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1.  INTRODUCTION

The need to develop a climatology of aerosols
and their direct radiative forcing has been identified
as a critical gap in our knowledge of the earth’s
atmosphere and may play a large role in the pro-
cess of climate change. Recognizing this need, the
Global Aerosol Climatology Project (GACP) was
instituted by NASA and under the auspices of the
World Climate Research Programme (WCRP)/
Global Energy and Water Cycle Experiment
(GEWEX).

One problem hampering the development of
satellite based aerosol climatology is that retrievals
depend upon a priori assumptions regarding the
aerosol size distribution and/or composition. How-
ever, smoke aerosols are much more absorptive
than the aerosols assumed in such algorithms.
Therefore, analysis methods that develop statistics
regarding the possible distributions of aerosol
types would improve satellite retrievals of aerosol
optical properties. Large smoke plumes from bio-
mass burning events are among the aerosol pro-
ducing events that also greatly affect the solar inso-
lation, sometimes for long periods. One such event
occurred during the summer of 1989, when a large
outbreak of boreal forest fires occurred in Manitoba
Canada. These fires were so large that several
large areas had to be evacuated and there was evi-
dence of smoke aerosols as far south as Florida
and across the Atlantic.

The purpose of this paper is to demonstrate
one possible means of deriving distributions of bio-
mass burning aerosols resulting from boreal forrest
fires by combining satellite observations from
AVHRR and trajectory modeling using the NASA
Langley Trajectory Model (LTM). Surface radiomet-
ric measurements serve as a first order validation
of the technique and are used to estimate the radi-
ative effect of the smoke on the solar insolation.

2. THE FOREST FIRES OF 1989 IN MANI-
TOBA, CANADA

The 1989 Manitoba fire season set a record for
the number of fires and the area burned in Mani-
toba. According to the Canadian Northern Forestry
Centre, the period from July 21 through July 23,
1989 was considered to be the most critical in
terms of wide spread burning (Hirsch 1991). The
fire outbreaks were so severe that a number of
communities in northern Manitoba were evacuated
between July 19 and July 26, 1989 (Hirsch 1991).
Hirsch also reported that wind speeds associated
with a ridge system averaged between 20-33 km/h
with gusts over 50 km/h at some stations increas-
ing both the intensity and spreading of the fires.
Figure 1a provides an image of the fire area from
AVHRR Local Area Coverage (1 km resolution in
the visible channels) and indicates several areas
evacuated due to the smoke and fire.

3. FIRE/SMOKE IDENTIFICATION USING
AVHRR

The scene identification algorithm of Baum and
Trepte (1999) is used to analyze radiances from
AVHRR Local Area Coverage data (at 1 km resolu-
tion) and identify areas likely to be sources of
smoke aerosol. This method works by applying a
set of daytime spectral channel tests using the
radiances from all five of the AVHRR standard
channels at center wavelengths of 0.63 µm, 0.86
µm, 3.7 µm, 11 µm, and 12 µm. The tests are
applied on a pixel-by-pixel basis to discriminate
between clouds, sunglint, snow, smoke, and fires
using measured reflectance, reflectance ratios,
brightness temperatures, and brightness tempera-
ture differences to those quantities observed and/
or expected in a clear-sky. The threshold ranges for
the various spectral tests are based upon previous
studies (e.g., Kaufman et. al., 1990), radiative
transfer calculations and extensive operational
testing. This algorithm is currently limited to forest
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surfaces due to the difficulty of obtaining smoke
and fire detection over bright, variable, and hot sur-
faces (e.g., Matson et al. 1987). We define the min-
imum reflectance thresholds to give at least a 4-5%
increase over the background forest and ocean
reflectance.

Figure 1b shows the results from the smoke/
fire/cloud mask algorithm as described above for
the AHVRR LAC image in figure 1a. Frontal clouds
are the brightest structures present in Fig 1a and
extend roughly from the northeast corner (near the
Hudson Bay) to the southwest corner of the image.
Figure 1b identifies these features as clouds. The
numbers 1 - 4 in Fig. 1a are located just above
patches of light gray areas that are narrow to the
west and widen to the east corresponding to the
downwind direction. These are classic smoke
plume structures and these areas are identified as
such by the algorithm as shown in Fig. 1b. At the
origin of these plume structures are located clus-
ters pixels identified as fires. These fire pixels are
later used to initialize the trajectory calculations.
Based on further analysis it was determined that
Fig. 1b provides a consistent and physical repre-
sentation of the fire scene in Fig. 1a.

4. TRAJECTORY MODELING

Satellite pixels identified as containing surface
fires are assumed to act as a source of smoke
aerosols. These smoke aerosols are then assumed
to be contained within boundary layer air parcels
over fire locations. The NASA Langley Trajectory
Model (LTM) is used to predict the 3D displace-
ment of the smoke containing air parcels. The tra-
jectory model has been used in conjunction with
photochemical models and satellite observations to
study transport and photochemical processes in
the lower and middle stratosphere using opera-
tional analyses from a wide range of forecasting
centers (e.g., Pierce et al. 1997; Fairlie et al. 1997).
The LTM uses a fourth-order Runge-Kutta scheme
within an isentropic framework using winds, tem-
peratures, relative humidity, and diabatic heating
rates from operational analyses. To treat the prob-
lem of smoke aerosols in the troposphere, the fall
out rates of the smoke aerosol are treated as
coarse scavenging. In this case, LTM is initialized
using the meteorological fields from the European
Centre for Medium-Range Weather Forecasts
analysis.

The LTM is used to trace smoke containing air
parcels from fire regions over a period of 10 days in

a global context. From the analysis, given a partic-
ular grid box (which we have taken as 1 degree
equal angle here) the total number of aerosol con-
taining parcels and the relative concentration of
those aerosols are computed. As a first approach,
we queried grid boxes containing surface radiome-

Figure 1: The top panel (A) is a NOAA-11 AVHRR
image from 23, July, 1989 over northern Manitoba, Can-
ada. The small black letters in this figure correspond to
locations evacuated due to the excessive smoke and fire.
The bottom panel (B) gives the results of a cloud mask/
smoke/fire mask (Baum and Trepte, 1999).
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ter sites in Canada and the United States for the
smoke aerosol information. We then correlate the
predicted arrival and intensity of smoke to that
location with the time series of surface radiometric
measurements. A sampling of the preliminary
results are shown below.

5. SURFACE OBSERVATIONS

For the purposes of illustration, the results of
the satellite analysis and LTM are shown with radi-
ometric observations and predictions for Madison,
Wisconsin and St. Pierre and Miquelon (an island
located just south of the island of New Foundland,
Canada) are shown in Figs. 2 and 3 respectively.
Both figures show the time series of clouds, smoke
aerosols and radiation for the period of July 22-31
as initialized by the fires that occurred on July 23.
The top panel in each figure gives the 6-hourly
cloud fraction as predicted by the ECMWF Re-
analyses (ERA-15). The center panel gives the
time series of the mean fraction of initial burden of
the smoke aerosols (referred to as “C-burden”
although the actual mass of carbon has not yet
been estimated). The bottom panel of each figure
gives the time series of the daily averaged solar
insolation (W m-2) from observations and the ERA-
15 analysis. For both locations, the predicted
arrival of the smoke aerosol corresponded to a pre-
diction of little or no cloud by the ERA-15 analysis.
Since the reanalysis has no information regarding
smoke aerosols, the differences between the pre-
dicted ERA-15 and observed daily averaged fluxes
are evidence of the radiative forcing of the smoke
aerosols for those particular days.

In Fig. 2, day 210 corresponded to the day for
which the maximum amount of smoke aerosols
were predicted. The difference between the daily
averaged solar insolation between the ERA-15 and
the observations was 80 W m-2. On the subse-
quent day the difference exceeded 130 W m-2.
Interestingly, the ERA-15 and observed daily aver-
aged fluxes agreed to within 20 W m-2 for the
seven days prior to day 210 for a variety of cloud
conditions. Thus, the differences on day 210 and
211 are significantly higher, possibly indicating the
direct radiative effect of the smoke. Similarly for Fig
3., days 206 to 211 were predicted to be days
when smoke aerosol advected over the site. During
this period of time the differences between ERA-15
and observed daily averaged solar insolation are
between 80 and 100 W m-2.

Figure 2: The 3-hourly cloud fraction from ERA-15 (top),
the predicted aerosol amount (with # of parcels given)
using the LTM and ERA-15 (middle) and the observed
and ERA-15 predicted daily averaged solar insolation (W
m-2) (bottom) for Madison Wisconsin, USA, from July 22-
31, 1989. Differences between the ERA-15 and
observed solar insolation exceed 80 W m-2 during the
period when smoke aerosol from the July 23 Manitoba



6. SUMMARY AND CONCLUSIONS

In this paper, we have introduced a method of
inferring the radiative effect of smoke aerosols
using a technique that combines satellite remote
sensing with trajectory modeling. The results
shown here clearly show large flux biases between
theoretical and measured radiative fluxes correlate
with the arrival of smoke aerosol to the area. Fur-
ther analysis is required to convincingly demon-
strate that the reason for these differences is the
radiative effect of the smoke aerosols. To do this,
the estimated fluxes taken from the ERA-15 will be
recomputed every 3 hours using International Sat-
ellite Cloud Climatology Project (ISCCP) data set
entitled “DX” gridded to a 1o equal angle resolution
(see paper 7B.2 for details). Surface radiometric
and ancillary data for several more Canadian sur-
face sites are being obtained at minute temporal
resolution. The ultimate purpose of this research is
to derive aerosol smoke maps for fire events such
as this to be included in an aerosol climatology and
be incorporated in the computation of the earth’s
surface radiation budget to better understand the
radiative effect of aerosols.
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Figure 3: Same as Figure 2 except for St. Pierre and
Miquelon, France, located just south of the island of New
Foundland. Differences exceed 80 W m-2 during the
period of the predicted smoke advection over the area.
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St.PIERRE "C-Burden" July 22-31 1989
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