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Carbon monoxide (CO) and ozone {03} concentrations have
been observed in the Brazilian Amazon region, at a gite
strongly affected by biomass burning (Cuiaba, 16 degrees
8, 58 degrees W}. Time variations are described for the
first longterm program for studying the effect of
biomass burning on 03 and CO over a complete seasonal
cycle, including the seasonal maxima of 1987 and 1988.
Concentrations of 03 are measured continuously, and CO
samples are collected three times a week. In order to
obtain elements for comparison, an identical
observational program was maintained at a site totally
outside of the direct influence of biomass burning
(Natal, 6 degrees S, 35 degrees W). The biomass burning
contribution to the Cuiaba concentrations of CO and 03
is very large. Diurnal maximum concentrations exceeded
90 ppbv (parts per billion by volume) 03 in 1987 and 120
ppbv 03 in 1988, in September. For the wet season, the
monthly average ozone concentration in March-April is
about 10 ppbv. During the month of maxima, September,
the 03 concentration average was 41 ppbv for 1%87 and 71
ppbv for 1988. The CO concentrations are about 90 ppbv
in the wet season. In September, 460 ppbv and 660 ppbv
of CO were observed for 1987 and 1988, respectively. At
Natal the seasonal variaton is of the order of a factor
of 2. For the biomass burning site this factor is 4 for
1987 and almost 7 for 1988. In contrast, during the wet
season, the concentrations of CO and 03 at both stations
are about the same.
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Abstract. Carbon monoxide (CO) and ozone (0z)
concentrations have  been observed in the
Brazilian Amagzon region, at =2 site strongly
affected by biomass burning (Cuiaba, 16°5, 58°W).,
Time variations are described for the first long-
term program of studying the effect of biomass
burning on 0Oz and CO over a complete seasonal
cycle, including the seasonal maxinma of 1987 and
1988. Concentrations of Q3 are measured
continuously, and €O samples are collected three
times a  week. In order to obtain elements for
comparison, an identical observational program
was maintained at a site totally cutside of the
direct influence of biomass burning (Natal, &°9%,
25% ). The biomass burning contribution to the
Cuiaba concentrations of CO and 0z is very large.
Diurnal maximum concentrations exceeded 90 ppbv
{parts per billion by volume) Oy in 1987 and 120
ppbv 03 in 1988, in September. For the wet
season, the monthly average ozone concentration
in March-April is about 10 ppbv. During the
month of maxima, September, the 03 concentration
average was 41 ppbv for 1987 and 71 ppbv for
1988. The CO concentrations are about 90 ppbv in
the wet season. In September, 460 ppbv and 660
ppby of CO were observed for 1987 and 1988,
respectively. At Natal the seasonal variation is
of the order of a factor of 2. For the biomass
burning site this factor is 4 for 1987 and almost
7 for 1988. In contrast, during the wet season,
the concentrations of CO and Oz at both stations
are about the same.

Introduction

Ozone and carbon monoxide
important constituents of the lower atmosphere,
having active participation in a number of
chemical reactions. Besides being a powerful

{03 and €O} are

oxidant, azone is important through its
photolysis, which produces the very reactive
oxygen atom in the excited 1D state, which can

dissociate the otherwise very stable water vapor
molecule, to produce the hydroxyl radical (Levy,
1971; Wofsy, 1976}. This OH molecule starts most
of the loss processes of relatively stable gases
of the froposphere such as CO and CH,, besides
many man-made trace gases, In addition to its
chemical importance, ozone concentrations seem to
have increased in the lower  atmosphere.
Measurements of ozone during several years have
indicated a positive trend for some stations in
Germany (Feister and Warmbt, 1987; Logan, 1985},
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showing concentration increases between about 1
and 3% a year. Other stations in Europe seem to
have measured much less ozone in the early half
of the c¢entury than today, indicating alsoc a
trend for ogone concentration increases {Bojkov,
1986). Since ozone makes also a significant
contribution to the greenhouse effect, and since
high ozone econcentrations can harm crop yields
(Heck et al., 1984} the assessment of trends
require not only very accurate measurements of
ozone at  several points on the globe, but also
systematic long-term programs.

There has been much interest, in recent years,
in studying ozone in the tropics, where the
reaction rates are expected to be much faster
because of the higher UV intensities that reach
the equatorial  troposphere (Crutzen et al.,
1985} . It has been shown that ozone can be
produced in the troposphere (e,g. Fishman et al.,
1979) by the reaction of €0 with OH in the
presence of the nitrogen oxides NO and NO,, and
ultraviolet light, and there is strong evidence
that large forest fires can contribute to excess
U3 in the tropies {(Crutzen et al,, 1985; Fishman
et al., 1986; Kirchhoff et al,, 1988). In
collaboration with NASA a long-term program is in
effect to obtain czone profiles at Natal (8¢S,
35°W) twice a month since 1978 using Electro
Chemical Concentraticn (ECC) sondes (Kirchhoff et
al., 1981, 1983}, and sporadic rocket campaigns
have been made to study the upper stratosphere at
Natal {(Barnes et al., 1937). Despite the low
latitude of WNatal, this station shows a rather
large seascnal variation of ozone in  the
troposphere, of the order of a factor of 2, and
during loca}l spring, ozone concentrations at
Natal are comparable to values observed in Europe
or the U.S.A., {Logan and Kirchhoff, 1986).
Surface czone has been measured in Venezuela
{Sanhueza et al., 1885), in Asia {Ogawa and
Komala, 1988), in Africa (Cros et al., 1987), in
Hawaii {Qltmans and Komhyr, 1986), over the ocean
{Winkler, 1928) and in the Amazon forest, where
very small ozone concentrations are  found
{Kirchhoff, 19838; Kirchhoff et al., 1988; Gregory
et al., 1988; Browell et al., 1988), and biomass
burnings have been studied from aircraft over
forest and savannah regions (Crutzen et al.,
1985; Delany et al,, 1985).

Carbon monoxide has been studied in detail by
Seiler and co-workers, who have developed
instrumentation capable of detecting small <CO
concentrations in the natural atmosphere of the
order of parts per billion by volume {ppbv).
They alsc established several measurement sites
and organized field expeditions to  measure CO
globally showing €O concentrations much lower in
the southern hemisphere (Seiler, 1974; Seiler et
al,, 1984}, However, most survey measurements

7521



7522 Yirchhoff and Rasmussen:; C0 and 0

have been made over the ocean (Heidt et al.,
1980}, Only a few campaigns have been performed
at continental sites (Kirchhoff and Marinhe,
1989; Sachse et al., 1988}, and these have shown

larger concentrations ower the continent than
over the ocean. A surface survey of some
atmospheric gases has also been made along the
Bragilian coast, showing muech larger
concentrations of CO over the continent (3.
Wofgy, private communication, 1985}, Biomass
burning produces large amounts of Q0 in the

tropics (Crutzen et al., 1979; Seiler and
Crutzen, 1980), and special field campaigns have
been organized to study this CO source (Grsenberg

et al., 1984, 1985; Crutzen et al., 1985; Sachse
et al., 1988: Marinho and Kirechhoff, 1983). On a
global basis it ls caleculated (Crutzen et al.,

1985} that a total of 8
emitted to the atmosphere
burning activities, especially in the tropics.
The industrial source, on the other hand, should
be responsible for an emission rate of 6 x 1044 g
of CD per year (Seiler, 1974}.

Carbon monoxide is also wery important from
the photochemistry point of view, since it can
generate ozone, in the presence of nitrogen
oxides (Chameides  and Walker, 1973, 1976;
Crutzen, 1979) and it is of practical interest
therefore to perform simultansous measurements of
CO and 0. Specific field expeditions have
recently been made into the Amazon region, with
emphasis on CO and 05 measurements (Kirchhoff and
Marinho, 1989b; Kirchhoff et al.,, 1990; R. C.
Harris et al,, The Amazon Boundary  Layer
Experiment (ABLE-Z2B}: Wet season 1987, submitted
to Journal of Geophysical Research, 1989%; E. V.
Browell et al., Ozone and aercscl distributions
over the Amazon basin during the wet season,
submitted to Journal of Geophysical Research,
1983} which have special characteristics in the
rain forest. The tropical rain forest has been

x 1014 g of €O are
every ysar by biomass

shown to emit considerable amounts of isoprene
and other hydrocarbons {Zimmerman et al., 1978},
and these in furn can be oxidized by OH to

produce CO (Rasmussen and Khalil, 1985, 1988).

The Brazilian northwest is covered by the
large Amazonian rain forest, an area of about 3.5
x 108 kn. Central Brazil is savannah land,
about 1.2 x 108 km2, Severe biomass burnings
take place yearly in these regions during the dry
season, July, August, and September., Mest
hiomass burning of virgin forest 1is occurring
around latitude 1093,

Burning of phytomass is
agricultural practices, The type of agriculture
most practiced in tropical lands is the so-
called slash-and-burn or shifting agriculture.
Vegetation is cut and trees are felled, and this
is burned after drying in the sun. The c¢leared
area is then used for a few years for crops. It
is abandoned when the harvest yield becomes low,
and a new clearing is made. BSeiler and Crutzen
(1980) give other details on this practice. In
Brazil, in recent years, another type of biomass
burning has increased considerably because of
colonization and land development associated with
deforestation and burning of virgin forest. It
iz estimated that perhaps one half of =all
burnings represent virgin forest, Estimates of
land requirements for these practices by Seiler
and Crutzen (1980} give values between 6.0 and
15.1 x 1010 n2,

related +to ancient

Concentrations From Biomass Burning

Objective

Az was mentioned before, only  sporadic
measurement campaigns have been undertaken fto
study biomass burning in Brazil. This report
describes the first effort to obtain data on a
systematic, continuous basis. The objective of
this paper is to repert new observational results
of zimultanecus 03 and 0] concentrations,
measuted in a region subject to biomass burning
activities. A long-term program has been started
to monitor the O3 and CO concentrations in order

to evaluate detailed diurnal and seasonal
variations. In order to understand the
significance of  the time varlations in the
biomass burning ecosystem, and to have

parameters for comparison, a similar menitoring
program is run simultaneously at a site that
samples marine air on the Atlantic northeast
coast of Brazil, a region not subject to biomass
burning.

Results and Discussion
Sampling Sites
Biomass burning activities have been monitored

at Cuiabad (15.693, 56,19} a city of about
600,000 inhabitants in the west central region of

Brazgil. The sampling site itself is outside the
city limits, some 9 km in  the northeast
direction. The sampling site normally does not

receive air masses that have been in contact with
the downtown area. The prevailing winds bring
air masses from the north, where a pumber of land
development centers are active, The site is in a
savannah environment, the local '"campe cerrado”
which extends to the east. The Amazonian rain
forest starts to prevail a few hundred kilometers
to the north.

Marine air from the northeast shore of Brazil
has also been sampled, at Natal (693, 35°W). The
prevailing winds are strong and always blow from
the ocean. This site is well outside the direct
hiomass burning area of central Brazil and has
been chosen for comparison with the Cuiabéd
results. Ozone is being measured continuously at
the surface and sporadically in the troposphere
and stratosphere using sondes (Barnes et al.,
19873, A few samples have also been obtained in
the Pantanal region. This is a remote and unique
ecological system of marshlands, yearly flooded
by the Paraguay river system, that occupies a
large area of about 145,000 kmZ centered at 1895,
59"W. It is covered by savannahlike grassland
with spots of small trees and bushes,. A
temporary sampling site was established at Porte
Jofre (17.393, 56.8°W), about 245 km from Cuiabi.

Air samples from the Amazon region will also
be discussed. Measurements were made in a
region near Manaus (3%, 60%)}, in a forest
preserve some 30 km north of the city. The
typical environment is the Amazonian rain forest.
The wind regime prevails from the east, which
means that normally the air masses sampled were
in contact with the rain forest for several days.
Table 1 shows the different sampling sites and
their characteristics,

A latitude-longitude grid is shown in Figure 1
with the map of Brazil and the sampling sites at
Cuiabd and Natal, shown by black dots. The other
two sites that will be used can alse be readily
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TABLE 1. Sampling Site Locations and
Characteristics
Site Latitude, Longitude, Type
°g Oy
Cuiabéa 15.6 56.1 savannah
Natal 5.9 35.2 Atlantic coast
Porto Jofre 17 .3 56 .8 Pantanal
Manaus 3.0 60.0 rain forest

identified on this map. The area most affected
by biomass burning is shown inside a dashed
rectangle, centered around 1098, 55°W. This is
the region where most burning took place in the
dry season of 1987, as identified from satellite
images. The dashed area covers part of the
states of Mato Grosse (M}, and Ronddnia (R}, in
the south. Alsc shown are the sketches of three
air mass trajectories, at three different
pressure levels: 850, 500, and 300 mbar. These
are shown in more detail in a later section when
the Pantanal samples are analyzed.

Measurement Technigues

Ozone concentrations  have been  measured
continuously at the surface, 1.5 m above ground,
using the ultraviolet absorption  technique.

o PP
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5
AL ]
o
Eg 10 I N 850 mb r/,
l:_» 15 |200mb M
= }'\( !
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30 / ¥,
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LONGITUDE W
Fig. 1. Latitude-longitude grid showing the

geographic position of Brazil. Black dots are
Cuiaba (15,693, 56.1°) and Natal (5.995,
35.2%)}. The dashed rectangle shows the region
where most of the biomass burnings have occurred
in recent years. Air mass trajectories are
sketched for three pressure levels, These and
the dashed rectangular area are shown in detail
in Figure 12.
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Ozone profiles have also been obtained using ECC
ozone sondes (Komhyr, 1969; Barnes et al., 1985)
at Natal and Manaus. Performance characteristics
are discussed by Torres and Bandy (1978) and
Hilsenrath et al. (1986},

The basic ©CO0 measurement technigue wused is
chromatographic separation followed by mercury
vapor detection ({Seiler, 1974). This technique
has much better chromatographic resclution and
measurement precision, as well as linearity of
response, as compared, for example, with the FID
{Flame Ionization Detector) technique, for low
concentrations in the parts per billion by volume

range. The carrier gas is dried and filtered to
eliminate interference from reducing gases.
Sulfur dioxide and hydrocarbons, which could

react with mercuric oxide at the reaction chamber
temperatures are eliminated on a routine basis
because the ingtrument is dedicated to the
measurements of G0 only. Samplies  are
individually injected, and the concentration is
determined by comparison with calibration gases.
Injection inte the flow system is accomplished by
initial transference to a 2-ml sample loop which,
after extensive {lushing with sample air, is
introduced into the main flow using a six-port
valve. The operation is very simple and fast and
has excellent resolution and precision., Arocund
100 ppbv, typical precision is 2.2%. Each sample
is analyzed in about 5 min. The samples are
collected by a small portable air pump that
pressurizes stainless steel cans of 800-mL
volume, electropolished internally and especially
manufactured for air sampling purposes, developed
by R. Rasmussen, Oregon  Graduate Center,
Beaverton., For the present analysis, all samples
were analyzed In the lab less than a week after
sampling, and typically after 2 or 3 days.

Smoke and Fire Detection From Satellite

Being such a large area, the Amazon region is
difficult to survey even by airplane, It is more
convenient to use satellite images to localize
large forest fires. The NCAA 9 satellite, for

example, has a horizontal pesoclution at the
surface of 1.1 km, at the nadir point. Its orbit
iz  quasi-circular, quasi-polar, and  sun-

syneronous (Kidwell, 1985). The advanced very
high resolution radiometer (AVHRR} on board NOAA
9 can transmit images by the high resolution
picture transmission {HRPT} system in five
spectral bands. In the visible band the image
can detect clouds and smoke plumes in addition to
the details on the terrain. In the infrared band
3 (3.55 to 3.93 m) the sensitivity is largest
for temperature differences and can detect the
fires themselves. The satellite zignal is
received and recorded on tape at the receiving
station in Cachceira Paulista, Brazil. The
images are processed by a cluster synthesis
automatic algorithm which provides grouping of
elementary areas, pixels, of similar spectral
characteristics. Only signals above a minimum
threshold are c¢lassified as fires. To provide
identification of smoke plumes and fires (and to
discriminate clouds) and also to scale the size
of the fires, the images of the visible and
infrared hands can be compared on a video screen.
In & separate paper, this identification of the
fires is quantified in order to calculate burned
areas.



Plate 1. noAA @
satellite image in
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of Figure 12.

Plate 2. NOAA 9
satellite image in
the infrared band
showing hot spots
in the same area
of Plate 1 and
Figure 12,
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Fig. 2. Diurnal variation of ozone
concentrations measured 1.5 m above the surface
at Cuiaba, Two examples are shown, one for the
dry season period (September 18, 1987) and one
for the wet season peried {February 17, 1988).

As an example of fire and smoke detection we
show NOAA 9 images in Plates 1 and 2, for July
1987. A large number of fires can be c¢clearly
seen In Plate 2, the infrared channel. The
details of these plates will be discussed later,
but the fire density shown is not the largest
observed during the dry season period. We have

chosen to show this July day since the Pantanal
sampling was done in this time frame and later,
air mass trajectory calculations for this peried

will show the propagation direction of the gases
produced in these fires. A total of 79 images
were analyzed for the period between July 15 and
October 2, 1987, which covers well the dry season

period, Images were alsc analyzed for a few days
in the wet seasen period te  test  the
identification scheme. In the 1987 dry season,

the highest fire density occurred in September.

Ci and 03 Concentrations From Biomass Burning
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The average number of pixels varied from about
24,000 in  July to 54,000 in August and 56.000 in
September, being very close to zero outside of
this interval. The actual precipitation rates in
July, August, and September were less than 6 mm
per month,

Diurnal Variations of Qzone

For low-latitude sites the annual variation of
the solar =zenith angle is relatively small, so
that the conventional seasonal periods may hot be

very representative, More convenient, in the
tropics, is the annual division in dry (low
precipitation index} and wet (rainy) periods.

These different pericds can be easily identified.
For Culabd the wet season extends from January to
April, when precipitation rates of between 7 and
10 mn per day are usual. In contrast, during the
dry season period, less than 2 mm/day of rain
will fall during July, August, and September,
For Manaus and Natal the maxima and minima are
delayed by about 2 months.

Hourly average dzone
computed at a1) sites,

congentrations are
every hour, by averaging
individual nmeasurements {(three per minute)
between 10 min. around the hour. The diurnal
variation, in terms of these hourly averages, is
shown in Figure 2 for Cuiaba. Two days are
shown, one from the wet season pericd, and one
from the dry season period, which shows much
larger ozone concentrations in the daytime. In
both cases, the maximum concentration occurs in
the daytime.

The diurnal variation of ozone concentrations

at Cuiabd is similar to observations at other
continental sites (Kirchhoff, 1988; Sanhueza et
al, 1985; Feister and warmbt, 1987; Ogawa and

Komala, 1988), with maximum concentrations around
noon and small values at night. This is true for
both the wet season example {February, 17 1983)
and the dry season one (September, 18 1987) shown

CUIABA
DAILY MAXIMUM

FREQUENCY (%)

Fig. 3.

LOCAL HOUR

Occurrence freguency of the daily maximum ozone concentration

for Cuiabd as a function of local time,
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in Figure 2, For the
diurnal peak concentration occurs at a slightly
later time of the day, about 2 hours later, than
that of the February day, in the wet season, when
the maximum occurs near noon. The daytime peak
for  September 18 is about & times larger. This
is, however, an extreme case, not repeated very

day in September the

often. Results obtained in the African Congo,
also a near equator station (495}, show a very
similar ozone concentration behavior. For
October, Cros et al. (1987) report Oz maxima of

about 70 ppbv near 1500 LT {local time}. For
Asia, average measurements at 705, reported by
Ogawa and Komala (1988), are of the order of 25
ppbv during the wet season and about 40 ppbv in
the dry season.

The daily maximum, at Cuiabd, has occcurred
mostly at 1400 LT as shown by the histogram in
Figure 3. More than 16% of all daily maxima
analyzed fell in the 1400 LT hourly interval,
followed by about 14% {for the 1500 LT interval
and over 13% for the 1600 LT interval. The
diurnal meximum ozZone concentration occurs only
very rarely at night and then probably by a local
perturbation, such as cumulonimbus downdrafts,

The average diurnal wvariation is computed
every hour by calculating the average of all
hourly averages in a given period, in general a
mohth, The next fipgures show average diurnal
ozone variations calculated for periods
representative of the dry and wet seasons. The
average diurnal variation for Cuiabd is shewn in

Figure 4, Ozone concentrations are shown in
parts per billion by volume as a function of
local time. The dry pericd average has been
computed from 2 months of data, August and

September 1987. For the wet ssason period, data
for February and March 1988 were used. Almost 50
ppbv ozone are present in surface air at Cuiabd
during the dry season, at the time of the diurnal
max imuae. In contrast, the wet season or rainy

I SURFACE OZONE

qumm!

LOCAL HOUR

Fig. 4. Average diurnal ozone variation at
Cuiabd computed for the dry season period and the
wet season  period. The hatched areas limit the
minimum and maximum observed concentrations.

CO and 03 Concentrations From Biomass Burning

TABLE 2. Summary of 0 Concentration Maxima and
Minima at Cuizabd and Natal
Site 1957 April Max/Min 19388 Max/Min
Mase Min Ratio Max Ratio
Cuiabi 460 80 5.1 660 7.3
Natal 120 35 1.4 120 1.4
Concentrations are in parts per billion by

volume. {(Max = Maximum; Min = Minimum}
TABLE 3. Summary of Q3 Concentration Maxima and
Minima at Cuiab4d and Natal
Site 1937 April Max/Min 1938 Max/Min
Max Min Ratio Max Ratio

Cuiabéd 41 11 3.7 71 5.4

Natal 23 i0 2.3 25 2.5
Concentrations are in parts per billion by

volume. [(Max = Maximum; Min = Minimum)

season air has only 15 ppbv, around noon. The
ratic of maxima is 3.2, For 1988 this ratio is
even larger, Using the menthly means of Figure
7, the ratio September/April becomes 6.4 (see
Tables 2 and 3}.

It appears that such large ratios between dry
and wet seasons have not been reported for other
stations; they appear to be the direct result of
photochemistry, triggered by nearby biomassa
burning.

The average diurnal variation of surface ozoon¢
concentrations has also been computed for Natal
and Manaus., These are shown in Figures 5 and 6,

with the same scales used for Figure 4 (Cuiabéd).
The most striking difference for HNatal, other
than the much lower average (22 ppbv compared
with 48) is the apparent absence of any diurnal
variation for the marine air enviromment. A

SURFACE OZONE NATAL

Q, (ppbv)

Gz 46 8 0 iz W % 6
LOCAL HOUR

2 gz 24

Fig. 5. Averasge diurnal oczone variation at Natal
computed for the dry season peried and the wet
season period. The hatched areas limit the

maximum and minimum observed concentrations.
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30F SURFACE OZONE

LOCAL HOUR

Fig, 6. Average diurnal ozone variation at
Manaus (Ducke forest preserve) computed for a dry
season pericd and a wet season period, The
hatched areas limit the maximom and minimum
cbserved concentrations,

behavior different from the continental pattern

has alsc been reported for the Pacific region
(Oltmans, 1981, Oltmans and Khomyr, 1986). The
lack of diurnal variation of the ozone

concentration in marine air is consistent with
smaller photochemical activity (there are not so
many sources of €O, CHy, and NO,) and less
physical interaction of the air with the oceanic
surface. The ozone flux to the marine surface is
much lower than the flux over bare soil or soil
covered with vegetation, of the order of 1019
em=2 571 (Wesely et al, 1981) over ocean and
about 1012 cm—2 z-1 over forest area. Since thes
time constant for loss of Og by contact with the
surface is evidently inversely proportional to
the flux, the loss <Time constant will be too
large to allow a concentration change at the time
scale of a few hours. It should be noted,
finally, that avyen in The absence of
photochemical activity, day-night concentration
differences may be stirongly influenced by the
formation of the nocturnal inversion layer.
Therefore the lack of a consistent diurnal
variation in marine zir could alsoc result from
the absence of significant nocturnal inversions
in such envircnments.

For the Manaus area, the magnitude of the
maximum is rather small in comparison with
Cuiaba, but a diurnal variation can be easily
identified in both seasons. The diurnal
variation for ozone has been calculated by Jacob
and Wofsy (1988} for Manaus. The ratio of maxima

for Natal is about 1.7, and for Wanaus, about
2.0. As shown, the ratice for Cuiabid is much
larger. Not only is the ratio larger, but, as is

indicated in Figure 4, the variability between
minima and maxima is much larger as well,
reflecting the larger day-to-day variability
expected in the biomass burning area. The
variations for CGCuiab@ are much larger than those
for the Venezuelan savannah (Sanhueza et al,
1985) where values between 16 and 24 ppby of
ozone  have been  observed, Largest Q03
concentrations are observed in the northern
hemisphere in July. Fehsenfeld et al, (1983)
report daily maxima around 60 ppbv, for a
mountain site in Colorado. For rural sites in

the western U.S.A., Logan (1987) reports ozone
maxima in July of the order of 50 ppbv. It
should be noticed that the seasonal maxima in

3
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Brazil occur in September, <coincident with the
peak burning season. The average maximum 05 for
September is therefore larger than cur dry season
example shown in Figure 4 (August-September
average), Again, the daily maxima are much
enhanced at the biomass burning site, in the dry
season, compared to the other sites,

The later formation of peak daytime ozone
congentrations at Cuiabd, about 1400 LT, as
compared with noon in Manaus, is consistent with
photochemical production of ozone as a result of
the oxidation of CO by 0OH in the presence of the
nitrogen oxides NO and NOz, also produced in the
combustion process, Fehsenfeld et al. (1983)
show daytime peak concentrations forming at about
1500 LT, when the N0, (sNO + NOo} concentrations
were above 0.6 ppbv, when about 60 ppbv of czone
were ohserved. The ozone concentrations observed
in Brazil have a tendency to increase with height
in the mixed layer, up to about 2 km, For
example, in the ECC profiles for Natal (Logan and
Kirchhoff, 1986), and for Manaus (Kirchhoff et
al, 1928) and in the results of the field
expeditions of Delany et al. (1985} and Crutzen
et al. (1985), highly concentrated layers were
cbhserved. From the surface to about 2 km, the
ozone mixing ratio may increase by as much as 15
to 20 ppbv. For Cuiabad this means that layers of
the order of up to 100 ppbv ozone could result in
the upper levels.

Seasonal Variation

Carbon monoxide concentrations have been
measured from air samples collected three times a

week at noon for the sites of Table 1. The
monthly average Oz concentrations are computed
from +the daily averages, which in *turn are
averages of the 24-hour hourly means. Figure 7

cuIABA
600 [287 - 1948 =
L NATAL B2
-
£ 400}
2
-3
< 200}
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Fig. 7. Monthly average concentrations of €0 and
O3 showing the seasonal variation betwsen the two
dry season maxima (September) and the wet season
minimum (Februsary-April}, Cuiaba represents the
biomass burning area whereas WNatal, a marine
site, is shown for comparison {hatched),
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shows the monthly average Co  and O3
concentrations for Cuiabd and Natal, from August
1987 to October 1988 covering two pericds of
yearly maxima, The MNatal concentrations are
shown by the hatched bars., The maximum average
concentrations for CO are seen in the month of
September, for Cuiab&, with minima in the
January-May periocd. The maximum CO for Natal is
observed in September-Cctober, The czone
concentration variation seems to follow the CO
variation quite clesely. Both Cuiabé and Natal
have maximum c¢oncentrations 1in September, A
seasonal variation 1is also clearly seen in the
data reported by Cros et al. {1987) for
equatorial Africa. The data obtained on board of
ships show a mere complex character, being
different over different Llongitudinal belts
(Winkler, 1988). The data for Asia {Ogawa and

Komala, 1988) and the results for Australia
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Fig. 8., Histogram showing the number of

occurrences {number of days) in a given month
when the maximum ozone concentration exceeded
certain thresholds, here defined as 50, 60, 70,
and 80 ppbv. {a) Dry season of 1887. (b} Dry
season of 1988.
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Fig., 9. Histogram of max i mam ozone
concentrations in intervals of 20 ppbv for
Cuiaba, comparing 1987 and 1983 results.

{(Fraser et al, 1986) and data for much higher
latitudes (Feister and Warmbt, 1987) all show
gseasonal variations near the surface of the order
of a factor of 2 or less, The 04 seasonal
variations of daily average values are usually
not much larger than a factor of 2 in either
eastern or western sites of the USA (Logan,
1987}. For Culab& the ratio between maxima and
minima {Figure 7} is of the order of a factor of
4 for 1987, and of more than a factor of & for
1988. The seasonal ratios are summarized in
Tables 2 and 3.

The distribution of the ozone daily maximum is
examined in Figures 8 and 8, for the dry season
pericod of 1987 and 1988. Figure 8 shows how
often the maximum ozone concentration exceeds
certain thresholds in a given month. The 1987
season is shown in Figure 8a. During September,
two cases were observed when O3 in excess of 80
PRy were observed. Concentrations larger than
70 ppbv were seen in August {one c¢ase), and
September (five cases); concentrations larger
than 60 ppbv were seen in  August (four cases),
September ({thirtesen cases), and October (ocne
case], Concentrations above S50 ppbv occurred in
July (three cases), August (twelve cases),
September {eighteen cases), October (nine cases),
November {one case), and December (two cases),
For 1988 a much larger number of cases with Og
concentrations above B0 ppbv have been observed,

as is shown in Figure 8b: nine cases in August,
seventeen cases in September, and two cases in
Qctober. The distribution is similar to that of

the previous year but the concentrations are
larger. For example, only 18 days in September
1987 had 0Oz larger than 50 ppbv. 1In 1988 there
were 25 days in this month with values above 50
pobv.

Another way of comparing the distribution of
maxima in  the dry season is  shown in Figure 2,
where the percentage of cazses is plotted in
intervals of 20 ppbv. It can be seen that the
tail at the higher concentration side is much
larger for 1988  than for 1987, Figure 9 shows
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that only about 3% of all cases were between 30
and 100 ppbv. In terms of cumulative percentage,
98% of the cases were below 80 ppbv in 1987. For
1988, 78% of all cases were below 80 ppbv. The
cumulative percentages, when  plotted on
probability paper, follow a straight line when a
Maxwellian distribution is represented., For the
data in Figure 3, the largest deviation from a
Maxwellian distribution starts at about 80 ppbv,
Figure 10 shows the seasonzl variation of the
monthly maxima, observed at 1400 and 1300 LT, and
the hourly averages at these times. The largest
values ocour in September, and the lowest
concentrations are observed in February-March,
following the wvariaticns already shown in Figure
7. Comparing this to results shown by Logan
{1987), the Cuiabi results are similar to the
"eastern site" characteristics, where the average
of the daily maxima wvary from 80-90 ppbv during
the seasonal maximum to =bout 25-30 ppbv in the
seasonal aminimum,

It is interesting to note that the seasonal
variations for 03, described for these surface

CUIABA

-]
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I
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;{ MAXIMA

03 {ppbv)

1 1 1 — 1 ] 1

- |
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Fig. 10. The variation of monthly maxima O3 at
1400 LT (continuous curve) and 1300 LT {dashed
curve) showing the seasonal wvariations between
the dry season peak (September) and the wet
season minimum (February-March). The hourly
averages are also shown, for comparison.

cbservations, are wvery 1likely similar at the
upper levels of the troposphere. Extenaive
measurements at Natal (Logan and Kirchhoff, 1988)
show that the seasonal wvariations seen at the
surface are in phase and only slightly decreasing
in magnitude with height. This seems to be true
alsc for the Manaus region, whers two large rield
expeditions have sampled O3 profiles in the dry
season and the wet season, It 1is therefore
reasonable to expect large seasonal variations of
O3 at wvarious levels above the surface in the
Cuiabid area as well.

Several hypotheses have been raised to explain
the factor of 2 seascnal variation seen at Natal,
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which might be considered unexpectedly large
given the small latitude of the station, and the
constancy of the prevailing easterly winds
(Kirchhoff, 19824; Logan and Kirchhoff, 1986;

Eirchhoff and Nobre, 1986)., It seems possible
that even here biomass burning is responsible, in
a very diluted way in comparison to the Cuiab#
data, but nevertheless partly responsible for the
seasonal variation at Natal. Kirchhoff and Nobre
(1986) discuss the details of possible transport
mechanisms, either from the central region of
Brazil through the troposphere and stratosphere,
or direct transport of burning products from
equatorial Africa over the Atlantic ocean, when
dilution could be minimized by strong subsidence.
Biomass burning is alse very common in the
African savannah region, around the equator, but
the results of Cros et al. (1987} were
concentrated on the rainy season and do not show
large concentrations directly related to biomass
burning. There is, however, an Iincrease of a
factor of 2 betwsen December 1983 and October
1984. A clear increase in the dry season can
also be seen in  the results for Asia, given by
Ogawa and Komala (1988), which are very near a
factor of 2.

C0O Measurements in the Pantanal

Air samples have also been taken far away from
any direct burning activity, 245 km south of
Cuiabd, in the Pantanal region, at Porto Jofre,
Three samples a day were collected during a 1-
week period in July 1987. The rasults for 0 are
shown in Figure 11. During the sampling period
no evidence of fires or smoke was noticed in the
Pantanal region itself, The relatively large CO
concentrations are prcbhably the result of long
range transport. Observing NOAA 9 images for the
period of the Pantanal sampling, it is apparent
that burning activities were effective to the
north, at distances of the order of 500 km away
from Cuiab&., Plates 1 and 2 show several fires
around 10°S, for July 28, 1983, Plate 1 shows
the visible band of a NOAA 9 image made July 28,
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Fig, 11. CO concentrations
center of the Brazilian Pantanal region
Jofre}. The distribution
intervals is

(dry) periods.

measured in the
{Porto
of samples in 25-ppbv
shown, for March (wet) and July
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1987, The Xingu river system, in the north of
the state of Mato Grosso, Brazil, can be clearly
seen in the center of Plate 1, Although this
band cannot show the fires with enough clarity,
it iz important to identify surface features for
the horizontal scaling of Plate 2, Individual
fires can be readily identified in Plate 2, which
shows the same region of Plate 1. It is
impressive to realize the largs number of fires
that are active in the region. The area of the
plates is centered at about 1098, being about
4.5% wide by 4° high., A closer examination of
plates 1 and 2 allows one to estimate sizes.
This is not an easy task, since the horizontal
resolution of the satellite sensor is rather
large, and therefore a very hot but small size
fire could, in principle, saturate the sensor,
leaving the impression of a much larger fire
area. From the plates, the individual fires vary
in size but a rough average 3size seems to Dbe
around 5 km in diameter, This is much larger
than the horizontal resolution of 1.1 km, which
may be an indication that most of the fires are
in fact larger than the resclution capacity of
the sensor. In thisz case, the fire size
estimates and burned land areas would be good
estimates, probably better than so many guesses
found in  the literature. Continuing this
exercise, there are about 150 fires of this size
in Plate 2, with a total area of 2945.2 kmZ.
This gives for the area shown a ratio fire area
over total area of 1.3%, This compares with 1

and 2,5%, quoted by Seiler and Crutzen (1980).
The larger fire slightly to the right of the
center of the plates is located at 10.395,

52.5%, near the village of Palmeira in the north
of the state of Mato Grosso, in a region of large
agricultural developments, It has a length of
about 22 km and a width of about 11 km. The
smoke area generated by this fire system has a
gize of sbout 70 x 30 km.

Figure 12 shows an enlargement of the burning

5

x
o \iSChnb
g 10 %
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Fig. 12. The region around 15°S, 60°W, which is

most severely subject to biomass burning yearly.
The rectangular area of Figure 1 is shown, with
backward air mass trajectories near Cuiabd
calculated for three different pressure levels.
The size of each arrow represents a time period
of 6 hours. Alr masses at the lower heiphts
reach the Cuiabé area coming from regions of
severe burnings, as shown in Plates 1 and 2.
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area between 5 and
lines of Figure 1.

20935, indicated by the dashed

For a point near Cuiab& and
Porto Jofre, three air mass trajectories have
been calculated to show the long-range transport
characteristics of the region. Between 850 and

500 mbar, air masses from the heavy burning area
are brought +to the Cuiabi region, At 850 mbar,
in the mixed layer, the air iz transported
towards Cuiabhid and Porto Jofre from the north-

northeast, near the area where numercus fires are
seen (Plates 1 and 2). TETach arrow represents the
transit time of 6 hours, At 500 mbar the air
masses come from the direction of Ronddnia,
another state where much burning takes place.
The high pressure center of anti-cyclonic
circulation that 1is present over ceniral Brazil
in July, in the case shown, is responsible for
the transport of air masses to the scuth. It is
possible, however, through a relatively small
displacement of this center, to produce north-
northwest air transport, as described for example
by Browell et al. (1988} and Kirchhoff et al.
(1988},

Summary and Conclusions

A comprehensive analysis is presented on the
diurnal and seasonal variations of  the
concentrations of CO and Oz in surface air from
samples collected at a site in Amazonia subject
to nearby biomass burning. For the first time,
from a simultaneous analysis program that uses a
site outside the biomass burning area it has been
determined by how much the burning activity has
an influence on the composition of the Jlower
atmospheric gases Oz and CO.

The concentration of 03 follows well the
variations of CO, a result that is probably the
consequence of photochemical activity. At Cuiabd
the CO maximum monthly average was 460 ppbv for
1987, and 660 ppbv for 19388. In contrast, the
maxima at Natal did not reach more than 120 ppbv.
For ozone, Cuiabi had 41 and 71 ppbv in September
for 1987 ang 1988, respectively, when Natal had
only 23 and 25 ppbv. This difference between the
two stations, so strong in the dry season, is
practically absent in the wet season, when both
stations observe the same concentrations.
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