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Correlation between smoke and tropospheric ozone
concentration in Cuiaba during Smoke, Clouds,

and Radiation-Brazil (SCAR-B)

Karla M. Longo,'* Anne M. Thompson,> Volker W. J. H. Kirchhoff,?
Lorraine A. Remer,? Saulo R. de Freitas,! Maria A. F. Silva Dias,* Paulo Artaxo,!
William Hart,” James D. Spinhirne.? and Marcia A. Yamasoe!

Abstract.  Ozone soundings launched from Cuiabd between August 16 and September 10,
1995, during the Smoke, Clouds, and Radiation-Brazil (SCAR-B) experiment show an

-enrichment of tropospheric ozone when compared with average wet season values and

also present a great vanability in concentrations depending on the dominant circulation
pattern. Smoke tracers, such as acrosol optical thickness, measured from a Sun
photometer installed at the Instituto Nacional de Pesquisas Espaciais-Cuiaba site, and
Mack carbon ground measurements, also show an enhancement of smoke during the same
period, Although there is a connection between the enrichment of the tropospheric nzone
around Cuiabiy during the dry season and smoke from biomass burning. the correlation
Petween vzone and smoke indicates different behavior in different periods. Trajectory
analyses suggest that the strong vzone peak measured in the period between August 26
and 29, 1995, may be associated not only with direct biomass-burning emissions but also
with urban/industrial emissions from big cities on the coast of Brazil and recirculation of
old smoke. This view is confirmed by measurements made from the Cloud Lidar System

instrument aboard the ER-2 aircraft.

1. Introduction

In the Amazon and central Brazil regions during the austrs
winter dry season, between the months of July and October,
intense anthropogenic biomass burning occurs in cerrado and
tropical forest ccosystems [Andreae, 1991 Cruzen and Gold-
arpner, 1993], This biomass burning is a source of atmosphenc
pollution, emitting gases such as CO, CO,, and NO,; hydro-
carbony; and scrosol particulates |Crutzen e al,, 1979, Araxo et
al, 1994, 17, Echalar er al., 1998], Also, gases that are not
emilted directly from hiomass borning but that result from
secondary Teactions of biomass-burning products, such as tro-
pospheric ozone, show an enhancement in concentration dur-
ing the biomass-burning scason [Kichhafl et al., 1992, 19964, b;
Thompson et al,, 199].

The overall objective of the Smoke, Clouds; and Radiation—
Brizil {SCAR-B) experiment was to study the physical and
chemical properties of the smoke produced by biomass burn-
ing and the effects of the smoke on the Earth's radiation
balance and climate. Understanding the circulation pattern
and the vertical structure of the atmosphere during the burning
season is essential to-interpreting and analyzing the measure-
ments conducted during SCAR-B. Trajectory analyses based
on a numerical simulation of the experiment period will be
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presented in this paper. Forward trajectories from the muin
fire areas and backward trajectories from the Cuiabd measitre-
ment site were caleulated. The effects of meteorological con-
ditlons in spreading the pollutanis emitted by biomasy burning
in Brazil are also discussed. The analyses presented in this
paper are based on the daily vanability of the ozone verticul
profiles from ozonesondes launched at the Culabd site during
the SCAR-B expenment. Ongins of air parcels a1 Cuiabd at
many vertical levels are examined. The daily vanability of
smoke tracers from ground-based measurements at the same
site i5 also considered. Attention is given to the relationship
between ozone, black carbon, and aerosol optical thickness.
Different patterns of correlation, depending on the atmo-
spheric circulation pattém, are investigated.

2. Methodology

2.1. Measurements ot Cuinbi

During the SCAR-B cxperiment many measurements ok
place at the Cuiabd site, located in central Brazil (16°5; 56°W),
where cerrado s the dominant vegetation, and many vegera-
tien fires were observed, Ozonesondes were {punched from
Cuiabd in the manner described by Kirchhaff er al. [1992,
1996a, b]. The first measurement occurred on August 16, 1945,
and the last one occurred on September 10, 1995; during this
pertod a total of 20 ozonesondes were successfully launched.

A Sun photometer ground station installed at Instituto Na-
cional de Pesguisas Espaciais (INPE)-Cuiaba measured acro-
sol optical thickness during the same period. The aerosol op-
tical thickness is the wvertical optical thickness of the
nonmolecular companents of the entire atmospheric column
derved from solar transmisston measurements made by @ Sun
photometer [Kaufman and Fraser, 1983). Precipitable water
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vapors retrieved from the same Sun photométer ds the ratio
of broad and narrow bands centered in the water vapor ab-
sorption region (1.935 10 0.950 um [Kaufman er al., 1992].

Real-time hlack carbon measurements were carmed out us-
ing an acthalometer installed a1 INPE-Cuwaba with measuring
mtervals of 30 min. Black carbon includes all the particulate
carbon species that efficiently absorb light [Red er al,, 1998),
which is abundantly emitted duning biomass burning [Echalar
i al., 1998]. The data collected in this way represent a ncar-
surface smoke measurement.

2.2, Trajectory Calculations

Kinematic three-dimensional trajectorics were determined
by the University of Sio Paulo (USP) Trajectory Model |Fres-
tas ef ad., 1996], The wind fields used were generated from a
simulation usimg the Regional Atmaspheric Modeling System
(RAMS), 3b version |Trpoll and Coron, 1982). The RAMS
model was run with 80 km by 80 km grid resolution covering
south America and neighboring Atlantic and Pacific Oceans
A stretched. terrain-following vertical coordinate was em-
Ploved witle a prid spacing of 200 m adjacent 1 the surface
Above 2060 m the grid spacing grisdually increases to 12000 m 41
A rte of L2 keepmg this resolution up to the model top at 19
k., Physical parameterizinons inchided o the RAMS model
wre amsotropie turbulenee, which s dependent on the defor-
mation tensor; atmospheric long- and short-wave radiation
Interacting with water vapar wnd liquid water; surface interac
ton meluding the effect of vegetation types; input from a soil
model; nnd the effect of deep cumulus clouds. Derails of these
purameterizations are gven by Pielke e af, [1992], The RAMS
simulations were curried out from an initizl candition provided
Py s it polation of six hourly Nationsl Center for Environ-
mental Predhction (NCEP) global reanalyses, at 235 by 2.5
resolution, with 13 vertical levels from 1000 1o 70 hPs, The
model s nudged at every time step toward the NCEP analyses
at the model boundary, a1 the model 1op; and significiantly, but
1 4 lesser extent, at the model center. In this way the simula-
tion can be carried out for several davs with the simulated wind
ficlds reproducing large-scale features of the observed flow
depicted in the NCEP analyses. The three-dimensional simu-
lated winds are stored every 2 hours of simulation. These winds
become input to the trajectory computation by the USP model,
which uses a 0.5-hour time step.

The trajectories caleulated using simulated wind fields as
deseribed before, rather thin directly using NCEP winds, haye
the advantages of better timeund spatial resalution. Ao, the
model takes mio gocount surfuce effects, vegetation, and to-
pography maps. These charactenstics are particularly impor-
Lant while caleuluting trajectones inside the boundary faver,

3. Results
3.1, Meteorological Setting

The main large-scale systems affecting central Brazil and the
Amazon Basin during the dry season in the Southern Hemi-
sphere arc the Intertropical Convergence Zone (ITCY). the
Midiatitude Frontal Systems, and the South Atlantic Subtrop-
ical High (SASH) [Nobre ef al., 1998). The westward displace-
ment of the SASH and the northward motion of the [TCZ
during the austral winter typically produce a high-subsidence
ared over central Brazil and the Amazon Basin, displacing
wetness and cloudiness to remote areas in the narth and north-
west Amazon.

Approaching cold frontal systems from the south are TS0
sible for disturbances in atmospheric stability and in the wing
fields. During these episodes, vertical advection is favored el
0 &8 long-range transport, although the cold frontul SYsiems
are usually blocked by the high-prossure systemand are drives
eastward 1o the Atlantic Ocean before they can reach the
SCAR-B area [Freitas et al.. 1996]. These disturbances contrih.
ute 1o the daily vanability of air mass origins and of ozone
vertical profiles at Cutahd duning SCAR-B. Fram the nurth,
propagating squall lines ongmating at the northern coast of
Brazil can also be responsible for convective events | Sidved Piues
and Ferrewra, 1992, During the 1992 Transport and Atmi.
spheric Chemistry Near the Equator—Atlantic {TRACH -4
experiment, convective cvents wére phserved, related to bath
the approach of a cold frontal system and northern convection
|Pickering et af., 1996,

During the SCAR-B experiment period, from August 16 1
September 11, 1995, a high-pressure area with very little pre-
apitation dominated the central Beagil climatology. Moderae
o slow casterly winds were observed above 1578 Ity
where mast of the bimass bursme ook place. Alsio, winds
came lrom the noeth and northwest of the SCARGE arcan. This
anticyclonte circulation over the contiment pushed the smuoke
southward toward the coll frontal system, where the smoke
was strongly sdvected upwarsd, with injection at high levels and
transport to the South Atlantic Ocean by the westerly winds.
Figure I shows the time-averaged wind fields for the SCAR-B
penod. Prokering e al. [1996] and Wang et al. |1996] hive
descnibed this type of behavior and s chemicnl it during,
TRACE A

AL the Cunba site, where the data collection took plisce,
easterly winds are dominant, bringing clein air from the ocean
and some recircolation from the conument, In some periods,
depending on the anticyclonic position, north or northicis!
winds were also ghserved at Cuiabd,

32, Trajectory Analysis

Although ozone is not emitted directly from biamass burn-
ing. an enhancement of tropospheric ozone has been reported
for periods of biomass burning in Brazil and Africa [Kirchhoff
et al., 1992, 1996a; Fishuman et af., 1956; Thempsan ee al,, |944;
Browell er al., 1996: Jacob et al. 1996], The TRACE-A mea-
surements conductad over the tropical South Atlantic Ocenn
indicated that widespread biomass bursing over both South
America and Africa was a dominant source of precursor gases
necessary for farmation of the larpe amount of ozonc over the
Adlantic Ocean [Thompson et al., 199). Case studies from
several experiments over South America and the tropical At-
lantic have shown that the seasonal increase in frec iropo-
spheric ozone formation is frequently associated with the com-
bination of deep convection and biomass-burning pollution or
urban emissions [Thampson et al,, 1997; Jenkins et al,, 19497},

During the 1995 dry scason, GOES & smoke observation
data from University of Wisconsin-Madison {UW-Madison)
showed an extensive smoke: laver over Brazil, almost entirely
covering the Amazon Basin and heading southward toward
continental outflow to the Atlantic Ocean [Prins er al., 1998).
Forward trajectorics from the main fire areas in Brazil calcu-
lated for the period of SCAR-B present a good fit with these
smike observations.

Plate | shows hourly parcel positions distributed along O-day
forward trajectories for the SCAR-B period. These trujectories
onginated from the main biomass areas during SCAR-B, as
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Figure 1. Time-averaged wind ficlds (streamlings) for the SCAR-H peniod. August 16 1o September 11,
T3, derved from four daily (0000, 0600, 1200, and 1800 UTC) National Center for Environmentil Predic-
ton {INCEP) global reanalbyses at (a) 700 hPa and (b)) 500 b

observed by the GOES 8 fire product dats from UW-Madison
[Prens.etal,, 1998]. Three areas were considered relevant (white
rectangles in Plate 1), The first area (Plate 1a) 15 in Ronddnia,
southeast of Porto Velho (from 7.5°% to 155 and 65°W 1o
GO"W ), The second area (Plate 1b) surrounds the town of Alta
Floresta in northern Mato Grosso (from 7.58°5 10 1255 and
HW 1o S25°W). Finally, the third area (Plate 1¢) is northwest
of Parto Neciona! (from 5.0 10 122575 and 52.5"W 10 47.5°W)
These rajectories were initialized gt =700 hPa (—3 km). Ac
carding 1o meteorological observations from the Nanoenal [n-
stitute of Meleorology in Brazil an inversion layer at =700 hPa
over central Bragil wis observed at several meteorological sites
during nearly all of the SCAR-B period. Also, many smoke
tracer layers observed during vertical profiling shoard INPE
aircrafl sugpest the sume altitude for the inversion layer.

The Poarto Velho arca receives pollution from the other
areas in additon to the local pollution effects (Plate 1a). The
Sun photometers installed at Porto Velho, Ji-Parand, and Po-
tosi Mine indicated high values of aerosol optical thickness,
rarely. below 20 for the (L669 um channel. The dominant
caslerly winds push the smoke toward the Andes. and high
subsidence maintuins the smoke a1 low levels for several duys
The trajectony altitudes remain below 700 hPa (3.0 km) while
inside the, Amuzon Basin. Plotting air pareel distributions
along the forward trajectories originating from the three main
arcas (Plate 1d) shows a plume over Brazil with continental
outflow to the Atlantic Ocean ~3(F5 latitude. A stationary
eold front a1 3078 latitude is responsible for a strong vernical
motion b this point. The trajectory altitudes jump to values
=60 km upon reaching the cold fromt area, indicating. the
passibility of long-range transport of the hiomass-burning
products, OQutfiow 1o the Pacific Ocean across the Andes is also
indicated between the latitudes 10°S and 10°N. The low levels
of the trajectories, however, could indicate an important dep-
osition effect, mainly considering that ¢ven during the dn
season the northern portion of the Amaron Basin may still
possess high relative humidity, Dunng August 1995 the ob-
served precipitation levels in the extreme north of the Amazon
Basin (Roraima and northwestern Amazonas) excecded 200
mm [Institute Nacional de Pesquisas Espaciais (INPE), 1993],

Plate 2 shows fwo llustrative clusters of the faday tarwind
trajectories for particulur days in order to exemplily we basic
patterns of the period as awhole. The first one ends on Augiist
29, 1995, and the second one emds on September 4, 1995, The
color bar in Plate 2 indicates the altitude of the air pareels
along the intégration. During high-subsidence periods (Pl
2a) the absence of the trajectory vertical motion indieates th
the smoke is trapped below T00 hPa while in central Brogil,
There i an upwand movement abead of the cold frantal system
i suuthern Braal wnd also associated with convective systems
in the northern Amazon Basin, The second cluster {Plite 2h)
shows an example where the trajectory upward motion is sub:
stantial owing 0 convective events til ure smaller o scale
than cold frontal systems but sull sensitive 10 the model,

This transport partern results in o large smoke layer as in-
dicated in Plate 1d and confirmed by satellite smoke observa-
tion [Prins e al, 1998; Gleason er al., 1998). Thus the effects of
these emissions exceed the local scale and may affect the re:
gional coampaosition of the South Amenican atmosphere. These
biomass-burning emissions may change the atmospheric radi-
ative balance and the hydrologcal cydle by direct effecis of the
deresol particulate amd gases as well as by indirect eflects on
dynamics of the cloud formation |[Kaufrr, 1995, Kaufman ef
al., 1998).

Heurly. parcel positions along 6-day backward trajectories
ariginating from the Cuiahd site-ar 700 hPa during SCAR-B
are summiirized in Plate 3. Easterly winds bring clean air from
the ocean and some recirculation from the continent.

33, ODronesondes

Ozone concentration mean values ranging from 40 1o 90
ppov were observed from August 16 1o September 10 (Figure
2}, From August 16 to 23 the dzone levels observed in Cuiaba
were relatively low. ~50 ppbv. These values are still high when
compared with tvpical wet scason values {~15 ppbv). An in-
creasc of ropospheric Oxone was observed, starting on August
26 and reachung & maximum on August-2%; ozone decreased
again at the beginning of Seprember. Duoring the first 10 days
of September, alternating periods of high- and low-ozone con-
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Forward Trajectory Parcel Distribution SCAR-B Fire areas
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Plate 1.
main hiomass-burning arcas at 700 hPa. Three so

Hourly parcel locations from daily 6-day forward trajectories during SCAR-B, originating from the
ce areas, (a) Rongdénia, (b) northern Mato Grossa, around

the town of Alta Floresta, and (c) an area including southeastern Pard, western Tocantins, and northeastern
Mato Grosso, were considered as well as (d) all three source areas together. PV, Parto Velho; AF, Alia

Floresta; PN, Porlo Nacional

centrations were recorded, with values higher than those ob-
served before August 26
Vertical ozone, relative humidity, and ten

available for two particuiar periods are plotted in Fi
4, Period 1 is from August 26 1o
September 7 to 10,

On Auguost 26 (Figure 3a), ozone levels star
forming a layer at 700 hPa; also, two smaller
served at 650 and 550 BPa. On August 27

31, and period

(Figure 3b), there

was a 100 ppbv ozone layer above 700 hPa and a clean gap

between it and a weaker laver at lower levels. On August 29 a

stered —630 hPa (Figure

3¢). Figure 3d shows the ozone decreasing on August 31
Vertical profiles for period 2 present a d

parrow plume of 140 ppbv was'r

eren! vertical
structure (Figure 4). The period from September 7 to 10 s
charactenized by a transition phase from the dry o the wet
season, The high-pressure area over has dis-

persed, promoting a stratified vertical structure of the atmo

central Br

is much more fexible, allowing

iy LAVED

100 and

expanding the orone faver up 10

34, Aerosol Optical Thickness and Aethalometer Results

The smoke trecers show a pattern of daily variability in the
SCAR-B peniad from August 16 1o September 10 similar 1o the
vanation in ozone. Relatively low levels in the first week of
measurement (August 16-23) and an enhancement around

August 29 were observed. Figure 3 presents daily averages for

the black carbon ground measurements, acrosol optical thick-
ness, (0,669 um channel), and precipitable water vapor

The black carbon concentration in Cuiabd exhibits a diurnal
ovcle, with lower eoncentrations and varability between 1200

ind 1800 UTC. Figure 6 shows an average day, including all
the measurements collected at the indicated times between
August 10, The black carbon divrmal oyele is

related to the fire diurnal cycle reported by the GOES 8 fire

16 and Seprembear
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Orzone {ppbv)

£z B 28 285
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Aug Bap
Datos from Aug. 16 1o Sep 10 - 1885

Figure 2. Avecrage ozone concentrations from 1000 o 506
hPa, derived from the ozgone profiles obtained from the ozone-
sonde measurements made at Cuiabd between August 16 and
September 10, 1995,

products by LIW-Madison, The fire count around 1745 UTC s
typically 2-4 times greater than that observed three hours
earlier or later and nearly 20 times greater than that observed
atl 1145 UTC |Pring craf., 1998). The black carbon diurnal oycle
% also related to the boundary layver cvolution during a disrnal
evele. The lormation of the nocturnal boundary laver, ds 4
resilt of contact of the irst atmosphenc lyver with the ground,
reduces the vertical upwird motion of the pollutants | Sl
|988], promoting smoke accumulation after sunset. Diaily av-
erages of black carbon that include only measuremenis taken
berween 1200 and 1800 UTC probably represent surface mea-
surements in g well-mixed column. In the correlation graphs of

Ausg., 26 - 1348 UTC
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Ausg., 29 - 1518 UTC
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(e}

sminke tracers and ozone described in section 305, only tracer
data collected between 1200 and 1800 UTC will be considarad,

3.5 Correlation Between Observed Parameters

I'he relationship between troposphenc vzone concenteation
and smoke in Cuiabd, as ciculation’ patterns vary, will be
explored here. Our analysis focuses on the two periods of
enhancement of both vzone and smoke: from August 26 1o 31
(period 1) and from September 7 to L0 (period 2). Black
carbon (Figure Ta) and precipitable water vapor (Figure 7h) as
functions of acrosol optical thickness (measured in the 0669
pm channel) show a relationship in both cases. For high values
of acrosol optical thickness (=0.5) a split pattern is observed.
Period 1 (solid diamonds) shows higher values of black carbon
(BC) and lower values of precipiable water vapor than period
2 (crosses) for the same range of acrosol optical thickness
(AOT). Figure 8 shows the average tropospheric ozone,
weighted by altitude from 1000 1o 500 hPa, as a function of the
acrosol optical thickness, measured simultancously with the
seone data point. The ozone versus acrosol optical thickness
repeats the same split pattecn observed for blick carbon and
water vapor. In perusd | the atmosphere presents an cabnnoe-
ment of ozone concentration relutive to period 20 The »* o
the correlation of ozone us o fuocton of ACKT and BC as a
function of AT, excluding the lost days of September, which
characterize the transition [rom the dry to the wet season, were
(.74 and 0.63, respectively

Note that lower ozone mixing ratios correspond to a higher
presence of water vapor. This fits in with other observitions of

Ang. IT - 1343 UTC
Temperature (deg C)
40 £0 40 -2 0 20 40
1m a . a -

700
850 —+
1m - - + & —y
0 20 40 80 B0 100 120 140
Gzone (ppbv) | RH (%)

(b}

Prossure (hPa)
&

Aug., 31 - 10:00 UTC

Temperaturs (deg C)
50 60 40 -0 © 2w 40 B0
1“- -1 +- + ¥ —% .
F o0 |
£ 400 - 1
5 550 o :
§ mor— |
G BEj) — o1 :
1000 T
0 20 40 B0 B0 100 120 140
Ozone (ppbv) | RH (%)
(d)

Figure 3. Radiosondc measurements of ozone (ppbv), relative humidity (%), and temperature {"C) at
Cuiabd for period 1: (2) August 26, (b) August 27, (c) August 29, and (d) August 31. Shaded arrows indicate
the levels from which the backward trajectonics were calculated. Launch dates and times are shown above each

plot.




12,120 LONGO ET AL SMOKE AND OZONE IN CUTABA DURING SCARB

-

Sop., 07 - 09:44 UTC

Temperaturs (deg C)
B0 £0 40 -0 0 20 40
_. foo
g 260 ;
€ w01 :
B50 T o3 +
i 700 L 1
| —
e I I
1000 : ‘
0 20 40 B0 BO 100 120 440
Czone (ppbv) | RH [%)
(a}
Bep., 08 - 09:50 UTC
Tempersture (deg C)
80 60 40 .20 o ®0
= 1NA- " ——
5 260
00 i
i '
700 - :
BED i
mr FESL™ _ Al ™ 4 - i
0 20 40 B0 BO 100 120 140
Crzone (ppb) | RH (%)
e}

Sep., 08 - 09:51 UTC
Temperature [dog C)
B0 80 -£0 -20 0 20 &0

Preasure (hPa)

BaEgds

L
|
—

1000 ~—— = : .
0 20 40 80 B0 100 120 140
Ozone (ppbv) I RH (%)

it}

Sep., 10 - 10:30 UTC

Temparature (deg C)
B0 50 40 -20 0 0 40

Presaure (hPa)

-
§ER8E8s

1 | — 1
0 20 40 B0 B0 100 120 140
Czona (ppbv) { RH (%)

{d)

Figure 4. Radiosonde measurements of ozone (ppbv), relative humudity (%), and temperature (°C) at
Cuiabd for period 2 (n) September 7, (b) September 8§, (¢) September 9, and (d) September 10. Shaded nrrows
indicate the levels where the backward trajectories were calculated. The launch dates and times ure shown

above each plot

middle and lower-tropospheric anticorrelation of tropical wa-
ter vapor and ozonc |Kley ef al., 1996]. A main reason is that
the photochemical destruction of ozone leads to the formation
of the O('D) free radical which reacts with water vapor to
form the hydroxyl radical OH:

Oy + hv—0('D) + 0O,
O{'D} + H,0 - OH + OH

This is the major loss process for troposphenc ozone in the
lower atmosphere, The greater the amount of water vapor, the

4
. E
3=
3
kS
o ¥
e A e s 15
1 W W B M OB M ¥ O+ 3 8 7T %
Aug Sep

Dates from Aug. 1€ 1o Sep 10 - 1595
«  Bieck Carbon e AOT — Wster Vapor

Figure 5. Daily average series of black carbon (BC) ground
measurements (triangles), aerosol optical thickness (AOT)
{rectangles) for 0.669 um channel, and precpitable water va-
por (pluses). The aversges consider measuremenis taken be-
tween 1200 and 1800 UTC.

greater the ozone loss, und the lower the ozone concentration
[Thompson, 1994].

Backward trajectories from Cuiabd measurement site are
run at many levels in order to see if the origin of the air masscs
can explain the ozone changes and the different correlation
patterns for different periods (Piate 4). Shaded arrows along
the vertical profiles indicate vertical starting levels for these
trajectories. Starting date and fime are indicated at the top of
the graphs. Starting vertical levels und the ending levels after 6
days for the trajectories in the center of each cluster are also
shown m Plate 4. The color bar indicates the trajectory alu-
tudes in kalometers. On August 26 and 27 the backward 1ra-
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Figure 6. Avcrage black carbon concentration (bars, stan-
dard deviation) for an “average day” between August 16 and
September 10, The triangles indicate the times with lower
concentrations and variability, The solid arrow indicates the
peak burning reported by Prins et al. [1998].




|

LONGO ET ALSMORE AND DZONE IN CUIABA DURING SCAR-B 12312

jectories are castward on the first 2 days of integration; afier
this the trajectories show an anticvclonic circulation from the
continent. On August 29 the pattern is similar but with 3
companent from the northeast on the first 3 dayvs ar 700 hPa.
The aerosol optical thickness measured in Brasilia (48.5°W
15.5°5) i the Auvgust 2629 pefiod was atways <0.1 (0.66% um
channel), In some levels, circulation 5 over the coast, over-
passing an urban/industrial area; otherwise, the circulation is
over the ocean, In both cases, air parcels reached the biomass.
burning outflow region, a1 —30°5 latitude in this period. This
circulution suggests that the ozone enhancement observed in
Cuiabit during this period could be a superposition of ozone
production from the local biomass-burning emissions trapped
in an inversion brought on by very high subsidence and a
posteonvective production of ozone from vertically transported
NO or NO produced by hghtning [Thompson et al., 1996
Lelieveld and Cruezen, 1990, 1994]. In addition, recirculation of
the regional plume that covers part of Brazil during the burn-
ing season 15 probably mtroducing additional contributions of
teone from urbanfndustrinl areas

WVertical profiles from the radiosondes for perowd 2 present o
different vertieal structure (Figure 4). The penod from Sep-
tember 7 1o [0 is charactericed by a transition phase from the
dry 1o the wer season. The high-pressure ares over central
Brazil has dispersed, promoting o stratified vertical siructure of
the atmosphere. The boundary laver is much more flexible,
allowing greater upward motion and expanding the ozone layer
ups to SO0 WPa with 8 maximum concentration at 700 hPa,
Backward trajectories for this penod arc shown in Plate 5,

BC (ng/m3)

E
2
e
o
=9
m
=
3
=
o - . -
0 0.3 1 1.5 2
AQT
LY

Figure 7. (a) Black carbon ground mcasurement and (b)
precipitable water vapor as functions of acrosol optical thick.
ness (0.668 um}. The open diamonds are for gencral days. The
solid diamonds, inside the thin ellipses, indicate the days when
the AOT increased owing to smoke accumulation during a very
high subsidence period. The days where the increase of ADT
correspunds to an increase of water vapor are represented by
crosses inside the thick ellipses.
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Figure 8. Average ozone (from 1000 1o 500 hPa) as function
of the acrosol aptical thickness (0.669 pm). The same split
pattern for black carbon and water vapor { Figure 7) repeats for
the ozone,

characterizing 0 more locahized pattern of circulation, indicat-
ing slow air parcels predominantly from the northeast.

A6, Supporting Evidence: ER-2 Cloud Lidar System

A Nilifyitnuem aluminium/garnet {laser crystal)) YA
monostatic ldar system aboard the ER-2 wirerufl {the Cloud
Lidir System (CLS)) measured the backseattered signals ul
1064 and 0532 um [Spinkime ¢t ol 1982 during SCAR-B.
Flights 93165 and 95169 refer to flights from Cuiabd to Villiena
on August 27 and September 7, respectively (Plute 6). On
August 27, ozone concentrations from 50 to 80 pphv were
observed below the inversion layer ~700 hPa (=30 km). A
sceond, stronger ozone layer, with ozone concentration of 100
ppby, wis observed ~600 hPa (—4.5 km) {Figure 3b), Aceord-
ing to the lidar data this second vzone layer is not correlated
with smoke. The aerosol backseatter coefficient derived from
CLS on August 27 (Plate 6a) shows the smoke limited 1o the
column below 3 km, trapped by the temperature inversion.
Plate 4a shows the ozone profile with ozone concentrations
from 40 to 60 ppbv from the surface to 500 hPi and a strong
and thin ozone layer (—95 ppbv) at 600 hPa corresponding to
a double temperature inversion. For the September 7 flight
(Plate 6b) the CLS shows the smoke also in higher levels,
cocxisting with the ozone layer,

The CLS observations are consistent with the backward tra-
jectory patterns for the two periods. Smoke recirculation with
possible urban/industrial contributions pertains o penod |,
whereas pericdd 2 corresponds 1o a more localized circulation
pattern, indicating local, fresh smoke,

4. Conclusions

A correlation between tropospheric ozone concentration
and aerosol optical thickness was observed at Cuiabi during
SCAR-B. Higher pzone concentrations were abserved for days
with lower values of water vapor, Aerosol optical thickness
showed a relationship with black carbon and precipitable water
vapor based on measurements taken during a period when
fresh smoke plumes were not dominant. These correlations gre
dependent on the dominant circulation pattern. All correlation
graphs present a split pattern for high values of aerosol optical
thickness (>0.5, 0.669 pm channel). Comparing two high
ozone and smoke episodes. 11 was observed that in the last
week of August the increase of aerosel optical thickness cor-
respands 1o black earbon concentrations higher than observed
for September T to 10. Conversely, the precipitable water va-
por values are lower for the last week of August than for the
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6 Day Backward Trajectories from Cuiaba

August 291995 - 16 UTC
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Seplember period. This is in agreement with the higher levels
of ozone observed for the August period. Backward trajectory
analyses from Cuiabd suggest that the ozone enhancement
abserved in the last week of August could be a superposition of
two factors: (1} local emissions from biomass burning trapped
in-an inversion during a very high subsidence period and (2)
recirculation of the regional plume that covers part of Brazil
during the burning season plus a probable contribution of
urban/indusirial emissions. Comparison of the ER-2 CLS data
and the ozone profile confirms the existence of an ozone laver
not correlated with smoke, indicating the ozone long-distance
transport during the August period.

The smoke outfiow to the Atlantic Ocean and the occasional
recirculation back to the continent is a cloud-related process,
probably involving high precipitation rates and consequent
smoke scavenging, including NO, deposition (via the soluble
nitric acid). Along the coast of Brazil at latitude 25°S, precip-
itation amounts > 100 mm were observed during August 1995
[{NPE, 1995]. The ozone layer formed by recirculation of old
smoke and urbanfindustrial pollution, which is not correlated
direetly with aerosels. could be due to two different factors: (1)
consuderable ozone production while the smoke is still trappad
In central Brazil and (2) a posticonvective production of ozone
from vertically transported NO produced by lightning [ Thomp.
s o al., 1996 Lelieveld and Crutzen, 1990, 1994]
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