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Temporal and Spatial Variability of Aerosol Loading and Properties
during the Amazon, North American Temperate,
and Boreal Forest Burning Seasons

Brent M. Holben, Thomas F. Eck, Alberto Seteer, Uya Slutsker, Alfredo Pereira,
Brian Markham, and John Vande Castle

Biomass burning plays a significant part in the major
terrestrial ecosystems of the globe and recently has
become the focus for study on the influence of global
climate forcing through direct and indirect impacts on
the radiation regime. The concentrations and proper-
ties of serosols contribute significantly 1o chmale
radiative forcing. Hansen and Lacis {1990} state that
“Acrosols are the source of our greatest uncertainty
about climate forcing. Troposphenic asrosols are dif-
ficult o monitor because of their spatial inhemogene-
ity, but they are a crucial variable because of the strong
anthropogenic influence on their amount.” Addition-
ally, modeling by Charlson et al. (1992), Penner et al.
(19592, 19%4) suggests that the direct and indirect radi-
ative effects of sulfate and other agrosols in the tropo-
sphere, inelwding those from biomas burning, may be
sufficient worldwide to offset the radiative effects
of increnses in greenbouse gases, Penner 2t al, (1994)
propose that synoptic-to-global-scale observations be
made of the mdiation budget, ns well as both the com-
position of the aerosols and their interactions with
Wikler vapor.

Cmantitative measurements are relatively sparse,
discontinwous, and more likely to be found in devel-
oped regions of the world, Crutzen and Andrea (19590)
estomate thit S0% of the acrosol emissions from bigs
mass burning origingte in the poorly monitored trop-
ics, thus exacerbating our ability to understand their
influetce on climate forcing, remole sesing, ecosysi-
tem dynamica, and heafth.

In the tropics, savanna burning is part of the natural
ecology. Since mechanized clearing began, conversion
of the tropical forests to agricultural uses has made
these areas a major source of carbon and particulates
emitted 10 the atmosphere. Recent studies show that
the tropical forests have become a source of carbona-
ceous aerosols rom biomass burning, and when com-
bined with savanna regions, may represent abour 8004
of the global total (Crutzen and Andreac 19900 Bio-
mass burning is a natural phenomenon of the savannas
and cerrados, but with mechanized clearing practices
and the resources required by a growing population,

biomass burning has expanded rapidiy over large arcas
ol both cerrado and the tropacal forests, particularly
in Brazil. This expansion is shown as an increase in
deforestation from 1978 to 1988 in Brazil's “Legal
Amazon' from ~2% o ~6% in a decade (Skole and
Tucker 1993). Fires and emissons from bomass
barning have been well documented in Brazl in a
varety of ways. Scizer and Pereira (1991) hawe moni-
tored the number of fires in Brazil with NOAA
AVHRR thermal bands since 1987, Their studies show
the number of fires in the Amazon region is generally
increasing but varies from year to vear depending on
meteorology and changing economic conditions. The
primary fire season is most of Aogust and September,
with about 300000 fires per season being typical
(Setzer and Pereira 1991). Prins and Menzel (1992,
1994} have used the GOES VAS 10 monitor fires and
the transport of acrosols lo the Atlaoie Ocean, In
Brazil, Artaxo et al. (19%4) measured in situ ground-
level perosol size distributions and mass concentra-
tions for varying periods at a cerrado site, & forest site
with hiomass burning, and a background forest ste
Their results clearly show an increase of 3 1o § times in
aerosol mass concentration duning the burning season
in August and September.

Wildfires are o part of the boreal Lndscape pro-
ceases; their remote location and minimal impact on
human habitation, compared to mid- and tropscal Lat-
itisdes, result in many of these fires burning themsslves
out almost unnoticed (Stocks 1991 Thus, their quan-
tification of perosol emisaons has received little anen-
tion, though they represent 12 = 10° km? in MNorth
America and Eurasia, or approximately 25% of the
world's forests, The 1987 fires in Morthern China and
Siberia are among the few well-documented examples
of the areal extent of these fires. Using satellite esti-
mates of burn scars, Cahoon et al, (1991} report ap-
proximately 14.4 million hectares (hah were burned, or
about §%: of the total boreal forest

Fimally, the mid-latitude forests in North America
are highly managed including fire suppression and
prescribed burns. Concerns over timber production,
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public use, and air quality have lmited the pumber
and soze of wildfire burns in most years, contributing to
an gocumulation of fuel that penodically leads to very
lurge and mtense wildfires that may exceed human fire-
suppression capability. The resulf is a relatively exten-
sive source of particulate emissions to the atmosphere.

Following is our initial documentation of the acro-
sol emissions and properties from parts of these thres
forest biomes, all principal emitters biomass buming.
The longer record and more extensive areal coverage
ead us to emphasize the Amazon mepsurements.

The Amazon Basin is a § x 10f km® region that is
primarily forest, mterspersed with cerrado (savanna)
situated on flood plains, and plateaus and mouniaing
that are a significant sowrce of serosols, gases, and
water vapor to the globol atmosphere (Harmss et al.
19900, Tropical forest regions are & principal sowrce
of biogense acrosols (Cachier et al. 1985), and some
measurements of these asrosols have been reported
{Lawson and Winchester 197%; Artaxo and Orsing
1986; Artaxo et al, 1988, 1990, 1993, and 1994),

Beginning in 1992, an efon was mounted (o mea-
sure aeroso]l concentration and properties from hio-
mass burning during the southern Amazon dry scason
and to a limited extent doring part of the wer season.
Following i3 an assessment of the data collected to
date, emphasizing the temporal characterization of the
spectral aercaol optical thickness, sire distribution,
and precipitable water for the eight measurement sites
in Brazil's Amazon Basin. In 1994 a similar network
was established in boreal forests in north-central Can-
ada, associated with the MASA-sponsored BOREAS
experiment. A network of instruments was established
B 1994 i the western United States foreuts and agr-
cultural lands, which measured emissions from some
of the large fires during that vear, One of these stations
s expected to be a muoltiyear activity associated with
the Long Term Ecological Research { LTER) activities
of the H. J. Andrews Experimental Forest in (he cen-
tral Crregon Cascades.

Spectral Scanning Radiometer Measurements

Instrument Deseription

The automatic sun/sky scanning spectral radiometers
measured acrosol conesnirations and propertics from
direct sun measurements al 340, 440, 60, 870, 940,
and 102 nm every 15 min. and sky radiance mea-
surements at 440, 670, 870, and 1020 nm hoorly.
weather permitting. The NOAA Data Collection Svs-
tem geostationary satellite link transmitted the data 1o

Wallopa Island, Virginia for near real-time process-
ing into spectral aerosol optcal thickness, wavelength
exponent, precipitable water, and surecle and sky
radimnces. Further details abour the instrument speci-
fications and data processing are given in Holben et al.
{1998).

The sky radiance almucantar {measurements in a
plane with a faed-view zenith angle that includes
the sun) and principal plane (measurements io & plans
with a fined-view azimuth angle that includes the san)
measurcments are made hourky throughout the day at
smal] angles through the solur sursobe, and ot increns-
ingly larger angles as the scatiering angle increases.
These data are inwerted into phase function, size
distnbution. and aerosol optical thickness { Makajmma
1986), using the first 40° from the solar disk. The in-
version scheme continues to be developed | Makajima
1995), but sensitivity studies show that sine-distnbu-
tiom retrievals are reasonable between 001 and 4 gm
{Kaufman et al. 1992, Remer et al. 1995).

Site Descriptions

The Amazon  The sites were chosen to be representa-
tive of regionitl conditions, to capiure the southerdy
transaport of aerosols oot of the Amazon basin, and o
meet the logistical constraints for instrument main-
temance and security. The data presented here were
callected at three cerrado sites (Brasilia Lat. 16°5,
Long 49°W; Poro Macienal Lat. 1075, Long. 4E°W;
Cuiaba Lat. 146"5, Long. 55°W}; where burning is a
natural part of the landscape processes but s aug-
mented by increased agricultural burning and pre-
sumably by advection from forest buming. Five
diverse fisrest sites were momtored in the eastern and
southern Amazon basin (Aha Floresta Lat. 10°5,
Loag. 55°W; Jamar Lat, 9°8, Long 62°W,; li-Parana
Lat. 12°8, Long. 60°W: Tweurui Lat. 4°8, Long. 48°W;
and Santarem Lat 175, Long. 35°W). Buming at
hess aies s @ receil phenomevon of Torest conversion.
and emissions are from primary and secondary forest-
fire sources. All cerrado sites have a dry season, ex-
tending om average from May throwgh September, and
in forested sites slightly shorter { Nimer 198%).

The Boreal Forests  The BOREAS network 15 a SW
to NE 600 km transect of five instruments from Prince
Alberl, Saskatchewan (53N, 106"W) o Thompson,
Manitaba (567N, 38 W), all within undisturbed tracts
of boreal forest. Prince Albert borders the apriculiural
lands to the south and Thompson the tundra to the
north, encompassing much of the cover types within a
boreal forest, A sixth instrument is m Bonanzs Creek.
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Alaska (65°N, 148°W), and is part of the LTER
network.

The Temperate Forests Instruments in the temperate
forest regions have been largely short-term and asso-
ciated with individual field campaigns. The LTER in-
strument in the U.S. Forest Service H. J. Andrews
Experimental Forest (44°N, 122°W) is the exception.
Ukiah, Oregon (44.5°N, 119°W), and Pullman, Wash-
ington (47°N, 117°W), were placed for measuring
aerosols from temperate forest fires.

Seasonal Measurements

The Amazon Most of the Amazon Basin is climato-
logically distinguished by a wet and dry season (Nimer
1989). However, with respect to aerosols, the dry sea-
son is clearly marked by a nonburning and burning
season for all sites along the southern and eastern for-
est margin; the duration of each varies by location and
is caused by intraseasonal variations in weather pat-
terns. The data from the sun/sky spectral radiometer
network clearly show the profound influence of bio-
mass burning on the aerosol regime during the burning
season (figure 60.1). For all sites but Santarem and
Tucurui, August and September show very heavy
aerosol loading, followed by a sharp decrease in Oc-
tober and the onset of the rains and the wet season.
Preceding the burning season is a dry season, with very
clear, clean air. A dramatic illustration occurs in
Cuiaba in the cerrado region. Beginning in June 1993,
AOT measurements were made through February
1994 that incorporated most of the dry season and
several months in the wet season (figure 60.2a). Two
features stand out: first is a very high density of mea-
surements from June to early October (the dry season),
and relatively few points from October to February
(the wet season), because persistent cloud cover pre-
vents measurements from being taken; second, an
order-of-magnitude increase in AOT begins late in
July and persists until early in October. This is the an-
thropogenic seasonality, caused by biomass burning in
the region.

The spectral optical thickness is used to compute the
ngstrom wavelength exponent (alpha) and is defined
as:

o« = —In (AOT1/AOT2)/In (A2/A1). (60.1)

Holben et al. (1991) and Kaufman et al. (1992) show
that the wavelength exponent is sensitive to rapid
aging of fresh smoke from fires in Brazil, estimating
the effective geometric radius from 0.15 for smoke less

g

than 10 min. old to 0.20 for smoke more than 1 day
old. Many other investigators have related the wave-
length exponent to the mean particle size. The seasonal
distribution of the wavelength exponent shows an in-
crease in value coinciding with the burning season
(figure 60.25), indicating that the proportion of partic-
ulate emissions is shifted toward smaller size distri-
butions during the burning season. Precipitable water
is measured by the instrument, which has a nominal
absolute accuracy of +0.3 cm (Halthore et al. 1996).
The seasonal dependence for Cuiaba shows an in-
crease in Pw through the dry season, and that the Pw
content in September is similar to the wet-season val-
ues and is about 70% higher than the early burning-
season values (figure 60.2c).

The size distributions were retrieved from inversion
of the daily spectral almucantar measurements made
between an optical airmass of 5 and 2. The seasonal
plot clearly shows the increase in the accumulation and
coarse particle modes which overwhelms the constant
Pinatubo mode (centered near 0.5 um) during August
and September 1993 (figure 60.3).

These data indicate that the current aerosol clima-
tology of the Amazon region should be partitioned
beyond the simple climatological limits of the wet and
dry seasons. For regions with active biomass burning,
we have subdivided the dry season into a preburning
season, a transition-to-burning season, burning sea-
son, and transition-to-wet season. These categories are
relatively subjective in their boundaries, but we have
defined them by the magnitude and temporal variabil-
ity of the average aerosol optical thickness at 440 nm
(AOT449). For example, the average AOTys during
the preburning season remained below 0.4 and has a
standard deviation of less than 0.04. The transition-to-
burning season had an average AOT4s ranging be-
tween 0.4 and 1.0, the burning season greater than 1.0,
the transition-to-wet again between 1.0 and 0.4, and
the wet season less than 0.4. The lack of data in the wet
season and early preburning season due to persistent
cloud cover limits our ability to characterize these
seasons well, but we believe that because the Amazon
Basin has few sources of anthropogenic aerosols dur-
ing these periods, our limited measurements charac-
terize the aerosol environment fairly well during that
time.

These measurements cannot and were not intended
to represent emissions over the entire Amazon region,
but they do characterize the optical properties of
aerosols and give an indication of the magnitude,
variability, and duration within the region surround-
ing each site.
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Figure 60.2 Time-dependent plots of the 1993 direct sun measurements from the spectral scanning radiometer data from
Cuiaba show the seasonality for (a) aerosol optical thickness in five spectral bands, (b) the daily averaged Angstrom wavelength
exponent for the 440/870 AOT ratio, and (c) the daily averaged precipitable water, in cm.

The Boreal Forest The seasonal trace of aerosol op-
tical thickness from the Thompson site is typical for all
the BOREAS sites. The optical depth is low during
most of the summer season, but very large spikes of
several days to weeks occur in response to wildfires in
the region (figure 60.4). During nonburning events, the
AOT ranges from 0.1 to 0.4 at 440 nm, and during
burning events, the AOT may exceed 2. for short
periods. The timing of the burning events is locally
dependent on occurrence of lightning strikes and fuel
dryness. Two seasons of measurements show that fire
occurs from early May through September. The onset

of cool weather and rains can quickly reduce the
potential for extensive burning.

Temperate Forests The aerosol optical thickness re-
cord for the summer dry season in the Pacific north-
west indicated very light aerosol loading throughout
the period for all measurgment sites, despite the larger-
than-average number of fires burning in the region. The
HIJA record shows background levels of AOT early
in July (0.08 @ 440 nm), increasing to ~0.3 through
August (figure 60.5). A fairly large increase occurred
briefly in mid-September in response to a local fire.
The data indicate that there are rarely enough fires and
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Figure 60.3 The almucantar radiance data were inverted to averaged aerosol size distributions for the clear, transition, and
smoke seasons. Notice that the size distribution has peak values in the accumulation and coarse- partlcle modes during peak

burning season in September.
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Figure 60.4 The seasonal dependence of the boreal forest daily
averaged AOT (440 nm) measurements indicated several episodes of
heavy aerosol loading in 1994, most of them lasting less than a week
and interspersed with periods of very light aerosol loading. Data
taken during this period are from north central Manatoba, Canada as-
sociated with the Boreal Ecosystem-Atmosphere Study (BOREAS).
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Figure 60.5 The seasonal tra: of daily averaged AOT (440 nm) in
the HJ Andrews experimental forest in the central Oregon Cascade
mountains clearly shows a dry-season increase during July and Au-
gust and parts of September. The magnitudes, however, are low and
daily variations are likely to be due to advection of clean pacific air.
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sources of emissions to increase the AOT during a time
that could be called a burning season. Notice that the
source of the emissions has not been documented and
could be a mixture of biogenic aerosols, local industry
(lumber mills), and automobile emissions, with wild
and prescribed fires advected from the surrounding
region. The almost daily cyclicity of the AOT in the
burning season suggests that the emissions are highly
localized and the concentration is greatly influenced by
advection of clean Pacific air. The summer seasonal
value of 0.13 at 440 nm, compared to 0.44 in the boreal
forest and 0.61 in the Amazon, suggests that human
influence in suppressing fires is profound in the mid-
latitude forests and equally profound in the tropics for
creating fires.

These data suggest that the anthropogenic influence
on aerosol concentrations in the southern Amazon is
significantly greater than wildfire aerosol sources in
North America. Additionally, the Amazonian fire sea-
son appears more predictable as to time of emissions
and concentrations. Thus, in the following sections, we
focus on Amazonian aerosols to characterize the AOT,
wavelength exponent, Pw, and size distribution for a
cerrado site (Cuiaba), a forested site (Alta Floresta),
and a nonburning region (Santarem) for each sub-
season. Statistics of the aerosol magnitudes and prop-
erties for each site may be found in Holben et al.
(1995). Finally, at sites where two years of data are
available, 1993 and 1994 are contrasted.

Cerrado Site-Cuiaba

Preburning Season

This period (9 June to 15 July 1993) almost certainly
extended prior to our first measurements. The average
aerosol optical thickness (AOT) and standard devia-
tion (s.d.), was 0.18 (+0.06) at 440 nm and the Ang-
strom wavelength exponent, « computed from 440 and
870 nm measurements, was 0.95 (4+0.23) (table 60.1).
The frequency distribution of the AOT449, o and Py,
illustrates the stability of the aerosol conditions and
water vapor during this period (figure 60.6). These
values are relatively typical for all sites during pre-
burning and could be considered background levels
that, in part, were influenced by the stratospheric
Pinatubo aerosols during this time (Dutton 1994). The
Pinatubo aerosol optical depth at 525 nm for this
period was measured at mid-latitude sites (Rosen et al.
1994) to be ~0.035 at a Northern Hemisphere site and
0.07 at a Southern Hemisphere site. The volume size
distribution from the almucantar data typically shows

a weak accumulation mode, a Pinatubo mode centered
at 0.6 um and a weak-coarse particle mode of about
8 um, (figure 60.7). During very clear conditions
(AOT44 = 0.1), the dominant mode is that caused by
the Pinatubo aerosols. (In 1994, the Pinatubo mode
was reduced in magnitude by half compared to 1993.)
Measurements extended about 35 days at this level
with very little diurnal variation and are likely to
represent conditions in the dry season, prior to our
measurements. They are also similar to the few
measurements obtained during the wet season and
therefore probably are good predictors of nonanthro-
pogenic background conditions for the southern
Amazon Basin.

Transition to Burning Season

A transition to the burning season occurs as a few ag-
riculturists burn their fields before fuels in the region
dry completely. A few fires emit a relatively small
amount of aerosols into the atmosphere, resulting in
small increases in the AOT. Because there is not wide-
spread burning, the AOT drops back to near back-
ground levels until a few more fires are begun a few
days later. This cyclical pattern may continue a few
weeks. For Cuiaba in 1993, the transition season lasted
for about three weeks. (15 July to 6 August). The
Angstrom wavelength exponent (440/870 nm) during
this time oscillated between the background levels of
0.9 to burning conditions of 1.6, with a mean of 1.31
(0.25 s.d.), and the AOT oscillated between back-
ground levels 0.18 and 0.9, with a mean of 0.38 (0.15
s.d.). Precipitable water remained low and fairly con-
stant during this period, with the frequency distributed
mainly between 2.0 and 3.0 cm and a mean of 2.4 cm.

Burning Season

During the nearly two-month burning portion of the
dry season (7 August to®7 September), the AOTay
averaged 1.32 (0.46) with a wavelength exponent of
1.71 (0.12), indicating a large population of small
particles for the two-month duration. AOTy44 ranged
from 0.40 to 2.80 for this period, but the wavelength
exponent varied from 1.28 to 1.98; the larger number
suggests the presence of fresher smoke due to a higher
proportion of fine to large particles (figure 60.8a and
60.8b). Because most fires are ignited after local noon,
a difference in the scattering and absorption properties
would be expected between fresh smoke in the after-
noon and aged smoke in the mornings. The difference
between the morning and afternoon peak « frequency
distributions shows only slight variations, from 1.7
and 1.8 in the morning and afternoon, respectively,
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Table 60.1 Average AOT, s.d., and Pw during 1993 and 1994 dry seasons for Cuiaba, Alta Floresta, and Santarem

Transition to Transition
Location A (nm) Preburn burn Buming to wet Wet
Cuiaba, 1993 870 0.09 £ 0.02 0.15 £ 0.04 0414013 0.15 + 0.05 0.11 + 0.04
440 0.18 + 0.06 0.38 £ 0.15 1.32 £ 046 037 £0.15 0.25 £ 0.08
alpha 0.951+0.23 131 £ 025 1.71 £ 0.12 1.25 + 0.28 1.10 £ 0.17
Duration (days) >35 21 50 ~30 >90
Pw (cm) 26 +0.5 24404 35407 4.0+ 0.6 45405
Cuiaba, 1994 870 0.07 £ 0.02 0.20 £ 0.08 0.45 + 0.15 NA
440 NA NA 1.39 £ 0.51 NA
alpha NA NA 1.61 £0.17 NA
Duration (days) ) >30 ~25 30 NA
Pw (cm) 34406
Alta Floresta, 1993 870 0.10 £ 0.02 0.15 £ 0.06 042 £+ 0.15 0.19 £ 0.05 0.15 £ 0.05
440 0.19 £ 0.06 042 4027 1.34 £ 0.54 044 +0.14 0.35 +£0.15
alpha 0.86 + 0.27 1.35 4+ 0.31 1.69 + 0.16 123 £+ 022 1.16 +£ 0.26
Duration (days) 60 ~10 60 ~30
Pw (cm) 29404 28104 4040.5 44403 50403
Alta Floresta, 1994 870 0.05 £ 0.01 0.11 £ 0.03 0.48 + 0.17 0.20 £ 0.05 0.21 £ 0.08
440 0.22 £ 0.07 0.60 + 0.16 1.73 £ 0.62 0.54 £ 0.16 0.4140.18
alpha 2.02 +£ 041 2.49 4+ 0.16 1.87 £ 0.00 1.48 £ 0.25 0.93 4+ 0.23
Duration (days) >60? ~15 >50 10
Pw (cm) 28 +£0.3 2.8+0.6 38+ 1.0 44404 6.3+04
Santarem, 1993 870 0.15 £ 0.05 NA NA 0.23 + 0.08 0.19 £ 0.07
440 0.27 £ 0.09 044 1+ 0.17 0.37 £ 0.17
alpha 0.76 £ 0.21 0.94 +0.21 0.88 £ 0.28
Duration (days) >35 ~33 >45
Pw (cm) 53410 58409 63+04

and the distributions are fairly broad and nearly iden-
tical. The AOT44 frequency distributions also do not
show a clear increase from morning to afternoon. Both
situations suggest that the scenario of local burning
around Cuiaba is less important and that much of the
smoke is probably advected from surrounding regions.

Almucantar inversions at extremely high optical
thicknesses were more difficult to obtain because of
the inhomogenious distribution of the aerosols in the
viewing scans of the instrument, as well as the in-
stability induced when inverting multiple scattered
radiation. Almucantars taken during average aerosol
loading were often unsuccessfully inverted. Those
which were inverted showed size distributions with
very large accumulation modes, which masked the
Pinatubo mode (figure 60.9). Typically, the accumu-
lation mode was 20 times greater than background
conditions, and the coarse-particle mode was approx-
imately an order of magnitude above background
conditions.

Precipitable water during this time increased from
less than 2. cm early in August to more than 4. cm late
in September (figure 60.8¢). This rise would be ex-
pected to cause some variation in the aerosol proper-
ties, either directly by condensation or absorption, or
indirectly by cloud processing. This change also sug-

gests that cloud interaction with aerosols is likely to be
more prevalent during the latter part of the burning
season, and direct radiative forcing is more significant
during the early part of the burning season. Contrast-
ing the wavelength exponent between the first two
weeks and the last two weeks in the burning season,
however, does not indicate a significant difference be-
tween the properties of the aerosols in Cuiaba.

Transition to Wet Season

The transition to the wet season lasted from 27 Sep-
tember to 1 Novertsber and the wet season began
thereafter, thus ending the widespread burning activ-
ity. Because data were scarce during these times, they
were combined. The AOT44 frequency distribution is
shifted toward small values typical of background
conditions, but particulates from late-season burning
account for the low percentage of larger AOTs. This
shift is substantiated by the Angstrom wavelength ex-
ponent which shows a wide distribution ranging from
0.9 for clear air to greater than 1.8 for smoke (figure
60.10a). The distribution of Pw is bimodal (figure
60.10b). The weaker mode (3. cm) reflects a few dry
days during the transition, and the higher mode is
more indicative of the wet season (4.7 cm). Few sky
radiance data were taken during this time because of
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Figure 60.7 The size distribution during the preburning season showed a persistent mode centered at 0.6 pm, attributable to Pinatubo strato-
spheric aerosols and weak accumulation and coarse-particle modes during 1993.

increased clouds, and so climatological analysis of the
size distribution was not possible.

Comparison to 1994

In 1994, the magnitudes of the averaged AOTs during
both dry and burning seasons were very similar to
1993, but the duration was dramatically different for
Cuiaba. For example, the transition to burning was
essentially nonexistent in 1994, and the burning season
began late in August and extende¢x approximately 30
days, compared to 50 days in 1993. The timing and
duration of the Pw remained approximately the same.
The authors have no ancillary data to explain this
observation.

Forested Site

Alta Floresta

Aerosol properties at forest sites where burning oc-
curred were similar to those in the cerrado, the Ang-
strom wavelength exponent was more variable during
the burning season, probably due to greater influence
of fresh smoke from local burning. An example is the
Alta Floresta data record, where measurements began
in June 1993 and ran through October. The data show
a very clear preburning season (AOT4s = 0.19, o
0.86) until the transition in mid-July. The burning

season began early in August (AOTyo = 1.34, o =
1.69) with a duration_ of approximately 60 days (table
60.1). Compared to Cuiaba and the cerrado sites, these
data show more distinction between morning and
afternoon conditions with an increase in AOT and
Angstrom wavelength exponent in the afternoon (figure
60.11), but considering the entire burning season, these
differences amount to an increase of only a few per-
cent, and are likely to become significant only when
individual cases are examined. The size distribution
and phase function retrieved during this time also are
very similar to conditions in Cuiaba. The size dis-
tributions indicated a close relationship to the AOTs;
that is, low AOTs showed weaker accumulation and
coarse-particle modes, and are entirely consistent with
measurements in the cerrado (figures 60.12 and 60.7).

Considering the high AOT readings during he burn-
ing season and the variable meteorological conditions,
it is fairly remarkable that biomass burning emissions
of this magnitude are repeated each year. The burning
season was reduced in 1994 to 50 days, but there was a
substantial increase in the AOT44, from 1.41 to 1.73
(table 60.1)

Santarem
In contrast, Santarem had no significant anthropogenic
aerosol loading. The AOTy4 remained at background
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Figure 60.9 The size distribution during the burning season shows very large accumulation and coarse-particle modes based on retrievals from

the almacantar measurements.

levels throughout the August and September dry sea-
son. The frequency distribution indicates that ~ 80%
of the AOT4q is less than 0.2, and the wavelength ex-
ponent (0.88) is commensurate with what would be
expected from combined background tropospheric
and stratospheric Pinatubo aerosols (Rosen et al.

1994; Russell et al. 1993). Regional burning was re-
ported ~100 km to the south, but the predominant
wind direction is NE, where there are few sources of
aerosols from biomass burning. There is a slight ele-
vation of the AOT in November and December and a
corresponding decrease in wavelength exponent. Since
the Pw is highest during this time, thereby making the
possibility of local or regional biomass burning sources
unlikely, we suggest that the source may be Saharan
dust transported across the Atlantic.

Seasonal, Diurnal, Temporal, and Spatial Variability

The variation in the AOT within the preburning sub-
season is very small and may be characterized by the

simple s.d. (table 60.1). The burning season as well as
the transition seasons show a great deal of variability
in AOT (table 60.1), and the s.d. may not accurately
represent the variation during this time because during
the burning season two situations are common: (1)
well-mixed uniform smoke is advected from regional
fires, and (2) local fires cause great variability in the
time-dependent aerosol concentration and properties.

The first case has two variants: In nonsource re-
gions, aerosols are advected, creating aerosol fronts
that result in large changes in aerosol concentrations in
a time; in Jamari, the frontal boundaries are observed
to be very active, in time resulting in large temporal
variations in AOT, on the order of hours.

In sites within biomass burning regions, there are
both diurnal variations in aerosol loading due to the
diurnal cycle of the burning (Prins and Menzel 1994),
and advection of smoke from adjacent burning re-
gions. As an example, the AOTy4 in Porto Nacional
in one week (14 to 20 September, 1992) changed from
strong diurnal increase in AOT each day from fires
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starting in late morning to early afternoon, with the
smoke aerosol dissipating by the next morning. The
cycle would then begin again as fires were ignited
by midday. But, then the meteorological conditions
changed, and from 17 to 20 September, there were high
AOT all day with no distinct diurnal variation (figure
60.13a). This condition resulted from advection of
smoke from biomass burning areas within the region.
Figures 60.135 and 60.13¢ show that for the same
AOTyy from 1.1 to 1.7 the Angstrom wavelength ex-
ponent was higher for the days that were dominated by
smoke from local burnirig rather than the smoke that
was advected into the area on 17 to 20 September, and
was thus more aged. These data suggest smaller aero-
sol particles from the fresh smoke from fires burning
on the same day rather than the more aged and re-
gionally advected smoke. Thus, not only did the aero-
sol loading increase, but the properties of the aerosols
changed as well. This behavior was commonly ob-
served in the data at most sites simply because they
were within burning regions away from local sources.
The second situation of intense local burning typi-
cally is represented by rapid oscillations in aerosol con-
centrations and properties, due to smoke from plume
remnants not yet mixed in the atmosphere. The period
of these events often is on the order of a few minutes to
a few hours. Data from a transect along highway
BR 364 in Rondonia illustrates this phenomenon (figure
60.14). The stations that are farthest apart in this trans-
ect are only 90 km from each other. This placement
typically occurs in the forested and forest converted
areas, but is less common in the aerosol environment
than in the regional events. Characterizing the aerosol
properties from sky radiance measurements is nearly

Figure 60.12 The retrieved size distri-
bution shows an increase in the accu-
mulation and coarse-particle modes
with increasing AOT. The size distri-
butions are similar to those retrieved
By} from the cerrado.

impossible during these events, whereas the spectral
optical thickness is a reliable source of aerosol size
distribution in these situations.

Discussion

The burning season for the Southern Hemisphere
tropics and the Northern Hemisphere mid- and high
latitudes occurs during the dry season, usually from
May through September. Although observations in the
mid-latitude forests were very limited, the aerosol
concentrations throughout this period showed that
aerosol loading is lightest in the highly managed mid-
latitude forests, and at times is high for the boreal re-
gions. Both regions exhibit highly variable conditions
on a scale of a few days, which can vary from back-
ground aerosol loading to heavy aerosol loading
depending on proximity to the fire. The southern
Amazon clearly demonstrated the influence of anthro-
pogenic fire sources on the aerosol loading for various
widely separated sites. The duration and magnitude of
the burning season are both longer and greater than
the North American observations. The large cyclicity
in the Northern Hemisphere aerosol concentrations is
not present in the Southern Hemisphere, other than
during the brief transition periods. This difference
suggests a much larger number of fire sources and a
reliable starting mechanism. Similar aerosol loading
is less likely to occur at high latitudes, but exceptions
can occur, as in the 1987 Chinese boreal forest fire
(Cahoon et al. 1991).

The concentrations and optical properties of aero-
sols in the Amazon Basin have been shown to vary
temporally and spatially due to emissions from an-
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Figure 60.13 Seven days of AOT measurements in Porto Nacional show two regimes; (a) one in which local fires result in diurnal patterns of
clear air and fresh smoke, and the other, in which smoke is advected from adjacent regions. The t440 vs. a plot of this time series, (b), shows two
distinct populations between the clean air (lower ) and the smoke-contaminated air (higher «). This apparent advection is a common influence
for many of the sites. () is the same as (b) except for 17 to 20 September, when the wavelength exponent was less despite very high AOTs.

thropogenic biomass burning. Background aerosol
concentrations ranged from 0.09 to 0.22 for AOTug
for all the southern Amazon measurement sites. Back-
ground levels were slightly modified in 1993 due to
stratospheric Pinatubo aerosol loading; theses were
particularly evident in the size distribution retrie-
vals. However, by 1994 the volume distribution of
the Pinatubo mode had been reduced by half. Due to
lack of strong sources of anthropogenic aerosols, it is
assumed that the majority of background aerosols are
from natural biogenic sources.

The climatological dry season can last five months,
but due to strong anthropogenic aerosol sources, we

have defined four dry-season subseasons, including
background, transition-to-burning, burning, and tran-
sition to wet season. Significant aerosol emissions are
present during all but the preburning season. The
transition seasons are characterized by a cycle of clear
to smoky conditions, and the burning season by rela-
tively constant and heavy aerosol loading. Angstrom
wavelength exponent measurements of fresh smoke (a
day or less old) typically range from 1.8 to 2.2 (Kauf-
man et al. 1992, Holben et al. 1991). The histograms of
the wavelength exponent during the burning season
suggest that the smoke is typically aged more than one
day. Cuiaba in 1993 and Alta Floresta in 1994 showed
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periods of four weeks or more of extremely high levels
of aerosol loading from smoke advected from the sur-
rounding region. The wavelength exponent during this
time was typically 1.69 to 1.87, indicating that the
smoke was aged (table 60.1).

Inversions of the sky radiances were relatively few;
the AOT 44 exceeded 1.0, thus the size distribution and
phase function retrievals are biased and may not fully
represent aerosol properties during heavy loading
events. Given these limitations, size distributions in-
dicated a significant Pinatubo mode in 1993 centered
at 0.6 um, which diminished by half in 1994. As the
burning season advanced, the accumulation and
coarse-particle modes increased, overwhelming the
Pinatubo signal. In like manner, the retrieved phase
function and asymmetry factor changed as the burning
season advanced. For example, typical asymmetry
factors in the preburning season were 0.70 @ 670 nm
and decreased to 0.58 during the burning season. Fur-
ther analysis of the retrieved phase function, compu-
tation of the hemispherical backscatter fraction (beta),
and the radiative significance are discussed by Kauf-
man et al. (1995).

Precipitable water was shown to increase from a
season low late in June through July to near wet season
values in late September and early October. The in-
crease ranged from approximately 50% to 100% of the
dry-season minimum. This pattern held for all stations
in the southern Amazon Basin and was particularly
evident in Cuiaba. Average temperatures at the surface

for the period increased only 2°C. Although relative
humidity was not measured, the implication that it in-
creased during this period corresponds to the time of
most intense aerosol emissions from biomass burning.
Despite this background, there has been no clear dif-
ference in size distributions, asymmetry factors, or
wavelength exponents between early burning season
and late burning season observations. This observa-
tion suggests that there is no growth in the aerosol size,
even with the increase in available moisture, thus the
Pw impact on optical properties of the aerosols is
minor. Furthermore, the aerosol-Pw interaction ap-
pears to be minor compared to the direct effect of
aerosol scattering and absorption on the surface radi-
ation balance. Field campaigns are needed to verify
these observations.
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