

The chemical structure of "elemental carbon" in soots

is similar to graphite, but with some surface oxygen-
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containing groups that may determine the adsorptive and

catalytic properties of the particles(12).

Among the oxygen-containing functional group known in
organic chemistry, the most often suggested are carboxyl
groups, phenolic group and quinone carbonyl group. These
surface groups would change the qharacteristics of
adsorptivity of the soot if the particle were compa;ed with

a similar particle of graphite.

According to Charlson and Ogren(l13) elemental carbon is
emitted in the nﬁclei_mode - range 0.05 té 0.1 pm - and has
strong tendéncy to coagulate. In the atmosphere, these
particles get in touch with other particles of the
accumulation modé, and bigger particles of mixed composition

can be formed.

In.urban polluted areaé it is estimated that this
coagulation procéSs lasﬁs about one hour. Therefore, the
soots in the atmosphere-afe chemicélly'comﬁosed of elemental
carbon and other kind of materials. This kind of chemical
strucﬁure makes the séot particles good adsorbers, and as
they have a.smali.sizé they can easily carry into the lungs

all the compoﬁndg'édsorbed on them.

As with other fine parpicles, elemental carbon is
expected to remain in the atmosphere for several days. This

means that it-can be well mixed in the air and'travel long



distances, both horizontal and vertically. It can also

reaches high humidity locations and clouds.

Elemental carbon can be. hygrophobic or not, depending
on the other materials present in the particle. If

hygroscopic, t can act as a nucleating agent for cloud

. formation, and in this case exerts a catalytic

transformation from SO, to SO4_2.

Besides the chemical properties of the soots, some
physical characteristics should be considered. Soot carbon
is in the.size range of the fine particleé (most < 1.0 um)
also having.a dark color. These characteristics impart a
perturbation to the atmospheric radiation field. The
particles that have the same size as the wave-length of
visible light and can cause strong scattering of the light.
The dark color shows that.thé particles also absorﬁ
intenisely the visible light. It is postulated that the soot
is a significant féctor fof'the visibility degradation
(32,29) .Some authors (18,27) have also raised the
possibility that soot, due to the fact that it is a light
absorber, can trépfthe_pollutants in an urban atmosphere by

inpehsifying'and méintaining an inversion aloft through

‘differential heating of the air layers.

There" are séveral methéds to measure carbonaceous
material in atmosphere. Among them the differences. are not
only in the techniques themselvés, but also in the approach

to the kind of material to be studied.



& ' Studies of the molecular composition of particulate
organics are carried out when the objective is to clarify
aspects of the photochemical cycle or find out.which type of
~ compound is harmful to humaﬁ health. These studies involve
gas chromatography, mass spectrometry and other modern

s analytical methods.

s The elemental carbon is mainly studied when the

L objective is to verify its relationships with atmospheric
Gy phenomena such as degradation of visibility and thermal
e effects.

The analysis of carbonaceous material in two broad
classes, organic carbon and elemental carbon, has been done
for use in chemiéal element balance for source .
apportionment. Most of the described techniques are based on
the thermal eVolution_andAogidation of "the different types
— of carbon, using-infra-red detectors for a,direct. . .
measurement of thé evolved Coz or converting the COp to CHy

o for detection with a flame ionization detector(27,8,34).

\,

£ - S o _

A The use of thermal-optical methods have also been

{_; R . ' o

(. described(19,21) as well as a reflectance-GRALE (gamma ray
& anélysis_of light'élements)‘method for the determination of
C : . S =y e .

R the carbon content in the atmospheric soots(14). The mailn
LW -

. problem in these methods is that both species,.elemental and
27 organic carbon, are defihediaccording_to the analytical

procedure and not accordingAto'their chemical properties.



In some methods the organic carbon is defined as the
fraction that is volatilized at a temperature in the range
from 450°C(33,2) to 5500C(8). In this step different carrier
gases are used: oxygen-free Helium (8, 33) or oxygen—-argon
migtures(Z). All these different approaches are used not
only to minimize the charriné that occur during the organic
analysis step but also to guarantee the complete
volatilization of the organic compounds. The second step in
these procedure is to burn completely the carbon in the
sample, in general at temperatures 700°C, inAorder to obtain
the total carbon. Elemental carbon is obtained by the

difference between total and elemental carbon.

In the thermal—optical method (19-21) the analysis is

performed in three steps by using different carrier gases in

each step, in order to minimize the above mentioned effects.

In the reflectance-GRALE method (14). the caiibration
curve for elemental carbon is obtained by taking a standard
brepared by the combustion of polystyrene, paraffin and
butane; the sample is heated at 300°C to loose the organic

carbon. Although it was demonstrated in this method that no

charring occurs, there is some uncertainty in the’

measurement of the elemental carbon, since at 300%C not

“necessarlly all organic carbon would be volatlllzed.

Differences in procedure can cause differences in
results. A study was carried out to compare two dlfferent

thermal methods. A large difference was observed in ‘the
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results obtained, according to Will as referenced by

Stevens (33) .

As a consequence of all differences in the analytical
methods, the terms organic carbon and elemental carbon
reflect only an ope:atibnal definition of the data obtained.
Although there is some uncertainty about exactly what the
methods are measuring, the measurements oﬁ atmospheric
carbon is considered to be very important in characterizing
sources of atmospheric pollution, since the only generic

source of organic and elemental carbon is burning of fuels.

There are several methods available for measurefent of
the particle concentration in the atmosphere. Among these,
some use gravimetfic procedure as in Hi-Vol and dichotomous
samplers, and others use pptical’properties of the dust
deposited on a'filter.paper_SUCh as the smoke shade and the
paper ‘tape sampler. As a matter of fact the blackness of a

filter deposit has been used for over 70 years as a gross

_Aindicator of the amount of pollution in the air (smoke shade

method) .

The smoke shadé méﬁhcd relates the concentration of
particulate matfer.iﬁ the atﬁosphere to the filter
feflectivity. It seemszreasonable that the reflectivity -of
the filter éhould.be'hore‘reiated to the carbon content
since the carbon has the démihant color among.the
atmdspheric particles. Bailéy_ana Claytoh (7) showed that

the relation indeed exists in the London atmosphere. The
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importance of this observation is that it is possible to
verify how the generic source of air pollution "combustion"
has been affecting the air pollution of an urbgn area in a
historical data base. ‘

2. OBJECTIVE

CETESB - Companhia de Tecnologia de Saneamento
Ambiental- the environmental agency of Sao Paulo state, has
long been megsuring the particulate matter in the atmosphere
by the smoke shade method. It has been possible to retrieve
all the reflectanée values of the sampies collected since
1973. Considering thaﬁ these reflecténce measurements can be
related to the carbon content in the atmosphere, and also

that carbon has been shown as an important pollutant in Sao

Paulo city, this work has the following objectives:

1. To obtain a calibration curve relating reflectance
to carbon concentration, with validation to the area of 

study.

2. To observe the historical behavior of the carbon
contents in particulate matter in Sao Paulo atmosphere.

3.1CHARACTERISTICS.CF SAO PAULO METROPOLITAN AREA - SPMA

Characteristics of the Sao-Paulo Metropolitan Area
(SPMA) are described in the CETESB Air Quality Annual Report

(9) which is summarized below.

The SPMA is located.dn.thé Atlantic plateau on the

Tropic of Capricorn, 80 km from the seaboard, with an area
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of about 8,000 kmZ2. The urban region of the area is 5,000
km? and is 700m to 900m above sea level with ridges which
tower up to 1200m. The general topography 1s rather complex

and the air flow is strongly influenced by local conditions.

Thé climate in the SPMA can be summarized as a dry
winter‘(June to September) and a wet suﬁmer (December to
February). From September to April the area is dominated by
a southern moist wind with frequent occurrences of frontal
systems passing through, resulting in precipitation, Iow

level cloudiness and low availability of solar radiation.

.During the winter, high pressure builds up northward in the

eastern.Atlantic, producing light winds from the coast,

strong thermal inversion of the subsidence type and clear
skies. Precipitation becomes far less frequent and pollution

problems increase.

Approximately 15.3 million people live in the SPMA and
nearly 70% of the population lives in Sao Paulo City. The
remaining populatlon in the area is dlstrlbuted among the
smqller cities and districts. Presently the SPMA is the

largest industrial zone in Brasil.The population and

‘industrial growth'has been rapid with little planning of the

physical structure of the cities in the region.

. With 47,000 industries, the SPMA has 46% of the

. industries of the Sao Paulo state(28). Of particular

interest is the presence of heavy industries in the region

such as iron and steel works, cement plants, sulfuric acid
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plants, fe;;iliZer plants, refineries, petfochemical plants,

chemical manufacturing, etc.

The emission source inveﬁtory for the SPMA was
calcﬁlated with the help of data obtained from the aétual
sources activity data base, for the reference year 1985, and
the emission factors were calculated from the Compilation of
Emission Factors of the U.S.Environmental Protection Agency
or, in some cases, obtained from source tests (e.g., for the
light duty vehicles). A summary of the emission estimates of

particles by source is presented in table 1.

Table i~— Emission estimates of partigles in SPMA
SOURCES EMISSION (1000 TON/YEAR)
Industrial Processes ' 59
VEHICLES

-gasoline exhaust *
alcohol exhaust *
Diesel exhaust **
motorcycle exhaust
taxi

tires

NOOW I &
S N0 w

* light duty wvehicles
** heavy duty vehicles

Although there are séme emissions due to open fire
bufﬁing the estimates are not réliablejBrézil is uniqué in
that i;’has a signifiéant fleet of light duty vehicles using
alcohol (ethanol) as fuel. Furthermore ethanol is added to
gasoline with the present blend being 22% ethanol .and 78%

gasoline. Both changes produce a decrease in the carbon
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. monoxide emission levels and an increase in the aldehydes

emissions compared to the use of gasoline alone. The
nitrogen oxides emissions are maintained almost constant.
There is no estimate for emission of particles from alcohol-
fueled cars but some initial observations shéw that these
cars emit less particles than gasoline-fueled cars. The
evolution of vehicles and fuel use in the SPMA is shown in

table 2.

Table 2 - Evolution of the fleet of vehicles in SPMA

TYPE OF YEAR . VARIATION
VEHICLE 1981 1987
(multiply x 1 000) ‘

gasoline 2,100 1,700 -21%
alcohol 84 850 1011%
Diesel 161 190 118%
motorcycle 89 200 225%
taxi 36 35 : -3%

3.1 Air Quality Measurements in SPMA

Presently CETESB has been operating a manual air
monitoring netﬁork since 1973 and an_automatic'network since
1981. Besidés these networks, several special studies have
beeq carried out to clarify the behavior of some pollutants
in‘the atmosphere.

3.1.1.Manual Network

The manual network is composed of. 6 sampling stations
thch neasure SO, and particles as "smoke " (since.1973),

and 11 sampling stations which measure total suspended

'particies using a high volume (Hi-Vol)'sampier (since 1983)f

The manual network today is operated mainly to keep the
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historical records and maintain'continuity with the daily
measurements collected by the automatic network.
f 3

3.1.2., Automatichetwork

The automatic network is'composed of 22 fixed sampling
stations énd 2“mobile-vans,-with automatic generation and
transmission of data to a central station. This network
measures S05(all stations), inhalable pafticles(all
stations), CO (7 stations), hydrocarbons (1 station),
nitrogen o#ides (6 stations), O3 (6 stations) and wind speed
and direction (10 stations).

3.1.3. Special Studies

Among the special studies carried out in the SPMA,
those reiated.to measurements of particles are of special
interest for this work. The main studies were concerned with
lead conteﬁt in the SPMA atmosphere(4), the distributioq of
particulate matter around a heavy traffic wéy(3f} the size
characteristics of the SPMA duét(S), the atmospheric
particulate carbon in the SPMA(1l) and the one year receptor
modeling for apportionment of sources of particulate
matter (11). -

3.2 'Charact‘eristics of the Air Quality in the SPMA

3.2.1.Sulfur dioxide

' The concentrations of SO, are decreasing in all sites

of measurements in the lasts 5 years and do not exceed both
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the daily and annual standards (365ug/m3 and 80pg/m3).

3.2.2.Carbon Monoxide

Carbon monoxide levels.routinely exceed the air quality
standard (9ppm/8h) at almost all sampling sites by a large
amount.

3.2.3.0z0ne

The ozone air quality data indicate-that the O3
standard (160pg/m3/1h) is constantly violated. The three
highest one hour samples observed in 1987 were 455 pg/m3,
326 ug/m3_and 300'ug/m3. |

3.2.4.Suspended Particulate ‘ o~

Observed values are far above the standards for
particulate levels (80 pg/m3 daily and 240 p.g/m3 annual

geometric mean) showing'thét the particulates are one of the

serious problems of air pollution in the SPMA. Special

attention has been given to this pollutant and several
studies have been carried out to verify aspects of the

problem. The result of these studies are.summatized below.

The levels éf'Lead were measured in 2 différent years;
in_1978, jugt.befbte’the alcohol program had started and in
1983 when the gaéoline was already mixed’with-alcohol and
10% of the car flée;lwaé."a;cohol" fueled. The resultsi
showed an astonishihg decrease of lead COncentfétion in all

stations. The -worst level station (Sao Caetano) had the
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maximum quarterly concentration of 1.6 ug/m3 in 1978 reduced

to 0.3ug/m3 in 1983.

The TATUAPE(5) study was.carried out by placin§'5 tape
sampiers.(hourly measurements) in an axis perpéndicular to a
heavy traffic}way.'It'was possible to observe that the
concentration peaks were coincident with the traffic peaks
at all 5 stations. By comparing the results of all stations
it was possible to see that the concentrations decreased to
about 30% of the roadway value at a distance of 200m from
the central station 5ut incrgaéed again due to the proximity

of another heavy traffic way nearby.

The largest study of particulate matter carried out in
Sao Paulo (ECA-SP) was done in 1986-1987 and generated so
much data that some data are still being processed. One of
the objectives of the study was to characterize the size
composition of the suspended particles. The resﬁlts(l) are

summarized in Table 3.

: ‘ TABLE 3 .
Size composition of suspended particle (annual average)
0 . . ‘Conc. Conc.
STATION FP Cp - >10. . Hi-Vol . Inal

‘ % % © pg/m3 pg/m3
' ' : . (AGA) (AAR)

S.Caetano  22.3 50.8  56.9 175 86

D.Pedro 31.4 . 18.9 49.7 142 79

- Ibirapuera 35.4 .22.8  41.9 69 - 45

© Osasco 26.4 . 19.1 54.4 124 62

FP = Fine Particles (<2.5um)

CP = Coarse Particles (2.5um<d<10um)
" AGM= Annual Geometric Average

AAA= Annual Arithmetic Average 1
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The ECA-SP also provided information about the carbon
content in the suspended particles. Some of these data are
summarized in table 4.

TABLE 4
- Total Carbon content in the suspended particles (annual
average)

CONTENT OF TOTAIL CARBON

STATION IP Iip Hi-Vol Hi-Vol
ng/m3 $  pg/m3 %
S.Caetano 30.4 35.6 45.9 22.9
D.Pedro’ 39.4 50.6 53.9 34.2
Ibirapuera 16.6 36.4 22.5 28.1
Osasco . 28.6 46.0 41.7 . 30.2

IP=Inhalable Part1cles(<10wn)
% = Percent of total carbon in the total mass
concentratlon =

The Sao Paulo data for carbon in HI-Vol samples were
plotted along with some results obtained in the USA (31),

Figure 1.

‘The results obtained from the receptor model "chemical
Mass Balance" in the ECA-SP and related to combustion

processes are presented in the table 5.

TABLE 5
Sources of combustlon according to the receptor model
~ STATION n
SOURCE S.Caetano_ D.Pedro Ibirapuera Osasco

IP TSP IP TSP IP TSP-- IP TSP
Vehicles' 40.0% 27.0% 50.0% 38.0% 35.0%'23.0% 41.0% 30.0%
Ind.Oil 3.5% <7.6% 3.6% <4.0% 4.0% <2.7% 2.3% <5.6%
Carb. Sec 7.0% <7.6% 9.7% <4.0% 13.0% 9.2% 17.0% 4.5%
As a general and final comment about‘the air quality in
the SPMA we can say that the main pollutants in the region

are those related to the emissioné of vehicles and also that
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the particulates play an important role in the deterioration
of air quality. _
4. EXPERIMENTAL

4.1 Sampling and analysis

4.1.1. Smoke Shade Sampler.

The sampling equipment is similar to that described by

WHO (37) and cohsists in the following parts:

l1.Inlet - a 60-degree funnel with a diameter of 5cm. The
funnel is installed facing downward in the sampling
31te

2.Filter holder -Millipore Holder model No.XX IEA XX
5004700 with an nominal filtration area = S.4cm

3.Critical orifice - nominal flow rate of 2 L/min. A
hypodermic needle was used as a critical orifice.

4 .Pump - diaphragm type, capable to maintain the critical
conditions. in the orifice. :

All parts are connected with a 6.4mm inner diameter

plastic tubing (Tygon) in the order described above. The

sampling height is 2.6m and is uniform in all-stations. The

tubing size from the funnel to the filter holder is 2.3m.

The sampling procedure consists of placing a clean
sheet of filter in the holdef, turning on the pump and
sampling, usually for 24 hours. For the reflectance analysis

Whatman No. 1 filter paper was used For carbon analysis a

‘flber glass filter (Gelmam A/E) was used The fllter was

prev1ously heated to 4500C to reduce the blank carbon value.
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4.1.2. Reflectance Analysis

Percentage reflectance was measured by an Evans
Electroselenium Ltd Smoke Stain Reflecﬁometer, capable of
measuring percentage reflectance between 0 and 100. A clean
sheet of Whatman No. 1 filter ?aper is placed in the white
plaque provided with the eqﬁipment and the galvanometer is
adjusted to 100. A sampled filter is placed in the same

plaque and its reflectance is then measured

The reflectometer is periodically checked with the

"standard grey plaque" provided with the equipment. The

"results are reported in "Darkness Index" {(DI),

DI = 100 - Reflectance

4.1.3. Carbon Analysis

This analysis was carried out by using the Carbon

"Analyzer Xertex-Dorhmann model DC85. The sample is loaded in

a.platinum boat in a flux of carrier gas. The boat is then
advanced to a high temperature "oxidation zone" where the
carbonaceous material is volatilized and/dr burned to COjp.
The complete oxidation of the gases to CO» is guaranteed by
a bed of "catalyzer" CuO. Tﬁe CO, is then measured by a non-
dispersive infraréd detectof. Results of Total Carbon and

Volatile Carbon are obtained according to the operational

conditions as described in Table 6. The elemental or non-

volatile carbon is obtained by an arithmetical subtraction-.
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of total carbon minus volatile carbon.

e Table 6

3 Analytical.conditions for carbon determinations
P CONDITIONS VOLATILE CARBON TOTAL CARBON
A Oxidation Zone 4500¢ 7000¢C
-~ (temperature)
- Catalyzer 7000¢C 7000¢
: (temperature) j

-~ Carrier Gas Argon with 2% of Oxygen
Flow = 200 ml/min

g In the analysis of the filter samples, a disc of
= 0.121cm is removed from the filter and loaded into the
o platinum boat. A different disc is used for each condition.

-y

The final result is reported in surface concentration,

p pg/cm?,
:/- The equipment is calibrated with a solution of
g ‘potassium biphtalate (2000 ugCarbon/ml)-for a respohse of

= : 2000 -ppm (the equipment was originally made for water
analysis). A punch“of an unused filter is used for blank
" measurement. The calibration procedure is repeated in the

e beginning and end of the day. Periodically the equipment is

Ci checked with a real atmospheric sample, kept as a standard,
?Z.. in order to.V¢rify";he behavior of the catalyzer or to

&‘ verify the appropriate functioning of the equipment when any
g: kind of maintenance is done or when a new cylinder of gas is
EL : used. This "standard” is a Hi-Vol sample kept at ambient.

< temperature. Repeated analysis pf this standard showed an

= average of 1652.5 ppm and a standard deviation of 69.4
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ppm(4.2%) and these numbers are used as guidelines for
acceptance or not of the good functioning of the equipment..

4.2, Data collection

The calibration curve was built up with real
atmospheric samples. The samples were collected in two
differént sites and in two different periods. The first site
"PINHEIROS" is located iﬁ a residential area at about 200m.
from a very heavy trafficway and 30m from a light
trafficway. The samples were collected in the winter of 1988

(PIN-88). This set was obtained by sampling over a 24 hour

-period. The data do not show an even distribution of values

in the range that was intended for study. To obtain more
samples which it was hoped would give more evenly

distributed values, a second period of study was planned.

This was done in "CERQUEIRA CESAR" (CC-89), located in a

residential-commercial area and the sampler was at 20m away
from a corner highly influenced by two heavily travelled
roadways. The sémpling was performed in the 1989 winter with
several samples being taken over a 48hr period. In the 1989
winter samples were aléo collected in the five different
sites where the historical data were to be analyzgd. These

samples were not to be part of the calibration curve but

were to be used as proof of the validity of the curve
-obtained. Two absolutely equal samplers were. located at each

- study site. One sampling device'cbllected samples through

Whatméﬁ No. 1 filter paper and the other through a Gelman

| g
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A/E glass fiber filter sheet. All samples were taken under a

nominal flow of 2 L/min.

4.3. All Data Calibration curve

All data used to develop the calibration curve are
given in the Appendix A. There it is possible to see the
site, date and analytical resﬁlts of each sample. The curve
that best fits the data was obtained following the procedure
described by Kleinbaum et al. (32).

The complete series of data were initially treated by
mixing all of the 1988 and 1989 data. Several models were

tried using the least-squares method and a summary of these
models are given in table 7. '

TABLE 7 .
Summary of the least squares models
MODEL a b c r2 residual
average
Linear y=a+t+bx : ~-3.864 0.6170 - 0.931 0.000
Exponential y=aebx 3.266 0.0436 = 0.956 0.038
Power y=axP : 0.259 1.178 ~ 0.956 -0.281

Polynomial y=atbx+cx 2.246 0.1477 0.00726 0.956 0.003

The regression analysis Qas done using the ﬁarkness
Index as independent variable (x) and.Total Carbon Surface
Concentration (ug/cm?) as dependent variable (y). Among the
exponential, power and polynomial models, which have the
same r2, the best'choice is fhe polynomial because it has
the lowest residuai average. The linear model has the
pobrest r2 put also presents the lowest residual average.

For this reason a comparative study of the residuals was

carried out with the linear and poiynomial models to decide -

which one best fits the data. The plots of both curves are

presented in figures 2(a) and 2(b). The ith residual, ej, is
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defined as the difference between the observed value, Yy,
and the model predicted value, Y¥Yg.

ey = Yi = YS

The estimate of population variance,szrcomputed from

the sample of n residuals is:

1
s2 = p ei2
(n - k -1)

where k is the number of independent variables. The
standardized residual is:

Z;= ei/S

The Z; value was calculated for both models and the
plots of (Z; X Measured Carbon) are presented in figures
3(a) and 3(b). A summary of the dispersion of the

standardized residuals is presented in Table 8.

Table 8 A

Dispersion of the standardized residuals
Parameter . Linear Polynomial
Positive
residuals 26 277
Negative .
residuals 25 24
std. dev. S 2.42 1.96
0 -18 m 35 (68.6%) 39 (76.5%)
1 ~-258 14 (27.4%) 9 (17.6%)
2 -3 8 2 ( 4.0%) 3 ( 5.9%)

. In the table 8 and figures (3a - 3b) it is possible t6_~

_see that both curves present approximately the same number -

forAtHé positive and negative residuals. Meanwhile, the Zj

of the polynomial curve is more evenly spread around the
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zero value. Also there are more data in the 0-1 standard
deviation range for the polynomial than for the linear
model. The standard deviation of the residuals are smaller
in the polynomial than in the linear model. Thése reasons
lead to the conclusion that the polynomial model is the best

among the models which were tested.

‘4.4.Partial Data Calibration curve

To verify wether the sampling period or sampliﬁg site
affects the éalibration curve, the regression of complete
data (CMP) was compared to the regression of the two
sampling periods PIN-88 and CC-89. The second degree

]

equations for the models are presented in table 9.

. TABLE 9

Polynomial equations for each set of data
Site and _ _
period - a -b c r2
"Pinheiros e = -
1988 . (PIN-88) 1.451 0.2203 0.00725 0.986
C. Cesar ' -t
1989 (CC-89) 0.765 0.1958 0.00658 0.934
Complete
data (CMP) 2.246 0.1477 0.00726 0.956

~The 3 curves are displayed in figure 4. The CMP curve
is'ciosér to the.PIN—88 curve until approximately DI=25.
After this point the éMP starts to be closer to CC—89..If
one looks closely at'fhe-data.of the partial curves it is
possible to see that 50% of the PIN-88 data are smaller ﬁhan
DI=25 and onl§ 3.5% of the CC-89 data are in tﬁis'range.

This observation suggests‘thét the complete (CMP) curve fits
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bésically with the PIN-88 data in the beginning and with CC-

89 in the upper range.

To verify how close the CMP is to each seéarate curve
it was calculated from the equations using the values for

different points of DI as well as the difference of each

"point from the CMP curve. Differences were normalized with

respect to the standard deviation of the residuals obtained
in the CMP anaiysis (1.96). Table 10 shows the results of

these calculations.

TABLE 10
Differences among the 3 curves
DI CMP PIN-88 CC-89 .
, ng/cm? pg/cm nd ng/cm? nd
10 : 4.4 4.4 0.0 3.4 0.51
20 8.1 8.7 0.31 7.3 0.41
30 13.2 14.4 0.61 12.6 *0.31
40 19.8 21.5 0.87 19.1 0.36

50 - 27.8 3001 1.17 27.0 0.41

‘nd= normalized differences

The normalize@ difference shows that the partial curves
are different from the complete curve in values smaller than
1 standard deviatidn. Only in the case of Di 50 in PIN-88
was a value slightly éreater than 1 observed.- For this =
reéson the cufveshﬁere considergd equivalents and it was

assumed that the complete curve is valid for all stations
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and all years.

4.5, Test of thg curve

Several data were generated with the purpose of testing

the calibration curve and for that reason were not used in
the calculations of the model. Four data points were

gathered'at each site where it was intended that the

historical analysis would be carried out using a total of 20

data points.

Tﬁe experiment was cgnducted in the same way as that
for the calibration curve. Directly measured carbon results
were comparéd to those obtained by use of the calibration
curve. A table with the results are presented in appendix B,
An analysis of the table shows that 65% of the normalized
residuals are on the negative side and 35% on the positive
side. The normalized residuals shows also that 50% of the
data differ less than 1 standa;d deviation from.the curve
and the other 50% is in the range between 1 and 2 standard
deviatioh. This result was considered satisfact6r§ for the

purpose of this work.

4.6._Par£ic1e size

'I.Although cHaracterization of_éhe particle size
collection characteristics of the smoké shade sampler was
nof'thé objective of thié wofk, an attempt was made to
verify at 1eést.the size range of the collected particles.
Th;s is important because there are no standards for

carbonaceous particles in the atmosphere and a reasonable

e
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way to verify the importance .of the levels found in Sao
Paulo is to compare them with levels found in other citiesj
with similar characteristics. Although the ECA-SP study
provided a basis of comparison, the recent studies report
carbon content in samples obtained with Hi—Vol or
Dichotohous samplers having a defined cut diameter. Thus any
comparison has meaning only if it is done with samples

having essentially the same size distribution.

A few sampling were carried out with parallel

collection using a dichotomous sampler and the smoke shade

.sampler.'These data are presented in appendix C. The smoke

shade mass concentration was obtained by using the standard
reflectance curve (22) and the dichotomous mass concentration
via gravimetrichanalysis. The total carbon concentration was

measured in all sémples with the thermal method previously

-described.

From theée.results it is possible to conclude that both
mass conceﬁtration and carbon concentration are greater in
samples collected with the smoke shade sampler. To make this
comparison easy, smoke shade data versus the dichotomous
data were plotted'and the plots are presented in figures

5.(a) and 5(b). The dichotomous concentration is the sum of

fine and coarse particles concentration, the so called

‘inhalablé particles (IP).

To confirm the above results, which were obtained in

Cerqueira Cesar, two other sets of samples were collected in
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Pinheiros. This new set of data is shown in Table 11 and is
important to note that Hi—Vol sémpleé were collect also.
These data confirﬁ that the smoke shade sampler does get
partic;es in sizes:greater than the dichotomous sampler and

smaller than samples collected by the Hi-Vol sampler.

Table 11
Comparison of mass concentration obtained by 3 different
methods.
DATE IpP S.Shade Hi-Vol
pg/m3 pg/m3 ng/m3
Aug-24-89 56 : 73 105

Aug-25-89 . 105 . 132 154

Initially it was expectedAthat the carbon concentration
would be greatér in the fine fraction but smaller in the
inhalable fraction because of previous reports in the
literature (35) . But/ as showed above, the;smoke shéde
results are greater than the sum of fine and coarse
particles (IP) in the dichotomous sampler. The configuration
of the samplér was considered and some calculations were

done in order to verify the reasons for this behavior.

McFarland et al.(25) evaluated in a wind tunnel study a
funhel—shéped'inlet similar to that adoptéd by the British
Standard Institution. They.found_that for a wind velocity of
8 Kﬁ/hr the cut péint size for the inlet is '10.8 pum when the
sampling flow ié 1.5 1/min. Unforﬁunately the funnel
diémeter‘is not.spécified; The samplér used in the present
study is 45 mm in diameter and the sampling flow is 2 1l/min.

The average city wind speed is 9 Km/hr. From the funnel
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dimensions and flow rate the inlet velocity was calculated
to be:

Q .
V = = 2.1 cm/sec
A

where Q= flow = 2000 cm3/min and A= the funnel area=15.9
cm4.

The particle equivalent diameter for this velocity
according to the Stokes-Cunningham sedimentation law is:

Ccpd 2 g
Tg = P

2 18

resulting in dp= 26;5um

where Cc = Cunningham correction

= particle density =1 g/cm3 for equivalent diameter
p = particle diameter

gravitational acceleration

air viscosity

relaxation time

AT Q N,

oy

The resulting dp just says that in still air particles
larger than 26.5 um will not be captured by this inlet.
Certainly other factors act on the inlet to change the
collectionlcharacteristics of the iniet and wind speed seems

to be the most important (26).

‘Some other components of the sampler can act to select

the particles that reach the filter. The first curve of the

tubing can capture particles. This . was analyzed assuming

Lthat the particle has a behavior as in a cyclone with a

number of turns equal to 0.5 (the curve is 180%). The
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penetration of particles.of several diameters was calculated

using the formula(30):

" TN Vo T

Bo/2

™~ where P = 1 - €

€ = efficiency
P = penetration
Ni= number of turns
. Vo= gas velocity
y B.= tube diameter
T =
3

relaxation time

The tubing also has 40 c¢m of horizontal length and some
£ deposition of the particulate matterAis to be expected. This
S~ - mechanisﬁ wés analyzed using the model of Natansoni( Ref.25)
f : and the same particle sizes used by McFarland. The

penetration of particles through a horizontal tube with

a viscous air is: .

( ' P =1 -- { 2 6 SR + sin~1 ¢1/3 - ¢1/3 sr }
(" ST | |
-

\" . 2Vt L

(‘ 4 D U

( Car = (1 - 62/3y1/2

¢ _ SR = (1 - ¢2/3)1/

{ P = penetratibn'

¢ Vi= terminal velocity

= L, = tube length

(. ‘D = tube diameter

" U = flow velobity_in tube =~

-

C

¢

i
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The penetration for both cyclone and deposition are

presented in table 12.

TABLE 12
Penetration of particles due to deposition and cyclone
mechanism
Mechanism Size um ‘ 1.4 2.7 6.5 9,7 11.0 15.0 20.0 25.0
Cyclone P= 0.997 0.988 0.935 0.861 0.824 0.688 0.484 0.264
Deposition p= 0.997 0.989 0.935 0.856 0.815 0.656 0.389 0.046

It is can be seen in the table that ‘both mechanisms
show approximately the same penetration in the range from
1.4 to 15 um. In the system used in these studies the
deposition mechanism is more effective than the cyclone for
collecting larger particles (smaller penetration) . The total
penetration for both mechanisms is given by the product of
each partial penetration (Pdep X Pcyc)' The total
penetration for 11.0 pm 1s 0.672 and for 15 um is 0. 451,

This means that for these comblned models the expected

cutpdint is between 11 and 15 um.

Based on the experiﬁental values with additional
theoretical support, it can be concluded that the sampler
used in this stﬁdffhas a cutpoint higher than the
dichotomous’ sampler._

5 ANALYSIS OF THE HISTORICAL DATA

As previously deSCribed,“CETESB has smoke shade data
from several sites since 1973. It was possible to estimate
the carbon concentratlon for those sites by using the method

described prev;ously. Elve Qut of .six stations were chosen
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for the study, and the criteria of choice was the sampling
period. The sixth station had less data than the others.

5.1.8ite description

5.1.1. Aclimacao

The site is located in a residential/commercial area.
The sampling equipment is inétalled in a home garden at
about 12m from the edge of a road. Traffic is considered
moderate to heavy.

5.1.2. Moema

The neighborhood is basically residential but the
éampiing equipment is located at 45m away from a main avenue
with a big shopping center and other commercial activities.
The traffic is querate to heavy and it seems (no statistics
available) that the number of buses is not as high as at

other sites of this study.

5.1.3. Praca da Republica

This site represents the downtown area with busy
commercial activity. The traffic is heavy. The sampler is
located 21 m from traffic lane.

5.1..4 Tatuape

The site is basically commercial/residential but there

is some small influence of industries. The sampler is

iocated in the gardens of a public library at 35 m from a
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very heavily travelled avenue.

5.1..5 Campos Eli§eos

This station-was located ﬁear a central bus station
till 1978.’In October of that year the fire station (which
was the location of.thé sampler) was demolished and the
sampier had to be moved to its present site. Since then the
sampler has been installed in a home garden 15m away from
the traffic lane. The traffic is very heavy, probably the
heaviest of the all sites studied.

5.2. Data collection

The data were generated on a daily basis until 1982.
After the automatic network started stable data generation,
the manual network began operation on a 6-day cycle; For
this study the automatic data were retrieved on a 6-day
cycle in order to maintain the same4data basis for the whole

period.

The data available are from September 1973 td-December

1988 except for the site Praca da Republica where the data

series bégan-in 1974. The completeness of the data is an

important factor in the data analysis. Fortunately the

malfunctioning of the network was minimal and in most of the
years 100% of the data are availéble. In several years there

was a maximum of 3 data failures ( 5.7% of the year’s data) .

The only real problem occurred in the Aclimacao site in

1986 when no data were generated in August and September. An
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estimation was done for August 1986 by using the average of
the same months in 1985 and 1987. The same procedure was
used for September. The annual average practically does not
change with and without estimation of the missing data
(with=33.6 ug/m3 and without=33.lug/m3). This fact led to
the conclusion that the estimation is acceptable.

5.3 Data Analvysis

Analysis and interpretation are not only a function of
the objectives of the monitoring program, but also of the

specific nature and quality of available data. The Tatuape

- study (3) focused on the variation of the concentration

during the day, and so the sampling was scheduled on a 1

hour basis.

In the beginning of the manual network the objective

- was to verify the attainment of the air quality standards;

therefore, the samples were.taken daily on a 24‘hour
sampling period. Now the manual network is oﬁerated with an-
objective of verifying the trends of particulate matter and
for reasons of economics the samples are taken for 24 hoﬁrs

every six days. As a consequence, the data available permit

" the seasonality ahd annual trends to be shown.

‘The daily maximum becomes less important, although it

-¢an-be estimated by statistical ;echniques..Obviously the

accuracy of the monthly and annual average decreases when
the.éémpling frequency is not 1/day, but it has been

shown (38) that the annual average has a deviation of less
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than 2% when samples are taken every other day, and about 5%
when the samples are taken every twelfth day.

5.3.1. Seasonal and Long Term Trends

The air quality in a region depends on the emission of
polluténts ah& the climatological conditions for their
dispersion. An analysis of the pollutants’ emission related
with transportation is not easy. In the case of Sao Paulo
the change in the car fuel, the inauguration of the subway
invthe.seventies and an economic crisis in the eighties are
important factors thét need to be taken in account. The city
is still growing disorderly and it is impossible to foresee
what will habpen in a near future. This means that any
analysiS‘ofAlong term trends should be viewed as a stgdy of
past to verify whiéh factors are importéht in chénges or
trends, but not as é mathematical approach to predict the
future.

5.3.1.1 Seasonal Pattern

To verify the seasonal trend, quarterly moviﬁg averages
were calculated. This kind of average has some advantages
over thé'moﬁthly-averége. In the first élace, the data are
smoothed out..In the secéﬂd, the data are averaged in a
tﬁfeé month period, the size'of”é ‘season. Third, the nuhber
of,sampies is bigger and this becomes very.importént because

the sampling'schedule brings us only 5 to 6 samples each

‘month. With the increase of the sample'size it is .possible



. CETESD -t o 'yf'
. Bir= Ll' i
' - 40 -

ESINENCNT AMBlenTAL
‘EC A

to have samples taken in different days of the week, mainly

week-ends, when the pattern of emissions is different.

Plots of the quarterly moving averages for each site
are presented in figures 6 to 10. It is seen in the plots
that the yearly maximum concentration occurs in the quarter
that ends in July or August, depending on the year or the
station. Some maximum are observed in June in the Moema
site. The Campos Eliseos site shows a suaden change in 13879
because, as ﬁentioned previouely, the station location was

changed.

The élets show the seasonality of the data andfthe
levels of measured carbon in each site, but with this
display it is difficult to compare the results from one site
to another. To verlfy whether the variability of the 81tes
are the same or not, all data were normalized accordlng to
the following equation:

Ng=. (Qq/Yg) - 1
Ny=Normalized data
Qg=Quarter data
Ip=Year mean.

Plots of the normalized data are presented in figures
11 te 15, With’nefmalization tt is easy to see the
variability of the.data in relation to the meah.‘The sites
Aclimacao, - Tatuape and Republica have an intermediate annual
average concentration, ranglng between 30 and 55 ug/m3 (see
next item). The data varlablllty of these 3 31tes are

approximately the same. Campos Eliseos presents the highest
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annual average, ranging between 55 and 80 ug/m3, and the
variability is the lowest observed in the data of all
stations. The last site, Moema, presents the lowest annual
average (range 20-30 ug/m3) and also the highest
variability. These observations suggest that the variability
of concentration due to seasonal effects is somehow
inversely proportional to the observed annual average.

5.3.1.2 Annual trends.

Annual trend analysis is based on the plots presented

in figures 16 to 20. The annual as well as the maximum and

minimum quarterly averages were plotted (data in appendix

D). The minimum averages occur in different months, in
general between November and January, depending on the year
and the station. Therefore some “summer” data could be the

same in 2 different years if the minimum were calculated in

a calendar year. Then, the minimum average was calculated

between two subsequent maximum data points; for example the
minimum observed between September 1975 and August 1976 was

recorded as the 1975 minimum.

Another observation about the data is that Campos
Eliseos’ averageé were recorded only from the year that the

sampler was moved (1979).

~The first observation that should be mentioned is
concerned with the overall trend of the annual average. This
trend analysis depends on the time-frame considered. A

sudden drop in the first year’s concentration could maintain
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a negative trend in a whole series, even if in later years
the trend is stable. For this reason our data were analyzed
in two different time-frames; the whole series and the
latest 6 years. The choice of 6 years was basee on changes
in traffic patterns due to the inauguration of the subway,

as will be discussed further on.

The technique used for measuring the statistical
significance of trends was the Daniel’s test for trends

using the Spearman rank correlation coefficient as described

by WHO (36) .
"Given a time period (tq,...,tp) &and their —
corresponding value of yearly average (Yj1s..-,¥Yn) ranked

from the lowest to the highest, the test statistic is
calculated as the rank—correlation coefficient:

rg =1- (62X d;?)/ (N3 - N)

‘where d; is the difference between the t variable (time
starting with period one te period N) and the t’ variable
ranked by measured concentration for the_ith observation.
The absolute valuevof rg, the coefficient of rank
correlation, is cbmpered with the critical value Wy in a
statistical table'of Spearman rank correlatieﬁ coefficients.
If rg > Wy then a trend is declared significant. A negative
value of rg indicatesla downﬁerd trend”. The calculated

values of the test as well as the Spearman coefficient are
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presented in table 13.

TABLE 13

Results of the trend test

SITE COMPLETE SERIES 6 YEAR SERIES

Yrs rg Wp Trend g Wp Trend
Aclimacao 15 =0.70 0.44 YES -0:77 0.83 NO
C.Eliseos 1C -0.93 0.56 YES -0.89 0.83 YES
Moema 22 -0.42 0.44 NO -0.88 0.83 YES
P.Republica 14 -0.80 0.45 YES = -0.60 0.83 NO
Tatuape 15 -0.80 0.44 YES -0.88 0

.83 YES

It can be concluded from table 13 that in the complete
series, all stations show negative trends, although Moema’s
trend is not statistically significant. The.6 year series
results show a negative trend in C.Eiiseos,Moema and
Tatuape, but Aclimacao and P.Republica show some decrease in
the data although without statistic significance. The plots
and the tabled results show a general decrease in

particulate carbon pollution in SPMA.

Calculation of the decreasing rate in the atmospheric
carbon was carried out using a linear régression model.
Regressions weré also calculated on the maximum and minimum
quarterly averages to vgrify whether the overall reduction

(annual average) occurs due .to similar reduction in "summer"

‘and "winter" or whether the reduction occurring in one

particular season is more important. The reduction rate as

well as the regression r?2 for the complete series and for



the latest 6 year series are presented in tables 14 and 15.

Table 14
Reduction rateiof particulate.carbon in the complete series

= ' . ~ REDUCTION ‘RATE pa/m3 ,

i year r

P ) annual
< SITE . Annual Maximum Minimum rate

(A Aclimacao Ok a6 . w38 DL TG
2, C.Eliseos 2.39 2.45 1.79 0.76
- Moema 0.27 0.40 0.14 0.17
& P.Republica 1.24 1.56 0.93 0.63

A Tatuape 1.88 2.22 1.40 0.71
: Table 15

Reduction rate of particulate carbon in the latest 6 years

REDUCTION RATE pg/m3

Ia _ year r?
(A ' annual
SITE Annual Maximum Minimum rate

Aclimacao 1.72 2.30 1.18 0.74

" C.Eliseos’ 2.59 2.70 1.24 0.70
Moema 1.20 1.70 0.80 0.78

P.Republica 1,12 2.18 0.20 0.63

Tatuape 3.92 6.14 1.72 0.86

(A ' The tables show that the regression model as applied is
useful for averaging out the reduction rate occurred during
the past years, but has low significance as a predictor

2

(= model because the r<¢ is poor.

A _ - Although both the "winter" magimum and the "summer"”
minimum show a reduction rate, the winfér reduction plays

- - the most important role. The reduction which occurs in the
winter quérter series is always_bigger, and_in some stations
CA it'is'about the double of fhét observed in the summer

(A - . quarter.
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Some sﬁations present a remarkabie differencé in the
reduction rate when the complete aﬁd the.6 year series are
compared.‘The Tatuape étation shows -the most spectacular
reduction and this facﬁ will be discussed in the next.

section.

A final observation about the data is fhat in all
stations a kind of cycle seems to occur. By observing the
maximum quarterly data in the plots it is possible to see
that for every 5 year cycle, beginning in 1977, the data
reaches a lower value and iﬁ the next years they rise again
starting a "new cycle". This presumption is speculative
because the data séries is still too small to permit a
secure generalizaﬁion. On the other hénd it can indicate .an

important weather cycle and so attention has to be paid to

it in future data analysis.

5.4 Data Interpretation.

5.4.1 Seasonal Data

The seasonal behavior of air pollution has a speciél
meaning in highly polluted cities such és Sao Paulo. In the
months in which'uﬂfavorable'meteorological conditions for
atmospheric dispersion occur, thé-pollutant concentration

increases and special enforcement should be carried out.

'Then, the determination of the "polluted season" becomes

highly necessary. In'terms of particulate carbon this was

determined in this study.
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Finally, it should be emphasized that the usage of
heating systems is practically nonexistent in the SPMA,
therefore, the winter data ;s not affected by any kind of
gspecial seasonal sources.

5.4.2 Long Term Data

Two categories of source should be considered in an
attempt to understand the behavior of the data series;
stationary and mobile sources. Most of the particulate
control program in Sao Paulo was directed to stationary
sources. A significant reduction was achieved in terms of
particulaﬁes as a general pollutant(10), but this did not
affect proportionally the particulate carbon at the.sites
studied. This can be seen in table 16.

TABLE 16
Reduction in industrial emission and in atmospheric

concentration
1979 data=100%

YEAR L ‘ 1979 1983 1887
Emission (ton X 103/year) 156 70 48.5
Reduction - 55% 69%
Concentration (°

pg/m3) * : 48.2 - 41.3 32.5
Reduction ‘ = 14.3% 32.6%

* average of all station data

From 197§ to-i983 a 55% reduction in the industrial
emission occurred, bﬁt only 14.3% reduction in the
atmospheric concentfation was noticed. From 1983 to 1987‘a
smaller reduction in the emiésion was -followed by a greater
reduction in the'concentration..This fact shows that

concentrations at the sites of measurement have low
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components of industrial emission and are mainly affected by
other sources ,(the mobile soutceS); The reasoning presented
- above is perfectiy in accordance with the results obtained
by the use of receptor models, which showed that the main
source of carbonaceous material in the SPMA is

transportation (11).

An analysis of the pollution caused by transportation
should take in account that the Brazilian fleet has light
duty vehicles using only gasoline or alcohol as fuel. Diesel
fuel is restricted to4buses and trucks. The main factors
that could have caused the observed reduction in the

atmospheric concentration are discussed below.

Gaschol

The usage of a mixture of gasoline and alcochol as car
fuel started in 1979. An important aspect that should be
emphasized is that the gasohol program was implemented at
once. So a sudden drop in the concentrations would be
expected to occur if the contrlbutlon of car emissions is
important. It should be recalled that the lead concentration
in the SPMA atmosphere dropped drastlcally as a consequence
of the alcohol program. Yet the ‘carbon concentratlon did not
decrease in the two subseQuent years afterAthe heginning of
the program.'Thﬁs the usage of gasohol instead of gasoline
. does not appear to affect the atmospheric carbon .

concentration in the SPMA.



Enforcement

Laws for emission control of mobile sources have only
recently been established. The 1980 federal regulation sets
the black smoke emission limits for in-use diesel vehicles.
The effectiveness of this law depends on the degree of
enforcement achieved. The enforcement is stronger in the
winter so this could explain that the reduction in carbon

concentration is greater in the winter than in the summer.

Subway Inauguration

Some subwayAstations were inaugurated near the sampling
sites during the study period. The Praca da Republica subway
station was inaugurated .in ‘April 1982 in the same square
where the air'sampler4is located. An aﬁalysis of the Praca
da Républica plotl(fig.‘l6) and reduction rates (tables 15
and 16) does not show any'influence of the subway on the
data. This site is in the very downtown and‘the subway
probably did not change the traffic pattérn in that area.

6. FINAL COMMENT

The‘decréase.in the cafbonqceous material concentration
is a fact demonstrated in this work. It is also a fact that
during all the periad of.this study, legislatioh about.
vehicle emissions had not yet come into force, -so that

control was based only on a .regulation for in-use diesel
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vehicles. This kind of controi as well as the changes in
traffic patternidue to iﬁauguration of some subway branches
are the reasons tHought ﬁo be fhe responsible for the
observgd réduction:in the concentrations of the carbonéceous

material in the SPMA.

Despite the fact that concentrations of the
carbonaceous material in the SPMA have been decreasing
during the last 15 years, the levels still are very high. To
emphasize this statement data has been presented which
compéres the levels of total carbon in some U.S. cities to
those obtained in SPMA, including the results of this study

(Figure 21).

7. CONCLUSIONS

- 7.1 About the method

One of ﬁhe objectives of this work was to estimate the
carbonaceous material concentration using a historical data
base. To do this a method had to be established that would
take into,accqunt tHe fact that the data available were
based on reflectometric measurements. The method here
presented has ‘a curve that reiatés.the feflectance with

total'carbon concentration obtained by the thermal method.

. “The total carbon was the specie'of choice for two
reasons. First, it was the curve that presented the best

COrrelation-coefficient. Second, the thermal method splits
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the organic carbon and elemental cafbon species into
operational definitions. The total carbon has better
consistency for comparisons, and our intention was to
compare the Sao Paulo data to data of some U.S. cities. The
calibration curve presented an acceptable accuracy when
tésted at the five sites where the historical data were to
be analyzed. By comparing the 1987 estimated data to other'
Sao Paulo 1987 data it was possible to see that there was
very good consistency (see figure 21). The comparison shows
that the estimation is quite reliable. “

7.2 About the historical data

7.2.,1 Seasonal analysis

By analyzing the historical data for total carbon it
was possible to verify the seasonal behavior of this

pollutant. It was observed that the most polluted season

" refers to the quarter ending in July or August depending on

the year and the station. The season with the lowest data is
not well defined, but in general are those ending in
November, December or January depending on the year and the

station.

7.2.2 Annual Trend

Analysis of the annual trends showed that all stations

have decreasing total carbon data in the complete period as

‘well as in the latest six year series. Although this trend

presents no statistical significance for one site in the
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completed series and for two sites in the 6 year series, it

shows that at least these levels are not rising.

By looking at the complete study,it is possible to see
that the Tatuape site showed the greatest reduction rate in
the 6 year series. By comparing the annual average to the
winter and summer data in each station, it is possible to

conclude that the reduction rate is greater in the winter.

An attempt was made to explain the behavior of the
data. It was possible to verify that the industrial emission
reduction was not followed by an equivalent reduction in the
atmospheric carbon concentrationé. On the other hand, the
inauguration of a subway branch in the Tatuape regién, that
caused an réduction in bus traffic, was followeq by a sharp
decreasing in the concehtrations in that site. This
observation leads to the conclusion that carbonaceous
pollution is mostly due tb traffic, what 1s supported by the
ECA-SP study. A better and quantitative analysis would be
possible if statistical data of traffic and a better

estimate of emissions were available.
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APPENDIX A
MEASUREMENTS FOR CALIBRATION CURVE

- PINHEIROS - 1988

ooooooooooooooooooooooooooooooooooooooooooooooooooooo

Date | DI { Total |Elemental| Organic
] | Carbon | Carbon | Carbon
| | ug/cm2 | ug/cm2 | ug/cm2

Jjun 12-13| 29.0 | 12.3 | 2.4 | 10.0
Jun 13-14)| 22.0 | 8.4 | 1.0 | 7.3
Jjun 14-15]| 11.5 | 4.3 | 1.6 | 2.7
jun 15-16]| 13.0 | S5 20 2.2 | 3.0
Jun 16-17]| 12.5 | 5.4 | 0.2 | 5.2
jun 20-21] 33.5 | 14.8 | 2.3 | 12.6
jun 21-22| 50.5 | 29.6 | 8.0 | 21.6
Jun 22-23| 36.0 | . 18.0 | 4.4 | 13.6
Jun 28-29] 49.0 | 29.6 | SEBE] 25.8
jun 30-01] 50.0 | 32.4 | 7.8 | 24.7
Jul 01-02] 42.0 | 24.9 | 4.3 | 20.5
jul 05-06| 52.5 | 31.2 | 8.7 |, 22.5
jul 06-07] 43.5 | 22.9 | 6.3 | 16.6
Jul 07-08] 14.5 | 6.7 | 0.9 | 5.9
Jul 08-09] 10.5 | 4.4 | 0.6 | . 3.8
Jul 14-15| 13.0 | 5.8 | 1.0 | 4.8
jul 15-16| 17.0 | 7.9 | 1.9 | 6.1
Jul 19-20| 29.5 | 16.2 | 4.7 | 11.5
Jjul 20-21| 11.5 | 5.5 | 0.8 | 4.7
: Jul 21-22| 26.5 | 13.7 | 3.7 | 10.0
Jul 25-26]| 10.0 | 4.7 | 2.2 | 2.6
Jul 26-27] 10.5 | 3.7 | 1.3 | 2.4
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i

MEASUREMENTS FOR THE CALIBRATION CURVA '
. C. Cesar - 198¢ '

ooooooooooooooooooooooooooooooooooooooooooooooooooooo

Date | DI | Total |Elementall] Organic
: | | Carbon | Carbon | Carbon
[ | ug/cm2 | ug/cm2 | ug/cm2
apr 25-26]| 33.0 | 13.3 | 5.0 | 8.4
apr 26-27| 53.0 | 29.6 | 12.7 | 16.9
apr 27-28] 50.0 | 25.5 | 10.8 | 14.7
may 02-03| 34.5 | 14.4 | 5.8 | 8.6
may 03-04| 53.5 | 31.3 | 14.3 | 17.0
may 08-10| 36.5 | 15 Zadl 5.7 | 10.0
may 10-11] 40.0 | 19.9 | 6.8 | 13.1
may 11-13}| 48.0 | 25.7 | 8.6 | 17.0
may 16-17] 33.0 | 14.9 | 4.6 | 10.3
may 17-18| 33.0 .| '16.6 | 5.3 | 1.3 .
may 18-19] 32.0 | 13.7 | 5.1 | 8.5
may 19-20| 29.5 | 11.5 | 4.3 | 7.2
may 22-23| 44.5 | 22.9 | 10.2 | 12.7
may 23-24| 54.0 | 32.7 | 11.3 | 21.4
: may 24-26| 51.5 | 29.2 | 9.2 | 20.0
may 26-28| 15.5 | 7.2 | 1.8 | 5.4
may 28-30] 41.0 | 20.5 | 7.4 | 13.1
may 30-31| 36.0 | 15.5 | 5.4 | 10.1
may 31-01| 33.0 | 14.8 | 5.8 | 9.0
Jun 01-02] 34.0 | 15.2 | 5.3 | 9.9
Jun 02-03| 48.5 | 29.7 | 10.1 | 19.6
jun 03-05] 50.0 | 29.6 | 7.7 | 22.0
Jjun -05-06] 36.0 | 15.9 | 6.1 | 9.8
Jjun 06-07] 52.5 | 26.7 | 12.0 | 14.8
Jun 07-08] 58.0 | 29.6 | 12.6 | 17.0
: Jjun 11-13| 32.0 | 11.3 | 4.2 | 7.2
jun 13-14]| 32.5 | 10.4 | 3.8 | 6.5
jun 17-19]| 38.5 | 20.7 | 6.4 | 14.4
¢ jun 12-20] 39.0 | 17.4 | 5.7 | 11.7
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APPENDIX B

SMALL STUDY IN 5 SITES

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Total Total Res. RES
SAMPLE No. DI Carbon Carbon Calc. NORM
Measured Calculated (=) (R/1.96)
ug/cm2 ug/cm2 Meas.
: Aclimacao
1 . 17.5 10.0 7.1 -2.9 -1.5
2 33.0 18.3 15.0 -3.2 -1.6
3 21.0 11.3 8.5 -2.8 -1.4
4 12.0° 9.0 5.1 -3.9 -2.0
C.Eliseos '
1 - . 46.5 - 25.7 24.8 -0.8 ~-0.4
2 38.0 15.7 18.3 2.7 - 1.4 .
3 44,0 20.9 22.8 1.9 0.9
4 : 36.5 16.3 17.3 1.0 0.5
Moema :
1 33.0 18.4 15.0 -3.4 -1.7
2 17.5 . 6.5 7.1 0.5 0.3
3 30.0 15.8 13.2 -2.6 -1.3
4 14.5 .7.9 5.9 -2.0 -1.0
P.Rep. : .
1 24.5 .. 11.5 10.2 -1.3 -0.7
2. 36.5 21.0 17.3 -3.7 -1.9
3 24.0 11.6 10.0 -1.6 -0.8
4 36.0 18.5 17.0 ~-1.5 ~0.8
Tatuape '
1 23.5 8.8 9.7 0.9 0.5
2 35.5 17.0 16.6 -0.4 -0.2
3 32.0 12.1 14.4 2.3 1.2
4 44.0 20.0 22.8 2.8 1.4

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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APPENDIX C

DATA FROM SMOKE SHADE AND DICHOTOMOUS

ooooooooooooooooooooooooooooooooooooooooooooooooooooo

2 DATE MASS MASS CARBON CARRBON
e CONC CONC S .SHADE DIC
8 S.SHADE DIC CONC CONC
: ug/m3 ug/m3 ug/m3 - ug/m3
: MAY 08-10° 79 48.21 33.4 23.06
: MAY 10-11 118 71.64 53.1 35.29
: MAY 11-13 121 73.54 47.9 35.38
: MAY 16-17 121 87.24 58.4 38.35
: MAY 17-18 110 104.41 59.6 39.86
: MAY 18-19 112 76.47 52.2 34.14
: MAY 19-20 98 69.95 44 .5 31.52"
: MAY 22-23 182 110.32 75.8 49.75
: MAY 24-26 157 94.67 60.0 48.99
: MAY 26-28 - 17 18.94 12.9 6.99
: MAY 28-30 86 52.94 38.1 26.10
: MAY 30-31 127  101.14 54.5 40.48
: MAY 31-01 113 74.15- 54.3 £
JUN 01-02 120 9967 56.2 &5
: JUN 03-05 128 73.34 53.1 e3
: MAY 05-06 141 81.06 62.1 Es

: MAY 17-19 - 80 - 76.27 40.9 30.51

ooooooooooooooooooooooooooooooooooooooooooooooooooooo
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APPENDIX D

ANNUAL, MAXIMUM AND MINIMUM QUARTERS

oooooo

oooooo

oooooo

-
oooooo

s 40 00 o8 o>
.

AVERAGES ;

ooooooooooooooooooooooooooooooooooo

-
-----------------------------------

: ANNUAL : MAXIMUM : MINIMUM :

YEAR : AVERAGE : QUARTER : QUARTER :

8 : AVERAGE : AVERAGE :

¢ upg/m3 : pg/m3 :  ug/m3
74 41.0 : 51.1 25.9
75 37.0 : 54.7 25.5
76 : 48.7 : 72.8 40.1
77 : 42.1 54.2 27.1
78 38.5 : 5.2 S ol 32.9
79 : .42 .4 59.2 : 31.9
80 : 43.0 : 60.4 : 290.4
81 45.1 : 71.9 : 27.8
82 : 36.6 45.0 : 28.1
83 : 36.0 : 44 .4 : 29.2
84 : 36.6 : 50.0 : 26.6
85 : 38.2 : 57.6 : 28.2
86 33.6 37.6 : .26.0
87 : 30.5 45,6 ¢ 22.7

- . -
ooooooooooooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooo

: ANNUAL : MAXIMUM : MINIMUM :

:  YEAR : AVERAGE : QUARTER : QUARTER :

: : AVERAGE : AVERAGE
g g/m3 g/m3 g/m3

.
ooooooooooooooooooooooooooooooooooooo

74 : A 2
75 R 8
76 :
77 .
78 ¢ : & . Bl ¢
79 «+ °  69.8 : 76.8 : 60.3
80 : 66.0 : 78.7 : 51.2
.81 : 76.1 : 93.5 : 65.2
82 :. "63.0 72,3 ¢ 53.9
83 : - 63.2 70.0 50.0
84 : 58.1 : 68.6 50.3
85 62.5 : 83.0 47.9
86 : 53.9 : 63.2 46.3
87 : 48.8 : 57.6 44.7
88 : 52.3 : 61.7 45.0

- -
ooooooooooooooooooooooooooooooooooo
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: MOEMA "
8 ANNUAL : MAXIMUM : MINIMUM :

: AVERAGE : QUARTER : QUARTER :
: S ] : AVERAGE : AVERAGE

9 g/m3 g/m3 g/m3

g 74 2l S™e 28.9 14.6 :

g 75 23.9 37.9 16.2 :

g 76 : 27.7 47.8 14.7
77 20.6 : 30.6 11.7

5 78 18.5 : 28.2 : 12.7
79 : 22.0 : 33.5 12.8
80 : 21.4 37.7 : 12.8

g Bl : 26.9 : 46.5 17.0
82 19.2 : SOFSI- 14.3

H 83 : 22.6 : 32.1 : 16.4
84 : 24.5 : 38.4 12.1
85 : 20.8 : 38.2 : 13.2

3 86 : 19.8 : 25.0 : 15.3
87 20.1 33.7 : 12.6
88 : 17.0 : 25.7 10+0

: PRACA DA REPUBLICA s

: : ANNUAL + MAXIMUM : MINIMUM :

g YEAR ¢+ AVERAGE : QUARTER : QUARTER :

ke g . : AVERAGE : AVERAGE :

5 : - g/m3 g/m3 : g/m3

3 74 : 8 2 2

g 75 44.9 60.0 : 35.2

g 76 : 52.7 : 71.0 : 44.5

g 77 : 45.0 54.6 : 32.9 :

g 78 : 38.8 : 46.6 : 35.1 :

G 79 46.6 : 60.9 34.1

& 80 : 42.0 : 56.7 : 34.6 :

g 81 : 50.1 : 66.6 : 36.0

2 82 35.7 : 44.6 29.3

g .- 83 36.0 : 43.1 : 30.2 :

s 84 : 36.8 : 53.2 : 25.9

g 85 : 38.3 : 59.2 : 31.3 :

S 86 : 36.6 : 43.3 26.8 :

g 87 : 31.8 : 45,3 : 24.7
‘88 31.4 : 35.7 : 30.4 :
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.
.........................................

8 ¢ ANNUAL : MAXIMUM : MINIMUM :
:  YEAR : AVERAGE : QUARTER : QUARTER

8 3 i : AVERAGE : AVERAGE :

: : g/m3 g/m3 g/m3

: 74 56.5 : 67.7 : 46.9

: 75 : 56.1 : 74.6 44 .1

3 76 63.8 : 81.4 : 48.1 :
77 : 56.9 : 77.3 : 39.0

3 78 56.9 : 72.8 : 49,2
79 60.3 : 78.6 42.6
80 : 55.7 79.2 36.3

2 81 : 62.2 82.7 43.1

g 82 : 48.3 : 64.4 38.6
83 48.5 : 58.6 : 40.1

: 84 Sl ) 73.7 : 30.9 :

3 85 : 44.7 : " 72.2 33.2
86 : 39.3 : 52.0 28.0 :

g 87 : 31.3 : 40.8 25.9 :

g 88 : 33.9 39.3 : 32.1



