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Abstract. There was extensive biomass burning in Indonesia, northern Australia, 
and New Guinea during September and October 1994. This paper discusses 
two accidental encounters of biomass plumes from the 1994 Airborne Southern 
Hemisphere Ozone Experiment and Measurements for Assessing the Effects of 
Stratospheric Aircraft campaign (ASHOE/MAESA). During the October 23 descent 
into Fiji, and an ascent from Fiji on October 24, the NASA ER-2 passed through 
layers highly enhanced in NO, NOu, CO, and 03. These layers occurred near an 
altitude of 15 km. Back trajectories and satellite images indicate that the layers 
probably originated as outflow from a convective disturbance near New Guinea. The 
measurements indicate that deep convection can inject emissions from southeast 
Asian biomass burning to near tropical tropopause altitudes. Deep convection 
magnifies the impact of biomass burning on tropospheric chemistry because of the 
much longer residence times and chemical lifetimes of species in the upper tropical 
troposphere. Transport of the products of southeast Asian biomass burning into the 
upper tropical troposphere, followed by southward high-level outflow and advection 
by the subtropical jet, may play a significant role in dispersing these emissions on 
a global scale. Anthropogenic emissions from countries in southeast Asia are likely 
to increase in the future as these countries become more highly industrialized. This 
transport mechanism may play a role in increasing the impact of these types of 
emissions as well. 

1. Introduction 

There are strong seasonal and geographic variations 
in the chemical composition of the tropical troposphere. 
Much of this variability is caused by emissions from 
biomass burning. The largest burning-induced pertur- 
bations of the tropical atmosphere are probably in the 
South Atlantic [Fishman et al., 1990], where anoma- 
lously high tropospheric ozone concentrations are known 
to be largely due to seasonal burning in southern Africa 
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and South America [Logan and Kirchhoff, 1986; An- 
dteac et al., 1994]. At the other extreme is the mide- 
quatorial Pacific, where the dominant mode of air input 
into the upper troposphere is deep convection over the 
ocean, and the influence of biomass burning appears to 
be much less [Crutzen and Andveae, 1990]. Air in this 
region is usually very pristine, with ozone mixing ratios 
typically less than 25 ppbv [Routbier and Davis, 1980; 
Fishman et al., 1987; Kley et al., 1996], and NO mixing 
ratios less than 20 pptv [McFarland et al., 1979; Rid- 
ley at al., 1987; Folkins et al., 1995; Davis et al., 1996; 
Singh et al., 1996]. 

Although biomass burning does occur in southeast 
Asia, the extent to which these fires influence the pho- 
tochemistry of the surrounding region is much less well 
characterized than those which occur in South Amer- 
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ica and southern Africa. Burning occurs annually in 
parts of Indonesia prior to and during the months of 
September and October [Bachmeier et al., 1996]. How- 
ever the strength and timing of burning in Indonesia 
and northern Australia appears to be strongly mod- 
ulated by the E1 Nino Southern Oscillation (ENSO). 
Large sections of the rain forest in Borneo burned in 
the early months of 1983 as a result of ENSO-related 
drought conditions [Malingreau et al., 1985]. These fires 
were probably responsible for the large increases in total 
column ozone observed above Indonesia at this time by 
the total ozone mapping spectrometer (TOMS) [Fish- 
man et al., 1990]. During the October 13 flight of the 
1991 Pacific Exploratory Mission (PEM) West A cam- 
paign, the DC-8 intercepted a plume highly enhanced 
in a variety of chemical species including ethane [Bach- 
meier et al., 1996] and peroxides [Heikes et al., 1996]. 
This plume was attributed to burning in Borneo, again 
due to below normal rainfall associated with the ENSO 

phase. 
There was extensive biomass burning throughout In- 

donesia, New Guinea, and northern Australia in Septem- 
ber, October, and November 1994. The extensive low- 
level haze produced by these fires gave rise to severe 
air quality problems in Singapore and Malaysia. This 
haze was observed by astronauts on the Space Shut- 
tle Atlantis. The Space Shuttle photograph with image 
number STS066-154-157 (not shown), taken on Novem- 
ber 14, 1994, shows the islands of Java, Bali, and Lom- 
bok. The description accompanying this photo reads in 
part, "The region appears hazy due to extended drought 
over Indonesia and Australia. Because of drought con- 
ditions, huge fires continue to burn over other regions 
of Indonesia, New Guinea and northern Australia, pro- 
ducing a regional smoke pall." 

The southeast Asian fires of 1994 emitted large quan- 
tities of carbon monoxide (CO). Atlantis carried the 
MAPS (measurement of air pollution from satellites) 
instrument designed to measure tropospheric CO. A 
compilation of the CO measurements taken using this 
instrument between September 30 and October 11 1994 
[ Connors, 1997] show CO enhancements in South Amer- 
ica and southern Africa. These enhancements presum- 
ably reflect the biomass burning usually occurring in 
these regions at this time of year. Unlike previous years 
however [Connors, 1991], there was also an extensive re- 
gion of CO enhancement in the eastern Indian Ocean, 
and over Indonesia and northern Australia. This re- 

gion of elevated CO appears more extensive in size than 
either of the elevated CO regions in South America 
or southern Africa, and suggests that tropical biomass 
burning emissions in 1994 may have been dominated by 
fires in southeast Asia. 

Significant enhancements in total ozone above In- 
donesia were observed in September and October 1994 
by both the Meteor3/TOMS instrument and ground- 
based Brewer total ozone measurements [Fujiwara et 
al., 1996]. Figures released by the Indonesian Ministry 

of Forestry indicate that a land area of about 5.1 million 
hectares was affected by fires in 1994 [Goldammer et al., 
1996]. Most of this burning was associated with farm- 
ing activities and occurred in Kalimantan and Sumatra. 
These fires were due in part to ENSO-related drought 
conditions. There were pronounced negative deviations 
in the southern oscillation index (SOD during this pe- 
riod, as well as positive sea level pressure (SLP) anoma- 
lies over Indonesia and Australia [Kousky, 1994]. 

Measurements from Brazil and southern Africa dur- 

ing the 1992 TRACE A (Transport and Atmospheric 
Chemistry near the Equator- Atlantic) have demon- 
strated that deep convection can transport ozone pre- 
cursors into the upper troposphere [Thompson et al., 
1996, Pickering et al., 1996]. Warm sea surface temper- 
atures help give rise to extremely vigorous deep convec- 
tion in the western equatorial Pacific [Danielsen, 1993]. 
The injection of southeast Asian biomass burning emis- 
sions into the upper troposphere by deep convection 
would be expected to magnify their impact on tropo- 
spheric photochemistry [C hatfield and Crutzen, 1984; 
Dickerson et al., 1987; Chatfield and Delany, 1990; 
Pickering et al., 1990, 1992]. Mechanisms through 
which this occurs include the following. First, upper 
level winds are usually much stronger than those near 
the surface, so that convection helps spread and dilute 
emissions over a much larger area. Second, on a per 
molecule basis, NO• from fires can be expected to pro- 
duce more ozone in the upper troposphere than near the 
surface. This is due partly to the fact that timescales 
for oxidation of NO• to HNO3 are much longer in the 
upper troposphere than near the surface. The lifetime 
of NO, with respect to oxidation by OH increases from 
a few days in the boundary layer to a week or more 
in the upper equatorial Pacific troposphere [Folkins et 
al., 1995; Davis et al., 1996]. This increase with height 
is due largely to the higher NO/NO2 ratios of the up- 
per troposphere, which slow down the NO2 q- OH re- 
action rate. Once oxidized to HNO3, reactive nitrogen 
in the boundary layer is rapidly removed via surface 
deposition and washout. In the upper tropical tropo- 
sphere, timescales for rainout and washout are much 
longer [Giorgi and Chameides, 1986], and photolysis of 
HNOa is sufficiently fast that NO, can be recycled from 
HNOa and produce additional ozone. Third, ozone is 
a greenhouse gas whose radiative forcing is largest in 
the upper troposphere where temperatures are coldest 
[Lacis et al., 1990]. Deep convection can therefore en- 
hance the climatic effects of biomass burning. 

2. ER-2 Measurements 

During the 1994 Airborne Southern Hemisphere Ozone 
Experiment and Measurements for Assessing the Effects 
of Stratospheric Aircraft (ASHOE/MAESA) campaign 
[Tuck et al., 1997], there were a number of ferry flights 
between the main operational base in Christchurch New 
Zealand, and NASA Ames in California. As part of its 
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final return to Ames, the ER-2 flew from Christchurch 
to Fiji on October 23, 1994. It left Fiji for Hawaii on 
October 24. The ER-2 is a heavily instrumented air- 
craft with a cruising altitude of 18-20 km. 

Nitrous oxide (N20) was measured from the ER- 
2 during ASHOE/MAESA [Podolske and Loewenstein, 
1993], and its variation with height during the October 
23 descent into Fiji is shown in Figure 1. N20 sharply 
decreases above 90 mbar but is nearly uniform below 
90 mbar. One would therefore expect the tropopause 
to occur near 90 mbar. This corresponds to a potential 
temperature of 385 K. This definition is consistent with 
the temperature profile shown in Figure 7, which shows 
that the temperature minimum occurs at 90 mbar as 
well. 

Figure 1 also shows total reactive nitrogen (NOs) dur- 
ing the October 23 ER-2 descent into Fiji [Fahey et al., 
1989]. Within the troposphere (below 90 mbar), there 
are two layers of anomalously high NO s . The upper 
layer occurs between 110 and 140 mbar (approximately 
14-16 kin) and the lower layer occurs between 420 and 
580 mbar. In both cases, NO s mixing ratios consider- 
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Figure 1. (top) Scatterplot of NO u versus N20 during 
the October 23 descent into Fiji. (bottom) Plot of NO s 
and N20 versus pressure during the descent. The points 
most strongly deviating from linearity in the scatterplot 
come from the 110 - 130 mbar interval in the vertical 
profile. 

ably exceed the 200 pptv typically observed in the equa- 
torial Pacific upper troposphere [Folkins et al., 1995]. 

The main source of NO s in the stratosphere is the re- 
action of N20 with OlD, which produces two NO radi- 
cals. This reaction helps give rise to the well-known an- 
ticorrelation between NO s and N20 in the stratosphere 
[Loewenstein et al., 1993]. The top panel of Figure 1 
shows NO s plotted against N20 during the October 23 
ER-2 descent. Within the stratosphere, these points 
project onto a single line. The points within the upper 
enhanced NO s layer, having NO s mixing ratios of 1000 
pptv and N20 mixing ratios of 311 ppbv, strongly devi- 
ate from the overall linear relationship. This indicates 
that the stratosphere can be discounted as the source of 
the enhanced NO s in this layer. Unfortunately, the ab- 
sence of N20 measurements in the lower layer makes it 
difficult to determine if this NO s enhancement is strato- 
spheric or tropospheric in origin. 

Figure 2 shows measurements of NO [Fahey et al., 
1989], CO [Webster et al., 1993, 1994], 03 [Proffitt et 
al., 1989] and total H20 [Kelly et al., 1990] during the 
October 23 descent. The upper layer of enhanced NOy 
in Figure i coincides with enhancements in NO, CO, 
and 03. The CO enhancement provides additional evi- 
dence that the layer is not of stratospheric origin. NO 
mixing ratios of about 300 pptv within the layer are 
about an order of magnitude higher than background 
values. NOy variations in the lower layer are positively 
correlated with 03 and negatively correlated with H20. 

The chemical anomalies observed on October 23 were 

still present 36 hours later when the ER-2 left Fiji for 
Hawaii. Measurements of NO, CO, 03, and H20 during 
the October 24 ascent from Fiji are shown in Figure 3. 
There are continued strong enhancements in CO, NO, 
and 03 between 100 and 130 mbar. 03 and H20 remain 
anticorrelated in the lower layer between 420 and 580 
mbar. 
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Figure 2. NO, GO, H20, and 03 during the October 
23 ER-2 descent into Fiji. Note the enhanced NO, CO, 
and 03 between 110 and 140 mbar, and the 03 - H20 
anticorrelations between 420 and 580 mbar. 
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Figure 3. NO, CO, Oa, and H20 during the October 
24 ER-2 ascent from Fiji. Note the enhanced CO and 
NO still present in the upper troposphere. 

3. Back Trajectories and Satellite 
Images 

Figure 4 shows a cluster of 10 day back trajectories 
originating from the vicinity of the October 23 upper 
NOy layer. The trajectories are isentropic with a com- 
mon potential temperature of 365 K. In the absence 
of condensational heating or evaporative cooling, po- 
tential temperature is nearly conserved on a timescale 
of several days, especially near the tropical tropopause 
where heating rates are small (see Figure 7). The 
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Figure 4. Isentropic 10 day back trajectories from 
points clustered about the location of the ER-2 descent 
into Fiji. The common 365 K potential temperature 
of the trajectories is near the midpoint of the upper 
NOy layer in Figure 1. Crosses along the trajectories 
separate I day intervals. The ER-2 flight track from 
Christchurch to Fiji has been drawn in as a thick line. 
The arrow denotes the direction of the 365 K wind vec- 
tor as measured from the ER-2. 

assumption of constant potential temperature should 
therefore be reasonably well obeyed in the absence of 
cloud processes. The back trajectories shown in Figure 
4 were calculated using the Goddard Space Flight Cen- 
ter (GSFC) Trajectory Model [Schoeberl and Sparling, 
1994] with winds from an assimilation scheme (ASM). 
There are two types of trajectories originating from near 
the upper NOy layer. The largest group of trajectories 
starts above the equator, proceeds toward the west, and 
then comes back to Fiji after reversing direction be- 
tween Australia and New Guinea. The other group is 
more localized near Fiji. 

Figure 5 shows visible and infrared AVHRR (ad- 
vanced very high resolution radiometer) images of east- 
ern Australia and New Guinea taken at 2051 UT on 

October 19, 3.25 days prior to the ER-2 descent on Oc- 
tober 23. The eastern coastline of Australia can be seen 

in the visible image. Figure 6 shows the domain of the 
two satellite images. A prominent feature of both is the 
midlatitude cyclone centered near Tasmania. There is 
also a site of deep convective near the top of the images 
just off the eastern coast of New Guinea. This surface 
low would give rise to an upper level anticyclonic (anti- 
clockwise in the southern hemisphere) circulation in the 
upper troposphere. It appears to be associated with the 
reversal in direction of the larger of the two groups of 
trajectories shown in Figure 4. 

The back trajectories of Figure 4 and satellite im- 
ages of Figure 5 are consistent with the notion that air 
within the upper NOy layer in Figure 1 originated 3-4 
days earlier as outflow from a deep convective site near 
New Guinea. The extensive biomass burning occurring 
at this time in Indonesia, northern Australia, and New 
Guinea is the most plausible explanation for the large 
CO enhancements of this layer. A back trajectory clus- 
ter calculated using winds from the United Kingdom 
Meteorological Office (UKMO) is very similar to the 
group of trajectories shown in Figure 4 which traverse 
New Guinea and Australia. The UKMO trajectories 
give no indication of the small scale circulation which 
gives rise to the more localized ASM trajectories in Fig- 
ure 4. Assimilation models do however often perform 
poorly in the tropics due to a lack of observational data. 
Some comparisons of winds in the tropics observed from 
the ER-2 during ASHOE/MAESA with forecast and as- 
similated winds are given by Tuck et al. [1997]. The in 
situ wind vector measured from the ER-2 at 365 K is 

drawn in Figure 4. Its direction is roughly consistent 
with the direction of the back trajectories. 

The ASM winds have also been used to calculate the 

10 day back trajectory starting from the upper layer of 
enhanced NO and CO on October 24. The shape of this 
trajectory is very similar to the group of trajectories 
shown in Figure 4 traversing northern Australia and 
New Guinea. This indicates that the upper layers of 
anomalously high NO and CO seen on October 23 and 
24 probably originate from the same deep convective 
system. 
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Figure 5. (left) Visible and (right) infrared AVHRR 
images of eastern New Guinea and Australia at 2051 
UT on October 19, 1994. Note the convective cloud 
cluster near the top of the images, and the midlatitude 
cyclone near the bottom. The outlines of Australia and 
New Guinea can be seen in the visible image. 

4. Enhancement Ratios 

Emissions from biomass burning give rise to char- 
acteristic relative enhancements of chemical species. 
These enhancements are ordinarily indexed against CO2. 
Andreae [1991] gives best guess emission ratios for CO 
and NO• of ACO/ACO2 ,-• 0.1 and ANOa;/ACO2 ,-• 
0.0021. Combining these two ratios gives ANO•/ACO 
-,, 0.021. Emission ratios vary dramatically depend- 
ing on the fire stage and nitrogen content of the fuel 
[Loberr, 1991]. Enhancement ratios within plumes will 
evolve with time as air within the plume is mixed with 
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Figure 6. Domain of the October 19, 1994 AVHRR 
images shown in Figure 5. 

background air characterized by differing relative con- 
centrations of species, as CO is oxidized to CO2, and 
as NO• is converted to other forms of reactive nitrogen, 
some of which will be soluble and therefore subject to 
washout and rainout. Ozone enhancements within the 

plume (shown in Figure 2) indicate that some oxidation 
of CO to CO2 has already taken place. After detrain- 
rnent, NO s is a more conservative tracer than NO• and 
therefore probably gives a better indication of the NO• 
originally emitted into the plume. The NO s enhance- 
ment of the upper layer in Figure 1 is roughly constant 
at 500 pptv. The CO enhancement within the layer 
varies from near zero to 35 ppbv. One can roughly 
estimate a CO enhancement of 30 ppbv by assuming 
that the largest CO enhancements are more likely to 
be representative of the actual CO enhancement due to 
biomass burning. This yields an enhancement ratio of 
ANOs/ACO • 0.017. This is quite close to the ratio 
ANO•/ACO • 0.021 given above and supports the no- 
tion that the NO s enhancements within the layer do 
originate from biomass burning. 

be Clear Sky Radiative Heating Rates 

The extent to which deep convection contributes to 
the global dispersal of the products of biomass burning 
depends in part on the altitude of detrainment. Emis- 
sions which detrain at higher altitudes will in general 
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have longer residence times, and be transported longer 
distances, than emissions which detrain closer to the 
surface. The residence time of an air parcel in the up- 
per tropical troposphere will be partly determined by 
the heating rate vertical profile. Large-scale downward 
motion in the tropics occurs via subsidence associated 
with radiative cooling. Air parcels which detrain near 
the tropical tropopause might be expected to have par- 
ticularly long residence times because clear sky heating 
rates go from negative in the troposphere (net cooling) 
to positive in the stratosphere (net heating). 

The ER-2 measurements of temperature, ozone, wa- 
ter vapor, and pressure during the October 23 descent 
have been used as inputs into a one-dimensional radia- 
tive transfer model to calculate the clear sky heating 
rate vertical profile. The radiative transfer model is 
based on the •-four-stream method [Liou et al., 1988], 
and employs the correlated k-distribution technique for 
gaseous absorption and emission [Fu and Liou, 1992]. 
It was formulated on pressure levels with a spacing of 
i mbar near the tropopause. The cosine of the solar 
zenith angle was fixed at 0.5 to approximate a diurnal 
average. This choice does not strongly affect heating 
rates near the tropopause, which are dominated by con- 
tributions from the longwave portion of the spectrum. 

The total (solar + longwave) clear sky heating rates 
generated by the model are shown in Figure 7. The first 
onset to positive net heating occurs considerably below 
the tropopause (90 mbar), and close to the bottom of 
the plume at 140 mbar. The near zero clear sky heating 
rates within the plume suggest very slow subsidence, 
and enhance the likelihood of very long range transport. 
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Figure 7. (left) Temperature and ozone, as mea- 
sured from the ER-2 during the October 23 descent 
into Fiji, between 60 and 180 mbar. (right) Total (so- 
lar + longwave) clear sky heating rate versus pressure 
as calculated by a radiative transfer model using as in- 
puts the ER-2 measurements of temperature, pressure, 
ozone, and water vapor. The contribution of the 9.6 
/•m ozone band to the total heating is shown as a thick 
line. Note the strong anticorrelation between temper- 
ature and heating rate near the tropopause. Photon 
path lengths in the 15/•m band of CO2 are sufficiently 
short that positive temperature fluctuations are rapidly 
damped by negative heating rates, and vice versa. 

Heating rates near the tropopause are largely a resid- 
ual between cooling associated with water vapor emis- 
sion, and warming associated with net longwave absorp- 
tion by the 15/•m CO2 band. Figure 7 also shows that 
longwave heating by the 9.6/•m ozone band within the 
plume (110-140 mbar) does help shift this residual to- 
ward positive net heating. This suggests that ozone pro- 
duction within biomass-burning plumes near the trop- 
ical tropopause may lengthen their residence times by 
contributing toward radiative self-lofting. 

It should be noted that clear sky radiative heat- 
ing rates can be drastically altered by the presence of 
clouds. Cloud top cooling rates are of the order of 10 
K/d. The addition of a cloud below the plume would 
largely absorb the warm upwelling radiation from the 
surface and sharply diminish longwave ozone heating 
within the plume. It would not, however, change the 
overall shape of the clear sky radiative heating rates 
shown in Figure 7 or strongly perturb heating rates 
within the plume from their near zero values. 

6. Aerosol Volume and Ozone Profiles 

Biomass burning affects the radiative forcing at the 
surface primarily through the emission of black carbon, 
aerosol-forming sulfur compounds, and ozone precur- 
sors. Aerosol concentrations in various size bins were 

measured from the ER-2 using a multiangle aerosol 
spectrometer probe (MASP) [Baumgavdnev et al., 1996]. 
Aerosol volume was obtained by integrating over size 
bins from 0.15 to 10/•m. Its variation with height dur- 
ing the October 23 descent into Fiji is shown in Figure 8. 
Aerosol volumes are higher in the stratosphere (above 
90 mbar), within the dry, ozone rich layer between 420 
mbar and 580 mbar, and below 850 mbar in the ma- 
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Aerosol volume versus pressure during the 
October 23, 1994, descent into Fiji. 
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rine boundary layer. They are also somewhat enhanced 
within the 110 to 140 mbar plume interval. 

It is possible to estimate the aerosol volume enhance- 
ment that would have occurred if none of the sulfate 

aerosol within the plume had been removed during deep 
convection. Using a CO enhancement within the plume 
of 30 ppbv, the SO• (= SO2 + aerosol sulfate) emis- 
sion ratios of Andreae [1991], and assuming that all the 
emitted SO• is converted to aerosols consisting of 50% 
by mass H20, gives an aerosol volume enhancement of 
0.6/•ma/cm a within the plume. The observed aerosol 
volume enhancement within the plume is about 0.04 
/.tma/cm 3, more than 10 times smaller than the above 
estimate. This implies a deep convective removal effi- 
ciency of greater than 90%. 

Ozone is a greenhouse gas whose radiative forcing 
strongly depends on altitude. On a per molecule ba- 
sis, its forcing is strongest at the tropopause [Lacis 
et al., 1990]. Some indication of the enhancement in 
upper tropospheric ozone above Fiji caused by south- 
east Asian biomass burning can be obtained by com- 
paring the ozone profiles above Fiji in October with 
those 7 months earlier. Figure 9 shows the two Octo- 
ber ozone profiles together with two profiles taken in 
March. The two October profiles show considerable en- 
hancement over those in March between 355 K and 375 

K, within the altitude range at which the radiative forc- 
ing of ozone is maximized. 

Some of the differences in the two sets of profiles in 
Figure 9 may be due to seasonal variability [Komala at 
al., 1996]. Stratospheric (above 380 K) 03 mixing ratios 
are consistently higher in October than March, despite 
the fact that ozone mixing ratios at these altitudes are 
unlikely to have been affected by biomass burning. This 
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Figure 9. A comparison of ttze two ozone profiles 
above Fiji taken during on October 23 and 24, with 
two profiles taken 7 months earlier on March 27 and 29. 

may be because upwelling in the lower stratosphere is 
strongest during northern hemisphere winter [Holton et 
al., 1995]. Stronger advection of ozone poor air from 
below during the winter would tend to reduce 03 mix- 
ing ratios in the lower stratosphere, and may induce 
a seasonal cycle in which 03 is lower during northern 
hemisphere spring than fall. 

7. Discussion 

Measurements discussed in this paper appear to con- 
firm a prediction by Goldammer et al. [1996] that 
deep convection in southeast Asia can contribute to the 
global dispersal of biomass burning emissions. This dis- 
persal occurred despite the overall inhibition of deep 
convection in this region associated with the negative 
ENSO phase. 

The extent to which biomass burning increases ozone 
production rates in the upper tropical troposphere de- 
pends on the extent to which it simultaneously increases 
both CO and NO concentrations at these altitudes. The 

upper tropospheric CO enhancements seen on October 
23 and 24 are almost certainly due to biomass burning. 
It is not however possible to rule out lightning [Tuck, 
1976] as a contributor to the NOy enhancements. Light- 
ning has been suggested as an important source of NOy 
to this region [Murphy et al., 1993], and this appears to 
be confirmed by recent measurements [Kawakami et al., 
Impact of lightning and convection on reactive nitrogen 
in the tropical free troposphere, submitted to Journal 
of Geophysical Research, 1997]. However the uniformity 
of the NOy and NO enhancements in the plumes, and 
the fact that the NOy enhancement on October 23 was 
comparable to that anticipated from biomass burning, 
support the notion that the reactive nitrogen enhance- 
ments did originate from biomass burning. 

The very dry lower layer of enhanced NOy, 03, and 
CO probably originated from the midlatitude upper tro- 
posphere. Well-defined layers with these chemical char- 
acteristics are frequently observed in the subtropics and 
are associated with transport of midlatitude air into the 
tropics [Fishman et al., 1987, Danielsen et al., 1987]. 
Newell [1996] provides a discussion of layers of this type 
observed in PEM West A. Five day isentropic back tra- 
jectories from this layer originate from central Australia 
and descend rapidly prior to intersecting the ER-2 flight 
track. This subsidence is probably related to the mid- 
latitude cyclone near Tasmania seen in Figure 5. 

The quasi-isentropic transport of air from midlati- 
tude regions into the tropics by midlatitude cyclones 
will generally be restricted to isentropic surfaces of 335 
K or lower. Because of the shorter residence times of 

chemical species in the lower troposphere, species such 
as 03 and NOy transported into the equatorial Pacific 
in this way will have less impact on a per molecule ba- 
sis than species injected into the upper troposphere by 
deep convection. 
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8. Conclusions 

Flights from the 1994 ASHOE/MAESA campaign 
have yielded new insights into the effects of biomass 
burning in southeast Asia on the chemical composition 
of the western equatorial Pacific. In situ measurements 
from this campaign, in conjunction with meteorological 
analyses and satellite images, have demonstrated that 
deep convection in southeast Asia can inject emissions 
from biomass burning to near tropical tropopause alti- 
tudes. 

Deep convection magnifies the impact of emissions 
from biomass burning on tropospheric chemistry by 
spreading out their perturbative effects over increased 
timescales and spatial scales. The lifetimes of many 
soluble chemical species, or species such as O3 which 
have surface losses, are determined in large part by the 
timescale required for subsidence and eventual entrain- 
ment into the surface boundary layer. This timescale 
increases from days in the lower troposphere to weeks 
or months in the upper tropical troposphere. In the case 
of the biomass-burning plume discussed here, residence 
times can be expected to be particularly long because 
clear sky radiative heating rates within the plume were 
slightly positive. During the 3-4 days since detrain- 
ment, the plume had traveled approximately 4000 km 
from eastern New Guinea to Fiji. A 10 m/s wind and 
a residence time of a month could easily have given rise 
to a hemispheric-wide dispersal of the plume. 

When coupled with deep convection, biomass burning 
is a source of O3 and NO to the upper tropical tropo- 
sphere, a region which is dynamically inaccessible to the 
midlatitude troposphere. At present, it is not known 
how frequently deep convection near Indonesia is able 
to pump biomass burning emissions into the upper tro- 
posphere. An assessment of the global significance of 
these types of events is therefore not possible. Exten- 
sive biomass burning in this region appears to be quasi- 
periodic rather than annual. The biomass burning in 
Indonesia and surrounding areas occurring in October 
and November 1994 was caused by a drought instigated 
by an E1 Nino. This is consistent with previous reports 
of biomass burning in this region. However, anthro- 
pogenic emissions from southeast Asia are expected to 
increase in the future as the countries in this region be- 
come more highly industrialized. The dynamical mech- 
anism discussed in this paper would also apply to the 
dispersal of these types of emissions. 
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