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Smoke, Clouds, and Radiation-Brazil (SCAR-B) experiment

\ - .  J .  Kaufman,r  P.  V.  Hobbs.r  V.  W. J.  H.  Ki rchhof f , r  P.  Ar taxc ' r ,a  L.  A.  Remer, rs

: j .  N.  HolbeÍ ì , t 'M.  D.  King,7 D.  E.  Ward,E E.  M.  Pr ins, ' )  K.  M.  Longo,a

- .  F .  Ma t tos . l  C .  A .  Nob re ,3  J .  D .  Sp inh i rne , r  Q .  J i , 5  A .  M .  Thompson , l
:  F .  G leason , r  S .  A .  Ch r i s tophe r , r ( Ì  and  S . -C .  Tsay t

\bstract. Thc Smoke, C-'louds. ancl Radiation-Brazil (SCAR-B) field projcct took place
: the Brazil ian Amazorr and ccrrado regions in Augr-rst-September 1995 as a
, l ìuborat ion bctween Brazi l ian ancl  Amcr ican sc ient is ts .  SCAR-B.  a comprehensive

. ,. lcrimcnt to stuclv biomass burning. cmphasized meíÌsurements of surface biomass, f ires,
'tokc acroscll and tracc gases. clouds, and radiation. their climatic effects. ancl remote
-r:ing frorr aircraft and satell i tcs. It includecl aircratì and ground-basecl in situ
'J i ìsurements of  smokc emiss ion factors and the composi t ions.  s izes.  and opt ica l

" , rpcr t ies of  the smokc par t ic lcs;  s tudies of  the Íbrmat ion of  ozone;  the t ransport  and
,  ' r Ìu t ion of  sntoke;  and smoke intcract ions wi th watcr  vanor and c louds.  This overv iew
' :pcr  in t roduces SCAR-B ancl  summarizes somc- of  the muin rcsul ts  obta inecl  so far .  ( l )

ics:  measurements of  the s izc d is t r ibut ion of  f r res,  us ing the -50 nt  resolut ion MODIS
.  r 'borne Si r r . ru lator .  show that  most  of  thc f r res are smal l  (c .g. .  0 . (Xì-5 kntr l ,  but  thc
, tc Ì Ì i te  sensors (c .g. .  AVHRR and MODIS wi th 1 km resolut ion)  can detect  f i res in
:uz i l  which arc rcsponsib le for  60-85% of  thc burnecl  b iomass;  (2)  Aerosol :  smoke

' , r . t ic les emit ted f rom f i res incrcasc thei r  radius by zrs mr. rch as 60% clur ing thei r  f i rs t
: rcc days in  the atmosphcre due to condensat ion and coagulat ion,  reaching a mass

- : - 'c l ian radius of  0.13-0.17 pm; (3)  Radiat ive Íbrc ing:  cst imatcs of  thc g lobal lv  averaged
r.cct radiative forcing duc to smokc worldwide, based on the properties of smoke

- ' . 'usured in SCAR-B (-0.1 to 0.3 W m r ; ,  are smal ler  than previously  mocle lec l  c lue to
Ìorver single-scattering albeclo (0.8 to 0.9), smaller scattering eÍïìciency i: .t g I at -5-50

' : l ) .  and low humidi f icat ion factor :  and (4)  Ef tcct  on c louds:  a goocl  re lat ionship was
,Lrr rd between c loud condensat ion nucle i  and smoke volume concentrat ions.  thus an
r.rciÌse in the smoke emission is cxpectecl to aÍïcct cloucl properties. In SCAR-B, new
:chniques werc developed for dcriving the absorpticln and refractive index of smoke from

-Ì( ìund-based remotc scnsing.  Futurc spaceborne radiometers (e.g. .  MODIS on the Earth
)hsçryint Systcm), simulatcd on aircraft. proved to bc vcry uscful tbr monitoring smokc

'r'()perties. surface propcrties. and thc impacts of smoke on radiation and climate.

l .  Introduct ion
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mcnt. Tropical biclmass burning now comprises about 80% of
the bionrass that is burnecl global ly [Hao und l lr ,  1994]. This
is much highcr than a ccntury or two i ìgo, due to increuscs in
populat ion in thc tropical rcgions, steady encroachment on
forested areas. ancl the use of control lcd burning as a land
rÌì : Ìnagement tool.  Nevertheless. human impacts on thc cnvi-
ronment through f ir 'e are not nerv. Mcasurcmcnts of charcoal
and pol lcn sccl imcnts show a clcar correlat ion between ratc of
burning, human sett lements. ancl a shif t  in thc natural vegeta-
t ion from pvrophobic to pyrotolclant and pyrophil ic species

lCrutzcn und ,4ttdrcuc. 1990, hcrcinaftcr rcferred to as CA90].
Scienti Í ìc interest in tropical biom:rss burning was hcight-

cncd somc tv;o clccadcs ago with thc suggestion by Crutzen et
ul. l l t ) l t) .  1985] that i t  is an important source of some key trace
gascs in t Ìrc atmosphcrc. I t  is now known that biomass burning
is rcsponsiblc for l0-30íá of thc global CO budget, which is of
palt icular importancc sincc thc cmissions are in the tropics, a
region of strclng solar radi i i t ion. including UV, and therefore
of maior importance for trcposphcric chcmical processes

[CA90]. CO, through intcractions with thc OH radical,  can
substantial l l '  reduce the oxidative (or cleansing) eff iciency of
thc atnrosphcrc; biomass burning may therefore increase the
l i fet ime ancl concentrat ions of many tracc gases [C490]. ln
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regions of biomass burning, oxidation of CO and hvclrocarbons
in the presence of clevatcd concentrat ions of NO, causes for-
mation of ozonc in concentrat ions as high as in stron-ely pol-
luted urban smogs [KrrcftltofJ', 1984; Logan und Kìrchtrcft'. 19g6;
CA90]. Since NO, has a l i fet ime of only a few davs (similar tcr
the Ì i fet ime of smokc aerosol),  and CO of l0 to l(X) cìays, thc
high NO. concentrat ion from biomass burning is mainly in
smoke regions. Biomass burning is also i t  source of CH.
lcAe0l.

Biomass burning is also a major sourcc of atmospheric aero-
sol.  I t  emits submicron part iclcs composcd mainly of part ial ly
oxidized organic materials. These part iclcs are both cff icicnt
scattcrcrs and absorbers of sunl ight. They arc also efÍìcient
cloud concìensation nuclei (CCN) and thercÍì lre interact with
clotrds lWarner and Twomey, 1967: Hohbs and Raclke, 1969:
Holben et al., 1991. Kaufinan et al.. 19921. The global ratc of
production of biomass burning aerosol is not much smaller
than the global rate of production of sulfatc aerosol lRuttke.
19891. Thc pctssible cl imatic effects of smokc parrici .* *o.
pointed outby Crtrtzen et al. [198-5] and provic.lecl the basis for
the "nuclear wintcr" hypothcsis fCrutzen anrl Birks, l9g2l. in
which smoke from f ires caused by a nuclcar attackcr *r,  hu_
pothcsized to diminish sunl ight ancl agricultural productivi ty
over the entire hentisphere. Heavy smoke in northcrn lat i tuclcs
is known to reduce daytime grouncl tcmperaturc by scveraÌ
degrees fRobock, 19881. E,mission of smclke part icles is cst i_
mated to have a similar direct effect (through interaction with
solar radiat ion) and incl irc.ct c.f fect (through interacting with
cloucls that ref lect sunl i-qht) on the Earth's racl iat ion balance to
that of sulÍàtes fPenner et al., 1992]. However. rccent rcvisccl
est imates of thc radiat ive forcing of smoke worldwidc, based
on measurements from SCAR-B, are signiÍ ìcantly lower both
Íbr the direct fHobbs et al., 19971 and thc indirecr IKauÍman
and Fraser,1997] etÍècts. Nevertheless, the effect of .m.,Le .rn
radiat ion, cloud microstÍucture, and air polÌut ion are of maior
importance on local and regional scalcs. The cff ìcrs of smrike
on atmospheric tcmpcrature profi les ancl cloud microstruc_
tures may disturb the hydrological cycle in thc tropics. with
potential cffects on regionaÌ ancl global cl imate. Long_range
transport fueled by convective inject ion into higher alt i tudes
has been documentcd [Pickering et at., 1996: Fishman et al..
1996], but the cffects on gÌobal cl imate ancl atmospheric chem_
tstry aÍe not well  establ ished. Other important impacts of bio_
mass burning on regional environments werc rcviewed bv
CA90. They includc acid deposit ion, efTects on soìl  cìegracla_
tion and nutr ient cycÌe, deforestat ion. ancl effccts on local
biota. animals, and people.

E,arly f ield stucl ics of biomass burning in the tropics empha_
sized measurcments of thc entission of tracc gases ancl their
evolut ion in the atmospherc-. part icul iLr lv thc ixmation of tro_
pospheric ozonc. Thcse incluc, led measurements in Brazi l  bv
Crurzen et al. [1985], Anrlrcue el a/. [19t38], ancl Fisltm,tn ,,r aÍ.
[1996], and in Africa by Lìtrcle.ru1 ct ol. [l.lvf.1 and Lacarcr eÍ al.
[1995]. Studies of biomass burning that havc placecì morc cm_
phasis on the propert ies of thc smokc ar-rosol in North Amer_
ica include those of Radke et al. [1991]. Wail antt Harct,- [199I],
and Hobbs et al. 11996l; in Brazil by Holhen et at. [1991j,
Kaufman et al. [1992], Ward et al. 119921, Arteío et ot. !OOA1,
Pereira et al. [19961, Browell et at. 11()961; and in Africa by
Andreue et al. |9941, Antlerson et al. [1996], Le Cuntt et al.
[1996), Maenhaur et al. [19961, Kuhtbusch et al. [l()96]. I4/ard er
al. [19961, and Swap et ul. [1996]. A nerwork of Sun/sky racli-
ometers has operated in Brazi l  since 1993 fHotben er al. ,  1996;

Kat(mttn and Holben, 1996; Remer er al., 1996, this issue] in an
effort to characterize the aerosol properties and to develop
me thods for rcmote scnsing from spacc of f i res, smoke aerosol,
and their impact on clouds [Kafinan et ul. ,  1990, 1994, 1998;
KauJman and Fraser, 19971.

Therc are many uncertaint ies in the ratcs of biomass burn-
ing, i ts spatial and temporal distr ibutions, the cmission of par-
ticles and trace gases, and the atmosphcric ancl racÌiativc pro-
cesses and effects associated with smokc. The horizontal and
vcrt ical hcterogeneit ies in the distr ibution of smoke, i ts vari-
abi l i ty with t ime, and the prescnce of many small  sources (sce
Platcs 1 and 2) increasc the dif f iculty in est imating the rate of
biomass burning and i ts effccts on cl imate. Recent interest in
the climatic effects of smoke [C490; Penner et al., J992; IpCC,
1995; Sein.fèld et al., 19961 and thc new capability of satellite
instrumentation to mcasure acrosols and their interactions
with water vapor, clouds, and radiation (POLDER on ADEOS
lHerman et a1.,1997a1, MODIS on EOS lKaufman et a1.,199i:
Tanré et ul., 19971, and MISR on EOS lMartonchik antl Diner,
1992; Kahn et al., 1997)) havc generatcd a need for a biomass
burning experiment with cmphasis on thc physical propert ies
and processes associated with smoke emissions ancl their re-
mote sensing. The SCAR-B experiment in BraziÌ ,  which was
conceived by American and Brazi l ian scicntists, was desisned
to  mect  th is  necd.

In thc remainder of this paper, we f irst describe the goals of
SCAR-B. We then revicw previous studies of biomass burning
in Brazil. This is foÌlowed by an overvicw of the SCAR_B
measurcment program and some of the main results from
SCAR-8. Comprehensive accounts of specif ic aspects and

ffi::tr 
of SCAR-B may be founcl in thc papers in this special

2. Goals of SCAR-B
SCAR-B was a comprehensive experiment to measure the

emissions of trace gases and aerosol part icles from biomass
fires in Brazi l  and their evolut ion and intcractions rn the at_
mosphere. Three main goals guided SCAR-B: (1) character_
ization of the effccts of emissions from biomass burning on
direct and indirect forcing of solar radiat ion; (2) evaluation of
the effects of biomass burning on atmospheric chemistry ancl
radiat ion; and (3) evaluation of remote sensing techniques
against in situ measurements, in preparation for the launch of
thc NASA mocleratc resolut ion imaging spectroradiometer
(MODIS) on an Earth Obscrving Sysrem AM-l satellite in 1999.

Somc of the more specif ic objcct ivcs of SCAR-B were ( l)  to
establ ish the thcrmal propert ics of f i res. thcir remote sensins
from space, and the relat ionship among Íìre thermal prtrpcr_
ties, thc emission ratcs of smoke, ancl the rate of biomass
consumption; (2) to estabÌish the ratcs of emissions of trace
gases and part icles ( including the cffect ive concentrat ion of
black carbon) from biomass burning; (3) to measurc the cl is_
tr ibution antl  cvolut ion of trace gases in the atmosphcre; (4) to
measure the optical/radiat ivc propert ies of smoke, inclucl ing
scattering and absorption eff iciencics, spectral ext inct ion, scat_
tcring phase function and single-scattcr ing albedo, the effects
of humicl i ty on smokc aerosol size, and the evolut ion of these
propcrt ies with smoke age; (5) to develop a physical and radi_
ative mcldcÌ of smoke that can be useci for remote sensing of
smokc aerosol and tbr est imating i ts direct radiat ive Íbrcing;
(6) to understancl the interactions of smoke part icles with
water vapor and clouds; their CCN nucleating efìciency; their
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ERZ: MAS/CLS lmages Írom N. Mato Grosso
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Plate 2. Examplcs of fires. burn scars. smoke. ancl cloucls observecl from the NASA ER-2 aircraft. (Top
panels) MAS ancl l idar imagcs of the lanclscape in Northern Matto Grosso, Brazi l  (11.9.S, -52.-5.W), showing
a ìargc f ire of dense biomass e mitt ing smokc into a humid atmosphe re at 3-4 km with eviclcnt cloucl f ìrrmation
(August 23, 199). at l9l0.G_Mfl Thc MAS image is composecl of the 660 nm channcl (blue). the 860 nm
channcl (grecn). and the l ír50.nm. channcl (recl).  Thc f irc is thc red spor in thc top r ight part l f  the rmagc.' Ihe 

clrange clouds are darker in thc 660 ancì 860 nm channcls due to ãbsorption oï 'si lokc above thcm. The
lidar image is the backscatttr in-e coetÏcient measurecl fnrm the l idar. (Bottom panels) AVIRIS ancl l ic lar
images of the Ìandscape in Cuiabir.  Brazi l  ( t) .9'5. -5-6, l 'W) with a largc Íì ie of lower-dcnsit1, hiomass cmitt ing
smoke intt l  a drier atmospherc at 2 km (August 2-5. 199.5 at 1,5(X) õVf; l  no cìoucl act ivi tv is eviclcnt. Thc
AVIRIS image is  composcd o f  the :1( r0  nm c-hanne l  (b luc) ,  thc  5 -50  nm c 'hunnc l  (g rccn) .  unc l  th r .  ló -50  nm
channcl (red). Thc Íìre is in the bottom lcft  part of the imagc with rccl Í ìre str ips .rni i i ing thc smokc apcl black
burn scars formcd bctwcen them.

ER2: AVIRIS/CLS lmages Írom Cuiaba glZStgS
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Table t.  Summary of Fielcl  Experiments to Study Smoke From Biomass Burning in Brazi l

3 l ,787

Expcr iment Per iod Main Frrcus Reference

Brushf i re-80

CAMREX (Carbon in
the Amazon River
Exper iment)

.\RME (Amazon Region
M icrom c teorolog ica I
Erper iment)

\BI-E-2A and -2B

(Amazon Boundary
Layer Exper iment)

I -LUAMAZ
(Atnrospher ic Flures in
Amazonia)

Ì1.\SE-A and -B

(Biomass Burnin,q
Airborne ancl
Spaceborne
Experime nt-Anr azon
and tsrzrzil)

\BRACOS (Anglo-
tsrazilian Amazonian
C l imate Observat ions
Study)

. R.\CIE-A (Tropicaì
. \ tmospher ic Chemistrv
Erpe rim ent-At lantic)

r  LOR-PAST ( I -ancì  usc
Changc and Ecosystem
Proccsses in the
l l razi l ìan Amazon
Lìasi n )' . : \COE (Manaus
C'arbon Observat ion
Erpe r iment)

. , .  \R-B (Smoke. Clouds
.rncl Racliation-Brazil)

ÌONTE, (Exper iment on
Biomirss and Nutr ients
:n ' ferra-Firme Forests
:n Centr i i l  Amazonia)

I  980

I 9u2- 1996

1983-1 985

1985 and 1987

1989 and 1990

I 990- I 996

1992

1992-1991

I 995

1996

analysis of trace gas and aerosol cmissions
from biomass burning in Manaus and
Rondonia

study the carbon and hydrologic cycÌes

Forest-atmosphere micrometeorological
interact ions

large-scale aircraft measurements of trace
gases and aerosol  f rom biomass burning
(ABLE-A ) .  une l  h i ogcn i c  cm iss i on r
(ABLE-B)

water and energy balances for western
Amazonia

emission ratios of trace gases and aerosoÌ
particles and their optical properties for
cal ibrat ion of  spaceborne est imates of
t hc  em i \ s i ( ) n \  f r om  b iomass  hu rn i ng

CO, water, and energy fluxes between the
forest and the atmosphere over pasture
and primary rain forest

atmospheric exchange and formation of
ozone  f r om b ioma . r  hu rn i ng  em iss i , r n :
in the South At lant ic  Ocean

dynamics of the atmospheric boundari'
layer over deforested areas in Rondonia

CO. fluxes in a forested area

characterization of fires. emissions of trace
gases and aerosol ,  their  evolut ion.  and
interact ions in the atmosphere wi th
clouds and radiation

nutr ient  cycles and biomass in " terra-
firme" forests looking at sustainable
deveÌopment strategies

Crlttzen et a/. ll985l

Richel' et rz1. [1990]

Harriss et a/. [ 1988,
l ee0l

Kau.fman et ct l. ll992ll'
Iïtard et al.119921

Gash et al. 11996l

Fishman er al. |9961

Grdce et a1. [ 1995]

th is issuc

Melk>lvo et al. 11996l

-:rects on cloud microphysics, cloud ref lectance and indirect
rcing of cl imate; and, cloud effects on smoke aerosoì size

. . tr ibutions, concentrat ions, and propert ies; and (7) to estab-
.h the elfects of biomass burning on surface ref lect ive prop-

,-: ics. albedo, and their remote sensing from space in the
. ' : . .se nce of smoke.

-ì. Previous Experiments in Brazil
SCAR-B fol lows a series of 10 f ie1d campaigns on biomass

'.rrning and biogenic emissions conducted in Brazi l ,  between
,\0 and 1994, and the monitoring of various atmospheric

- ì Ì lst i tuents from ground sites. Table 1 summarizes the main
.ject ives of these experiments. The shif t ing interest from

- rr issions of trace gases and tropospheric chemistry to include
' r.  emission of smoke part icles and their radiat ivc cffects was

, ready ref lected in some of the measuÍements in ABLE-24

lnt lreae el a/. ,  1988], i t  was one of the main objectives of the

:i . \SE and TRACE experiments, and i t  is ref lected in the types

: measurements obtained in SCAR-B. In the last decade,

long-term continuous ground-based measurements have also

been conducted in Brazi l  of aerosol concentrat ion and com-

posit ion, black carbon concentrat ion. and trace gases and

ozone concentrations lAnaxo et al., 1994, this issue; Kirchhoff,

1988, 1996]. Continuous monitoring of Í ìres from satel l i tes is

also available fSetzer and Pereira,199ll.

4. Interannual Variability of Biomass Burning
in Brazil

The rate of biomass burning in BraziÌ, and therefoÍe the

amounts of trace gases and aerosols emitted, changes from

year to year. Meteorological conditions affect the area of the

forests and grass lands that burn each year and the fraction of

the biomass consumed in the Írre. It is also affected by many

social factors. In this section, we discuss various measures ôf

the interannual variability of biomass burning in Brazil and the

rates of emissions and formation of poi lutants in the atmo-

sphere from this source. This wil l  help put the 1995 SCAR-B
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1992 1993 1994 1995
Year

Figure l .  Biontass burning in Brazi l  fron l99l to 199-5 bv
statc (see key) as rcprcsented by thc AVHRR Íìre count. Thê
data wcrc col lected and proccssed by INpE. Bccause of cl i f_
fcrences in AVHRR instrumcntation antl  observation t ime in
1994 ancl 1995 thc aftcrnoon and morning satel l i tes were usecl
at thc beginning and end of the.lry seaõn. rr-spcctivcly. The
changc in the detection of f i re ratc bctwecn thc iwo urbits was
comparcd in August ancl currectcd (from INpE, reports).

mciìsuremcnts lnto pcrspectivc in terms of thc longer-term
biontass burning recorcl in South Amcrica.

4.1. Fires

The advanccd venr high rcsolut ion radiomcter (AVHRR)
aboard the NOAA satcÌ l i tc can provide dai ly clata on thc
number o1 f ires in Brazi l .  The Íìres are iclenti Í ìcd in the
AVHR Iì 37-50 nm chan ncl fsetzer untl perciru, l9r) l ]. Thc total
numbcr of f i rc pixcls for cl i f fcrent Brazi l ian states are summa_
rizcd in Figure l .  Onc contpl ici i t ion in this ntult i l ,car compar_
ison is that diÍ fercnt instrunrents and di l fercnt satclÌ i tes havc
bccn uscd.  Unt i l  August  14 .  199-5 .  rhc  a f tc rnoon NOAA l4
satcl l i te was usccl.  whcreas from August l-5 to thc encl of the
burn ing  scason in  1995,  the  morn ing  NOAA l2  sa tc l l i t c  was
usecl. A similar proceclure was adopted to detcct Í ìres in 1994
from two NOAA satcl l i tes. but the afternoon NOAA I I  was
uscd f irst,  which was then replaced bv the morning NOAA 10.
Switching betwccn satel l i tes was dictatcd by the change in thc
cl iurnal passing t irne oÍ the aftcrnoon satel l i tcs. which affccted
the ref lcct ion of sunl ight at 3700 nm ancl thc abit i tv to observc
the f ircs. The rate of f i re cletection ÍÌom both scnsors was
compared fbr thc August period and usecl to recalculate the
tìrc rate. The rccalcuÌated Íìrc count is shown in Figurc l .
Figure I shows that the Íìre activi ty in 1995 was in the upper
range of Í ìre activi ty and biomass burning Íì tr  othcr years.

4.2. Deforestation

DeÍbrcstat ion accounts fbr a major part of biomass burning
in Brazi l  lSkri le antl ' luckcr, 1993]. Figurc 2 shows the rate of
deforestat ion in Brazi l ,  based on anaÌysis of Landsat images by
the Ministry of Sciencc and Technology. Brazi l .  For the period
1978-1988 the avcragc estimatc of deforestat ion is plotted.
Thc rate of delorcstat ion in the 1990s is lower than in the
191ì0s. However, in 199-5 the rate of dcforcstat ion wáìs clouble
that in previous years and in 1996.

4.3. I lmissions of Smoke Part icles. l ì lack Carbon
and Ozone Formation

During the 1990s, long-term. grouncl- lrased morì i tor ing of
the emission of trace gascs and acrLlsols from biomass burning
was conducted by INPE and the University of São Paulo

lKirt:hhoft, 1988; Artaxo et a/., 1988. 19941. Thc conccntrations
of f inc and coarse mocle part icles (uncler ancl above 2 pm
cliameter, respectively) and the equivalent concentrat ions of
black carbon, as derived from absorption measurements, : ìre
shown in Figurc 3lArtaxo eÍ al. ,  1988, 1990, 1994, 19971. The
concentrat ion of smoke part icles was high in Alta Florcsta in
1995, probably due to enhanced cleforestat ion, but lower in
Cuiabá. Thc black carbon fract ion was highcr in Cluiabi i  than in
Alta Florcsta.

Ozonc is a by-product of biontass burning and depcncls in
complcx ways on thc concentrat ions of CO, hydrocarbons,
NO.. and the avai labi l i ty of sunl ight. Grouncl-bascd ozonc
measurcments were made at two sites: Natal.  on the castern
corner of northcrn Brazi l ,  upwind frorr South American [r io_
mass burning, and in air that entcrs Braziì :  and Cuiabá in th.
ccnter of the cerrado region whcre smokc conccntrat ions lru
high due to transport from thc north i incl northeast as well  ar
from local sources [KirchhoJf, 19961. The cliffcrencc betwecn
the diurnal cycle of ground-based ozone at thcse two sites.
shown fÌom I 990 to 199-5 in Fieure 4. is a clcar incl icat ion of thc
etïect of biomass burning on clai ly ozone production. As in thc
case of the Íìrc count, or thc concentrat ion of smoke part icÌc:
and black carbon in Cuiabri (Figurcs I and 3). Ìhc ozonc
concentrat ions show that 199-5 was in the upper rangc for
biomass burning, similar to 1993 and 1994. In 1992. the ycar oi
thc TRACE-A cxperiment, the rainy suison arr ivccl earl ier.
1992 also had a relat ivcly low f ire count (Figurc l)  ancl was a
mìnimal ycar for smokc and black carbon both in Cuiabir ancÌ
Alta Floresta. Higher ozone and NO, concentrat ions at highe r
alt i tudcs werc cletccted during the TRACE-A cxperiment in
Natal (not shown) as comparecl to SCAR-B. 

' fhcse 
highcr

concentrat ions are due to long-rangc transport írom Afr ica
and South America ancl cnhanccrnent by l ightning Ie.g., prcÂ_
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Figure 2. Rate of deforestat ion in krnr/vr (from INpE/MCT,
Ministry of Scicnce and Tcchnology. Brazi l) .  Thc clashcd l ine
between 1979 and l9U8 indicates a ntult iyear average. Note
that the reported value for thc addit ional cleforestat ion bc-
twcen two consccutive years (e.g., 1990 and I 99 I )  is plottcd fbr
thc  Ìa te r  year  (c .g . ,  1991) .  The dc Íbres ta t ion  dur ins  1995 was
sìgniÍìcantlv largcr than during thc othcr years.
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Alta Floresta

1 6 0

, tt (í1.. lL)L)6: I'ltonrpsott et ol.. 1996 Kirc'hlnff'antl Alt'alti,

-  .1. Resional Smoke
',Í , 'asurcmcnts from thc Nimbus 7 TOMS instrument can be
-. j  to cst imatc the regional rate of cmission of aentsol par-

. : '  from biomass burning in lhe Amazon Basin and ccrrado.
, TOMS instruntcnt mcasures thc e ffect of ae rosol absorp-
'r  on the scattcr ing of solar ultraviolet radiat ion from the
ìt l ì 's atmospherc. Smokc acrosol absorbs uÌtraviolet radia-
r.  u'hich has a strongcr-effect on the TOMS 340 nm channel
:n on thc 380 nm channcl. This cl i Í Í 'erential absorption is

.-.1 to clcr ivc the acrosol int lex fHarnmrt cÍ ul. .  1997b]. ' fhc
:rcrcntial absorption lLnd the 381) nm racÌiance can bc usecl to

-:r ieve t l ' re aerosol optical thickness (AOT) at 3[Ì0 nm, r.*, ,
: t 'Lt ct ul. .  l ()96',  Torrcs at al. ,  l9()8: ( j lea,son cr n1., this issuel.
.  ;re AOT rctr icval is dcpendcnt on aerosol model assumptions
:rrì  the aemsol scalc hcight. 

' l -hc 
analvsis of thc TC)MS dirta is

' .rr t icularlv inìportant cluc tct i ts ktng-tcrm data rccrtrd, which
.:Ls recently intcgratcd and intercal ibraï.ed lHernrun ct al. .
, l ( l7b]. The arca of thc Brazi l ian ce rraclo and fì trcst covered by

.nroke is shown in Figure -5 Íbr l ì tur thrcsholcls of the smokc
'p t i ca l  th ickness .  S imi la r  smokc aer ia l  covcrasc  da ta  l ì t r  l97 tJ

1 8 0

1 4 0

120

1 0 0

1 994 1 995 1 996 1 994
Year

l - igure 3. Ground-bascd measurcments o1 the concentrat ions of smoke part icle s (top panels) and ecluivalcnt
[ ' r lack carbon concentrat ictn derived l ìom absorption measurements (bottom pancls). The part iclc concentra-
t ion (pg m t;  is shown in grav Íìrr thc Íìne part icle modc (cl iameter ì2 pm) r ind in black for thc coarsc mode
(dianreter >2 pm).The results Íbr Cuiabá (326 samples), representing cerrado and agriculturaÌ f i res. col lcctecl
frorn 2,1 Julv 1990 to 2 Septcmber 1996. are shown on the lef i .  The results Íor Alta Florcsta (353 samples).
rcpresenting deforcstat i t tn and regrowth f ires, are given on the r ight for thc periocl from August 23, 1992 to
Octobcr l-5. 1996. The cttnccntrat ions of black carbon wcre derived from l ight absorption mcasurements.

through 1995. using mult iplc satcÌ l i tes, is shown by Gleason ct
a/. f this issucl.  The integrated smoke loading (givcn by thc
product of the smoke area covcrccl by a given smoke optical
thickness) is also plotterl .  The smokc loacl ing varics fr i tm ycar
to ycar by more than 50%. Comparison with the Íìre count
from AVHRR (Figure l)  shows thi i t  1992 had less smokc and
fewer Íìrcs than 1991. Comparison with thc ozone procluction
shown in Figure 4 conÍìrms that 1991 had a stronger biomass
burning signal.

4.5. Summary of Interannual Variability

The mcasurcs of detìrrestat ion. l ìrc frequcncy. and conccn-
trat ion of emissions, shown in Figures I -5, providc an overal l
picture of the intcrannual variabi l i ty of biomass burning in
BraziÌ .  On the basis of these indicators, i t  is clear that biomass
burn ing  in  199-5  was re la t i vc ly  h igh  (see F igurcs  1 ,3 ,  anc l  4 ) .  In
part icular, the ratc of dctbrestat ictn was large in 1995. An
acìdit ional corÌìmon f 'caturc shown b1' thcsc íèatures is the
lowcr  ra te  o f  b iomass burn ing  in  1992.

5. Meteorological Conditions in SCAR-B
A mctcorological opcrations ccÍ l ter was sct up at the Bra-

z i l ian  o f Í ìcc  o l  I t sAMA ( lns t i tu to  Bras i le i ro  do  Meio  Ambicn te
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Figure zl.  Time evoÌution of surface ozone concentrat ions
measured at Cuiabá ( 16"5, ,56'W), in thc middle of the biomass
burning area, and Natal (6"5, 35'W), on the northeastern At-
iantic Coirst of Brazil. NataÌ receives air from thc east and is
therefore not dircctly alfected by smoke from biomass burning.
The measurements aÍe tbr the month of Septembcr. A clear
tendency fbr increasing ozone c()nccnrrat ion duc to biomass
burning can be scen (ïrom KirchhoJf [1996]).

c dos Recursos Naturais) to guide thc SCAR-B Íìeld opera-
t ions. Data from the INPE metcoroÌogical center, Centro de
Previsao de Tempo e Estudos Climaticos (CPTEC), ancl
GOES tì satel l i te data analyzed for smoke, clouds, anci Í ìre

TOMS AOT 340nm

Q.Q SsmokeLoaorndex
' f f i  í . 0 '
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Figure 5. Long-term smoke measurements from TOMS.
The gray bars show the area covered by smoke with TOMS-
detected aerosol optical thickness (AOT) at a wavelength of
340 nm exceeding a given threshold (shown in the legend). The
term "e1ïective" is used for AOT since the measurements de-
pend on assumptions concerning aerosol absorption and ver-
t ical proÍì le. The area is used to calculate the totaÌ smoke load
index (in units of km'. sum of the products of the effective
AOT and the corresponding area covercd by i t)  and is shown
by the symbols for each ycar. The data arc detected in an
L-shaped box behveen 40" and 70"W and 2'N and 30"S (see
Gleusott er a/. [this issuel for more cìetails).
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Figure  6 .  T ime-averaged 700 mbar  w ind  f ie ld  fo r  the
SCAR-B period (August 16 to September 10, 1995), derivei l
from four dai ly (0000, 0600, 1200, and 1800 UTC) Nation.,
Centers for Environmental Predict ion (NCEP) global reana,-
yses.

distr ibution were obtained electronical ly and displayed in the
SCAR-B operations center in IBAMA. Meteorological fore-
casts were based on the numericaÌ weathcr predict ion modeÌs
of CPTEC and the medium-range forecast and aviat ion modcÌs
Í iom the U.S. National Center for Environmental Predict ion
(NCEP). Detai led meteoroìogical information from the INpE
meteorological center, CPTEC, and the Ìocation and transport
of smoke from the GOES satel l i te images was monitored con-
t inuously and used to aid decision making on depÌoyment of
the aircraft fPrins et a1., this issue; Noóre er a/., this issue].

Average streamlines over South America during the August-
September 1995 t ime frame of SCAR-B arc shown in Figure 6.
The meteorological condit ions are described in detai l  by Nobre
et al. lthis issue] and summarized below. The large-scale sys-
tems responsibìe for the climate in the rcgion covcred by
SCAR-B are the Intertropical Convergencc Zone (ITCZ) in
the north, frontal systems (FS) pushing up from thc south, and
the South Atlantic subtropical high (SASH) off thc east coast
of Brazi l .  In the southern hemisphere wintcr the ÌTCZ gener-
ally migrates northward, reducing large-scale convective rain-
fal l .  The FS reach their Ìowest lat i tudes in South America
during this season; however, they bring cold surges without
convective activity. The combination of these two factors cre-
ates a typically dry region over most of Brazil during the scluth-
ern hemisphere winter, cal led the "dry scason."

During the dry season, the SASH drifìs back toward the
continent from its wet season location in the mid-Atlantic (see
Figure 6 for the conditions in the dry season). Together with
the presence of the Andes, the SASH generates the air circu-
lat ion shown in Figure 6. East winds dominate thc northern
parts of the SCAR-B area. The western part has northern
winds with lower speeds, higher temperatures, and lower pres-
sure. The anticyclonic circulation persists throughout the lower
troposphere to an alt i tude of 5 km, causing long periods of
l i t t le cloudiness. This system was dominant during SCAR-B,



blocking and divert ing thc FS at lowcr lat i tudes towarcl thc
ocean. The anticyclonic pattern crcates high-levcÌ subsidencc
that decreases humiditv and lesults i Ì l  stagnant concl i t ions con-
ducive to the formation of hazes in thc boundarv Ìavcr. During
.\ugust and the Íìrst half  of Septcrnber 1995 a strong SASH
ge nerated higher te mperaturc and lower humiditv than usual,
rvhich virtual ly el iminatcd convectivc activi t f  in thc ccntral
: ìrea of the cerrado. The rcsult wiÌs a vcÌv drv season and high

-i t Ìcnccs of Í ìres and smoke, as evidcnt in Figures 2 and ,1.
' : i r  the  te rmina t ion  o f  SCAR-B on 1-5  Scotcmbcr  thc  SASH
-.rkcncd ancl cloudiness increased.
'  

. i ìcctor-v analyses are shown in Platc 3. Forwald trajecto-
.  : . , r :h rxv  most lv  s tagnant  cond i t ions  tha t  in i t ia l l y

\ j  ! Ì()se to the source reqions but then cvcntual lv
:tccl thc smoke from the major bionrass burning rc-

. t tr l lorving thc anticyclonic f lou'.  Cuiabír.  rvhcrc manv of
- sCAR-B me:ìsurcmcnts took place. receivecl smoke f iom
- noÍth :rnd northcast and marit ime and urban air l rom the
. rhcas t  and southrvcs t  (P la tc  3b) .  Thc  or ig in  o1 ' thc  a i r  mass
:rr 800 mbar ovcr thc ccntral ccrrado arca was prcdomi-
: ir  l rom the east but rvi th occasional bursts fronr the north-
. ind cvcn southern quadrants lFrcitas at ul. .  1996'.  Lctngo et
1998]. There is an apparent contradict ion betwecn thc

Jjtorv analysìs. ivhich shows transport over the Atlantic,
-:  t Ì ìe aÌ lalysis of AVHRR datzr for acrosol over thc occan,
-h docs not show this tr:rnsport lHttsttr ct a/. .  1997]. This is

- ro thc associat ion of t Ìre transport of the smoke nith heavl '
. .Js. Analysis of GOME data (Plate 3) during thc SCAR-B
- : r iment  (GOME obsenres  smoke in  a  s imi la r  fash ion  tc r
\ lS) shor.vs substantial transport ol smokc to thc Atlantic

, , .1n .  The ana lys is  o f  thc  GOME u l t rav io lc t  c la ta  i s  l css
. . ì t ive to the presence ofcloucls ancl shou,s. in this casc. 10íZ

.hc smokc prcsent over thc occan. Analysis of smokc oc-
:cnce in GOES irnages during thc clry scason of Junc tcr

-: , ,ber 1995 [Prins ct a1.. this issue] sl ' rorvs that the smoke
-. incc over thc Atlantic Occan south oi 20'S is l5-201t of
. i  Ll 'er South Arneric:r.  The smoke presence is calculatecl as
.. inrmation of the :rrea coverecl bv srnoke throughout the 5
lì th period. Notc that bccausc of thc Ìargcr cloud covcr and

-:rcr speed of transport ovcr the occan. thc actual f lact ion of
, \ Ìr ìoke exit ing from South Amclica to thc Atlantic can bc
-rcr. Chemical ar-ralysis of air samplcs ovcr thc Atlantic
-;rrn during TIìACE-A in 1992 conÍìrnr thc inf luencc of
' . ,kc from bionrass burning in South Anrcrica ancl f lom Af-
-t  lGregotl '  eÍ ul. .  191)6). In 1992 thcrc was a vcrt ical separa-
:t  bctween the smokc lror-n South Amcrica. which was car-

-.1 l loft  bv strong convcction. and thc smokc advcctccl from
':. ica. which rvas locatccl bclow [Brolt ' l l  ct ul. .  l ()96).

h. Overview of SCAR-B Measurements Program
The main instrumcnts and plat lorr.ns r.rscd in SCAR-B wcrc
r the NASA ER-2 hieh-alt i tucle aircraft.  lvhich providcd mul-

.ncctral imagcry and vcrt ical proÍì lcs of cÌoucls ancl acrosol;
' , .sc measuremcnts wcrc usccì to dcrivc Í ìrc thcrmal propcr-

- ' .  burn  scars .  aeroso l  concent ra t ions .  c loud rc f lec tance.
- ,ucl microphvsics. tcnrpcraturc ancl spcctral rcf lcct ivc plop-
,Ì t ics of the sr.rrfacc. ancl locati t tns of smokc ancl cloud layers
: the vcrt ical;  the ER-2 aircraft concluctcd 1 1 f l ights t ' rctwccn
rugus t  16  and Scptc rnbcr  l l .  1995:  (2 )  a i lbornc  in  s i t r , r  mea-

.. ircmcnts and sampling of aclosol pult iclcs. tracc gascs. and
-  i )uds  f rom the  Un ivcrs i t l '  o f  Wash ing ton  C-131A rcscarch

Ìr 'craft:  measuremcnts inclrrclccÌ crnission Íuctot 's. thc chcmi-
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cal, phl,sical,  and optical propert ies of the acrosol ( including
the concentrat ion and absorption bv black carbon), trace gascs,
and profi lcs of thc aerosol optical thickncss; spectral bidircc-
t ional ref lectances of various types of surfaccs were measured
by a scanning. mult ispectral racl iomctcr to infer hemisphcrical
albcdo and to study the corrclat ion of spectral rcf lectance
bctween the visible and the shortwave-infrared wavclcngths

[T.suy et ul. ,  this issueJ. The C]-131A aircraft conclucfed 29
fl ights in Brazi l  between August l7 and September 20. 1995

lHobb.s,1996]; (3) zr irborne in situ mcasurcmcnts and sampling
of aerosol part icles and sclcctcd tracc gases by thc INPE Ban-
deirante aircraft:  (4) ground-basecl remote sensing of aerosol
from the Aerosol Robotic Network (AERONET). These au-

tonomous Sun photometcrs provide solar spectral measurc-
ments cvery l5 min that can be used to derive spectral acrosol
optical thickness and total prccipitable w:ìter vapori once an
hour, AE,RONET provides thc spcctral skv racl iance used to
derive aerosol size cl istr ibutions and cst imates of the refract ive
index of the aerosol and solar absorption Lrv the acrosol; thcsc
instruments were operatcd in Brazi l  from 1993 to 199-5. (5)
ground-based in situ measurements at Cuiabá. Alta Floresta,

and Natal of the downward spectral radiat ion Íìcld as well  as
smoke aerosol propcrt ies. including sizc distr ibutions. CCN
concentrat ions, and elemental composit ion; ground survey
mcasurements of vcgctat ion propert ies. their spectral and an-
gulzrr reflectancc. biomass fuel befbrc and after Íìres, and lìre
clevelopment: (6) ozonesondes wcrc launched from Cuiabá;

ancl (7) satel l i tc imagery (GOES and AVHRR) were col lected

to guide the f ield opcrations by showing thc locations of f i res

and smoke, for comparisons with the aircraft mcasurements,
and to represent thc lvhole cl iurnal c1,clc.

Thc location ol thc aircraft on eight rcpresentative days of
SCAR-B are shown in Plate 4 against a background of the

GOE,S satel l i te imagcry. While the fast-f lying ER-2 was able tcl
cover large arcas of the cerrado and forest legittns on evcry

f l ight. thc C-l3lA opcratccl successivel l ,  in scvcral locations

ol 'r taining dctai led in situ mcasurcments, and shif t ing i ts opcr-

at ion center clockwise across thc ccrrado and Amazon Basin,

from Brasíl ia at the bcginning of the cxpcriment (Plate ,1a) to

Cuiabá (Plates , lb through 4e). Porto Velho (Plate ,{f  through
:lh). and eventual ly to Marabá (sec Figure 7) after the E,R-2
lcft  Brazi l .  Figurc 7 shows the ground-based stat ions with the
AERONET Sun/sky radiometcrs ancl the grclund-bascd sam-
pl in-u of aerosol and trace gitscs.

6.1. NASA ER-2 AircraÍ't

Bc twcen August  1 ( r  and Septembcr  l l ,  199-5 ,  the  NASA

ER-2 ai lcraft conductcd 1 I rcsearch f l ights in Brazi l  as part t t f

thc SCAR-B campaign. With i ts stabi l i ty, long range (speed of

7-50 km h r).  and high alt i tudc (20 km). i t  is an cxccl lcnt
platfornr to simulatc satel l i te obscnrations of the E,arth surface

ancl atmosphere. During SCAR-B thc ER-2 was equipped with

a cross-track scanning spectromcter (MODIS airborne simu-

lator (MAS)), a hype rspectral i rnager (airborne visiblc/ infrared

imaging spectromctcr (AVIRIS)). a downward looking l idar
(cloud l iclar system (CLS)). ancl a visiblc viclco camera (VIS

camcÍa) svstcnl.
The MAS is usecl for rncasuring rel ' lectcd solar ancl emitted

thcrmal radiat ion in 50 narrowbancl channels bctwcctt 550 and

1.1200 nm lKürg at ul. ,  19961. Tbe instrumcnt provides mult i-

spcctrul i rnagcs of outgoing racl iat ion for thc rcmotc sensir-rg of

cloucl.  acrosol. water vapor. and surface propcrt ics (see Plate

2). I t  scans pcrpcncl icular to thc aircraft f l ight trackwith a scan
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Traiectories Parcels Distribution SCAR-B
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Plate 3. Hourly air parcel Ìocations along (a) 6 day forward trajectorics originating from the main biomass

burning areas ancl (b) along (r dav backwarcl trajcctories start ing from a clustcr of points near Cuiabá (16'5,

>-56"W). Start ing lcvcls arc -700 mbar. Thc trajcctory start ing points in Platc 3a are distr ibutcd according to

the nrain biomass burning arcas obscn'ed during thc cxperimcnt from the GOES-8 f irc product lPrins et al. ,

this issue]. Thc trajectories arc thrcc-cl inrensional cincnratic calculatcd from thc Univcrsity of São Paulo

modcl [Frzltas ct ul. .  l ()9(l  using simulatecl wind f iclds with U0 knr resolut ion. (c) Examplc of GOME data from

Septcmbcr 6 to 8, 199-5, during the SCAR-B cxpcrimcnt showins thc trnnsport of smokc to the Atlantic Occan.

Héar,y cloucis associatecl with thc tÍansport recìuce thc abiÌ i ty of satcl l i tcs to observe i t .  In this case. l07n of

the smokc detected bv GOME is over lhe occan.
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tr NASA ER_z
INPE Bandeirante +
GOES-8 ABBA Fir'e Prçduct fi?45

Univer.sity of lüashington C-1314
NASA/GSFC Sun Fhotometerr

UTC), UIü*Madison/CIMSSI

Plate 4. Locations of the SCAR-B aircraft on cight representative days against a backgrouncl of the GOES
satel l i te images. The GOES clata show the distr ibution of f i res (red dots), i loucls (whitã choppy stains), and
smokc (light gray smooth f'eatures). Ground not coverec1 by smoke appears dark gray. Thc Eti-2 was able to
cover ccrrado and forest regions on most ofthc f l ights; the C-131A operated in several locatìons moving from
Brasíl ia iú the beginning.of the experimcnt (a) to Cuiabá (b-e), thcn ro Porto Vclho (f-h), anct f inãl ly to
Marabá' The locations of the AERONET Sun/sky radiclmeters arc also shown bv the blue crosses,
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angle of +;13' about nadir.  spatial resolut ion of -50 m at nacl ir .
ancl a 37 km swath wiclth. Racl iometric cal ibrat ion of thc short-
wave (<2-500 nrn) channels is obtainecl b1' observing laborato-

ry-standard integrating sphere sources on thc grouncl bcfore
and after f l ights: cal ibrat ion of the infrarccÌ channcls is per-
formed by viervin-u two onboard blackbocll' sourccs.

The AVIRIS is uscd to au^quirc ref lected solar radiat ion ir .r
224 narrow (10 nm width) contigut 'rus spcctral bands lrom ,100

to 2500 nm lVanc ct ul. ,  19931. I t  is a whisk-brtronr inurgcr.
consist ing of four spcctrometcrs ancl l incar arrav clctcctors.
with a spatial resolut ion of 20 m at niÌdir ancÌ a l0 km swath
width. Spectr i i l  and radiometric cal ibrat ions of thc AVll Ì lS are
performed vearly in the laboratorv. whilc in-Íì ight cal ibrat ions
arc conductccl bcfore. cluring. antl  aftcr cach f l ight scason. Thc
recently modiÍìcd onboarcì cal ibrator is cxpccte d to achieve I7
stabi l i ty in racl iomctr ic cal ibrat ion. An AVIRIS image fronr
SCAR-B is also shown in Plate 2.

The CLS is a nadir-viewing monostatic l ic iar [ . \ i . r i l l i lntc ct ul. ,
1982] .  I t  uses  a  pu lsc  N i l :YAG lascr .  t ransnr i t t ins  a t  532 anc l
1064 nm wi th  20  m hor izon ta l  rcso lu t ion .  Thc  h iehcs t  a t ta in -
able vcrt ical sampling rcsolut ion is 7.-5 m. This ul lows construc-
t ion of detai led cloud and boundarv laver acnrsoÌ topoeraphy
and vert ical structurc (see Platc 2).

Dur ing  SCAR-8.  the  ER-2  co l lec ted  somc 69 hours  o f  MAS
and CLS data ancl I  I  hours of AVIRIS clata. Thcse data scts.
taken togcther, coÌlst i tutc a r ich srturcc ol '  i l l forntrt ir)n ol l
smoke. clouds. and radiat ion in Brazi l  clul ine tìre biot-nass
burning scason of 199-5.

6.2. University of Washington Convair C-l3lA Aircraft

The Un ivers i ty  o Í  Wash ing ton  (UW) C l -131A rcscarch  a i r -
craft f ler,v 29 research f l iehts 1-911 Íì ight hours) in SCAR-B

KAUFMAN ET AL.: SC]AR-B EXPERIMENT

Figure 7. Location of thc srouncl-baseci mcasuremcnfs. (squares) Location of the AERONET Sun/sky
radionteters. (diamonds) Iocation ol ' the -uround-based long-term aerosol sampling. (stars) locaticln of t lacc gas
measuremcnts.

bctwccn August 17 and September 20, 199-5. The f l ights rangcd
in location from - l6o5 to 3oS and from -6,1'W to zl8"W. which
covcrs thc main cerrado ancl forestccl areas of Brazi l  (see
cxamplcs in Ptate 4).

The pr imary  ob jcc t i vcs  o f  the  C- l3 lA  f l igh ts  wcrc  to  co l lec t
data nccdcd to detcrmine the emission factors of gases and
part iclcs. the nature of the sascs and part icles emitted by
various types of Í ìrc. thc opticnl and radiat ive propert ics of the
regional smoke and various typcs of surfaces, dircct and indi-
rect radiat ivc forcing by thc smoke, the evolut ion of smoke
propert ics f lom local to rcgional scales. in situ nrcasurements
for comparison rvith rcnrtrte- scrrsinq nìL'usurcmcnts front the
AERONET. thc ER-2 aircraft and satcl l i tcs. ancl me:rsure-
ments of the spectral bicl ircct ional rcf lcctance function of a
wide varietv of surfaces in l l razi l .

To  ac ì r ieve  these goa ls .  thc  C-1314 car r ied  comprehcns ive
instrumcntation Íbr mcasuring thc Ì latLtre and conccntrat ions
of gases :rncl aenrsols. ancl surfacc ladiat ive propert ics nìca-
surcd bv thc cloui l  absorption radiometcr (CAR). The CAR,
which is mountcd on the nose of C- I  3 |  A. contains l3 narrow-
hand spectral channcls bctr.vccn 300 and 23(Xl nm with a 190'
scan apcrtLlrc (-5" before zenith to -5" past nacl ir) and l ' instan-
tancLrlrs Í ìclcl  of vierv [Krrg ct a1.. l9tì6].  Thc Lridircct ional re-
l ìectance is obtained by f lying a clockwisc circular orbit  abovc
thc sulfacc. r 'csult ing in a grouncl track approximatcly 3 km in
diamctcr r.vi thin about 2 rnin [7.rn1,cl a1.. this issuc]. A con"rplete
l i s t ing  o f  thc  ins t rumenta t ion  on  the  C- l3 lA  and thc  types  o f
dat:r obtainecì in SCAR-B arc givcn b,v Hoblts [19961. The main
data  co l le  c te  d  on  thc  C-  l3  lA  c lu r ing  SCAR-B were  (  l )  aeroso l
and gas (NO. NO.. SO.. CO. CO.. O.ì.  ancl hyclrocarbons)
mcasurcnlcnts on smokc from l6 ccrrado ancl grass f ircs and
lír forest urrcl ior slush Íìr 'cs: (2) twcntv-three sarnples for cmis-

Location oÍ the AERONET
I 

sun/sky radiometers

. Location oÍ the ground-based
^ 

long term aêrosol samPling

* Location oÍ trace gas
measurements
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.ron factors for part iculates, NO, NO2, SO2, CO, COr, and
:otaÌ volat i le organic compounds (VOCs); (3) four thousand
:Ìreasurcments of aerosol size distributions in regional haze
.rnd plumes; (4) measurements of volat i l i ty of aerosols (at
':320"C); (5) seventy measurements of humidification factor of
:crosols from individual fires and in regionalhaze; (6) exten_
'rre effect ive black carbon measurements by four techniques
.,pt ical ext inct ion cel l  (OEC), aethelometer, Teflon f i l ters,
,rd thermal-optical;  on 26 occasions, simultaneous measure_
:rcnts were obtained using aì l  Íbur techniques; (7) one hun-
.: :ed and 30 nteasurements of single-scattcr ing albedo of
.roke from individual f i res and in regional haze; (8) smoke-
,.  rud interaction studies; (9) seven direct aerosol , ,closure,,

- \pcriments over ground-based Sun photometers; (10) six co-
:Jinatei l  f l ights with ER-2 aircraft (plus three other , ,cross_

:s"); (11) four f l ights during satel l i te overpasses (AVHRR
'J Landsat); (12) and seven dedicated surface ancl smoke
- ìcct ivi ty measurements.

- ,ì. INPE Bandeirante Aircraft

I'he INPE Bandeirante aircraft flew from mid-August to
-Ì-Scptember 1995. In thc ÍÌrst two weeks i t  concentrated on
-.rsurements of the spatial and vert ical variabi l i ty of trace

- . ;s and ozone. In the Ìast two weeks i t  was equipped with
,:rìsol and trace gas sampling devices and a nephelometer to
:rplc smoke Í iom individual f i res and regional smoke haze.
: location of the Bandeirante on some repre sentative days is
l rn  in  P la te  4 .

J. AERONET

.)uring SCAR-B the AERONET, consist ing of 13 autono_
,r '  Sun/skv radiometers, was deployed in the Amazon and

..: .rdo regions of Brazi l  (see Figure 7). The AERONET pro-
,.  rcmote sensing of aerosol loading and propert ies from

, :rt tund, providing val idation of aerosol opticaì propert ies
:r cd f iom the EOS and ADEOS satel l i te instrumentation

: ,tbcn et al., 19981. The measurements characterize aerosol
:.rpert ies through continuous long-term monitoring at se-

-.-ted sites around the globe.
\ERONET instruments measure the direct solar spectral

:adiance and the angular distr ibution of sky brightness in
- or.rd-fiee or Ìow-cloud conditions. The data collected by these
:rtorìorÌìous instruments, which were preprogrammed and
...ed solar power for energy, were transmìtted to satel l i tes and
ren to NASA GSFC. The data, screened for clouds, were
:ìterpreted into spectral aerosol optical thickness, aerosol size
-: istr ibution, phase function, and for some sites, polarization of
, 'v radiances. The spectral dependence of the optical thickness
.,.rs represented by the Angstrom exponent ldefined as the
.,trpc of the logarithm of optical thickness as a function of
.rgari thm of waveÌength between 440 and 870 nm). The mea-
.urements represent the whole atmospheric column of aerosol.
fÌre totaÌ precipitable water vapor was also derived from the
JiÍ'lerential absorption of water vapor at 940 nm relative to 860
rm. Observations were made at 15 min intervals of the direct
Sun in eight spectral wavelengths from 340 to 1020 nm. Mea-
\urements of sky radiance (440, 670,870, and 1020 nm) were
nlade at hourly intervals in an almucantar (a horizontal plane
containing the Sun) or principal plane (a vertical plane con-
taining the Sun) scanning mode. In the absence of clouds the
rlmucantar data can be inverted to particle volume size distri-
butions, aerosol optical thickness, and phase function, using a

KAUFMAN ET AL.: SCAR-B EXPERIMENT 31,795

fast radiation transfer inversion code fNakajima et al., 1996;
Holben et al., 1996; Kaufman and Holben, 19961.

6.5. Ground-Based Measurements

In addition to the Ìong-term monitoring of trace gases and
the production of ozone and smoke aerosol discussed in ref-
erence to Figures I and 3, measurements were made in
SCAR-B of (1) the meteorologicaÌ conditions in the bounilary
layer and their effects on the dispersion of pollutants (e.g.,
mercury) in the atmosphere fAlvalá et al., 1996]; (2) the effects
of biomass burning on vegetation and nutrients fGuitd et al.,
this issue; Castro et a/., this issue]; (3) the energy budget ancl
distribution of heat in the boundary layer lRoss and Hobbs, this
issue; T. A. Tarasova et al. ,  unpublished data, 19981, and (4)
ground-based measurements of the cioud conditions, nuclei
spectrum, and emission factors of individual fires and of the
properties of smoke aerosol in regionaÌ smoke haze, conducted
with the fire atmospheric sampìing system (FASS) and com-
pared with the Bandeirante and C-131A aircraft fBabbiu et at. ,
1996]. Smoke aerosol samples collected on Íìlters were used to
determine the elemental compositions and origins of the aero-
sol [P. Artaxo et al., unpublished data, 1998; Martins et al., this
issue (a), (b)1.

6.6. Satellite Data

Throughout the 1995 biomass burning season in South
America (June-October) the Cooperative Institute for Mete-
oroÌogical Satel l i te Studies (CIMSS) at the University of Wis-
consin-Madison collected 3 hourly, multispectral (visible, 3900,
10,700, and 12,000 nm) Geostationary Operational Environ-
mental Satellite (GOES 8) imagery to moniror diurnal fire
activity and smoke coverage and transport fPrins and Menzel,
1996]. The study domain included rhe conrinent of South
Amer ica  and the  South  At lan t ic  Ocean.  In  suppor t  o f
SCAR-B, half  hourly GOES 8 data were col lected coinciding
with the NASA ER-2 flights. A preliminary version of the
CIMSS GOES 8  au tomated b iomass burn ing  a lgor i thm
(ABBA version 1.0) was operational during SCAR-B and pro-
vided diurnal information on thc location of fires and of the
extent and transport of smoke throughout the Amazon Basin
and over the South Atlantic Ocean (for examples, see Plate 4).
GOES 8 imagery, conventional meteorological data, and
GOES 8 derived fire and smoke products were also made
available daily to SCAR-B scientists, in near-real time as guid-
ance for field program planning.

NOAA 14 advanced very high resolut ion radiometcr
(AVHRR) Ìocal area coverage (LAC) data were also collected
during the experiment and used to estimate the spatial and
temporal distribution of Íìres and smoke during SCAR-8.

7. Overview of SCAR-B Findings
7.1. Fire Properties, Distribution, and Remote Sensing

Fires were detected in SCAR-B using the 20 m resolution
AVIRIS and the 50 m resolution MAS on the ER-2 ancl from
GOES (with 4 km resolution) and AVHRR (with 1 km reso-
Ìution) on satellites. While the ER-2 provided periodic mea-
surements of the fires in many spectral bands and wìth high
spatial resolution (see Plate 2 and Kaufman er a/. [this issue]
and King et a/. lthis issue]), the satellites measured the regional
distribution of Íìres once a day (AVHRR) or several rimes a
day (Plate 4 and GOES fPrins et a/., this issue]). The spatial
resolution of the images determines the number of fires that
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Thc cl iurnal evcl lut ion t l f  Í ìres wils nlcasurccì in a cerraclt l

rcg ion  nor th  o f  Por to  Nat iona l  by  thc  ER-2  on  September  1 l '

The rcsults plottcd in Figure 9 for four f l ight scgrncnts shtlw an

incrcasc in the f ire density. and an incrcase in thc ÍÌrc sizc, irs

a function of t imc from noon 1200 (16(n UTC) to 1700' The

cl iurnal cycle is also dctectecl by thc GOES 8 Íìrc products that

include f ire location, ccosYstcm type. cst imates of Í ìre size ancl

tcmperaturc at I  l4-5. 1445, 17'15. and 2045 UTC each day from

June to Octobcr 199-5 [Pdrrs (Ì  .r / . '  this issue] '  Throughout

SCAR-B the GOES 8 ABBA dctectcd a strong diurnal cycÌe in

Íìrc :rct ivi ty. with a peak buming in the middle of thc aftcrnoon

(171-5 UTC). in agrecment with the ER-2 clata and mcasure-

nìents and obscruaticlns from the Convair C-l3lA' Plate 5a

provicles an exanlple of the Íìre product at 1745 l . lTC on Au-

gust 24, 1995. which was one of the peak burning days t lur ing

SCan-S. The Íìgurc shows the locatiot ' t  of over ' í400 f ires

cletcctecl by GOES 8 on this cìay. T'he majori t l '  of f ìres wcre

conccntratecl : i long thc perinlcter of the Amazon Basin, in thc
Brazìlian statcs of I'ara. Mato Cìrosso, Amirzonas. and Ron-
donia. Thcrc is also considerable activi ty in Bol ivia. Paraguar' .
and northcrn Argcntina. Large snroke pal ls wcre identi Í ìed in
thc GOES 8 visiblc imagery throughout the burning serìson.
During SCAR-B, smoke coverirge extendecl over a large por-
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Figure 8. Histosrams of thc Íìre size cl istr ibution Íbr I 'our
locations in tsrazi l  samplccl by the MAS instrumcnt on the
ER-2 in SCAR-B. Fires are detectccl using the 39.50 nm chan-
nel (Í ìrc pixcl is dctcctcd for :rpparent tempcraturc at 395t)
nm > 335 K). (top) Thc distr ibution of number of Í ìrcs as a
function of the fìre sizc. (bottom) The distr ibution '"vcightccl by
thc f irc area. Alì  the cl istr ibutions i ìre normalized to a totaÌ
probabil i ty of 1.0 (data lrctm Kuufinun et al.  l thìs issucl).  Notc
that the Íìre sizc is cleÍìnecl here by thc MAS 50 m pixels that
have an avcrage apparcnl tenÌperature at 3950 nm > 335 K.

can bc detected, since most f i rcs have a verv snral l  Í ìaming or
smoldering rcgìon. much smaÌler than l  kn.rr.  Thc Íìrc number
cl istr ibution (Figurc l la) shorvs maximum conccntrat ion of Í ìres
of 0.005 km2 in size. This is the sizc ol thc hot region rvith
apparent tempcrature at 39-50 nm srcatcr than 33-5 K based on
MAS obser., tat ions. Most of thesc Íìrcs cannot bc cletectecl by
thc  1  o r  . l  km rcso lu t ion  sa te l l i l c  ins t run tcn ts .  I : lowevcr .
weighting thc numbcr of Í ìres by their arca (Figurc [ìb). shows
that the biggcr Í ìrcs. which can be obscrvcd from satel l i tes,
dominate the Írrc aerial distr ibution ancl thcrcfore the rate of
biomass burning ancl emìssions. Dctai led analvsis of thc f irc
dc tcc t ion  schemc o l  the  MODIS ins t rumcnt  (  I  km reso lu t ion)
shows that for the four locations studiecl.  MODIS should clc-
Íect 254/r' of thc Íìres. but thcsc Íìrcs inclucle 60 8.5f1 of thc
thcrn-ral radiat ivc e nergv, a mcASurc that is cxpccte cl to ref lcct
the râte of biomass burnin-e lKuuJirutt t  ct a/. .  this issuc]. In a
prcvious cxpcriment. wc corrclatcd thc ratc oÍ cr-nission of thc
Íìre radiat ivc cne rg1, with thc rate of emission of smokc into thc
c l e a n  e n v i r o n m c n t  o l  t h e  N o r t h w e s t  U n i t e d  S t a t c s .  I n
SCAR-B we Íbund a  cor re la t ion  o f  r  :  0 .99  bc twccn the
integral of thc rate of cmission of Í ìre radiat ive enersv and thc
increase in the sizc ol the bunr scar Í ìrrmcd b"v that l ìrc. These
meiìsurements rvcrc taken in the cerrackr rcgior-r [Kuu.fnrurt et
a / . .  th is  i ssue] .  Thcre t ì r re  MODIS c lc tcc t ion  o f  thc  thcrmal
cnergy radiatcd from thc Íìres should be lL goocl mcasurc of Í ìrc
intensit l '  and thc ratc of biomass burning. Only small .  nonsys-
tcmatic dif ferences betwe cn thc four locations shown in Figure
l l  arc nbsen,ed. despite r l i f ferenccs in t l ìc vccctatron cover.
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Figure 9. Tinre clcpenclence ol thc clcnsity ol í ìrcs (top) and
thc avcragc area of Í ìres (bottom) mcasurcd by thc MAS in-
s t rumcnt  on  thc  ER-2  on  Septembcr  11 ,  199-5 .  over  a  cer rado
region north of Porto NationirÌ .  I ì 'azi l .  

' l 'he 
EI{-2 returnecl ír

t i rnes to thc sanrc four lcgs of a sclu:Lrc box. boundecl by
lat i tuclc l incs of 8.2'S and t). ,5'S ancl longituclc l incs 49'W and
50.5'W. Thc local t imc rvas 4 hours less than UTC. theretbre
thc six rcocatccì nrcasurements occurrcd from noon unti l  1700
LT. The dif ferent svr.nbols corrcsponcl to four'  legs oÏ a box
flown bv thc ER-2. Thc straight l incs ir lc lcast scluare fì ts to the
data on each leg.
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rrf  thc continclt t  c:rst of thc Anclcs Mountains lbr a pcriocl
. l r c ra l  weeks .  rv i th  t ranspor t  ovcr  thc  A t lan t ic  C)ccan on
rr clays l Í ' r i t rs ct a1.. this ìssuc].

:  .rc pixcls werc lr lso idcnti Í ìcd l ìrrm the NOAA l: t  AVHRR
. :r rcsolut ion data usir-rg a scrics ol 'spectral concl i t ions. and
- : .csuÌts are categorized Ior ntajor ccosystcnls within South
' : r rca .  An examplc  o f  the  AVHRR-der ivcd  f ì rc  p ixe ls  lb r
\ugust 199-5, is shrtrvn in Plate -5b. The rcd dots indicarc the

- pixeÌs cletcctcd in thc enclose d arca covcrecl bv the NOAA
\ \ 'HRR fo r  th is  dav  ber rvcc-n  l7 { )7  i rn t l  lT lE  úTC.  Thc  Í ì re
.  i t v  i s  ma in lv  in  thc  s ta tcs  o f  l Ìondon ia .  para .  Amazonas.

: \ ' lato Grosso. A total of 3l-50 Íìre pixcls rvcr.e dctccted
' l l  t Ìr is imaec. with large smoke pal ls extcncl ing lront Ron-
: iu and Mato Grosso into Bolivia. I)araguav. and Argcntin:r.
,  rmparison to the GOES 8 Íìre clctect ion shorvs similar f i re
: lrns aÌong the pcrirneter of thc Antazon in thc states of
. r .unhao.  Tocant ins ,  Para .  Mato  Grosso.  Ronck tn ia .  and
".Ìzonas. although thc GOES 8 AIIBA sho'"vs considerabÌv
:e fìre activi tv in Rondonia. Thc ABIIA also shows morc

-. in thc cerrado/grassland regions ol eastern BraziÌ  and in
::rguav. Thc AVHRR Íìrc proclr,rct shows mctrc f ìrc lct ir i tv
. ,ciatcd with deÍbrestat ion along thc Amazon Rivcr ancÌ
:r-g the Atlantic Coast in southeast Brazi l .  Thc dif lcrcnce in

-  c o u n t s  f o r  N O A A  1 4  A V H R R  ( 3 1 5 0 )  a n d  G O E S  S  ( 4 4 1 7 )
-:Lrc. in part.  to a diÍ ïercnce in studv clomairrs as clcpicted in
- bÌue outl incs in Platc -5; i t  also rclìccts thc t l i f l 'crencc in
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Pl_u,tj _5t Examplc of firc detection from satellites by GOES-8 (4 km resolution 3950 nm channel) and
AVHRR (l  km resolut ion 37.50 nm channel).  (a) The GOES-8 f ire procluct aÍ 1'745 UTC on August 24, lgg5,
o,ne r l f  thc peak burning clavs cluring SCIAÌì-B. showing thc locations of over 4400 f ires cleteõted with thc
GOES-|J ABBA algori thm. The rccl rrarkers indicatc f ires that weÍc processccl bv thc GOES-8 ABBA
provicì ing estintatcs of subpixcl f i re size ancl terrpc'r l ture-l  vcl l ,rw int l icr i tcs sutunrtr,cl  i ìr .c pixcls; ancl blue
reprcscnts cloucl-covcrecl Í ìrc pixcls. (b) NOAA-14 advancccl very high rcsolut i trn rathtrmc-tcr iRVURnl tocal
area covcrage (LAC). The rccl dots int l icate thc Íìrc pixels, ancl the region enclesccl in blue is t i re area covered
by t lrc NOAA-lr l  AVHRR for this cìav bct.,r ,ccn 1701 and l7l8 UTa.

obscrving t ime. scnsing capabil i t ies. and Íìrc detection algo-
r i thrns. Although the NOAA 1,1 and GOES 8 observing t imcs
arc scparated bv Ìess than I hour in this example, thc strong
cl iurnal cycle in burning may rcsult in signiÍ ìcant changes within
this t imc period.

7,2. Emission Factors

The nodiÍìccl combustion effìcicncy (MCE) and the emis-
sion factors (EF in g kg ')  o1 trace gases and smoke part iclcs
from individual f i res wcrc measured by the FASS system from
a ground-based stat ion in Porto Vclho and fmm the Ban-
deirantc aircraft lBabbìtt  ct al . ,  19r)6). Thev werc also mcasurecl
aboarcl thc C-l3lA aircraft lFcrck ct a/. ,  this issuc: Reid antl
Holtbs, this issue ].  The rnodif icd combustion eff iciency is de-
Íìncd as

MCE - - 190'1.--.-: -  
1 -o1  +  1cn . t  

(1 )

The main rcsults ale summarized in Tablc 2. Detai lcd results
arc given in thc above reÍ 'crcnced papers in this special issue.
WhiÌe the FASS nteasurcments conccntrated on a few Íìres and
on conrparisons bctween ground-bascd and aircraft mcasure-
mcnts .  the  measurements  made aboard  the  UW C-131A a i r -
cralt  were fol a wide varicty of vcgctat ion (grass, ccrrado,
tbrcst) ancl in various regions of Brazi l .
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In agreement with ground-based measurements in Brazil
and Afr ica lWard et al. ,  1992, 1996] the C-131A measuremenrs
showed hydrocarbon (HC) emissions to be associated with
smoldering combustion ( i .e.,  low temperature, ineff icient com-
bustion). The concentration of total nonmethane hydrocar-
bons (NMHC), as well as individual HC, correlated better with
CO than with COr, regardless of vegetation type, in agreement
with Lobart et al. |9911. For NMHC versus CO the correlation
coeff icient (r) was general ly r > 0.90, whereas for NMHC
versus CO2, the correlat ion was general ly r < 0.7 5. Methane
behaved similarly to the NMHC. The CO concentration is an

200 250 300 350150 20O 250 ô00 050
Julian Day Juliarì Day

Plate 6. Measurements from the AERONET Sun/sky scanning spectral radiometers at three SCAR-B sites
for 1993-1995. (top row) Aerosol optical thickness at 670 nm. (middle row) Ãngstrom exponent (slope of the
logarithm of the optical thickness as a function of the logarithm of the wavelength between 440 and 870 nm).
Higher values of the Angstrom exponent correspond to la^rger contributions of smoke particles. Because of a
failure of the 870 nm filter at Alta Floresta in 7994, the Angstrom exponent for that year Ìvas based on 440
and 670 nm combination. (bottom row) Total precipitable water vapor, derived from the differential absorp-
tion of water vapor at 940 nm relative to 860 nm. The dots are daily averages approximately between 0900 and
1500 LST. A smooth curve is drawn through the data for each year. The yellow band in each figure shows the
burning season (July 1 to September 30).

indicator of the combustion inefficiency given by (1-MCE) in
Table 2.

Halocarbons exhibited a complex emission pattern. Only
methyl bromide, methyl chloride, and methyl iodide appeared
to derive unambiguously from biomass burning, and they cor-
related reasonably well with the MCE, (see Table 2). The
negative correlation indicates more efÍìcient emissions in the
smoldering stage, which is identified with a lower MCE.

SO. and NO, behaved opposite to that of the HC, in that
their emission factors increased with increasing combustion
efficiency. Thus the emissions of these gases were associated
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2' Sumnrarv of Cìlrrcl ir t ions l ]ctwecn Mocli Í ' ìcd Combustion E,l f iciency (MCE - lCOr]/[COr] + [CO]) irncì Emission

F-actors (EF in g/kg) of J'race Gases and Part iclcs ancl Part icÌcs Sizcs. Measured From Grou,iú by FASS Sysicnt [Bubbitt  et
, ,1..  l rr6l .",1 F.. this issuc; I Ìeid ontl  Hol,t l , ts. t Ìr is issue].
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.nr  nìcLl ian c l ianrcre r  0.1ì l  c lMD = 0.  1í)  pm lor  MCIL,  _ 0. f Ì :1
L  \ ÍD )  t ì r r vounq  smokc  cMD -  01 .1  1 r . r n  1 ì r r  MCE -  0 .9g

rnt  f i r rcst  l i rcs
' re ìc ro lume nrccl i : tn 0. '+ '+ vMD for  vounq snìokc -0.26 pm, vMD Íor
'Lmcter (vMD) . lc ler  snroke ln rcs ional  hazcs r ingecl

flom 0.28 to 0.35 p.nr
,^  carbon no correla l ior . r  about 6_g.7 Of the enr i t tcd part ic le mass

: ;  rvi t Ìr  Í laming combustiorì.  The NO, to CO. cmission rat io
,  , ' r Ì re  d  on  the  C-  l3 lA  was 0 .2%.  Th is  i s  jus t  unc lc r  thc  rangc

) (1.6% measLrrecl in Afr ica f l ,ucutu ct ul. .  191)61. Highcr
r cnrission rates in Afr ica can trc cxpccted duc tr l  thc highcr
hLrst ion effìcicncics (9-5% ) oÍ '  thcse fìrcs. Lut.orut et al.
, ,r ]  for-rncl that the NO, cni issions arc also col.rclatcd wit l t

.  rr trogcn conccntrat iclns ìn thc burnccÌ bior-nass.
, . l l l su rcmcnts  f ronr  t l rc  C-131A a i rc ra l t  showcd th i r t  the
' t l c  coun l  mcc l ian  c l iamctc r  (CMD)  was s t rongÌv  anc l  pos-
-.r corre latccl with the MCE. Fur y(ìung snìokc from forcst
..  thc CMD variccl front 0.10 prn Íì tr  smoldu-ring concl i t ion

E 0.1ì4) to 0. 1,1 pm for f laming concl ir ion (MC.E :
.  .  

- l 'hc 
part iclc v( ') lume nlecl ian diantete r (VMD) clccre asecl

- ' th  rv i th  inc reas ins  MCE.  The VMD cur rc la tcc l  rvc l l  w i th
,rnissictn Íactors lr tr  part iclcs ancÌ unsaturatcd hvdrocar-
. .  I -he  mcan va luc  o f  the  VMD t ì l r  voune smokc was -0 .26
.rÌ ld Íor older smoke in regional hazcs, i t  range cl from 0.2g
ì5 g.nr [Relr i  untl  Hobbs. this issuc; Rcìd cr a1., this issue].

,  r f fcct ivc emittcd zìÍr lount of bÌack carbon (BC), dcrivecÌ
' :  ubsorp t ion  n lcasL l rc ìucn ts .  ovcra l l  cornpr iscd  about

6-8o/o ctf  the emitted part icle mass ancl appeared to vary ran-
domly from Íìre to Íìrc. DetaiÌs are given b.v FareÌt et ol.lthis
issue]. Discussion of thc relat ionship betwecn BC ancl smoke
absorption is givcn in scctictn 7.4 below.

7,3, Trace Gas Measurements

Atmospheric trace gascs werc measurcd on the INpE Ban-
dcirante aiÍcraft.  a Brazi l ian rescarch aircraft dcscribcd in clc-
Lail I'ty Kirt'hlroft' utttl Álvulá [1996]. Thc giÌscs nlcaslrred wcre
( l )  COr  by  an  IR nond ispcrs ive  rcchn iquc .  (2 )  O.  by  a  UV
photometcr. ancl (3) CH.,.  N,O ancl CO colÌccted by grab
sanrpÌes lAlvulti antl Kin'hhofl', this issucl. A compositc of tlic
CO, results is shown in Figurc 10. These rcsults show a con-
sidcrablc cl ispersion of thc data arourìd : Ìn average CC). valuc
of 8 ppnlv above thc lrackground concl i t ior-rs ol '  352 ppmv.
Dcspitc the Íact that direct bionrass burning plunlcs wcrc
avoided in this survey, clcarly biomass burning aÍfccted thc
rcsional vi Ì lucs of CO.. Note thc repeatabiÌ i ty of the cl i f t-erent
mcasurcnlcÌ] ts. Thc enhiÌuced CO, docs not vary signiÍ ìcantÌy
w i th  a l t i tuc le  undcr  thc  s t rong invers ion .
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describe the smoke evolut ion during SCAR-B and to compare
the SCAR-B measurements with previous years. Thesc mea-
surements are not describcd clsewhcrc in this issue.

In Platc 6 the evolut ion of aerosol ootical thickness at 670
nm, Ângstrclm exponent. and total prc-cipitabÌc waler vapor are
shown for these three sites fclr the three vears of observations.
The Ângstrom exponent prt ' rvides a cruclc mcasure of the aero-
sol size distr ibution. A zero value incl icatcs mainly large par-
t icles (e.g., the presence of desert dust);  a value of 2 indicates
dominance by small  part icÌes (c.g., f ine-mode smoke part icÌes).
Brasíl ia, Cuiabá, and Alta Floresta represent three cl iverse
measurement locations. Brasíl ia, a high-elevation cerraclo re-
gion, is characterized by a signifìcant conversion of natural
vegetation cover to agriculture. Cuiabá, a low-elevation cer-
rado region located in an agricultural area, is within -500 km of
lbrest-to-agricultural conversion to the north and the Pantanal
to the South (both notcd for dry scason burning). Alta Florcsta
is located in a region of very active forest conversion to agri-
culture. The AERONET measurements at this site show con-
siderable variation from year to year in the smclke concentra-
t ions at midseason and at the onset and termination of the
burning season [É1olben et a\. ,19961. Al l  si tes exhibit  an acroscl l
optical thickness in rhe preburning season of0.10 to 0.15 (high-
er in 1993 due to the presence of stratospheric aerosol from
the eruption of Mount Pinatubo in the Phil ippines). This
stratospheric aerosol also lowerc.d the Angstrom exponent in
1993, mainly before and after the burning season.

For al l  three years shown in Plate 6, the intcrannual vari-
abi l i ty of the burning is within the envelope of meteorologicaÌ
variabÌes that broadly controÌ the burning season (e.g., the
length of drying t ime and thc onset of rains). Thc precipitable
water and aerosol optical thickness records clearly show that
the majori ty of emissions occur when the water vapor content
of the atmosphere is increasing. This can potential ly af l 'cct the
aerosol optical properties during the burning season, although
due to the small  humidiÍ ìcat ion factors of the smokc aerclsol
Íbund in SCAR-B fKotclrcruuther and Hobbs, this issue], we do
not anticipate large cffects of humidity on particle size. For
1995 the water vapor content of the atmosphere was lower for
Ìonger periods than in previous years, which l ikcly accounts for
a more intense late burning season and an associated higher
aerosol optical thickness. The optical thickncss was higher in
the Íbrest regions (Alta Floresta) than in the cerrado regions
near Brasíl ia. In Cuiabá, smoke was transportecl part of the
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Figure 10. Vert ical prof i les of CO.. Alt i tudes are given in
hPa on the left and in kilometcrs on the right. Different sym-
bols are used fbr dilïerent flights/locations. The spread of CO,
mixing rat ios indicates the spatial variabi l i ty of i ts concentrzr-
t ion. The lowest values correspond to the background CO.
concentrat ions at dif ferent alt i tudes.

Ozonesondes were launched from Cuiabá, and a total of 25
vertical profiles of ozone, rclative humidity, and temperature
were obtained during SCAR-B. The tropospheric ozone con-
centrat ion appeared enriched during the period. Average val-
ues ranged from 40 to 90 ppbv; wet season values are typical ly
around 15 ppbv. A correlat ion between tropospherÍc ozone
concentrat ion and aerosol optical thickncss in Cuiabá (e.g.,
Figure 1 1) was observed with two patterns that reflect dilferent
air circulat ions lLongo et al. ,  19981. The increase rn ozone
concentrat ion with aerosol optical thickness is an addit ional
indication of the direct effect of biomass burning on ozone
concentratlon.

7,4. Aerosol Properties and Evolution

One of the main objectives of SCAR-B was to obtain com-
prehensive measurements of the propert ies of the smoke aero-
soÌ. Remote sensing techniques from ground, aircraft, and
satel l i tes werc used in conjunction with in situ measurements.
Long-term monitoring of aerosol propert ies was conducted in
Cuiabá and Alta Floresta, as indicated in Figure 3. Aerosol
propert ies and loading were also measured in situ from the
C-1314 and Bandeirante aircraft,  as well  as from a ground-
based site in Cuiabá. They were also monitorcd by remote
sensing from the ground-based Sun/sky radiometer (AERO-
NET) sites and by spaceborne remote sensors. The C-1314
aircraft also provided comprehensive measurements of the op-
tical and radiative properties of the smoke particles.

7.4.1. Aerosol retrieval from AERONET. The AERO-
NET sites at Brasília, Cuiabá, and Alta Floresta have been
instrumented since 1993 for the duration of the dry season,
which typically begins around 1 June (Julian day 152) and lasts
through I November (day 305). The data are used here to
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Figure 11. Average ozone concentration (from 1000 to 500
mbar) as function of the aerosol optical thickness, AOT (0.70
pm channel). A split pattern is observed due to a change in the
air circulation pattern.



: Ì ìe from forcst conversion areas to thc north of the city,
r lcasing the optical thickness.
.fhc 

burning season in Brasíl ia wi is rclat ively rvcak in 199-5,
,rt ing thirty days later than ir"r 1993 and terminatinq around

C)e toher  ldav  . ì lU) .  Thc  Ângst rom expont :  r ì r  m i i ro rs  thc
: ' t ical thickncss, with an increirse from 0.8 to 1.4 from pr.c-
.rning to thc burning scason. Prccipitablc watcr increascd
, rn  1 .3  cm (day  210)  to  3  cm (day  260) ,  in  borh  1993 and 1995.
r the f irst part of the dry sciìsorì,  1994 shows elevated prc-
' i table water comparcd to the other two Vears.
( uiabá shows trvice as much smoke (optical thickness r, ,  -
, t  as Brasíl ia. due to transport from thc north. Hcre also the

. ; :L t ion  o f . ïhe  burn ing  season was shor te r  in  199-5  than in
.ì .  The Angstrorn exponent in the burning season rangcd
:r 1.6 to 1.8, cìropping to 0.9 bcÍbre and:rfter the burning
.i) Ì1. Prccipitable water virr ied from 2 to -5 cm '"vi thin ó0 cÌays
Ìtc most intense part of the burning seiÌson. In 1995 the

-: iase in precipitabÌc water bcgan 30 clays latcr than in 1993.
r cars rcached a wet scasol l  valuc for the precipitable water

- h cm. Thc eÍïèct of a more intcnse dry season in 199-5. and
. higher rate of cletbrestat ion, is marginal ly applrr.nt in
- -:  late season optical thickness valr.res in 199-5 as contparecl

.  . r f .

: . i  Floresta has a signiÍ ìcantly highcr optical thickness rhan
-- 'rraclo sites, mainly in 199-5. t luc to i ts proximity to the
' r ìs areas. The Angstronì cxponent is accordinuly higher

Thc onset and dulat ior"r of the burning season is upprrìx-
, Ìr  thc same fbr al l  years, and similar to Cuiabá and

. .r1. The precipitable watcr vapor increased írom 2.0 to -5.5
':  cach of the thrce years but more graduallv in 1993 than

' r i  o ther  years .
- 

1.2. Aerosol measurements aboard the C-1314. In situ
.Lrrements aboarcì the C-131A aircraft provicÌed clctai led
.:rnt ion on the composit ion, size distr ibutions, shapcs, hu-
ìcation factors, and optical propert ies of aerosols in thc

.J from various types of biomass Íìres ancl in the aged
,,. '  that clominatcd regional hazes in the stuclv arcas.

-.1.2.1. 
Composit ion: For smoke from incl ividual Í ìres.

..rnic ions and black carbon (BCì) togcther accounted for
15 204/c of the mass of the smoke aerosol: thc rcmain-

- :ress is surmised to havc been organics. Thc crtrrcsponding
,JÌ l tage for acrosols in regional hazes dominated by smokc
. )l)-25c/c lReid antl Hobbs, this issuc; Iìeül a a/.. this issue

rh)].  Biclmass burning aerosol part icles dominatcd tÌre
..  ìoading, but three other aerosol components were alsct
.,r ied: soiÌ  dust part icles, natural biogcnic part icles. ancì

Ì part icles. Individual part icle analvsis as wcl l  as mult ivar-
- . tat ist ical techniques showed similar type of part icles [.4r-

, ' l  n/. ,  this issuc].
-,1.2,2, 

Growth: As thc smoke part icles agcd, the CMD
..nt median diametcr) incrcased from about 0. 10-0. l3 pm
: rc te r  in  smokc p lumes to  0 .11-0 .  l ,S  pm d iametcr  in  re -
.r l  hazes. This growth appearcd to occur equally between

, ìrst tèw hours fol lowing cmission and the ncxt ferv days.
- . \ngstrom exponent (for the wavclength range -5-50-700

rias 2.5-2.9 for smoke plumes and 1.8-2.3 for regional
- ' :  (similar to thc AE,RONET results), which supporrs a

- Ltìcant increase in part icle size with aging. The growth with
- of the aerosols appeared to depend equally on the avai l-

i tv of condensates reÌat ive to the part icÌe concentr i ì t ions
-: on coagulat ion. Condensation was mainly onto exist ing
-r icles. Changes in the contr ibutions of BC, potassium, and
t lal l  conservative traces) to the ntass of acrosols indicate

KAUFMAN ET AL.: SCAR-B EXPERIMENT -3 1,tì0 I

that aerosol mass increasedby -20-50a/r, during aging. About
75ci/r, of this growth was due to the condensation of organic
species ancl -25c/o from ammonium, sulfate, and nitrate.

The growth of rhe part icles with age had a largc etfect on
their optical propert ies. The hemispheric backscatter fract ion
of the part icles dccreased from -0.18 to 0.12, and the single-
scattering albedo of the part icles at 550 nm increased from
-0.79 fbr young smoke to -0.85 in regional hazes fReid and
Hobbs, this issue; Reit l  et a/. ,  this issue (a)].

7.4.2.3. Shapes: Since Mie calculat ions appÌy str ict ly only
to spherical part icles, i t  is important to obtain inÍbrmation on
the shapes of the aerosol part icles procluced by biomass burn-
ing. The priper by Martins er a/. [this issue (b)] provides such
inÍbrmation from electron microscopy of individual part icles
and from an instrument aboard the C-131A aircraft that pro-
vided continuous measure mcnts of the elfcct of the asymmetry
of thc part icles on thc l ight-scattering coefïcient. The results
indicatc that tbr optical calcul:rt ions the smoke part icles in
rcgional hazcs dominated by smoke in Brazi l  can be rcasonably
approximated as spherical.

7.4.2.4. Humidification factors (HFs): Kotchenruther and
Hobbs [this issue] define the HF as thc light-scattering coeffi-
cient Íbr particles at 807c relative humidity (RH) divided by
the l ight-scattcr ing of dry part icles (40% RH). For smoke in
Brazrl ,807o of the measured HF were in the rangc 1.05-1.35
(compared to a mean value oï 2.30 + 0.24 for urban/industr ial
aerosol on the U.S. East Coast lKotchenrtrther et al. ,  1998]).
These relatively low values for the HF have an important effect
on direct radiative Íbrcing by smoke lHobbs et a\.,1997; Kttch-
enruÍher and Htúbs, this issue]. Similar values werc found in
the TRACE-A experiment for smoke both Írom Brazi l  and
Íiom South Africa (Table 3) fnderson et al., 19961. Bú a
mixture of smoke with industrial sulf:rte aerosol such as in
South Africa fMuenhaut et al., 1996] may incrcase the hygro-
scopicity. In the recent Indonesian biomass fires, Iow refractive
indexes werc dcrived fvon Hoyningen-Huene et a1., 1998] indi-
cating, indirect ly, a higher hygroscopicity of the smoke. In this
case, high-sulfate concentrat ions were measured due to under-
ground coal that was burning together with the biomass, or due
to industr ial emissions (T. Nakajima, personal communication,
I  ee8).

7,4,2,5. Measurements of black carbon (BC) and short-
wave absorption by smoke aerosol: BC is the major compo-
nent of thc atmospheric aerosol that absorbs solar radiat ion,
and biomass burning is an important source of BC, although
other components of the aerosol can also absorb sunlìght.
UnfortunateÌy, measurements of the concentrat ions of BC in
the atmosphere ancl measurements of absorption are subject to
many uncertaint ies. In SCAR-B, Í ìve dif ferent measurement
tcchniques were used to measure BC aboarcl the C-131A. Two
addit ional methods were applied using ground-based remote
sensing. Thc rcsults of these comparisclns are described by Reid
et al.  f this issue]. In brief the correlat ion bctween the concen-
trat ions of BC derived f iom thermal tcchniques and optical
absorption was poor. This could be due to unccrtaint ies in
somc of the measuremcnts, from the prcscnce of absorbing
"gray" organic matcrial fNovakov et al., 19971, or from mix-
tures of BC with nonabsorbing materials. The various values
derived for the l ight absorption coeff icient (o.,) agreed to
within +20%. The in situ measurements show that the single-
scattering aÌbedo (o.,, ,)  of smoke varied from 0.35 for plumes
from vigorous flaming grass fires to 0.9 for smoldering slash.
The uncertainty in the single-scattering albedo for the plume
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Table 3. Smokc Aerosol Dynamic Model Bascd ot1 l Ìcmer ct a/.  [ this issucl Describing Variabit i ty of Regional Smoke

Ambicnt Acrgsol Optical and Physical Parame tcrs for 
' Ì ìr tal 

Vert ical Column As Function of AerosoÌ Loading (Given by

Optical Thickness)

Coarsc Part ic lc
Mocle

(r1 - '  2 pm)Plrr i rme te r
Finc Part ic le Mocìc

(11 ',,: 2 pm) Rc rnrr rk,lRcÍc rc nce

Part jc le vol t rnrc (pmr pnr r1

r , , ,  -  volume rnoclc lac l ius pr l )

r  -  s tandard
cÌeviat ion (s.c l . )  o1 ì r t  r r , , , .
wherc
(r , / ,  -  geometr- ic  s.d.  o l '
par t ic le voluntc c l is t r ibut ion

0 . 3 r  ( : 0 . 0 1 ; )
0 .  115 *  0 . ( ì2
0 .  l  l -0 .1  7
0 .15  (SCl r \ l ì -B  in  s i tu )
0 .  l i -0 . t5  (TRAC'E-A.  SAFARI)

0.60 1 0.0-s
0.,1 0.6

0 .8 r  (+ l a rge )
l 0  (  r l l r ge )

1 . 2  +  0 . 3

Rctn(r  ( t  u/ .  I th is issue]
I Ì t ' r r tcr  ct  a1.  [ th is issuc]
Rci t l  t ' t  u l .  I th is issue]
Arte.to ct rr1. Ithis issuc]
Artdcrsort ct ul. |9961
Lc ( 'ut tLt t  u u l .119961
IÌ t , r r rcr  ct  r r1.  l th is issucl
SCAR-l l  in  s i tu lRo. is

urtd Hrililt.s. this issuel

Pzìra rnctc r Values ol  Wavelength À Rcnrarksi  Relerence

S i r t c . l c - s c a l l u r i t t r :  l r l h c t ì r r  ( r u , ,  )

Rcal  part  of  refract ive index

AsvÌÌ]Ìlìclrv parâ ÍÌrctrr (í/ )

Upscat ter  Ì ract ion (B)

CICN/r

Mass scat tcf  in-r Ì  c f Í ìc icncv (n.r t  g ' )

Mass ahsorpt ion et ïc iencv (nr t  g ' )

H u n t i d i Í i t l r t i , ' r t  f  l e l ( ) t  i l l  s l l / ,
reÌat ive humidi tv

À470-(170:0.9

À,1-s(ì:  0.t ì6. À-5-s0: 0.83. À7(X): 0.71 (r0.{)4)

À.1.10: 0.,30. À670: 0.87, À870: 0.88 ( +0.06)
broaclband ( lndonesian tt)97 f ires) 0.90-(ì.91
0.90-0.92 nroclcl 1ìrr South Anrerica ancl Afr ica
1 . 5 2  1 . 6 0
1.37-1.-5-5 f  ndoncsian 1()97 f i re 's
À.140:  0.6-5.  À67O: O..57.  ) ,E70: ( ì .49.  À102( l :

( r 0 .06 )
À,1.10:  0.1:1.  À67(ì :  0.27.  À1170: t ì .31,  À1020:

(  ' 0 . ( ì 2 )

À450: 0.2.1.  À550: 0.2-5.  À7(X):  0.2E (+{) .20)

RuttL ' r  d a1.  I th is issuc]
Kuulìttutt cr ul. ll992l
Hoblt,s cr ul. Il991l
[ Ìe id ct  u l .  I th is issì ic  (a) j
I )ubot  ik  ct  r r1.  I th is ìssuc l
wtn Ho.\tingcn-Hrtattc 4 a/. Ilt)t)S]
l , ì r . tussc ct  a/ .  [  1996]
Yantusoc ct  a/ .  I th is issuc]
t tn l !o. tnìn,qut- Ì lut t rc c l  a1.  J199E]
I Ìcnt t ' r  t Í  a/ .  I th is issuc]

Retnt ' r  t ' t  r r l .  l th is issuel

Hohh: at  t l .119971. l Ì t : id  t t  uL.

[ t h i s  i s sue  (u ) ]
I Ìerr tcr  t ' t  a1.  I th is issuc]

l Ì t , r r tcr  et  a/ .  l th is issuel
I lohbs ct  a1.  |  19971. Rt ' ìd ct  a l .

I th is issue (r \1.  Artdersort  o u l .  l l ( )96]
l Ìc i l l  cr  u l .  I t l r is  issue (a) ]
Ko tt lrc r t nt I I rc r u ntl Í! d ús [1t)t)8]
Arulcrsctr t  c t  a/ .  [996]

0.4.5

0.31

130 I .10 (p.rr r) at supersaturíì t ior ' Ì  . t  -  0.3í.1
l7 ( ì  1  E0 1p-nr  r ;  a l  supersa tura t ion  S -  l ' t .
À .1 .10 :  ( r ,6 .  À670:  . ì .2 .  À ,S7( ì :2 .  1 .  À102( ì :  1 .6
À;150: ; l .  l - .1.9. À5.50: 2.9-4.1. À700: 1.6-2..1 À6(X): ,1.2

À-5-5(ì: 0.(r 0.(.)
À.1.50 À7(X): 1.0.5 1.35
l. i7 + 0. 1:1 in l ]razi l .  TRACT-A

1.1.1 + 0.02 in South Afr ica. I 'RACE-A

' l 'hc 
opt ical  th ickness r  is  measured t t  670 nm. Thc uar"elengths arc noted e.g. .  À;14 nreans À . -  ,1. {0 nnr) .  Ciompar isons to SCAR-ts and

n o r r - S C A R . B i n s i t u m c a s u r e m e Ì l t S i ì r c g i r , e n t l a s e d t l n I l t l b b ' s a t u l . | 1 9 9 7 ] a n d R c i r 1
Tl icrcfore smal l  d i f lere nccs c luc to hurnid i tv  urc cxncctct l .

data was +[].03. For regional hazes. o-,, ,  variccÌ between 0.8 and
0.9. with an uncertainty of +0.04 to +0.011 lor the diÍ fercnt
optical methocls. (ìround-based renloïc scnsing of t ' lo using
irradiancc data gavc values of 0.8 to 0.92. clecreasing with
wavc lcngth .  s im i la r  to  thc  in  s i t l r  me asurcmcnts  [E(Â c l  a1 . .  th is
issucl.  Values of t ' -r , ,  de r ivcd from skv radianccs IDubotìk ct al. ,
this issucl indicate that tr , ,  miìy increase with wavclcngth frorn
0.80 at À : 440 nm to 0.1J8 at 870 nrn. Thcrclìrrc although t lrcsc
methods i Ìqree on an averagc singlc-scatterine albcdo in the
visiblc wavelcngths (À : zl40-660 nm) of 0.1J6 + 0.0-5. they
disagrcc at longer wavclcngths. 

-I 'he 
dif fcrcnccs coulcl l re duc

to measuremeut tcchniclues ancl cl i f fcrcnces in thc snlokc com-
posit ion.

Mass  absorp t ion  e f Í ìc icnc ics  l ì t r  b lack  carbon (a , , , . . )  in
smoke par t i c lcs  wcrc  der ived  us ing  thc  thcrmal  evo lu t io l t

fCachier et í / / . .  1989] and opl ical absorption tcchniques lRcicl at
d/.,  this issucl.  Values of o.ìbc rangecl from -5 to.5l3 nrr g Ì  

is. 'c
Figure l2). Thc variabi l i tv of rr. ìr-c was nlodclt :d Í ìrr intcrnal
( layerecl sphere and closelv packed clustcrs) and external Ìnix-

ing between BC and nonabsorbing materials. 
' Ihc 

calculatcd
viì lues of a.ìr)c were lretwecn 5 und 2.i  r Ìr ]  g |  Í i )r  thc mcasurcd
size distr ibutions lMorÍ ins at ul. ,  Í l ' r is issue (a)].  Measured val-
ues of o.,bc higher than 2.5 mr g I wcrr uttr ihtrtcd to pclssiblc
art i facts in thc measureme nts by thc thcrmir l  technique duc tcr
a catalyt ic cfÍ ìct on BC part iclcs causcd by certain chemical
compounds. Not,ukov cl a/.  I  I  995 ] suggcstccl that K may have a
catalyt ic effect on BC. lowe r ing i ts volat i l izat ir)n temperature .
On thc basis of t l ' r is assumptir)n. a thrcshold valuc of Ki BC :

0.78 was cstabl ishcd for which most of thc a,,-.  r Ì ìcasurcme nts
could bc cxplainccl bv thc assumcd rlodcls. Figure l2 shows
the measurecl valr, les of rr. ,r)c comparcd to the rrodclecl valucs.
On avcragc. for sampÌcs with K/BCI < 0.78, thc valuc of a,, , , .  is
12.1 + 4.0 mt g '  

fMarrins c1 d1.. this issLre (a)].

7.1.2.6. Closure studies: Data fbr acrosol column closure
studics ( i .c..  consistcnc)r tcsts) wcrc ubtainccl by f lying thc
C-131A in  vc l t i ca Ì  p ro Í ì l cs  ovcr  AERONET Sun p l lo tomctc rs
in Brazi l  undcr concl i t ions donlinatcd by rcgional smokc. From
the airbornc in situ measurcmcnts ol t ìrc acrosol orooert ies.
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l igure 12. Measured and modeled black carbon (BC) ab-
.orption efficiency (a"n") at À : 5-50 nm versus the amount of
BC in the sample determined from thermal analysis. Sol id l ines
:.present the modeled a.,n. for three measured part icle size
-l istr ibutions using a layered sphere model with a BC core and
: nonabsorbing shel l .  The dashed l ine is the asvmptotic l imit
: , ìr  .yabc assuming external mixing and the measured part icle
.rze distr ibutions. The sol id circles correspond to samples with
i i  BC < 0.78, which are suspected to underestimate the BC
-,rncentrat ion. For the data points for which the symbol size is
-qual to or greater than the error bar, thc crror bar has been
nitted.

re optical depths of the smoke layers were computed and
- ìmpared with those measured directÌy by the Sun photome-
' -  rs. Seven such data sets were obtained fHobbs, 1 996]. Optical
:- 'pths derived from these two independent methods agreed to
.trhìn 30Va (J. L. Ross et al. ,  unpublished data. 1998. (here-
:-.;rfter referred to as R98)).

R98 a lso  descr ibe  in te rna l  c losure  ca Ìcu la t ions  us ing
.C.\R-B data. Part icle size distr ibutions measured Írom the

- I  3 1 A aircraft were used as inputs to theoretical calculat ions
: part icle scattering, absorption, and mass concentrat ions.

. re calculated scattering and absorption were compared to
,: :ect measurements of these quanti t ies at several discrete

.1\elengths. The calculated values were gencral ly within
)5c/o of the measurements, with the former gcnerally bcing

. :rht ly lower. The computations were then applied over the
, nplete wavelength range of the solar spectrum. Parameter-

-, t ions of the total scattering, scattering asymmetry, and ab-
. :ption were derived. These are appropriate for use in radi-
..\ e forcing calculations of regional smoke in Brazil as well as
:  remote  sens ing  app l ica t ions .
Using the parameterizations of the optical propert ies, radi-
.re transÍ 'er theory was used to estimate the instantaneous
.l daily average direct radiative forcing of the regional hazes
minated by smoke in Brazi l  and their sensit ivi t ies to solar

:rith angle, aerosol optical thickness, and surface type [Ross
.l  Hobbs, this issue]. At point locations the dai ly average
:Jct radiat ive Íbrcing per unit  optical depth (at À : ,55(ì nm)
,: icd from -26 + 6 W m r (cool ing.l  over a dark surface to

-:5 * 12 W m 2 (warming) over a rcf lect ive surfacc.
Using SCAR-B data, Ross and Hoóôs [this issue] have stud-

- j  the effects of solar zenith anglc. smokc optical thickncss,
-. i  cloud propert ies on atmospheric heating rates. Daily heat-

: rates of 3.5 K per day were calculated for a haze layer
t(l m thick with an optical thickness of 1 at a wavelength of
r nm. Reductions due to regional hazes in Brazi l  of 30. 43,
- l  58o/c per day per unit  optical depth were calculated for the

total shortwave flux, photosynthetically active radiation, and
total UV radiat ion, respectively. Similar reductions of irradi-
ânce were mcasured by Eck et a/.  [ this issue].

7.5. Aerosol Radiative Model for Direct Radiative Forcing
and Remote Sensing

7.5.1. Radiative model. The AERONET Sun photometer
measurements from 1993 to 1995 were used to derive a self-
consistent aerosol moclel that can be used as a basis for remote
sensing of aerosol lKaufman et al. ,1990,1997] and for est i-
mating the aerosol radiative Íbrcing of climate [Hobbs et al.,
1997]. Remote sensing is l imitecl in i ts capabil i ty to Íetr ieve

aerosol information. For example, inversion of spectral radi-

ances from MODIS. to be launched on the NASA Earth Ob-
serving System in 1999, will include the aerosol optical thick-
ness or mass concentration derived Íiom radiances over dark
land lKaufman et al., 1997]. Over the oceans, a two-parameter
aerosol size distribution will also be retrieved fTanré et al.,
1996, 1997). Other aerosol optical and physical parameters
have to be assumed, based on dynamic aerosol models lRemer
and Kaufman, 199t3] which describe the variability of the aero-
sol size distr ibution with aerosol loading. To be used Íbr re-
mote sensing, these models have to describe the whole verticaì
column and the properties of the ambient aerosol particles,

which are derived from climatology of the AERONET sky data
and compared with in situ properties lRemer et al., 1997;, Ross

et al., Íhis issue]. AerosoÌ modcls have been developed for

urban/industrial aerosol and, in this issue, for smoke aerosol

lrRemer et al., thrs issue]. Table 3 summarizes the results and
compares them with in situ measurements. WhiÌe there is good

agreement between the model based on thc AERONET data
and the in situ measurements of the particle size distribution,
the singÌe-scattering albedo (c'-r,,) of 0.9 at 660 nm used in the
model is larger than the values measurei i  in si tu. Analysis of
the variation of sky data with aerosol optical thickness at a

scattering angle of 120" shows that a lower value of c,.ro (e.g.,

coo : 0.85) does not make a good fit [Remer er a/., this issue].
Two new techniques were applied to AERONET sky data to

derive the aerosol real refractive index from the diffuse sky
data at large scattering angles (80"-120") fYamasoe et al., thrs
issue] and to derive the aerosol singìe-scattering albedo by
comparison of the sky-scattered solar radiation with the extinc-
tion of solar radiation from the direct solar beam fDubovik et
a/.,  this issue]. The results of these studies are also included in
Table 3.

7.5.2. Optical properties and direct radiative forcing. To
calculate direct aerosol radiative fclrcing, values of the follow-
ing optical parameters are needed: mass light-scattering effi-
ciency, the fraction of incident solar radiation backscattered by
the aerosols, the single-scattering albedo, anci the humidifica-

t ion factor. The University of Washington team used i ts

C-131A aircraft to obtain extensive measurements of al l  four of

these parameters for smoke in SCAR-B fHobbs et al., 1997;
Reíd et rzl., this issue]. Hoóós et al. [19971 showcd that if these
measurcments are applied to the simple model used by Penner

et al. 11992], the dcrived magnitude of thc globally averaged
direct radiative Íbrcing due to smoke from biomass burning

worldwide is only -0.1 to -0.-3 W m 2. compared to -0.8 W

m 2 estimatedby Penner et al. [1992].
7.5.3. Application to remote sensing. Aircraft in situ and

remote sensing measurements are not sufÍìciently frequent to

document the spatial and temporal variability of aerosol load-

ing, propert ies, and interactions with water vapor, clouds, and
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radiat ion. Long-tcrm monitorin-s o1' the variabi l i ty of thcse

quanti t ics requires ground-bascd and spaccl-rort ls nlonit trr ing.

However. becausc of the inhe rent contplexitv and assumpttons

involved in dcriving aerosol propert ics frt lm spaccborne mea-

suremel-Ìts. prccise evaluation of thc techniqucs is required

lc.g.. Vernntc ct t t l . ,  19971. Chu a c/.  [ this issue ] appl icd the

MODIS algori thnt to dcrive the acrosol optical thickncss fron.t

the MAS data recordcd in SCAR-B over thc AERONET Sun

pl"rotometers and compared thc results with the AERONET

me:ìsuremcnts. Using l7 such coincidental mt:asurcmcnts, they

concludcci that the performance oi thc algori thm is better than

anticipatecl,  rcsult ing in an errttr  in the retr icved aerosol opti-

cal thickness (Xr) of +0.05 + 0.1-5r. This result was obtainecl in

spite of inhercnt errors in the ground-biÌsed nlcasuremcnts tì f

aenrsol optical thickncsses tt f  +0.01 to + 0.02 and an uncer-

tainty in thc MAS cal ibrat ion that is largcr than the anticipated

uncertainty in the meticulously characterized ancl cal ibrated

MODIS instrument lsalonutnson et al. ,  19891. Application of a

similar rcmotc scnsing technique to AVHRR data over Brazi l

in 1993 resultcd in a similarly good agrccmenÍ lVermole eÍ nl. ,

1ee7l.

7.6. Aerosol Size Distr ibution, CCN, and Indirect Forcing

Thc low variabi l i ty in the sizc cl istr ibution of agcd smoke

(i.e.,  smokc more than about 3 <1a1's old) is of signiÍ ìcant im-

portance for the estimation of i ts ctïect on clourì micrr lstruc-

turcs, ref lectancc. and indircct radi: t l ivc fctrcing. and for re-

mote scnsing of this forcing lKuu.f 'ntun and Fruser, 19971.

Acrc'rsoÌ modcls used to cst imate aerosol forcinq arc based on

Figure 13. Results fntm grouncl-basecl mcasurements of the acrosol size distr ibution ancl CCN spectrum

(aitcr Ji  et aÌ. .  ur.rpubl ishcciclata. 199tì).  Time sequcnce of the rat io of the numbcr of poter.rt ial  CCN (N) to

the smgke irerosol volumc ( /)  mcasurecl in (top left) Cuiabá, Brazi l ,  anrl  (bottom left) in Wallops, Virginia'

cluring the TARFOX Íìelcl  cxperimcnt. N is clcÍìned as the number of part icles with diametcr d = 0.1 pm,

Iz is t Ì ic volume of part of thc accumulation modc being measured (for cl  > 0.6 pm). Thc largcchange of the

ratio N/ I /  cluring TARFOX is clue to a passage of a colcl front that clcaned the air ( low volumes) but generated

a relat ivcly higÈ number of small  part iclcs. TI ic cr i t ical diameter of pirrt icles activated in a given supeÍsatu-

rat ion (SSl. r / ] .  is shown in (top r[ht) for Brazi l  and (bottom right) t 'or TARFOX. The Twomey cxpressitrn

( í1 .  -  0 .0028S t  t )  i s  shown fo t '  rc fe rcnce lTwonrcy ,  19771.
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information on source Ìoading, cvolut ion, and sinks of the

aerosol mass (e.g., for sulfatcs see KiehL and Briegleb [1993] ).

To estimate aerosol indircct Íbrcing, thc relat ior.rship between

the r.rumber o1 CCN and thcir volume needs to be cstabl ished.

For sulfates. very nonl incar relat ionships havc been used

lBoucher antl Lol'tmunrt, 1995; Jones et al.. 19941 due to the

complcx competit ion betwcen gas phase and cloud phase oxi-

dation of SOinto sulfate part icles lLangner et al. ,  1992; Katr.f '

man and Tanré, 1994). For smoke wc anticipate the rcÌation-

ship bctween aerosol volume and CCN conccntrat ion to be

more l inear. In Cuiabá, Q. Ji et al.  (unpublished data, 1998)

mcasurcd the acrosol size distr ibution for D < 0.6 prm and the

corresponcl ing CCN spectrum. Similar instrumentation was

uscd in the Tropospheric Aerosol Radiative Forcing Observa-

t ional (TARFOX) experiment in Wallops, Virginia, in 1996 for

urban/industr ial aerosol. In Figurcs 13a and 13b the rat io of

t l"re number of potcntial CCN, N (part iclcs with diameter >0.1

pm) to aerosol volume Z (for diameter <0.6 pm) is plotted as

a function of time Íbr Cuiabá and Wallops, respectively. The

variabi l i ty of N lV is ncgatively correlated with Z. The variabi l-

ity oï NIV Íbr the smoke aerosol is much smaller than that of

urban/industr ial aerosol. The main variat ion in NIV for the

urban/industr ial aerosol is between the aerosol propert ies be-

fore and aftcr a passage of a front. The front cÌeans the atmo-

spherc reducing thc aerosol volume while generating the con-

dit ions fbr the formation of new aerosol part icles. In Figures

l3c and l3cl the cri t ical act ivat ion diamcter d, (t .e.,  the diam-

etcr. in pim. of the part icle act ivated by a given supersatura-

t ion) is comparcd for Cuiabá and Wallops. Thc activation
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diameter is calculated as the thrcshold diameter above which
the number of part icles is equal to the CCN conccntrat ion for
the given supeÍsaturation. The spcctrum is compared with the
empirical formula givcn by Twome,- 11977):

r / ,  :  0 . 0 2 8  S  r '  ( 2 )

rvhere S is the supersaturation given in percent. While for
:moke in Cuiabá the measured values of r/ . .  are abc'rve the
' 'Twomey" l ine, the results for TARFOX are mixed. This is in
i Ìgreement with thc lower hygroscopicity of smoke compared
to that of urban/industr ial aerosol.

The effects of smoke on cloud microphvsics and reflectance
have not been studicd extensively yct using the SCAR-B data,
' lut 

a previous study using AVHRR imagcs ovcr the same
:csion in 1987 lKaufman and Nakajìma. 1993: Kut4t'han and
Fraser, 19971 showed that acrosol eÍïects on the cloud micro-
:.h1'sics and ref lectance is. on avelage, similar to the predìc-
: jons of the Twomey model. This is in agrccmcnt with the small
. i r iabi l i ty of the N/Z rat io for smoke.

-.7, 
Surface Albedo and Surface Cover

Surface albedo is an important purrrnctcr in studying the
:rteraction of solar radiat ion with thc Earth. Anthropogenic
,;renges in surfacc cover and i ts albcdo affect thc fract ion of
. , Ìar radiat ion reffccted back to spacc and thereforc consti tutc

radiat ivc forcing of cÌ imate. Thc acrosol direct ctfcct dc-
-JÌrcls cln the spectral rclat ionship betwccn surf irce bicl irec-
'  ,nal rcf lectance and thc aerosol optical propcrt ies. The spcc-
' .1 Ì  b id i rec t iona l  rc l lec tance mei ìsurements  bv  thc  CAR
,.Ì iometer on the University of Washington C-l3lA aircraft

.  r tain very f ine angular resolut ion (f  in zenith ancl <2' in
:nruthal anglcs). and i t  is straightforlard to computc the

':rgratcd hcmisphcrical albedo for various t1'pes of surfaccs
- : . .  cerrado, dense forest. etc.).  Comparin_q the computcd
.;do to the measurcd nadir ref lectancc (often usecl as a
:rogate to thc albcdo in cl imate models), the nacl ir  rcf lcc-
:;e values underestimate the albedo general ly bv about 209á.
r fcw extremes of up to 60c/c. Thus thc analysis of CAR

-.1\uremcnts during SCAR-B show that the estimation of
:: tral albedo from nadir ref lectance produces large errors
.; t  et al. ,  this issue]. Remote sensing of thc surface cover is
:; ted by the prescnce of smoke. SeveraÌ methclds were sug-
.:cd to overcc'rme this probÌem. Mittra eÍ a/.  [ this issue] uses
.IRIS data col lectcd simultaneouslv with aerclsct l  optical
-r i leSS rÌÌeâsured from the ground during SCAR-B to com-
-J several methods for remote scnsing of the surfacc covcr
'  u,sh the smoke.

Conclusions
.  :rc dctai led measuremcnts of smoke aerosol composit i t ln,
-.  and optical propert ies. reported in this issue, ancl sum-
:rzcd in Tables 2 and 3, have been used for prcl iminary
'ìratcs of direct and indirect radiat ive forcing by smoke
:'bs et al., 1997: Kuufntan antl Froser. 1997]. The same

' , : ì leters were measurecl or derivcd using several indcpcn-
. tcchniqucs. For cxample, several techniqucs wcrc used to
. J thc aerosol absorption and black carbon cotìcclÌ trat ion

' laboratory analvsis o1'Í ì l ters. aircraft continuttus in situ
ì. toring, and remotc scnsing from ground-bascd radiome-

. \ lore r igorous cst imates of these forcings lcquire docu-
. : . Ì t ion of the high spatial and temporal variabi l i tv of smoke

1t\ transport and dispcrsion ovcr the globe. Such docu-
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mentation is one of the objectives of the new satel l i te systems
(e.g., POLDER on ADEOS, and MODIS and MISR on the
NASA E,arth Obsen"ing System to be launched in 1999). More
detai led studics are nceded of the el lects of smoke cln the
propert ies of cÌouds.

Results from SCAR-B, and previous measurcmcnts, have
been used to develop the capabil i ty of remote scnsing of aero-
sol propert ies from the ground using Sun photomcters. Dc-
tai led closure studies in SCAR-B have demonstrated general
agrcemcnt betwccn in situ and rcmotc sensing me:ìsurements
of smoke. The SCAR-B data have also been uscd to chcck the
remote sensing of aerosol propert ies from satel l i tes. Some
understanding of the use of satel l i tes to derivc not only aerosol
optical thickness but also aerosol mass loading and CCN con-
centrat ions has becn init iated. New techniques for the use of
satel l i tes to expand remote sensing of f i res to include measure-
ments of the Íìre radiat ive energy for better quanti f icat ions of
emissions were developed.

SCAR-B has continuecl prcvious el lorts to estimate the
emissions of tracc gascs and acrosol from f ircs, to understand
the role of black carbon. and the efÍècts of biomass br.rrning on
tropospheric ozone productior-r.
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