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Abstract. Ozone concentration profiles from
the ground to above the stratospheric peak have
been obtained, for the first time, in an
equatorial rain forest environment near Manaus
(395 6Q°W). We have described in detail the
average ozone profile in the troposphere, the
observed variations, and a major biomass-burning
event that occurred near the end of the
experiment. The average ozone mixing ratio at
1000 mbar was 13 parts per billion by volume
(ppbv), increasing to 45 ppbv at 500 mbar. From
500 mbar wupward, in the free troposphere, the
mixing ratio stays roughly constant. The peak
0, concentration occurs at 20 mbar (26.6 km)
reaching 4.4 x 1012 molecules cm~3. The values in
the troposphere are much lower than results from
the low-latitude Atlantic coast. The average
gradient below 1000 m 1in Manaus 1s twice as
large. The diurnal variation 1is strongest near
the surface, decreasing upward. Close to the
surface the ozone gradient 1s 1largest 1in the
early morning, decreasing toward noon. A
significant pollution (burning) event, near the
end of the experiment, was responsible for large
changes in ozone concentrations, which increased
first in the lower troposphere but eventually
reached the free troposphere as well.

1. Introduction

The ozone data to be described were obtained
in a tropical environment. Tropospheric chemistry
in the tropics 1s more active, as described
below, and is important to the global atmosphere
in many aspects, for example, to the long-lived
constituents which can be transported via the
Hadley cell to higher latitudes.

1.1. Importance of Sampling Region

The equatorial rain forest of the Amazon Basin
is the largest of its kind on Earth. On Brazilian
territory alone, it occupies an area of about 3
million square kilometers and 1is therefore, in
addition to its strong regional influence,
important on a global scale as well. This
Amazonian environment occupies a large area of
low 1latitudes. Here the driving force of
atmospheric chemistry, wultraviolet radiatiomn, is
much larger than elsewhere, and one can
anticipate much stronger production and 1loss
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processes. In the spectral range between 300 and
305 om, for example, the UV intensities are
expected to be about 75Z more intense 1n the
tropics, assuming typical observed total ozone
contents of 0.35 atm cm for mid-latitudes, and
0.28 atm cm for low latitudes., Thus the driving
force for atmospheric chemistry should be
stronger. In addition, the direct sunlight power
density is obviously also larger in the tropics,
and one may expect an atmosphere that is much
more active in terms of vertical motions.

1.2. Ozone in the Tropics

There has been some progress in recent years
toward understanding ozone in the tropics
[Fishman et al., 1979, 1986; Kirchhoff et al.,
1981, 19833y Crutzen, 1985; Crutzen et al., 1985;
Delany et al., 1985; Sanhueza et al., 1985; Logan
and Kirchhoff, 1986], but many basic interesting
aspects remain unexplored (for example, UV
measurements are unavailable, as well as
attenuation studies within the forest canopy) and
many questions remain unanswered (for example,
climatological aspects, longitudinal gradients,
etc.).

Measuremeénts of ozone concentrations over the
Amazon forest were first performed in 1979 and
1980, during aircraft expeditions in the dry
season, with a special interest in studies of
biomass burnings [Crutzen et al., 1985; Delany et
al., 1985]. Higher concentrations of ozone were
reported’ over the cerrado region of central
Brazil, in the mixing layer. The present paper
adds to that original data set, reporting also
about local time variations and perturbations, in
addition to the average profile.

Ozone interacts with many constituents of the
atmosphere. One of the most reactive molecules of
the troposphere is the result of ozone
photolysis, the hydroxyl radical OH, which has
its production favored in the tropics because of
larger UV intensities and larger water vapor
concentrations [Crutzen, 1985]. This molecule
will start important oxidation chainsg, for
example, the oxidation of methane (CHus), carbon

monoxide (CO), and isoprene (CsHy) . These
processes may, under certain circumstances,
produce ozone 1n the presence of the nitrogen

oxides NO and NO2.

The rain forest of the tropics may represent a
source for several constituents of the
atmosphere, some of which are ozone precursors
(CO, CHy, NO). A large number of nonmethane
hydrocarbons (NMHC) are produced 1in the forest
[Zimmerman et al., 1978], especially isoprene,
which is directly involved in the photochemistry
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of CO and O3 [Rasmussen and Khalil, 1988]. The
plains flooded by the large Amazon River and its
tributaries are expected to be an important
source for CH, [Harriss et al., 1982; Crill et
al., 1988], while the forest soil may be a sink
for CH, [Keller et al., 1983].

It has been shown that NMHC are reactive
species [Roberts et al., 1983; Brewer et al.,
1984; Levine, 1984; Greenberg et al., 1985;
Rasmussen and Khalil, 1985], which may be

responsible for the destruction of ozone [Killus
and Whitten, 1984; Crutzen et al., 1985]. On the
other hand, larger than expected emission rates
of nitrogen oxides (NZO, NO) have been measured
in the forest area [Keller et al., 1983; Anderson

and Levine, 1986; S. C. Wofsy, unpublished
preliminary report on Amazonlan  atmospheric
studies, 1984]. Thus the oxidation of NMHC (in
particular CgHy) and resulting secondary

products, including CO, in the presence of NOx,
could photochemically produce ozone [Chameides
and Walker, 1973, 1976; Fishman et al., 1979;
Crutzen, 1979; Fehsenfeld et al., 1983], in which
case, the forest would act as a source of ozone.
Besides the natural emissions from the forest,
biomass burning in the cerrado or in forest areas
would obviously represent additiomal sources for
ozone.

The time constants involved 1in these ozone
generation processes vary considerably, depending
on the relative concentrations of some key
constituents. In clean air environments not
influenced by surface vegetation, the lifetime of
ozone i3 quoted at about 2 weeks [Logan, 1985].
In the presence of biomass burnings, the
production time constant may be of the order of
hours [Delany et al., 1985: Fishman et al.,
1986], and 1in the equatorial rain forest the
whole diurnal variation at the ground may be the
result of photochemical production [Jacob and
Wofsy, 1988].

Ozone is destroyed when brought in contact
with solid surfaces, owing to its high
reactivity. This makes the ground a sink for
ozone; a downward flux of ozone 1is always

penetrating the ground. The more effective the
sink, the larger the flux. Lenschow et al, [1982]
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noticed an increase of the downward ozone flux
over a pine forest, and Gregory et al. [1986]
also described an Amazonianlike environment as an
ozone sink. This paper also gives evidence
showing larger ozone fluxes 1n the measurement
area near Manaus.

1.3. Aim of Work

This work 1s the result of a large bi-national
field expedition to the Amazon forest, which took
place in  July-August of 1985 with the
participation of some 50 Brazilian and American
sclentists. The main objective was to study the
lower atmosphere of the equatorial rain forest,
with emphasis on the atmospheric chemistry. The
expedition was carefully planned [McNeal et al.,
1983] and was called the Amazon Boundary Layer
Experiment (ABLE). The first expedition to Manaus
was named ABLE 2A. Data were obtained from the
ground and on board NASA's Electra aircraft. The
measurement campaign lasted for about 30 days.

This paper describes ozone measurements in the
troposphere above the equatorial rain forest near
Manaus (3°S, 60°W)., Other papers describe surface
ozone measurements, and ozone distributions
across the Amazon Basin [Kirchhoff, 1988; Gregory
et al., 1988]. The ozone profiles of this
analysis have been obtained from the launching of
14 ozonesondes near Manaus. In addition, profiles
obtained on board NASA's Electra aircraft, near
the site of the ozonesonde launches, will be used
to complement our analysis.

2. Results

A total of 14 ozonesondes of the

electrochemical concentration cell (ECC) type
(see Table 1) were launched in the period from
July 19 to August 2 from the Ducke forest

preserve, located some 30 km north of Manaus. The
ozonesonde is a chemical sensor which produces an
electrical current proportional to the ozone
concentration of the air sample that 1s bubbled
through the cathode/anode assembly of the sensor
[Komhyr, 1969; Barnes et al., 1985]. The sensor
is coupled to a normal radiosonde and launched

TABLE 1. Ozone Soundings in Manaus During the 1985 ABLE Campaign
Time of Burst
Date Launch, Burst, Height, Pressure, Notes
Ut uT km mbar

1 19 JUL 85 1358 1551 35.5 5.2 Morning
2 22 JUL 85 1556 1736 34.2 6.3 Morning
3 23 JUL 85 1509 1634 30.2 11.4 Morning
4 24 JUL 85 1900 2043 38.4 3.4 Afternoon
5 25 JUL 85 1345 1525 36.7 5.2 Morning
6 26 JUL 85 1516 1702 35.5 5.1 Morning, Natal
7 27 JUL 85 1337 1519 35.4 5.2 Morning
8 29 JUL 85 2036 2221 35.5 5.2 Afternoon
9 30 JuL 85 2030 2228 34.6 5.7 Afternoon
10 31 JUL 85 0001 0158 33.2 7.1 Night
11 31 JUL 85 2050 2250 31.0 10.0 Afternoon
12 01 AUG 85 1315 1514 35.3 5.5 Morning
13 01 AUG 85 1952 2151 36.9 4.4 Afternoon
14 02 AUG 85 1940 2126 35.8 5.2 Afternoon
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Fig. 1. Typical result of an ozone sounding in

the troposphere, showing temperature, T3
0 , mixing ratio, MR; and relative humidity, RH.

on a slightly larger balloon.
receiver records all radiosonde
the in situ ozone measurements.
Measurements in the troposhere and
stratosphere are normally recorded, but the
emphasis in this paper is on the troposphere. In
the stratosphere 1t is interesting to note that
of the 14 soundings a total of 10 reached 6 mbar
(34.7 km), two went up to 5 mbar (36 km), one
sounding reached the 4-mbar level (37.4 km), and
one reached 3.5 mbar (38.3 km). The stratospheric
peak is rather broad, with maximum concentrations
of 4.4 x 1012 0y molecules cm~3 at 20 and 25 mbar
(between 25.1 and 26.5 km). It should also be
noted that each sonde was individually calibrated
in the Wallops Island laboratory (courtesy of
Arnold Torres, NASA) to compensate for the lower
pump efficiency of the commercial sondes at
higher altitudes [Torres and Bandy, 1978]. The
same launching technique used at Natal [Logan and

A ground-based
parameters plus

Kirchhoff, 1986] was used for the forest
soundings.
A normal sounding consists basically of

temperature, relative humidity, and ozone partial
pressure data. A typical sounding with results
between 1000 and 100 mbar is shown in Figure 1,
where T is temperature, RH is relative humidity,
and MR 1is the ozone mixing ratio in parts per
billion by volume (ppbv). This data was obtained
from sonde 4A-1644, flown on July 29, 1985, at
1636 LT. The example in Figure 1 shows an ozone
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mixing ratio roughly increasing at a constant
rate from the ground to about 500 mbar staying
roughly constant above this level, but with
considerable structure in the free troposphere.
The  temperature does not show much variability
from day to day, contrary to the relative
humidity, which shows large variations. The
accuracy and precision of the ECC sensor have
been analyzed by Torres and Bandy [1978], Barnes
et al. [1985], and Hilsenrath et al. [1986].

2,1. Average O, Profile

A simple average for the 14 Ducke ozonesonde
soundings is shown in Figure 2. The horizontal
bars represent the standard deviation from the
mean. Also shown in Figure 2, for comparison, is
the Natal average. The Natal (695, 350W) data is
part of a comprehensive data base which includes
over 150 ozone soundings started in 1978
[Kirchhoff et al., 1981, 1983; Kirchhoff 1984;
Logan 1985; Logan and Kirchhoff, 1986]. A total
of 11 soundings were available for the same short
period of the year as the Ducke data. The
average temperature profiles for Ducke (dashed
curve) can also be seen in Figure 2, showing the
tropopause at about 100 mbar (16.5 km). The data
have been plotted at selected pressure levels,
shown on a log scale. Note that the corresponding
height levels are shown on the right-hand scale
which is not 1linear.

The vertical structure in the ozone data is
similar at the two stations. In the atmospheric
layer between the surface and about 500 mbar, or
5.9 km, the ozone mixing ratio increases at a
relatively constant rate of approximately 6 ppbv
km-1. For the average Ducke profile the mixing
ratio is8 about 13 ppbv at the surface and 45
ppbv at 500 mbar (5.9 km). Above 500 mbar the
ozone mixing ratio stays roughly constant, up to
about 200 mbar (12.4 km). Above 200 mbar the
transition from tropospheric to stratospheric
ozone takes place, and therefore the large
gradients of Figure 2., Several sublayers can be
identified with measurements of finer resolution.
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Fig. 2. Average tropospheric ozone profile

measured at Manaus (and Natal, for comparison). A
total of 14 soundings were performed at Manaus.
For the same time period of the Ducke preserve
data, 11 soundings at Natal were available. The
dashed 1line shows the average temperature
profile.
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These layers and the ozone behavior in them, are
discussed in detail in the companion papers.

The lower ozone densities shown by the Ducke
data in Figure 2, 1in comparison with the Natal
data, seem to be the consequence of the stronger
sink role of the forest area, as described in
papers by Kirchhoff, [1988], Gregory et al.
[1988], and Browell et al. [1988]. Close to the
surface, the mixing ratio gradient for Ducke is,
in fact, more than twice as 1large as that for
Natal. This gradient, however, is time dependent,
as shown partly by the surface ozone data and
also by the aircraft O, data [Gregory et al.,
1988]. Stronger gradients are seen in early
morning, as compared to the noon profile.

2.2, Variability

Variations of the ozone mixing ratio have been
observed on time scales of hours and days. There
1s a strong diurnal variation at the surface
[Kirchhoff, 1988], with decreasing intensity at
higher altitudes, observed by the sondes and by
the airplane measurements [Gregory et al.,
1988]. It appears that above about 900 mbar
(1000 m) the amplitude of the diurnal vari =ion
is less than 107 of the variation at the
surface,

The time distribution of our soundings 1is
shown in Figure 3, in the upper panel. There are
eight soundings representative of the morning
period (including the nocturnal case) and six
launchings were made 1in the afternoon period.
Obviously we do not have enough data for a
precise statistical analysis, but the available
data seem to be consistent in showing lower
concentration gradients in the afternoon period.
The average gradients for these two periods are

shown in the lower part of Figure 3, where
the morning gradient is equal to 10.5
ppbv km-1 and the afternoon gradient is 6.3 ppbv
km=1, The gradients are shown relative to a

normalized mixing ratio at 1 km,

Typical variability from flight to flight is
shown in Figure 4. The soundings launched on July
30 (set A) and August 1 (set B) were separated
by only a few hours., The ozone mixing ratio is
shown as a function of pressure. For July 30 the
dots show a sounding at 1630 LT (2030 UT) and a
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Fig. 3. Time distribution of the soundings and
profiles obtained for the morning and afternoon
periods.
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Fig. 4. Comparison of ozone soundings in the

daytime for August ! and during the nighttime on
July 30.

nocturnal case made at 2001 LT (0001 UT). A
morning sounding at 0915 LT (1315 UT) and the
subsequent afternoon launch of 1552 LT (1952 UT)
are also shown in Figure 4. This should give an
idea of the variability of the measurements. For
July 30, at night, and for August 1, in the early
morning, the mixing ratio gradient in the mixed
layer 1is much larger than that observed closer
to midday. Note that, for simplicity, only a few
points are shown in Figure 4, but many more were
actually sampled.

The day-to-day variability is shown in Figure
5 in terms of the ozone concentration integral in
the troposphere, between 1000 and 100 mbar. This
tropospheric abundance corresponds to about 107
of the total ozone column content. Except for the
values obtained 1in August, the day~to-day
variability of tropospheric ozone content in July
was not very Jlarge, only about 1 in 7.3 x

10 ! molecules cm-2, This was a period of very
clean air, especially in the first 20 days of
July, as can be deduced from several

meteorological and chemical variables. This
picture changed completely in the first week of

August. Many chemical constituents that were
monitored during ABLE 2A showed concentration
increases, for example, NO [Torres and Buchan,
1988], CO [Sachse et al., 1988], and several
hydrocarbons (R. A, Rasmussen, private
communication 1986) as well as ozone
concentrations at the ground [Kirchhoff, 1988]

and the present results in the troposphere.
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Fig. 5. Time evolution of ozone concentrations

integrated through the troposphere.
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2.3. Biomass-Burning Event

A number of agricultural fires and associated
biomass burnings were seen in satellite images
over equatorial Brazil [Setzer and Pereira, 1986]
in early August. As shown, ozone concentrations
increased and higher levels of NO and CO were
also reported.

It is believed that tropospheric ozone may
originate from the stratosphere [Junge, 1962] and
that the 1injection of stratospheric ozone into
the troposphere occurs in sporadic bursts
[Danielsen and Mohnen, 1977; Crutzen, 1979;
Browell et al., 1987]. It has also been
recognized, more recently, that chemical activity
in the troposphere can, in fact, introduce
significant sources and sinks which in turn
affect 1local concentrations [Chameides and
Walker, 1973, 1976; Fishman and Crutzen, 1977;
Crutzen, 1979; Crutzen et al., 1985; Logan and
Kirchhoff, 1986]. One may question therefore
whether the observed ozone increases are
introduced from the stratosphere or produced
locally in the troposphere. It should be noted,
however, that the Manaus region is not known as a
subsidence area, and therefore stratospheric
injections should be unlikely.

A closer look at our data shows that the ozone
density increase was not 1limited to the mixing
layer or the higher levels of the boundary layer,
but also occurred in the free troposphere. Figure
6 shows five ozone profiles obtained after July
25, On July 26 the free troposphere had the
lowest 0, concentrations. On July 29 the largest
increase occurred at 400 mbar (7.6 km) and 500
mbar (5.9 km). On July 30 the increase is even
larger at 400 and 500 mbar, while not much change
can be seen below 600 mbar (4.4 km). A large
increase below 400 mbar can be seen by August 1,
followed by a strong increase above the 500-mbar
level the next day, August 2.

To further investigate the origin of the ozone
increases in the troposphere, we show in Figure 7
the tropospheric ozone content and its time
evolution, divided in three layers. The 1lower
layer, from 1000 to 600 mbar, a middle layer from
600 to 300 mbar, and an upper layer, from 300 to
100 mbar. The ordinates show relative ozone
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Fig. 6. Time evolution of ozone concentrations

for selected profiles to show the changing of the
ozone concentrations, presumably due to biomass-
burning effects.
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Fig. 7. Relative ozone content 1in three
tropospheric layers defined between 1000 and 600
mbar (dots in circles), 600 and 300 mbar (crosses

and dashed curve), and 300 and 100 mbar (dots in
squares). Also shown is the stratospheric
abundance.

contents in these layers. It can be seen that the
increase in ozone occurs first in the middle
layer, then in the lower layer, and finally in
the higher layer. The time delay for changes in
adjacent layers 1s of the order of 1.5 days. It
seems therefore that the ozone increase did not
start in the reglon closest to the tropopause, as
one would expect for stratospheric injections.

Since all ozonesondes launched during this
experiment have reached heights equivalent to 10
mbar or higher, it 1is possible to follow the
variation of the stratospheric ozone content as
well. Figure 7 also shows the stratospheric ozone
content, that is, the ozone concentration
integral from 1000 to 10 mbar. The variations are
rather small, that is, less than one standard
deviation (except the minimum on July 29) and
almost constant during the tropospheric high at
the end of the period. The tropospheric
variations, instead, are at least as large as two
standard deviations. From the examination of
ozone and moisture variations, it is clear that
there is no negative correlation, which would
indicate subsidence of air masses.

The ozone concentration increase in the
troposphere can also be observed in the ozone
data collected on board the NASA aircraft. We
have analyzed those profiles collected near the
Ducke site. A total of four profiles with data
below 3.5 km were available close to the forest
preserve from the collection of DIAL
(Differential Absorption Laser) data (for a
description of the lidar technique and details of
the measurement procedures, see Browell et al,
[1988]). We do not have an ideal time sequence of
profiles to detect a well-defined trend, but it
is apparent that profiles obtained before July
30 show lower concentrations, as shown by the
plot of Figure 8a. The numbers close to the
profiles indicate the last days of July or the
first days of August of 1985. Figure 8b shows
five profiles from aircraft spirals made close to
the Ducke site when ozone concentrations were
measured by a chemiluminescent technique [see
Gregory et al., 1988]. Again, profiles before
July 30 show less ozone than those obtained
afterwards. This tendency is consistent with the
other data sets.
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Fig. 8. (a) Profiles obtained via the DIAL

instrument and (b) profiles measured by a
chemiluminescent technique, both on board the
NASA aircraft. They 1llustrate much higher
concentrations of O3 in the troposphere after
July 30.

3. Discussion
1]

3.1. Average Profile and Variations

The mixing layer is generally defined as the
lower layer of the troposphere, where mixing is
80 strong that long-lived constituents would have
a constant mixing ratio with height. This feature
is actually used by Kirchhoff [1988], Browell et
al, [1988], and Gregory et al. [1988] to define
the mixing layer depth, close to 1.6 km. This
threshold cannot be well identified in the ozone
soundings. 1In terms of an average profile,
however, a much more consistent threshold occurs
at about 500 mbar (5.9 km). Below this height the
mixing ratio of ozone decreases, whereas above

this level the mixing ratio stays roughly
constant.

Ozone concentrations in the whole troposhere
of the Atlantic coast show a very strong

seasonal variation. There 1is a factor of 2
between the April-May minimum and the September-
October maximum [Logan and XKirchhoff, 1986]. It
1s therefore pertinent to ask, when comparing the
Ducke data to the Natal data, if we are comparing
the same seasonal periods. This is not an easy
task 1f we take 1into account the very different
circulation patterns close to Natal and Ducke.
While Natal 1s practically always in a regime of
atmospheric subsidence, Ducke is usually close

to the upward moving branch of the Walker
circulation cell.
The effect of vertical motions on the

concentration of ozone has been observed
previously by Wolff et al. [1977], while Kelly et
al. [1980] noticed very low 1levels of
NOy coincident with subsidence. The mean
precipitation rates for the area of Manaus and
Natal show an in-phase relationship. But owing to
the prevailing wind direction in the lower
troposphere, which is easterly, any air mass from
central Brazil should reach Manaus before it
reaches Natal. This should cause a phase delay in
the ozone concentration seasonality between
Manaus and Natal, even 1f the source for the
ozone seasonal increase is the same for both
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locations, namely, burnings in the savannah
regions of central Brazil. Since the minimum
average precipitation rate of the savannah region
occurs during June-July-August (for example, for
Cuiaba (1698, 57°W) the average is less than 1 mm
day-1, this period (with the addition of a small

time delay of perhaps a few days) could well
represent the season of maximum ozone in Manaus.
This result would imply, of course, that the

small concentrations of ozone measured at Ducke
during this experiment may be expected to be even
smaller during the other seasonal periods.

Besides the comparison between the Natal and
Ducke averages there was one occasion at which a
nearly simultaneous sounding was made., This 1is
shown in Figure 9. For July 26 the sounding at
Natal took place at 1310 UT, and at Ducke the
sounding was at 1516 UT., For this day, the
difference in ozone concentrations between the
two stations was not very large in the boundary
layer but was considerable in the free
troposphere., At 600 mbar, for example, the
concentration at Natal was 56 ppbv, when 1t was
29 ppbv at Ducke. There 1is a significant
difference in the free troposphere, with Natal
showing more ozone than Ducke. It may be argued
that the ozone concentrations in the free
troposphere at Ducke should be smaller, as
explained later, but large day-to-day variations
have also been observed at Natal [Logan and
Kirchhoff, 1986], and therefore a sporadic event
can not be ruled out completely for the Ducke
data. However, the comparison between the
averages at both sites suggests that indeed the
concentrations at Natal should be expected to be
larger. One might expect that the whole
troposphere, boundary layer, and free troposphere
should have 1less ozone in Amazonia, owing to the
much more active role of meteorological updrafts
and downdrafts. These would force faster exchange
and stronger mixing, with more effective contact
of the air with the ground, thus representing a
much stronger sink than other environments.

3.2. Vertical Fluxes

One of the major goals of the Manaus
expedition was to obtain vertical fluxes of
chemical constituents. It is worthwhile therefore
to discuss ozone fluxes in some detail.
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Fig. 9. Comparison of a simultaneous ozonesounding
at Natal and Manaus.
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The vertical —ozone flux in the lower
troposphere has a strong turbulent nature, which
means that on very short time scales the flux may
be upward; while at other short time periods it
may be directed downwards. The net effect of this
turbulent flux, however, is a downward average
mean. This is the value that one wants to
determine and possibly use 1in  homogeneous
modeling, where the downward flux would have its
nature closer to a laminar flow. This
characteristic is explored by the eddy
correlation technique, which measures ozone
concentrations and vertical velocities at very
short time intervals in order to determine the
vertical flux [Wesely et al., 1978, 1981;
Lenschow et al., 1981, 1982; Droppo, 1985]. The
vertical flux of ozone has been estimated in the
past from the measurements of ozone profiles and
by assuming that the eddy diffusivity for ozone
is equal to the eddy diffusivity for momentum
[Regener, 1957; Jun%e, 1962], when values between
0.87 and 2.5 x 10'! ozone molecules cur?s-! were
obtained.

The interest 1in establishing the vertical
ozone flux is to know the strength of the surface
sink and to understand how the uptake of ozone by
the soil or vegetation operates. It is known that
large fluxes 1incident on crops can be harmful,
with crop losses occurring above <certain
thresholds [Heck et al., 1982]. The mean ozone
flux 1s always directed downwards which defines
any type of surface as a sink for ozome. But
different types of surface can destroy different
amounts of ozone and, to complicate things,
there 18 a temporal variation in flux as well.
This is shown in the field campaign of Wesely et
al, [1978], who measured the ozone flux over a
maize field wusing eddy correlation. Flux values
between 2.5 and 15 x 101! cm—? s-! were measured,
but the average was below 10'2 em-2 s~! . It is
interesting to note that the ozone flux seems to

be quite reduced over wet surfaces (water, snow
[Wesely et al., 1981]), when fluxes are below
values of 1.2 x 10!! em-2 s-1. On the basis of

these results we may not, however, expect smaller
ozone fluxes 1in the Manaus area during the next
ABLE mission, which is planned to take place in
the wet season, because the effective surface
area is 1n fact represented by the plant foliage
and the plant growth activity is expected not to
be much different than it was for the present
experiment (D. H. Lenschow, private
communication, 1986).

In what follows we describe two different
methods to calculate the ozone flux, independent
from each other. The vertical ozone flux entering
the sgurface can be calculated from the
simultaneous NO and O3 profile measurements, made
in the lower 30 m. The 03 profile data close to
the ground were obtained 1n collaboration with
Kaplan et al. [1988], who describe the method in
detail, If one can assume that there is no local
production of NO 1in this shallow layer, as
expected at night, the 1loss of NO by chemical
reaction with 03, integrated over the layer,
should equal the upward flux of NO from the
ground. The 1integral should be evaluated from
ground to infinity, but, since the NO profile has
such a strong gradient (see Figure 7, of
Kirchhoff [1988]) the approximation used should
be adequate. Since the concentration profiles of
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both 0 and NO were measured,
reaction rate k, for the reaction

knowing the

NO + 03 >~ NO2 + O3 (1)

to be 1.8 x 10~'“cm-?s-!, the NO emission is
calculated to be, for an average of four
measurement profiles, equal to 5.0 x 1010
cm-28~!, This 1s the number of NO molecules
necessary to be emitted from the ground to
restore those molecules removed by reacting with
ozone. Knowing the NO £flux, we calculate the
03 flux by first calculating K, the eddy
diffusion coefficient, commonly defined in the
diffusion equation [Hunten, 1975; Droppo, 1985]

¢=-x[§n+lf-l &)
dz H

where ¢ 1s the vertical flux, n is the diffusing
species density, H is the atmospheric pressure
scale height, and z 1s height. 1In the case of
large gradients, the derivative term of the above
equation 1s much larger, and therefore the
coefficient K may be obtained by dividing the
NO flux by the NO density gradient,
which gives K = 3.3 x 102% cm? s-1. Since the
ozone profile 1s also known, we use again the
diffusion equation to find the ozone
flux: ¢ (04 = 1.1 x 10 " cm-2 s-1, Note that it
is not necessary to know the sources or sinks for
ozone to obtain this flux. It is also important
to note that this 03 flux is much larger than the
NO flux emitted from the surface, and therefore
the downward ozone flux that enters the ground is
not triggered by the NO + O3 reaction alone. It
does not mean, on the other hand, that this
reaction 18 unimportant in producing, for
example, the observed diurnal variation. (Wofsy
has reconsidered his NO values, lowering the flux
by a factor of 2; see Kaplan et al. [1988]).

It is interesting to note that the values just
obtained for K and ¢ do vary from place to place
and, apparently, in time as well [Lenschow et
al., 1982]. Precise measurements of these
parameters by Droppo [1985] give for K averages
of 4.27 x 10° and 6.98 x 10’ cm~2 s=! for 2
days in 1982, at a height of 2.05 m. Our
calculation of K = 3.3 x 10° seems therefore to
be of the correct order of magnitude. The same
cannot be said about the ozone flux. Droppo finds
much smaller values for his field experiment in
Illinois, the ozone flux being of the order of
only 3.5 x 10'! cm2 s~!. This is of the same
order of magnitude as values previously cited, at
least 3 times smaller than the Ducke flux. It
should be noted that Lenschow et al. [1982],
using eddy correlation techniques to measure the
vertical ozone flux, found a large increase of

this parameter when their instrument was flown
over a pine forest area.
The second method to obtain the flux will

estimate the ozone sink strength at the surface,
based only on the observations of the ozone data.
Our results, as well as those of Galbally [1968],
Lenschow et al. [1981], Broder et al. [1981], and
Gregory et al, [1988], show that the diurnal
variation of the ozone mixing ratio has a
tendency to be strongest at the surface, becoming
smaller upwards, until it may be considered
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Fig. 10. Sketch of the amount of ozone that must

be removed (added) by the vertical ozone flux.

negligible at about a height of 1 km. It is
observed that the largest variation in terms of
removal or addition of ozone occurs near dusk or
dawn.

The vertical flux of ozone close to the
surface may have a considerable diurnal variation
as well [Wesely et al., 1978], being maximum
around noon and approaching zero at night, when
strong inversion layers are active. The largest
flux divergence, however, must take place around
dusk and dawn, when the largest variations in
ozone concentration are observed., We will use
this argument to estimate the sink strength.
Transforming the average measured mixing ratio
information into number densities, the change
between nocturnal and diurnal profiles 1is as
shown sketched in Figure 10, where the hatched
area corresponds to the amount of ozone that must
be removed between the daytime and the nighttime
regions. The question we want to address is how
strong must the surface sink be in order to
remove the hatched area ozone content of Figure
10. With typical values observed at Ducke, as
shown 1in Figure 10, and assuming that the
transition from day to night is accomplished in
about 3 hours (a reasonable average on the basis
of our observations), the corresponding removal
rate should be 2.4 x 10'%cm? s~'. Thus again, we
arrive at a sink strength value of the order of
10'2cm~? s~t,

3.3. Biomass Burning

The effect of biomass burnings has been
investigated in detail by Crutzen et al. [1985].
There are numerous small agricultural
developments in the Manaus area, but large areas
in the north of the State of Mato Grosso, south
of Manaus, are among the ones most subject to
forest clearing for agricultural developments.
The normal procedure for disposing of the cut
vegetation is to burn it. Extremely large areas
can be set on fire at times and can be identified
from satellite images. The heat produced by these
fires 1s 1likely to start a localized dry
convection cell. Gases produced in these fires
[Crutzen et al., 1979; Delany et al., 1985] can
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therefore be added to high 1levels in the
atmosphere,
From our observations of several burning

events, it appears that the effect of the fires
has a development that can be divided in two
stages. In the first stage, when the dry
vegetation is first set on fire, there 1is an
enormous amount of heat released, which starts an
upward draft cell through which the heated air
ascends through the troposphere. It is uncertain
how high this heated air can reach in the
troposphere. (Normal dry convection is estimated
by Chatfield and Harrison [1976] to reach 2-3
km). For cells generated by intense fires, this
height could perhaps reach much higher levels in
the free troposphere, but it probably depends on
the intensity of the fire and other
meteorological conditions. In any case, this
first stage of the fire development should be
responsible for the direct injection of burning
products into the  higher levels of the
troposphere. In the second stage of the fire
development, the events continue at a much slower
rate. The extreme heat Iliberated in the f£first
stage  has dissipated. The burning is
characterized now by the production of dense
smoke clouds, which can no longer ascend to very

high levels but which can be  transported
horizontally for Ilong distances, since their
lifetime is rather long. It appears that this

sequence of events has been observed at Ducke

with our ozonesonde measurements, as shown in
Figures 6, 7, and 8.

The ozone concentration increase described
earlier seems to indicate that the first

perturbation of the background ozone profile over
Ducke, noticed in the middle layer (lower free
troposphere), is the result of pollutants
injected directly into the free troposphere over
the areas of strong heat sources, possibly by
direct vertical wupward injection of the dry
convection type. Winds of this height region were
able to transport the higher ozone concentrations
to the Ducke preserve site before the major plume
of the boundary layer did, reaching the preserve
only on August 1 and later reaching also the much
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Fig. 11. The northern map of Brazil showing the
Manaus area and air mass trajectories in the
mixed layer. The curves with black dots are
representative for the initial "clean" period.
The curves with stars occurred starting August 1
and show the transport of biomass-burning
products to the Manaus area.
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higher levels of the free troposphere on August
2, through mixing in the convective cloud layer.
This evidence seems to 1indicate that gases from
intense biomass burnings can not only enter those
atmospheric layers affected by local meteorology,
but can 1in fact penetrate the free troposphere.

It must be added that an alternative cause for
the 0, concentration increase may have been a
completely different mechanism, that 1s, direct

stratospheric injection, which our one-
dimensional observations could not see. This
possibility, however, seems unlikely, since the

Manaus area 18 a region known for ascending air
motions, as mentioned earlier. Besides, a
concentratlon increase was also seen imn other
constituents, especially CO [Sachse et al., 1988]
and NO [Torres and Buchan, 1988], which seem to
point to a burning origin.

In Figure 11 we show the northern part of the
map of Brazil, between longitudes -45° and ~-75°
and latitudes +50 to -100, There are basically
two points of interest: the city of Manaus (and
Ducke preserve), at 39S, 609, and the so-called
burning area, 1dentified from satellite images,
where the largest concentration of biomass
burnings occurred. This area 1s sketched around
805, 550W.

Figure 11 shows air mass trajectory
calculations for two periods, one starting July
31 and the other starting August 1 (courtesy A.
Setzer). These trajectories have been calculated
from interpolations of radiosonde data and are
representative of mixed layer air. Calculations
start at longitude -50° and three latitudes:
-2,59 -5.0% and -7.5° The three curves,
showing basically east-west trajectories, have
been calculated starting at July 31, at 1200 UT.
The distance between two black dots corresponds
to a time interval of 12 hours. The trajectory
stretches from east to west. This 18 the usual
trajectory of mixing layer air in this region of
Brazil (A. Setzer, private communication, 1986).
During the first two thirds of the Ducke
experiment, this kind of trajectory was dominant;
that is, air from the burning area (sketched in
Figure 11 did not reach Manaus.

A very different air mass
obtained starting the next day, August 1. With
starting points exactly the same as 1in the
previous case, the air mass trajectories now
develop from the southeast to the northwest. The
distance between stars corresponds to a 12-hour
travel time, as before. From Figure 11 it 1is
clear that now, products from the burning area
can be brought directly to the Manaus and Ducke
area, in agreement with our previous discussion.

trajectory 1is

4. Conclusion

Ozone concentrations were obtained in the
troposphere and stratosphere of Ducke forest
preserve 1in Amazonia, from 14 ozonesonde
launches. These ozone data are the first set of
in situ tropospheric-stratospheric results
obtained in the Brazilian rain forest. We have
described in detail the average ozone profile in
the troposphere, the observed variations, and a
major biomass-burning event that occurred near
the end of the experiment.

The Amazonian concentrations are smaller than
those obtained at another low-latitude station,
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but the features of the ozone profile are
similar. The average profile shows an increase in
mixing ratio up to 500 mbar, at a rate of about 6
ppbv km-!, and then an approximately constant
mixing ratio extends up to 200 mbar. The combined
effect of a larger effective surface area,
represented by the abundant foliage, and larger
mixing, represented by the stronger convective
activity in the Manaus area, produces a more
efficient surface sink for ozone, which is
probably responsible for a tropospheric ozone
content that 1s smaller at Ducke than at Natal.

Toward the end of the experiment an increase
of the ozone concentration was qbserved. After
examnination of individual ozone profiles and
dividing the troposphere 1in three layers, it
appears that the concentration increase did not
come from above, that is, from the stratosphere.
The increases start in the middle and lower
layers of the troposphere, eventually reaching
also the upper troposphere. This conclusion is in
direct agreement with air mass trajectory
calculations and simultaneous increases in CO and
NO. While a sporadic stratospheric 0; injection
cannot be ruled out completely, given the one-
dimensional character of our observations, it
seems much more probable that the 03 Increase
was produced photochemically, following a large
biomass-burning event.

We calculate the downward ozone flux to be of

the order of 10'%m~? s=!, that is, much larger
than fluxes determined previously for different
environments.
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