change of surface emission at 300 K (~6.1
W m™2 K1) and are larger than previously
derived satellite values (9, 12, 19, 20) as
shown in Table 1.

During the time of the experiment, dif-
ferences (up to 40%) in precipitable water
and convective activity were observed be-
tween regions east and west of the dateline
(19). Therefore, the data were divided into
two groups to produce tropospheric green-
house effect profiles in convectively sup-
pressed (east) and convectively active
(west) regions. The profiles shown in Fig. 4
were constructed by using P-3 data for the
mid- and lower troposphere (400 mbar and
below), Learjet data for the upper tropo-
sphere (~191 mbar), and ER-2 data for the
tropopause (~69 mbar). A comparison of
the G, profiles suggests that the greenhouse
absorption is greater in the convectively
active region west of the dateline at every
level measured by the aircrafts. Our sample
in the convectively active region is not
large enough to prove this point; however,
vertical profiles of atmospheric temperature
and humidity measured with dropsondes
launched from the learjet in conjunction
with the radiometric measurements provide
further support for this observation. The
greenhouse effect was computed from these
soundings with a radiative transfer model
(21, 22). Regression of the calculated G,
against SST and satellite indices of convec-
tive activity also gives values for G, that are
systematically larger in convective regions.
The analysis also shows that the perturba-
tions in G, by convection at fixed SST are
comparable in magnitude with the effect of
increasing SST by 2 K. This effect results
primarily from local moistening of the at-
mospheric column by deep convection.

Lubin (23) finds dF; /d(SST) > 45(SST)?
for surface observations, and our results show
dG /d(SST) > 40(SST)? for tropopause and
tropospheric measurements. Furthermore, by
comparison we find dG, /d(SST) ~ d(F)/
d(SST), demonstrating that the radiation
absorbed as greenhouse effect is radiated
back to the surface and contributes to surface
heating (Fig. 5). The observed net surface
heating due to the water vapor greenhouse
effect affects those regions of the tropical
oceans that have been shown by general
circulation model studies to be key areas for
climate change and global warming.
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Direct Radiative Forcing by Smoke from
Biomass Burning

Peter V. Hobbs, Jeffrey S. Reid, Robert A. Kotchenruther,
Ronald J. Ferek, Ray Weiss

Airborne measurements in smoke from biomass burning in Brazil have yielded optical
parameters that permit an improved assessment of the effects of smoke on Earth’s
radiation balance. The global-mean direct radiative forcing due to smoke from biomass
burning worldwide is estimated to be no more than about —0.3 watt per square meter
(cooling), compared with +2.45 watts per square meter (warming) due to anthropogenic
greenhouse gases. On regional scales, direct radiative forcing due to smoke can be large

and might indirectly affect global climate.

Radiative forcing (1) due to increases in
long-lived greenhouse gases since preindus-
trial times is know rather precisely: +2.45 *
0.37 W m™? (2). Direct radiative forcing
(DRF) due to increases in anthropogenically
derived aerosols, on the other hand, is quite
uncertain: —0.5 W m ™2 is the global average,
with an uncertainty of at least a factor of 2 (2,
3). Until the magnitude of radiative forcing
due to anthropogenically derived aerosols is
known more precisely, the uncertainty in the
estimate of the net radiative forcing due to
anthropogenic emissions of gases and parti-
cles, and therefore predictions of global warm-
ing, will remain unacceptably large.

The main contributors to radiative forcing
by anthropogenic aerosols are believed to be

P. V. Hobbs, J. S. Reid, R. A. Kotchenruther, R. J. Ferek,
Department of Atmospheric Sciences, University of
Washington, Seattle, WA 98195-1640, USA.

R. Weiss, Radiance Research, Seattle, WA 98177, USA.

sulfate particles from fossil fuel combustion
and smoke particles from biomass burning.
About 80% of all biomass burning occurs in
the tropics, and South America accounts for
about 30% of all tropical burning (4). Penner
et al. (5) estimated the global-mean DRF due
to biomass burning to be —0.8 W m™? (6).
We describe here a comprehensive set of mea-
surements of the optical properties of smoke
from biomass burning in Brazil (7). We then
assess the effects of these measurements on
estimates of the global-mean DRF due to
smoke from biomass burning using a model
similar to that used by Penner et dl.

To quantify DRF due to aerosols, the
magnitudes of four optical properties of the
aerosols are required: the mass light-scatter-
ing efficiency, the fraction of solar radiation
backscattered to space, the single-scattering
albedo [that is, the ratio of the light-scatter-
ing coefficient (o) to the total extinction
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coefficient], and the effect of relative humid-
ity (RH) on the light scattering. Measure-
ments were obtained on smoke produced by
the burning of cerrado, pastures, and primary
forests in Brazil in the vicinity of Cuiaba,
Porto Velho, and Maraba (Fig. 1), which
were chosen to sample regional smoke with
different characteristics (8). All of the mea-
surements were made from the University of
Woashington’s research aircraft (9). Light-
scattering measurements at wavelengths of
450, 550, and 700 nm were obtained with a
nephelometer (10), which had a backscatter
shutter to determine the total hemispheric
backscatter fraction (90° to 170°). Aerosols
were sampled continuously through an iso-
kinetic inlet and dried to RH < 30%.

Polytetraethylene (Teflon) filters exposed
to the smoke were weighed to determine the
dry mass of the smoke. The filters were also
analyzed by the integrating plate method
(11), to determine black carbon content and
the integrated aerosol light absorption coeffi-
cient (), and by ion chromatography. Over-
all, the measured ionic species together with
black carbon accounted for less than 30% of
the aerosol dry mass. The remainder of the
aerosol mass was largely organics.

The particle mass scattering efficiency
a, is defined by

o, = o cyf(RH) (1)

where ¢, is the mass concentration of the
particles and f(RH) represents the change
in o, with RH. For a wavelength of 550 nm,
we obtained dry mass scattering efficiencies
for the smoke ranging from 2.8 to 3.3 m?
g~ ! (Table 1) (12).

10°8

20°8

50°W

40°W

Fig. 1. Locations of the three main study areas in
Brazil (dots surrounded by circles) and represen-
tative winds at 850 mbar for the study period.

On average, the youngest regional smoke
was encountered in Maraba, and the oldest
smoke, in Porto Velho (Fig. 1). The dry mass
scattering efficiency increased with the age of
the smoke (Table 1). This increase was attrib-
utable to the growth of smoke particles by
coagulation and gas-to-particle conversion
into a size range where they scattered light
more efficiently. The median diameter of
smoke increased from 0.12 * 0.02 wm close
to their sources to 0.18 = 0.06 um in the
regional smoke, and the dry masses of the
particles increased from between about 30 and
100% as they aged over several days. The
measurements presented in the remainder of
this report are for well-aged smoke, which is of
most relevance to climate modification.

The nephelometer provided measure-
ments of the fraction of solar radiation that
would be scattered backwards by a thin
layer of smoke when the sun was directly
overhead [B(1)]. This measurement was
converted to an average value () of solar
radiation backscattered during the course of
a day by accounting for all possible sun
angles (13). At a wavelength of 550 nm, 8
ranged from 0.24 to 0.26 (Table 1).

The particle mass absorption efficiency
a, is defined by

(2)

. REPORTS

We derived values of a, from Eq. 2 using
our measurements of o, and c_, (Table 1).
The mass absorption efficiencies for smoke
measured in the vicinities of Porto Velho
and Maraba (0.64 and 0.62 m? g™}, respec-
tively, at a wavelength of 550 nm) were
significantly lower than that for the Cuiaba
region (0.83 m? g~!).

If the mass absorption efficiency of
black carbon is assumed to be independent
of wavelength in the visible spectrum, our
measurements of the light absorption co-
efficient and the wavelength-dependent
mass scattering efficiency of smoke can be
combined to yield the single-scattering al-
bedo (wy) of the smoke (Table 1). At a
wavelength of 550 nm, we obtained mean
values of w,, for dry smoke particles in the
range of 0.82 to 0.84. Concurrent mea-
surements of absorption yielded a mean
value of 0.84. These values for the single-
scattering albedo of smoke in Brazil are
lower than those measured by Radke et al.
(14) for boreal fires (0.85 to 0.90), but
they are roughly the same as those given
by Radke et al. (15) for smoke from a wide
range of fires at mid-latitudes (0.80 to
0.85).

Measurements of f(RH) were obtained
by drawing smoke samples into a nephe-
lometer and measuring o, as the smoke

Table 1. Optical parameters for dry smoke particles measured in regional hazes at three locations in
Brazil. Values given are means and standard deviations.

Wave- _
length ag (Mg~ B(1) B a, (m2g™7) g
(nm)
Maraba
450 3.6 +0.75 0.11 £ 0.015 0.24 = 0.01 0.86 + 0.015
550 2.8 +0.75 0.12 £ 0.015 0.25 + 0.01 0.62 +0.10 0.81 + 0.020
700 16+05 0.15 * 0.015 0.28 + 0.01 0.71 = 0.030
Porto Velho
450 42 +0.9 0.10 = 0.01 0.23 += 0.01 0.87 + 0.036
550 3.3 £0.75 0.11 = 0.01 0.24 * 0.01 0.64 +0.13 0.84 + 0.046
700 1.9+05 0.14 £ 0.015 0.27 = 0.01 0.75 + 0.065
Cuiaba
450 43*1.0 0.12 * 0.02 0.25 + 0.015 0.84 + 0.052
550 3.3*+1.0 0.13 £ 0.03 0.26 = 0.02 0.83 = 0.30 0.80 = 0.063
700 1.8+0.5 0.16 = 0.035 0.29 * 0.025 0.69 + 0.085

Table 2. Estimates of DRF and the optical parameters from which they are derived. The first four
columns give the mean values of the optical parameters for smoke particles at a wavelength of 550 nm
measured in regional hazes near Maraba, Porto Velho, and Cuiaba in Brazil. The remaining four columns
show global-mean values due to smoke from biomass burning derived from Egs. 3 through 5, the
measured optical parameters, and a global-mean column burden of smoke of 3.7 X 103 gm~2. The
corresponding quantities from Penner et al. (5) are given on the last line.

. - DRF
Location ( mz"‘gs_1) B m;"ga_1) fRH) =, T, Aa, Wm-2
Maraba 2.8 0.25 0.62 1.4 0.014 0.0023 8.4 x 1074 -0.29
Porto Velho 3.3 0.24 0.64 1.1 0.014 0.0024 7.3 x10™% -0.25
Cuiaba 3.3 0.26 0.83 1.1 0.013 0.0031 7.2x10"*% -0.25
Penner et al. (5) 4.7 0.30 0.7 1.7 0.0830 0.0026 25x 1073 -0.8
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was exposed to various values of RH (10)
(Fig. 2A). The mean values of f(RH) at
RH = 80% [assumed by Penner et al. (5) and
others to be an effective average global RH]
ranged from 1.1 to 1.4 (Fig. 2B). A humid-
ification factor must be applied to the value
we measured for the dry mass scattering ef-
ficiency (o) of the smoke (3.3 m? g7!). A
mean value for f(RH) at RH = 80% of 1.3
yields values at 550 nm for o and w, of 4.3
m? g~! and 0.88, respectively. From black
catbon measurements of young smoke in
Brazil, Kaufman et al. (16) used Mie theory,
and other assumptions, to derive a value of
0.90 for w,.

The net change in the mean planetary
albedo (Aa) produced by a thin aerosol
layer is given by (17)

Ao, =

P
[T2(1 — AJN2(1 — R)*Br, — 4R (3)

where T, is the transmissivity of the atmo-
sphere above the aerosol layer, A_ is the cloud
fraction, R, the reflectivity of the underlying
surface, T, and T, are the optical depths for
light scattering and light absorption
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Humidification factor at RH = 80%
Fig. 2. (A) A typical plot of f(RH) versus RH for
smoke in Maraba, Brazil. For comparison, mea-
surements are shownfor urban aerosol on the
East Coast of the United States. (B) Cumulative
frequency distribution plot for f(RH) of smoke at
RH = 80% and a wavelength of 550 nm. The
ordinate is the percentage of cases with values of
f at RH = 80% that are equal to or greater than
the corresponding value on the abscissa.
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7, = Maf(RH) (4)

and

(5)

and M is the column burden (in grams per
square meter) of the dry aerosol mass. The
DRF due to the aerosol layer is given by
A, So/4, where S, is the intensity of solar
radiation incident on the aerosol layer.

Penner et al. (5) used Egs. 3 through 5 and
the best values for the optical constants of
smoke available at the time, which derived
primarily from measurements of smoke from
forest fires in temperate latitudes (15), to
estimate global-mean values for Ao, and the
DRF due to biomass smoke (Table 2). Using
the values we measured for the optical con-
stants 3, o, fIRH), and «, of smoke in Brazil
and, for the other parameters in Egs. 3
through 5, the values used by Penner et dal.
[that is, T, = 0.76, (1 — A) = 039, R, =
0.15,and M = 3.7 X 1073 g m~?], we obtain
values for Aa, and therefore the global-mean
DRF due to smoke from biomass burning, that
are about a factor of 3 less than those estimat-
ed by Penner et al. Thus, our estimate for the
global-mean DRF due to aerosols from bio-
mass burning is about —0.3 W m ™2 (Table 2).
This value is probably an upper limit for rea-
sons noted in (6) and (13).

We commonly measured optical depths of
0.4 and sometimes as high as 2.5 over large
regions of Brazil, and the column burden of
smoke was typically 0.35 g m™2. Consequent-
ly, on a regional scale in the Amazon Basin,
DRF by smoke is substantial. For optical
depths greater than about 0.2, a radiative
transfer model more sophisticated than that
represented by Egs. 3 through 5 must be used.
Also, for a more accurate estimate of the
global-mean DRF due to biomass burning and
a determination of the uncertainty of this
estimate, three-dimensional global model sim-
ulations are needed that take into account the
geographical distribution and source strengths
of the major regions of biomass burning, the
dispersion of the smoke over land and ocean,
and measurements of the optical properties of
the smoke in various regions (18).

T, = Ma,
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