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Abstract:

A series of large mesoscale convective systems that occurred during the Brazilian phase of
GTE/TRACE A (Transport and Atmospheric Chemistry near the Equator-Atlantic) provided an
opportunity to observe deep convective transport of trace gases from biomass burning. This paper
reports a detailed analysis uf flight 6, on September 27, 1992, which sampled cloud- and biomass-
burning-perturbed regions north of Brasilia. High-frequency sampling of cloud outflow at 9-12 km from
the NASA DC-8 showed enhancement of CO mixing ratios typically a factor of 3 above background
(200-300 parts per billion by volume (ppbv) versus 90 ppbv) and significant increases in NO, and
hydrocarbons, Clear signals of lightning-generated NO were detected; we estimate that at least 40% of
NOx at the 9.5-km level and 32% at 11.3 km originated from lightning, Four types of model studies
have been performed to analyze the dynamical and photochemical characteristics of the series of
convective events. (1) Regional simulations for the period have been performed with the NCAR/Penn
State mesoscale model (MMS5), including tracer transport of carbon monoxtde, initialized with
observations. Middle-upper tropospheric enhancements of a factor of 3 above background are
reproduced. (2) A cloud-resolving model (the Goddard cumulus ensemble (GCE) model) has been run
for one representative convective cell during the September 26-27 episode. (3) Photochemical
calculations (the Goddard tropospheric chemical model), initialized with trace gas observations (e.g.,
CO, NOx, hydrocarbons, O-3) observed in cloud outflow, show appreciable O-3 formation
postconvection, initialty up to 7-8 ppbv O-3/d. (4) Forward trajectories from cloud outflow levels
(postconvective conditions) put the ozone-producing air masses in eastern Brazil and the tropical
Atlantic within 2-4 days and over the Atlantic, Africa, and the Indian Ocean in 6-8 days, Indeed, 3-4
days after the convective episode (September 30, 1992), upper tropospheric levels in the Natal ozone
sounding show an average increase of similar to 30 ppbv (3 Dobson units (DU) integrated) compared to
the September 28 sounding. Our simulated net O-3 production rates in cloud outflow are a factor of 3 or
more greater than those in air undisturbed by the storms, Integrated over the 8- to 16-km cloud outflow
layer, the postconvection net O-3 production (similar to 5-6 DU over 8 days) accounts for similar to
25% of the excess O-3 (15-25 DU) over the South Atlantic. Comparison of TRACE A Brazilian
ozonesondes and the frequency of deep convection with climatology [Kirchhoff et al., this issue]
suggests that the late September 1992 conditions represented an unusually active period for both
convection and upper tropospheric ozone formation.
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Convective transport of biomass burning emissions over Brazil
during TRACE A

Kenneth E. Pickering,! Anne M. Thompson,'? Yansen Wang,3 Wei-Kuo Tao,?
Donna P. McNamara,* Volker W. J. H. Kirchhoff, Brian G. Heikes,5
Glen W, Sachse,” John D. Bradshaw,® Gerald L. Gregory,” and Donald R. Blake?®

Abstract. A series of large mesoscale convective systems that occurred during the
Brazilian phase of GTE/TRACE A (Transport and Atmospheric Chemistry near the
Equator-Atlantic) provided an opportunity to observe deep convective transport of trace
gases from biomass burning. This paper reports a detailed analysis of flight 6, on
September 27, 1992, which sampled cloud- and biomass-burning-perturbed regions north
of Brasilia. High-frequency sampling of cloud outflow at 9-12 km from the NASA DC-8
showed enhancement of CO mixing ratios typically a factor of 3 above background (200-
300 parts per billion by volume (ppbv) versus 90 ppbv) and significant increases in NO,
and hydrocarbons. Clear signals of lightning-generated NO were detected; we estimate
that at least 40% of NO, at the 9.5-km level and 32% at 11.3 km originated from
lightning. Four types of model studies have been performed to analyze the dynamical and
photochemical characteristics of the series of convective events. (1) Regional simulations
for the period have been performed with the NCAR/Penn State mesoscale model (MM3),
including tracer transport of carbon monoxide, initialized with observations. Middle-upper
tropospheric enhancements of a factor of 3 above background are reproduced. (2) A
cloud-resolving model (the Goddard cumulus ensemble (GCE) modet) has been run for
one representative convective cell during the September 26-27 episode. (3) Photochemical
calculations (the Goddard tropospheric chemical model}, initialized with trace gas
observations (e.g., CO, NO,, hydrocarbons, O,) observed in cloud outfiow, show
appreciable O, formation postconvection, initially up to 7-8 ppbv O,/d. (4) Forward
trajectories from cloud outflow levels (postconvective conditions) put the ozone-producing
air masses in eastern Brazil and the tropical Atlantic within 2-4 days and over the
Atlantic, Africa, and the Indian Ocean in 6--8 days. Indeed, 3-4 days after the convective
episode (September 30, 1992), upper tropospheric levels in the Natal ozone sounding
show an average increase of ~30 ppbv (3 Dobson units (DU} integrated) compared to the
September 28 sounding. Our simulated net O, production rates in cloud outflow are a
factor of 3 or more greater than those in air undisturbed by the storms. Integrated over
the 8- to 16-km cloud outflow layer, the postconvection net O, production (~5-6 DU
over 8 days) accounts for ~25% of the excess O, (15-25 DUY over the Scuth Atlantic.
Comparison of TRACE A Brazilian ozonesondes and the frequency of deep convection
with climatology [Kirchhoff et al., this issue] suggests that the late September 1992
conditions represented an unusually active period for both convection and upper
tropospheric ozone formation.
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1. Introduction

Deep convection is a major component of the atmospheric
general circulation. Regions of convection that form important
upward branches of the Walker circulation are located on the
eastern and western edges of the study region for the NASA
GTE/TRACE A experiment. This paper focuses on deep con-
vection that occursed over the western part of the study region,
the interior of Brazil, during the field mission.

Chatfield and Crutzen [1984] hypothesized that deep convec-
tion is a major redistributor of trace gases from the boundary
tayer to the free troposphere, and Dickerson et al. [1987] pre-
sented observational evidence that such redistribution oceurs.
Pickering et al. [1990] showed that once ozone precursor gases
are transported to the middle and upper troposphere by deep
convection, ozone preduction in the cloud outflow can be sub-
stantially enhanced. Pickering et al. [1991] used measurements
from a previous NASA/GTE field mission in Brazil {Amazon
Boundary Layer Expedition {ABLE) 2A} in studying the ef-
fects on ozone production of a dry season squalt line over
Amazonia, using a convective cloud madel and a photochem-
ical model in tandem. A potlution plume from distant biomass
fires was evident in these measurements. When convectively
lifted, this pollution was capable of converting a significant
laygr from one of ()4 destruction to one of O, production. In
the Pickering et al. [1992a] paper we performed a sensitivity
study using the cloud dynamics of the ABLE 2A event to
examine the effects of deep convection on ozone production in
two scenarios with relatively fresh biomass burning pollution.
With an assumption of a pristine upper troposphere we found
that column ozone production in cloud outflow may be en-
hanced by at least a factor of 30, Chatfield and Delony [1990]
used a “traveling one-dimensional™ model to also estimate the
downstream cffects of convective transport of biomass burning
pollution. Kirclihoff and Mavinho | 1994] have noted evidence of
convective transport of ozone in ozonesonde profiles taken
over Brazil during the burning season. Chatfield and Delany
[1990) and Pickering et al. [1992a} hypothesized that ozone
produced in this manner could be transported over the South
Atlantic and could contribute to the ozone maximum detected
by satellite [Fistunan et al., 1990; Warson et al., 1990]. While
contributing a relatively smaller amount to total column O,
than similar concentrations in the lower troposphere, the O,
produced in the upper troposphere as a result of convective
transporl has greater importance for climate forcing [Lacis et
al., 19904,

The aircraft missions during the TRACE A experiment were
aimed at sampling all of the major features of the circulation
contributing air to the region of the South Atlantic ozone
maximum. During the Brazilian component of the experiment
a major series of deep convective systems developed over the
cerrado. One of the flights (fight 6) from the TRACE A base
in Brasilia was devoted to sampling the outflow from these
systems, although some cloud-processed air was also noted on
flight 5 (along the Brazilian coast) and flight 7 (over the cer-
rado). These flights document the large-scale effects of deep
convection on trace gas distributions in the South Atlantic
region. Ozonesonde measurements show the impact of upper
leve? transport of ozone from the cerrado region of Brazil to
Natal and to a number of more distant locations [See Thomyp-
son et al., this issue]. The combination of aircraft and ozone-
sonde measurements provides the opportunity o verify our

PICKERING ET AL.: CONVECTIVE TRANSPORT OVER BRAZIL

previous model results concerning transport of biomass burn-
ing emissions and subsequent downstream ozone production.

We document the occurrence of a major series of decp
convective episodes during the latter part of the cerrado burn-
ing season in 1992. We present lrace gas measurcments laken
from the NASA DC-8 and a Brazilian aircraft that arc repre-
sentative of the low-altitude pollution related to biomass burn-
ing and of the outflow from the deep convection that occurred
on September 26-27, 1992, Because the aircraft measurements
in cloud-processed air were of limited spatial and temporal
duration, we use a sequence of mesoscale and cloud-resolving
model simulations to extend the measurements to determine
the full extent of the effects of the convective systems on
regional trace gas distributions. A detailed description of the
mesoscale (MM3) modeling activity for the September 26-27
events is given by Wang er al. [this issue]. We also use the
three-dimensiona! Goddard cumulus ensemble (GCE)} modet
to simulate one representative convective cell, providing wind
fields for use in transport calculations for a variety of species.
Forward trajectories are computed using the methods recom-
mended by Pickering et al. [this issue] to determine the long-
range transport of the cloud outflow at upper levels. A photo-
chemical box model {similar to the GSFC one-dimensional
tropospheric model used in our previous studies) is used to
estimate the net ozone production during the downstream
transport. This ozone production proceeds at the rate of sev-
eral parts per billion by volume (pppv) per day, as these air
masses are transported in upper level westerlies over the South
Atlantic.

Section 2 of this paper presents a description of the convec-
tive events leading up to flight 6, as well as their relationship to
the biomass fires in the cerrado region. In section 3 we display
and discuss the trace gas measurements made on flight 6 and
on a flight of the Brazilian aircraft. Section 4 describes the use
of measurements from undisturbed air to provide imitial con-
ditions for our mesoscale model simulation of the major con-
vective systems immediately preceding flight 6. Tracer trans-
port results for CO are also presented in this section and
compared with DC-8 observations in cloud-processed air. Sec-
tion 5 presents a simulation with the GCE maodcl of one con-
vective cell contained within one of the systems sampled on
flight 6. We also present cloud-scale tracer transport results for
other species such as NQ,, O,, and total nonmethane hydro-
carbon (NMHC). In section 6 we show 8-day forward trajec-
tories from the cloud systems and from the measurement fo-
cations, as well as photochemical calcuiations of ozone
praduction along these transport paths. Our ozone production
estimates summed over the first four days of transport com-
pure favorubly with the upper tropospheric ozone increase ol
Natal, Brazil, noted in ozonesonde measurements following
the convective episode. In section 7 we conclude with a sum-
mary of the impact of the Brazilian convection on ozong in the
South Atlantic region.

2. Synoptic Conditions
2.1

The 1992 dry season over much of the cerrado region of
Brazil ended earlier than normal with a number of cold fronts
arriving from the southwest producing shower activity during
September. Rainfall statistics for the region are given by Kirch-
hoff et al. [this issue]. An abnormally high frequency of deep
convection is also noted from satellite measurements of out-

Meteorvlogy
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going longwave radiation (see Figures !a~1d). In September,
almost alt of Brazil is seen to have monthly mean values of
outgoing longwave radiation less than the 19791988 average.
Values lower than normal indicate a greater amount of deep
convection than normal. The September anomaly exceeded 30
W m™? over a large region to the west of Brasilia. In Qctober
the pattern continued with abnormally low values of outgoing
longwave radiation (abrormally high frequency of deep con-
vection) over all of Brazil between 10°S and 25°S, but the
anomaly was not so extreme as in September.

During the TRACE A DC-8 flights in Brazil a major out-
break of deep convection developed over the region (Septem-
ber 22-28). The series of convective events began in southern
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Figure 1. OQutgoing longwave radiation (W m~?) from
NOAA 11 AVHRR IR window channel. (a} September 1992
mean; (b) September 1992 anomaly; {c) Oclober 1992 mean;
(d) October 1992 anomaly. Anomalies are departures from
1979 to 1988 means for each month,
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Figure 2. ECMWF wind vector plots at 925 mbar for 1200
UT on (a) September 22, (b) September 26, 1992, Frontal
position (solid line) shown for September 22 and lines of con-
Jvergence (dashed lines) shown for September 26.

Brazil assoctated with a cold frontal system pushing northeast-
ward from the midlatitudes of the southern hemisphere. The
frontal position on September 22 is depicted on the 925-mbar
wind vector plot in Figure 2a. Thundershower activity on Sep-
tember 22 was noted as far north as Cuiaba (~16°S, 57°W).
The front remained nearly stationary on September 23 and 24
with convective activity to the north of the front, although at
the surface litite thermal contrast remained across the front.
However, a strong zone of low-level convergence persisied
over the region continuing to induce deep convective activity.
The front rapidly advanced to the north between 1200 UT
September 25 and 1200 UT September 26 [see Bachmeier and
Fuelberg, this issue). Storms occurred as far north and east as
8°S and 50°W on September 25. Large mesoscale convective
systems developed on September 26 even farther to the north
and east (see Meteosat 4 imagery in Plate 1) and continued
through the early morning hours of September 27, These sys-
tems are associated with the zones of convergence seen in
Figure 2b.

The more northerly line of convection (centered on about
8°S) developed first (before 1530 UT on September 26). A line
of storms extended from approximately 46° to 60°W. The
storms in this line reached maximum intensity at about 1830
UT (Plate 1a), with some cloud top temperatures below 195 K,
indicating cloud top altitudes of at least 16 km. A more south-
etly (10°-15°8) north-south oriented line located between 45°
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and 50° W developed by 2130 UT and reached maximum
intensity between 2130 UT on September 26 and 0330 UT
(Plate 1b) on September 27. Digital imagery is not available in
this time interval, but low-resolution Meteosat 3 imagery re-
ceived in the field suggests peak development about 0130 UT
on September 27. Cloud top temperatures in this system were
less than 205 K at 2130 UT, equivalent to cloud top heights of
at least 15 km. These systems occurred over regions of biomass
burning activity, and TRACE A flight 6 was designed to cap-
ture the outflow from these storms. The approximate flight
track for flight 6 (lown from ~0900 to ~-1630 UT on Septem-
ber 27) is superimposed on the satellite imagery. It is these
systems on September 26 and 27 that we simulate with MMS5,
One cell from the second system is simulated with the Goddard
cumulus ensemble model.

2.2, Biomass Fires

A weekly record of fire pixel counts estimated from the
AVHRR instrument onboard the NOAA satellites has been
provided by A. Setzer of INPE. Figure 3 shows the weekly
averaged fire pixel counts per day from mid-August through
the end of October 1992, for the region in which the DC-8
flights (ftights 6 and 7) over Brazilian biomass burning were
conducted. Peak fire counts per day (approximately 2000) were
detected during the August 28 to September 3 period. By the
time the DC-8 reached Brasilia (week of September 25 to
October 1), the daily average had declined to approximately
700 per day, or about one third of the peak weekly value in the
period shown,

The AVHRR data were processed at NASA Goddard Space
Flight Center for the individual days during the Sepiember 25
to October | period, using the algorithm of Justice et al. [this
issue] (SAFARI JGR special issue). This is the same algorithm
used for lire eounts in Afrlea during the SAFAR] and TRACE
A experiments. We use the Justice fire count product (avail-
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Figure 3, INPE AVHRR fire pixel counts: average number
of fire pixels per day by week from mid-August to October
1992, for TRACE A Right region in Brazil. Daily average fire
pixel count for September 25 to October 1 estimated with
algorithm of Jusrice et al. [this issue] is shown with horizontal
line. Justice et al. value is approximately 25% lower than the
INPE value, The difference is likely due to fewer instances of
hot surfaces from daytime solar heating being detected with
the Justice algorithm.
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Figure 4. Summary of DC-8 chemical measurements on

TRACE A flight 6 (a) O,, (b) CO. Ascents (A}, descents {D),
and constant-altitude (C) legs are indicated. Three regimes are
denoted with indicated symbols and defined as follows: pol-
tuted BL,, altitude <4 km and CO >300 ppbv; cloud-processed,
altitude >6 km and CO >150 ppbv, and clean upper tropo-
sphere, altitude >6 km and CO <120 ppbv.

able in the form of daily fire counts for 0.5° latitude by 0.5°
longitude grid cells) for the two days (September 25 and 26 at
~1830 LT) preceding flight 6 in constructing initial conditions
for a regional CO transport simulation (see section 4). Regions
of cloudiness prevented fire count observations over large ar-
eas of interest on September 26. However, major areas of fires
were noted 1o the north and northeast of Brasilia. The second
{more southerly) major convective syster described in seclion
2.1 developed over the major region of biomass fires that were
detected on September 26 north of Brasilia. The earlier sysicm
was fed with polluted air by low-leve! easterly winds from fires
farther to the east. The most concentrated burning activity on
these days was located in the state of Amazonas, well to the
northwest of the flight region.

3. Chemical Measurements

The DC-8 flights designed to characterize Brazilian biomass
burning emissions and outflow from the continent begah with
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a flight (Right 5) from Natal, Brazil, southward along the east
coast of Brazil to a point south of Rio de Janeiro and then
inland to Brasilia. This flight characterized the continental
inflow at low levels and outflow at upper levels. There were two
local flights from Brasilia: flight 6 to examine convective out-
flow and flight 7 to characterize the emissions from fires in the
Brazilian cerrado. The following subsections describe the flight
& and related INPE aircraft measurements from September 27
in depth. Section 3.1 describes measurements from both air-
craft in air undisturbed by the convection, while section 3.2
contains a discussion of the DC-8 measurements in cloud-
processed air.

Cbservations of O, and CO (3-minute averages) during
flight 6 are summarized in Figure 4, along with a depiction of
the various ascents, descents, and constani-altitude segments.
A number of altitudes were flown in an attempt to capture
outflow from the convective systems described in section 2.
Because CO is a good tracer of convective transport from the
boundary layer, we define cloud cutflow regions using a com-
bination of measured CO mixing ratios and sateflite imagery.
Enhanced upper tropospheric {>6 km) CO mixing ratios mea-
sured in areas within or downwind of cold cloud tops seen on
IR satellite imagery were considered to be indicative of cloud
outflow. See Table 5 for exact definitions of this and other
regimes. Cloud-processed CO appears as a mixture of clean
upper tropospheric air and air convectively lifted from lower-
altitude polluted layers. Qutflow was encountered on the first
9.5-km flight leg, at the 11.3-km level, on the ascent to and the
descent from the 11.3-km leg, and again on the final 9.5-km
flight leg. On the remainder of the flight the air appeared to be
undisturbed by the cloud systems. For O, the clovd-processed
air is evident from the mixing ratios that are lower than others
at that altitude (i.e., lower O, air has been convectively mixed
upward to that altitude).

3.1. Observations in Undisturbed Air

We have thoroughly analyzed the trace gas observations in
undisturbed air for the purpose of deriving initial conditions
for transport modeling. In this subsection we describe only the

GTE/TRACE-A Flight 6 CO Profiles
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Figure 5. Profiles of CO from flight 6 (5-s CO data) in air
undisturbed by convection on descents 1 (clean) and 2 (pol-
luted).
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CO observations, as indicative of the pollution found in this
region. Figure 5 shows detailed CO profiles (5-s data) for two
of the several ascents and descents depicted in Figure 4) that
were in primarily uadisturbed air. Air polluted from biomass
burning on descent 2 is easily distinguished from relatively
clean air on descent 1. Pollution in the air undisturbed by the
cloud systems is typically evident at altitudes less than 5 km. In
addition to the lower portion of descent 2, very polluted layers
are evident on ascents 1 and 3, with CO exceeding 300 ppby on
each of these profiles. One plume between 3 and 3.5 km on
ascent 3 contained >1 ppmy CO. Most of these polluted fayers
likely resulted from fires on the previous day (September 26)
because little burninig on the September 27 was evident until
the latter portion of the fight. In contrast, the clean air profiles
(ascent 4, descenis 1 and 3) have CO mixing ratios typically
between 100 and 130 ppb in the lower levels. The contrast
between clean and polluted air is also evident on the constant-
altitude segments in regions undisturbed by the cloud systems
(Figure 6). For example, constant-altitude segments 3 and 6
show mean CO values of 320 ppbv (36-min average) and 270
ppbv (6-min average). On the other hand, refatively clean
continental air ([CO] = 140-150 ppbv) was found on constant-
altitude segments 2 and 8. 1n the upper troposphere, most of
the profiles and the constant-altitude segments show CO 10 be
in the range 80-100 ppbv in undisturbed air.

The INPE aircraft flew primarily in moderately polluted air
and purposely avoided relatively fresh heavily polluted plumes.
The aircraft typically took measurements intensively in a
smaller region than the DC-8, sampling at seven designated
altitudes, from below 1 km to just over 3.5 km. The flight on
September 27 was flown from Porto MNacional to the vicinity of
10°8 54°W, and the profile sampling began at 1220 UT (0920
LT). Moderate pollution was found at the three levels below 2
km with CO mixing ratios in the 200-235 ppbv ranpe (Figure
7). This Aight alse occurred before the typical time of day that

"biomass fires begin [Prins and Menzel, 1994], These values are
therefore representative of moderate biomass burning polku-
tion that had aged a day or more. Above 2 km the CO mixing
ratios decline to the 120-145 ppbv range.

CO Flight 6 Constant Altitude Segments
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Figure 7. Profiles of CO (ppbv) and O, (ppbv) taken from
INPE aircralt on September 27, 1992, near latitude —1(F, lon-
gitude —54°,

3.2, Observations in Cloud-Processed Air

3.2.1. Description of measurements. The primary seg-
ments of flight 6 with cloud-processed air are the portion of
descent 2 from 11.3 to 5 ke and portions of constant-altitude
segments 1 and 9 (9.5 km) and segment 5 (11.3 km). Measure-
ments of CO and NO, for constant-altitude segments 1 and §
in clowd-processed air are shown in Figure 8. CO at 9.5 km was
remarkably uniform at 240260 ppbv over a 15-min period of
flight through a region that satellite imagery from 8 to 9 hours
eatlier shows to be covered with a large anvil from convective
storms (the second and more southerly system described in
section 2). High CO values were found during the 11.3-km

ftight leg duc to the more northerly convectlive system; 5-s '

average values reached 340 ppbv and three consecutive
3-minute averapes cxceeded 280 ppbv. These mixing ratios
exceed all upper tropospheric cloud outflow €O measure-
ments previously repurted in the literature [e.g., Dickerson et
al., 1987; Luke et al. 1992]. CO mixing ratios remained between
200 and 300 ppby for most of the descent from 113 to 5 km.
On the 9.5-km flight segment, very high NQ, rixing ratios
exceeding 1300 pptv (3-min average) were found. Several
3-min averages at 11.3 km are in the 500-700 pptv range. In
contrast 1o these measurements are mixing ratios of NO, in
relatively undisturbed air of 150200 ppty.

Ozone mixing ratios may be slightly depressed in the cloud-
processed air compared with those in air undisturbed by the
storms. At 9.5 km the values are in the 59-68 ppbv range,
compared with 72-78 ppbv in undisturbed conditions. At 11.3
km there is negligible difference (76-82 ppbv O, in the cloud-
processed air versus - B ppby in undisturbed air), These mea-
suremenis were taken at 1015-1045 LT, and photochemical O,
production may already have compensated for any dilution of
ozone caused by upward transport of lower (G, mixing ratios
from belaw. The 9.5 km measurcments were made (oo early in
the morning (0640-0703 LT) for much O to have been pro-
duced and therefore reflect the effects of dilution.

Three samples were taken for hydrocarbon analysis in the
cloud-processed air at 9.5 km. and five samples were analyzed
from the 11.3-km level. Sample duration varied from 63 to
111 s. Two samples at 9.5 km and three at 11.3 km showed total
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GTE/TRACE-A Cloud Qutflow
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Figure 8. TRACE A tlight 6 constant-altitude measuremenls
of CO and NO, in cloud-processed air at 9.5 and 11.3 km.
Approximate locations of cold cloud tops sketched from Me-
teosat 3 imagery received in the field for indicated times, which
are approximate times of peak system development.

NMHC to be in the 7-9 ppbv C range, while total NMHC in
undisturbed air at these altitudes was 2-4 ppbv C,

Further evidence of cloud processing comes from the alti-
tude variation of the hydroperaxide ratio, H,0./CH;Q0H,
observed on Aight 6 {Figure 9a). In the region of recent deep
convection, hydroperoxide ratios less then | were encountered
at high altitudes (9.5 and 11.3 km). Photochemical model-
simulated ratios of H,0, to CH,O0H [e.g., Jacob ei al., this
issue| indicate expected values always exceeding 1 and gener-
ally greater than 2 in the absence of verlical transporl, precip-
itation, and in-cloud reactions. The hydroperoxides were used
by Heikes et al. [1996] to identify air samples at an altitude
which may have been recently processed by cloud or precipi-
tation. Air transported from low altitude will contain anoma-
lously high concentrations of CH;OOH compared with more
typical concentrations of CH,OOH at the same altitude. H,Q,
concentrations may or may not be elevated depending upon
whether precipitation occurred during convective lifting or
whether sulfur dioxide was present during vertical transport in
cloud. Precipitation will reduce H,0O, relative to CH,O0H
because of the significantly greater solubility of H O com-
pared to that of CH,QOH [O'Suflivan et al., 1995]. Sulfur
dioxide will react with H;0, in cloud waler at 3 rale greater
than that for CH,QOH. Altheugh not measured on TRACE
A, 80O, mixing ratios are expected to be small over the cerrado
of Brazil due to minimal fossil fuel burning, Thercfore precip-
itation scavenging is expected to be the primary lactor causing
the smalt values of the H,0, to CH,OO0H ratio found in the
upper troposphere during flight 6. In contrast, Figure 9b shows
the altitude variation of the hydroperoxide ratio for flight 7, the
Brazifian biomass fire characterization flight. All ratio valucs
are >1 and only a few are <2, reflecting minimatf influcnce of
recent cloud processing.

3,2.2. Evidence of lightning contributions to observed NO,.
High NO, mixing ratios are more patchy than CO measure-
ments in cloud-processed air, particularly at 9.5 kin (Figure 8).
For 12 of 17 3-min periods on constant-aititude flight segment
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1, the ratio (pptv NO,/ppbv CO) was in the range 1.65-2.09
with a mean of 1.93; the ratio was well above this range for the
remaining Ave 3-min periods (see Table 1). We use these ratios
to estimate the recent NO, contribution from lightning, We
assume no lightning contributions for the points having ratios
in the “normal” range but note that these points could be
enriched by fightning NO, from storms farther upstream.
First, we estimale the amount of NO, at each point that
wouild be present if there were no ligltning by multiplying the
measured [COJ by the mean ratio in air with no lightning
elfects (1.93). We then subtract the “no lightning NO,” from
the measurcd NO, to obtain the lightning NO, (Table 1), For
the 9.5 km altitude the lightning contributions range from 150
to =800 ppiv. For the 10.3-kin fight leg 8 of the 10 3-ivin
periods have NO,/CO ratio values in the 1.89-2.44 range with
a mean of 2.14; for the remaining two points we estimate
lightning NO, contributions to be between 101 and 128 pptv.
For the points in Table 1, at least 40% of the measured NO, is
due to recent lightning at 9.5 kim and at least 32% is conirib-
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TRACE-A Flight 7: Biomass Fire

Measured ratio of H,0, to CH,QOH versus altitude for TRACE A flights (a) 6 and (b) 7.

uted by lightning at 11,3 km. Smyth er al. [this issucf suggest
that lightning is a major contributor to the pervasively high
NO, mixing ratios measured in the upper troposphere during
TRACE A.

4. Mesoscale and Cloud-Scale Model
Simulations of September 26-27
‘Convective Systems

Mcusurements in cloud-pracessed air were conducted only
over sampling ranges of 300-400 km, which are smalicr than
the scale of the convective systems operating during the overalt
episode. Therefore we use a mesoscale model (MMS) 10 ex-
amine the regionsl impact of convection on trace gas distribu-
tions. The simulation procedure consists of running the me-
soscale meteorological model [see Wang et al., this issue],
storing the computed wind fields. and using them in an off-line
tracer ransport model, We transport CO because of its reli-
tively long lifetime (~1 month) in the troposphcre. We have

Table 1. Estimation of NO, From Lightning
NO, pptv
Lighining
Fime, UT NO /CO CO. ppby Meusured Nar Lightning NQ,
9.5 ke
0943:28 254 245 624 473 151
0950:28 334 201 B72* 504 368
1195328 270 257 694* 496 198
195028 552 246 1358* 474 R84
1000128 335 172 574 an 243
1.3 km
1308:59 4.30 161 443 344 101
1311:59 356 91 323 194 128

Times arc beginning times for 3-min averages. Values with asterisk indicate that NQ. detection limit
value {--230 ppiv for these lime perinds) vsed for the NO, component of NQ,.
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also performed a detailed simulation of one convective cell
from the more southerly convective system using winds from
the three-dimensional GCE maodel to transport CO, O, NO,,
and total NMHC. In section 4.1 we.derive initial conditions
from the trace gas measurements and fire count data for the
regioual CO tracer simulation and the cloud-scale tracer stud-
ies. Section 4.2 describes the clond model simulation and the
cloud-scale tracer trunsport resufts. Section 4.3 presents the
results of the regional-scate CO transport calculations using
the MM5 fields. The regional CO distribution in cloud-
pracessed air is the basis for initializing forward trajectories to
determine longer-range transport of cloud outflow (see section
5) and areas of the South Atlantic basin where O, produced in
the cutfow would be found.

4.1.

Lacking detailed CO emission data, we rely on the aircraft
CO measurements to develop initial conditions for model
tracer simulations. The DC-8 CO profile measutrements in very
polluted air and relatively cleun wir in the lower troposphere
(e.g., Figure 5) and constant-altitude flight leg averages (Fig-
ure 6} are used to construet initial condition CO profiles (Fig-
ure 10) for “polluted” air, “semipolluted” air, and “clean™ air.
The “semipoltuted” profile is based on the INPE aircraft pro-
file (Figure 7) taken in moderately polluted air,

The daily gridded fire counts are used to distribute the three
CO profiles (Figure 11} The “polluied” profile is assigned to
regions with major concentrations of fires noted on the Sep-
tember 26 fire map. Major areas of fires noted on the Septem-
ber 25 fire map and not also appearing in the September 26
data were assigned the “semipolluted” profile. Remaining ar-
eas in the MM5 fine mesh domain were designated as “clean.”
Uncertainties in this assignment include probable bias toward
lower than actual miving ratios and toward a polluted region
that is smaller than whit may have existed. For example, some

Initial Conditions for Tracer Studies

20 _ C0 Trocer Initiai Conditions 26 Sept. 1992
1 | r
—— "Polluted” Air
..... "Cleun" Nr
15 L - == "Semi—poliuted” Alr |
£
. 0L
o
g
5[
0
&

[co] {ppbv)

Figure 1 CO trucer initdal conditions based on DC-B ilight
6 and INPE aircraft measurements, The “pelivied” air profile
comes from DC-8 ascents 1 and 3, descenmt 2, and the constant-
altitude segments 3 and 6. The “clean” air profile is derived
from ascent 4, descents 1 and 3, and constant-altitude seg-
ments 2 and 8. “Semipolluted” profile comes from INPE air-
craft measuremernts.
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Figure 1}, Combined AVHRR fire counis for Seplember
25-26, 1992, from Justice et al. algorithm, Geographic distri-
bution of regions designated as containing “polluted™ (dashed
line baxes), “semipolluted” (solid line boxes), and “clean” (re-
maining area) air.

of the areas for which we use the “clean” profile were probubly
polleted by low-level transport from fire-rich areas. In adkdi-
tion, even the “polluted” profile is based on data from polluted
layers afready 12~24 houss old,

Initial conditions for the cloud-scale tracer simulation as-
sume the convective cell formed over a polluted region be-
cause the more southerly convective system developed over a
fire-rich region on September 26. The “polluied” CO profile
(Figure 10} is used for initially undisturbed conditions along
with NO,, O, and total NMHC profiles derived from the same
flight scgments used in developing the CO profile (see Table
2).

4.2. Clond-Resolving Model Simulation of September
26-27 Convective Cell

The MMS simulation completes the CO picture for which
cloud outflow measurements were restricted to 300- to 400-km
flight segments at 9.5 and 11.3 km. For the vertical structure of
other trace gases required in photochemical calculations we
tern to -the cloud-resolving model. The three-dimeasional
GCE model is used (o simulate one representative convective
cell from the more southerly of the two major convective sys-
tems of the September 26-27 episode. Details of the model
can be found in the work of Tao and Simpson [1993).

The initial sounding used in the GCE model simuiation is
selected from the MMS5 mesoscale model output [Wany et al.,
this issue] at 1930 UT September 26 at 14°S, 49°W), which is in
the region where the sceond and more southerly convective
system developed. The GCE modet shows an inlense convee-
tive cell growing to a height of about 16 km, in good agreement
with the satellite imagery. At 180 min into the simulation the
cell began to dissipate. We ran the tracer transport calculations
fram the initistion of the ¢ell through the 1Mlermin mavk, Whan
we compare the average DC-8 obscrvations at 9.5 and 113 km
with calculated values avecraged over the distance (~48 km)
covered by the DC-8 during 3 min, the simulated CO and NO,
mixing ratios are too low. Simulated O; was slightly greater
than observed in cloud-processed air at 9.5 km; the simulated
total NMHC was comparable to the measurements, As de-
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Table 2. Initial Conditions for GCE Tracer Simulation

Altitudes, km CO, ppbv NQ,, pptv O, ppbv Total NMHC, pptw C
0.00-1.05 260 4%) 49 12.8
1.05-1.73 3o 295 49 13.9
1.73-2.53 223 156 49 10.4
2.53-3.92 359 323 72 13.1
3.924.99 153 102 60 4.1
4.99-6.16 182 112 77 4.7
6.16-7.44 147 190 74 2.5
7.44-8.12 89 126 70 26
8.12-8.83 03 177 74 kN
8831278 95 208 76 36
12.78~16.42 90 310 HR 25
>16.42 30 540 50 T us

scribed in section 4.1 we have reason to believe that the initial
CO and NO, mixing ratios are too low. Therefore we adjusted
the initial condition values of CO and NO, in the polluted
layers of the lower troposphere such that the model more
closely matched the observations (measured CO and our esti-
maled “No lightning NQ," (Table 1)) at the cloud outflow
sampling altitudes. This process required a factor of 1.3 for CO
and a factor of 1.8 for NO,. We also adjusted low-level O,
values by a factor of (.85, so that the upper level O, matched
the measurements. Apparently, the NMHC measurements
{based on grab samples} in the polluted layers were represen-
tative of conditions before the storm. Plate 2 shows the final
cloud-scale simulation tracer results for the 9.5-km level. CQ in
the core updraft region of the storm exceeds 250 ppbv and the
area perturbed by the cell is ~ 100 km in horizontal dimension.
Lower Oy from the boundary layer appears in the updraft
region at 9.5 km, whereas downdrafis at the outer edges of the
cell bring higher Oy downward. At 11 km # region covering 4
distance of ~100 km in (he cloud-scale simulation has ~65
ppbv O, Mcasurements made in cloud-processed air at 11.3
km 4-5 hours after sunrise are >75 ppbv, showing that appre-
ciable O, production had alrcady taken place in the cloud
outflow, Table 3 presents statistics from the simulation for the
9.5-, 11, and 14-km levels {the latter used in upper tropo-
spheric photochemical modet cateulations of O, production
(sce section 5.2)).

4.3, Regional CO Transport

The three-dimensional wind fields from the MMS5 simulation
were used in a tracer transport code containing a positive-
definite advection scheme (see details by Wang er al. [this

issue|). Vertical transport is achieved using grid-scale (30 km
horizontal resolution) winds plus the subgrid convective trans-
port information provided from the cumulus paramcterization
in MM5. The regional tracer transport simulation was initis!-
ized at 1200 UT September 26 with the CO mixing ratio dis-
tribution described in section 4.1. However, the CO initial
values on the “polluted” and “semipolluted” profiles were ad-
justed in the lower troposphere in the same manner as in the
cloud-scale tracer simulation (factor of 1.3) to estimatc mixing
ratios for the lower troposphere that may have existed s the
onset of convection. MM3 simulations were conducted with
the Grell and Kain-Fritsch cumulus parameterizations, and
tracer transport calculations using the output of both schenics
are reported by Wang et al. [this issuc). Tracer simulations
using the Grell scheme produced a slightly better representa-
tion of the mezn and frequency distribution of the CO mca-
surements, particulnrly at 11.3 kmy, Therelore in this pupur we
use only the tracer transport cateulations resulting from the use
of the Grell scheme.

Plate 3 presents the simulated distributions of CO at alli-
tudes 9.5 and 11 km at 1200 UT Scptember 27. A region of
> 1300 km in horizontal dimension has been perturbed at these
altitudes by the two convective systems; Lhis is about 6 hours
atter dissipation of the second, more southerly system, and
about midway between the DC-8 sampling limes at 9.5 al
1.3 km. With very light upper level winds, CO peaks in (he
vicinities of individual storms still persist. CO perturbations
extend to the top of the cloud at approximately 16 km, having
tapered off in horizontal dimension above 12 km to only 4tk
km at 16 km altitude. The cloud-perturbed region is also

Table 3. Statistics From Cloud-Scale Tracer Simulation

CO, pphv NO,, pptv O,, ppby Total NMHC, pphw C
2.5 kmn
Maximuim 204 407 85 0.5
Minimum 95 208 50 3.6
120-km averape 182 280 72 0.0
H km
Maximum 340 450 85 10.6
Minimunt 95 216 59 A5
120-kn aveinge 243 361 H4 8.0
i4km
Muximum 254 4095 108 8.5
Minimum o0 k] & 0 2.5
120-km average 165 Jag 87 5.3
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Table 4, Statistics Trom Regional CO Simulation

=158 6.5°-10°8
48°-52°W 44°-49°W

Altitude, km M. Min. Avg. Max. Min. Avg,
8§ 263 85 118 331 88 147
8.3 256 80 125 33 90 154
9 281 84 139 39 91 161
95 Joz g9 152 323 94 170
[ 291 Y] 159 350 94 180
10.5 2 90 164 357 89 191
1 307 99 169 353 93 197
11.5 290 ECHL 173 315 94 187
12 1o 10 179 314 95 173
12.5 - 379 84 183 rel | 92 150
13 50 78 81 234 85 126
13.5 I 74 174 205 7 1
14 359 I 162 151 70 04
14.5 340 61 148 109 59 77
15 328 56 130 78 54 63

F-min Average Observationy

us 201 RO 151
1.3 284 01 236

smaller at altitudes less than 9.5 km. Table 4 presents statistics
from the regional CO simulation at altitudes ranging {rom & to
15 km for regions surrounding the 9.5- and 11.3-km DC-8 flight
track scgments (shown on Plate 3). Peak (30 km horizonial
resolution} CO mixing ratios exceed 300 ppbv up through 15
km in the 10°-15°8 and 48°-52°W region but are smaller above
12 km in the more northerly region, 1t appears that convective
transport was more vigorous in the more southerly convective
system. The altitude of greatest CO (both average and local
maximum) in the ctoud outflow was 11 km for the more north-
erly system and 12.5 km for the more southerly system. Table
4 also contains statistics for the 3-min average CO measure-
ments ol 9.5 and 11.3 km. Our regional simulation estimate of
the average value at 9.5 km in the more southerly region (152
pphv) compares very well with the average observed vatue (151
ppbv) at this altitude. The mean of the simulated CO in the
more portherty region at 11 km (197 ppbv) is somewhat lower
than the mean of the observedions in s region (236 ppby),

We also compare the model-simulated CO mixing ratios
with the measurements in cloud-processed air at 9.5 and 11.3
km by means of frequency distributions (sec Figures 12a and
12b). Observations are compared with simulated values from
regions surrounding the flight track measurements (same re-
gions as in Table 4}, although the comparison is not strictly on
u onedo-une basis hecanse the simulated clouds are slightly
displaced relative to the observed clouds, At both altitudes the
obscrved frequency distributions show a double peak. whereas
the simutatcd OO distributions show only single peaks. Other-
wise, the frequency distribution of the simulated values com-
pares well with that of the observations at 11.3 km. At 9.5 km
the comparison is not 50 good: the simulated distribution does
not show enough low CO mixing ratios. Differences in the
distributions may be due 10 inadequacies in the simulation or
sampling area. However, we are encouraged by how well the
model simulates the mean values over the subregions. Simu-
lated CO distributions in the & to 16-km layer are used to
initialize forward trajectories to demonstrate the tong-range
transport of Oy-producing convective outflow over the South
Atlantic basin.

5. Long-Range Transport and Photochemical
Simulations

The cloud outfow observed on TRACE A fight & is trans-
ported downstream by upper tropospheric winds. We use the
GSFC isentropic trajectory model to compute forward trajec-
tories (section 5.1) from the cloud outflow measurement loca-
tions and from the enhanced CO region in the MMS simula-
tion. We estimate the amount of ozone produced during this
transport with a photochemical box model (scction 5.2) and
compare the results with downstrcam measurcments (e.g.,
ozonesondes at Natal) in section 5.3.

5.1

We computed forward trajectories (Figure 13) from sclected
points on the DC-8 flight track in the convective outflow at 9.5
and 11.3 km, The trajectories were compuled for elusters about
the points of interest end using the European Center for Me-
dium-Range Weather Forecasts (ECMWF) and National Me-
teorological Center (NMC) global anatyses (as recommended
by Pickering et al. [this issue]}. The trujectories show that the
measured cloud outflow at 11.3 km (Figures 13a and 13b;
theta = 348.6 K} was transported in the westerlies vver north-
eastern Brazil and across the South Atlentic to the coast of
Africa in 8 days. The NMC trajectories show a siraighter west
tr enst Nlow, whercas the ECMWF trajectorics show a higher-
amplitude wave pattern. Trajectories with both sets of input
analyses show very low wind shear in the horizontal, ilustrated
by Lhe clusters remaining cohesive for the 8 days. At 9.5 km
(Figures 13c and 13d; theta = 342.7 K) the initial transport is
to the southeast based on the NMC analyses and to the north-
east based on the ECMWF data. The trajectories cross over
the mid-Atlantic, both clusters arriving near the African cousl
in 8 days. The horizontal shear at this level is considerably
greater than at 11.3 km, evidenced by a greater spread within
the clusters.

A systematic analysis is carried out by initiating 8-day for-
ward isentropic trajectories in two layers (8-12 and 12-16 km)
from points shown by the regional tracer simulation to be mosi

Forward Trajectories From Conveclive Quiffow
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MMS versus DC-8 Measurement at 11 km
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Fignre 12. Frequency distributions of CO measurements
and MM3-simulated values in indicated regions and altitudes
() 6.5°~ 1S, 44°-49°W at H.3 km; (b) HP-]15°8, 48°-52°W at
9.5 km. Mixing ratios from MM35 tracer calculation are 30 km
grid resolution values, while the measurements from the DC-§
are 3-min sverages (equivalem to approximately 40-km travel
distance).

CO-perturbed. For the 8- o 12-km layer, trajectories are run
on isentropic surlaces representative of 8, 10, and 12 km flrom
points at these altitudes with simulated CO greater than 150
ppbv. For the 12- to [8-km layer we ran trajectories on isen-
tropic surfaces representative of 12, 14, and 16 km from points
with the same criterion value, In both Jayers, trajectorics from
points with CO >250 ppbv were differentiated from those with
CO between 1530Hand 250 ppbw. Figure 14 shows the positions
of these trajectories &l 4 and 8 days downstreans. In the 8- 1o
12-km layer, air parcel positions at 4 days downstream are
clustered over northeast Brazil and the western South Atlantic.
By 8 days, parcel locations stretch from northeast Brazil to the
vicinily of Australia. Clusters of parcels initially containing
>250 ppbv CO were near the northeast Brazilian coast, ofl the
coast of Angola, and in the Mozambigue/Madagascar region,
In the 12- to 16-km layer, parcels at 4 days are tightly clustered
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in the western South Atlantic with many of them reaching
Africa by 8 days. This analysis suggests that Brazilian convee-
tive outflow sampled o September 27 can affect upper tropo-
spheric ozone over widespread regions of the Atlantic, Africa,
and the Indian Ocean. Furthermore, parcels with heavily pol-
luted air {parcels initially with >250 ppbv CO) arc distributed
throughout the affected area.

5.2. Photochemical Box Model Simulations of O,
Production

A time-dependent photochemical box model is used to com-
pute trace gas concentrations and net O, production during
the 8-day transport described in section 5.1. The model uses
the same chemical mechanisms as the GSFC point model de-
scribed by Thompson et al, [this issuc). A 15-min time step is
used, except that a 1-s time step is used near the day-night
transitions. Clear-sky photolysis rates are assumed.

Box model simulations for conditions in the 8- to 12-km and
12- to L6-km layers (4-km mixing depth) are initiatized with
measured or cloud model-simulated mixing ratios of sclected
species. For the 8- to 12-km layer the model is initialized with
ctoud-processed constituent measurements at 9.5 and 11.3 km
and undisturbed conditions at 9.5 km (Table 5). Net ozone
production is calculated for four conditions: (1) undisturbed;
(2) mixing ratios averaged over all cloud-processed air; (3)
peak 9-min average (~120 km) cloud-processed mixing ratios
at 9.5 km; and (4) peak 9-min average cioud-processed mixing
ratios at 11.3 km, For the 12-i6 km layer we use the cloud-
scale tracer transport results for 14 km (undisturbed conditions
and peak 120-km average mixing ratios in cloud-processcd air;
see Table 6).

Figure 15 summarizes net ozone production rates in the two
cloud outfow layers, Peak valucs of Q, production in the first
four days downstream from the convective region are 24-27
ppbv in the 8. (0 12-kem layer (for cloud outflow contuining
~H30-95 pptv NO,). During days 5-8 an additional 15-22
ppbv are produced; peak total O, production over the cight
days of transport is 42-45 ppbv. This result is # factor of ~3.5
greater than the 13 ppbv O, produced in 8 days in undisturbed
air in this layer. Peak ozone production rates for cloud outllow
in this layer are initially 7-8 ppbv/d. These rates are slightly
higher than those obtained for the flight 6 cloud outllow by
Thompson et al. [this issue] and Jacob et al. (this issuc] with
instantaneous point models. The reason for this difference is
that cloud outflow measurements were made only in the carly
1o midmorning; when these instantancous O, production rates
are extrapolated to a 24-howr period, lower diurnal wverage
rales are obtained than are calculated with our time-dependent
box model.

In the 12- to 16-km layer, O5 production is cohanced by a
facior of ~1.7 (15.5 ppby in 8 days in cloud-processed air
versus 9 ppby in uadisturbed air), However, becirse there
were no measarements in this layer and we usc only the mixing
ratios obtained from GCE model transport calculations, the
box model simulation at 14 km does not include the effects of
lightring on NO,. Therefore the O, production rate in cloud-
processed air could be greater than what we have calculated
for the 12- to 16-km layer.

We have integrated the O, production over the 8- to 12-km
and 12- to 16-km layers and these values {in Dobson units)
appear in Figure 15. Peak cloud outflow contains at least 6.7
DU at the end of 8 days in the 8- to 16-km tayer. Comparcd
with the 2.2 DU produced in undisturbed air, this represents an
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Forward Trajectories from Measured Convective Outflow
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Figure 13, Forward trajectories front points on flight 6 fight track in cloud outflow: (a) from 1.3 km with
NMC inpus: (b) from 11.3 km with ECMWF input; {¢) from 9.5 km with NMC input; (d} from 9.5 km with
ECMWT input. Trajectories shown with solid line with positions noted every 12 hours. Thin dashed lines urc

trajectorics initialized in 2.5° X 2.5° cluster surrounding central point.

enhancement of at least a factor of 3. Excess tropospheric Oy
over the South Atlantic is 15-25 DU in the biomass burning
season as seen from sateMite and ozonesondes [Fishman er al.,
this issue; Thompson ef al., this issue]. Ozone produced in the
outflow From the September 26 to 27 convective event (average
of -5 und peuk of .7 DU) can account for at least 25% of the
£XCess.

5.3, Comparison of Simulated O, Production with
Downstream Observations

Figure 16 shows the cumulative net O, production compuled
by the box model at 24-hour intervals as it would be observed
along the pathway of a typical upper tropospheric forward
trujectory from the cloud system, The photochemical and tra-
jectory models are not actually coupled in this simulation, but

Table 5. Initin! Conditions for Box Model Simufations in 3-t0 12-km Layer

11.3 km Peak 95 km Peak 9.5 and 11.3 km 9.5 km

Dothlow Outfloww Average Quiflow Unetisturhed

., pphw 77 6l 73 75
N ppLv 405 5N 266 17
NO,, ppty 24 434 282 67
CO, ppby 286 258 251 90
C.H,. pphv 2.03 1.63 182 £.29
CH,. pptv 91 7.3 4.6 39
C . ppiv Kyl 253 275 247
C,H,. pptv 63 595 506 6
TOL, pptv | 18 n !

Taken from sleady state version of model in which fluxes are parameterized to match observations in
eloud-processed air at the given altitude. Invariants include HNO,, PAN, H,0,, and H,CO, which are set

ta measured vidues, TOL, totvene.
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Forward Trajectories from Convection (High CO), 27 Sep 92 12Z
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Figure 14, Parcel positions at {a) 4 days downstream and (b) 8 days downstream in the §- to 12-km layer
based on forward trajectories initialized at points on the regional CO simulation having CO = 150 ppbv (Plate
3). Parcel positions in 12- to 16-km layer at () 4 days and {d) 8 days. Squares represent parcels having initially
>250 ppbv CO, while points indicate parcels initially having 150250 ppbv CO.

incorporation of trajectory parameters is not expected to give
significantly different results. Also shown in this figurc are the
locations of downstream posiconvection measured O, incre-
ments which may be compared with the simulated O, produc-
lion amounts.

TRACE A flight 7 on September 28 (~24 hours after Aight
6) sampled a region at 11.3 kim about 3 km east of the center
of the second and more southerly convective system of Sep-
temher 26-27. Ozone mixing ratios on flight 7 at this altitude
averaged 88 ppbv, whereas the average on flight 6 was 78 ppbv.
High CO mixing ratios (average of 210 ppbv) suggest that the
flight 7 air mass contained convective cutflow, although the
H,O,/CI1,Q0H ratios reach a minimum of slightly >1. Tra-
jectories in Figure §8 suggest that 30 km is approximately the
distance traveled by the convective outliow from this system in
24 hours. Therefore the DC-8 O measurements show a net O,
production rate of ~ 10 ppbv for the first duy of downstream
transport and that some 1,0, has been produced. Our box
maodel caleutation of 7-8 pphv O, for the first day nearly
matches this rate.

Ozonesonde measurements al Natal, Brazilt |Kirchhoff et al.,
this issue] show an average 3! ppby increase in upper tropo-
spheric (1116 km) O, between September 28 and 30 (Table 7)
and an average increase of 26 ppbv in the - to 12-km interval
(Figure 16). In fact. the September 30 sounding (3-4 days after

the convective episode) has the highest tropospheric ozone and
the highest 12 km-to-tropopause ozone of the 14 Natal sound-
ings in the September-October 1992 period (Figure 17). Back
trajectories artiving at four levels between H and 16 km at
Natal on September 30 (Figure 18) all show flow 1o Natad from
the vicinity of the September 2627 events over periods rang-
ing from 2 to 4 days. The box model calcutations show nct
ozone production over the first 4 days of transport (o be 24
ppbv at 11.3 km and =8 ppbv at 14 km. Thus we argue that
most of the September 28-30 increase in ozone at Nalul was
causcd by photachemical production in convective outflow
from the September 26 to 27 storms,

6. Discussion

Through this case study we have shown thal mesoscale con-
vective sysiems over biomass burning regions of the Brazikian
cerrado can cause major O, increases in the upper troposphere
at Natal, Thompsor ot al. {this issuc] have noted that Natal
experienced wpper level westerlies for 100% of the soumdings
during TRACE A, while at Ascension the frequency was 87%.
These resulis and our forward trajectories (Figures 13 and 14}
suggest that these sites are frequently downstrcam of the Bra-
zilian convective outflow and that O, produced in the outflow
may dominate the upper tropospheric O, distribution al these
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locations. For example, the 8- to 12-km and the 12- to 16-km
forward trajectories and box model O production calenlations
show that Ascension Island could have sampled this convective
outflow 4 to 6 days after the event {October 1-3) with as much
as 30 ppbv of excess O, Upper tropospheric ozone on Lhe
Octoher 3, 1992, sounding shows a peak of 20-30 ppbv excess
0O, at 13-15 km and other lower-ultitude peaks, but no tracers
were measured o allow definitive source assignment. From
teajeciorics i appears that this feature is a combination of
outflow from the Scptember 26 (0 27 cerrado storms and ear-
lier convective events that occurred farther upstream. The
effects of the September 26-27 cvents may reach the Brazza-
ville sounding tocution in about 4 days (Figure 14) in the 12- to
16-km layer. At the end of 8 days the box model shows net O,
production in the 12- 1o [6-km layer lotaling t5 ppbv. Upper
level westerlies were noted for only 23% of the TRACE A
soundings at Brazzaville, indicating that the potential impact
we have scen at rhis site from the September 26 to 27 storms
may he a relatively infrequent oceurrence. However, none of
the upper level back trajectories from individui Brazzaville
soundings show flow from Brazil | Thompson et al.. this issue).
Because our trajectories also show flow to the Indian Ocean,
particutarly in the 8- 1o 12-km layer, the sounding site at Re-
union Istand could have received convective outfow from the
September 26-27 Brazilian cvenls,

Pickering et af. [1992a] estimated the amount of O, produc-
tion during the first 24 hours following a prototype deep con-
vective everd over the Brazilian savanna during the burning
season, Chatficld and Delany | 1990] also simulated O produc-
tion in cloud outflow for storms over biomass burning regions
of Brazil. In the Pickering et al. [1992a] analysis we assumed
initial lower-tropospheric mixing ratios {e.g., S00 pptv NO, 450
ppbv CO) based on carlier ficld expeditions 1o Brazit during
biomass burring. Inn the simulations with cloud dynamics based
on a squall flinc sampled during the NASA GTE/ABLE 2A
field mission over Brazil, chwud-processed air had 600-9(H) pptv
NQ, in the 9.5- 1o 1 -km layer, simitar to the peak Y-min NO,
measured in the TRACE A flight 6 cloud outflow. An average
(Q; production value in cloud outflow from 5 to 13 km was 7.4
ppby O/, with vadues in the 9.5- to H-km layer of 4-5 ppbv/d.

Fabte 6. Initinl Conditions {for Box Maodel Simulations in
12- 1o 16-km Layer

14 km
Peak Outlling Undisturbed

Oy pphw 175 102
NO, pptv 3 224
NO. ppty 77 [
CO, pphv 164 86
CJAT,. ppby 1.58 87
Cdl,. ppty 3.1 2.7
C.ll. pptv KXV 166
Ca11,, pptv &1 3R
TOL, pplv 00 .4

Taken from steady state version of model in which fluxes we pa-
ramneterized o mateh GOE model ouput Tor 14 km, Undisturbed
NGO, COLamd hydrocarbuns at £4 kn estimated by extrapolating 9.5 10
113 km trend in undisturbed mixing rating, O at 14 km taken {rom
UV-IMAL (Browell ¢ af., this issuct measurements for Lhis ahilude.
Tovariants include TINCO L PAN, TLOL, and HL,CQ which are set o
values appropriate for 14 km taken from onc-dimensional model sim-
ulations discussed by Pickering of of [1992a].
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(8 days) of wial net O, production for days 1-4 and 3-8: (a4}
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initialized with measurements from {light 6 in 8-to 12-km layee
and with output from cloud-scale simufation for 12-10 Ho-km
layer.

Chatfield and Delany [ 1998 cstimated 6 pphbv/d for the liest 24
Rours downstream of an idealized “mix-then-cook™ cvent,
These O, production rates are similar to those chizined from
the box model using the trace gas measurements from the
September 26 10 27 cloud vutllow sampled on TRACE A light
. We have confirmed the posiconvective upper tropospheric
ozeme enhancement prediclted in our previous work and by
Chatfield and Delany.

7. Summary and Conclusions

Observalions in cloud-processed air following the Septem-
ber 26-27, 1992, convective episode over the Brazilian cerrado
provide evidence of vigorous convective transport of hiomass
burning emissions to the upper troposphere. Enhancement of
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Fipure 16. Cumulative net ozone production computed with
Goddard trepospheric chemistry box model downstream of
September 26-27, 1992, Brazilian convective systems is noted
at 24-hour intervals (denoted by crosses) along a characteristic
forward (rajectory. The photochemical and trajectory models
are not actualtly coupled in this simulation, bul incorporation of
trajectory parameters is not expected to give significantly dit-
ferent results. First value for each day is cumulative production
using highest 9-min average clond-outflow mixing ratios at 11.3
km (see Table 5) as initial conditions; second value is cumu-
lative production unsing highest 9.min average cloud-outflow
data at 9.5 km (see Table 5). Asterisks show locations of
measurernents; increments in measured ozone mixing ratios
obtained by comparing DC-8 flights 6 and 7 data and by com-
paring Natal ozonesonde profiles from September 28 and 30,
14992,

CO mixing ratios by a factor of 3 over background values
accurred in widespread convective outflow. The NQ, mea-
sured in outflow was a mixture of that transported from the
lower troposphere by the convective updrafts and that pro-
duced by lightning, We estimate that the lightning contribution
amounted to at lcast 40% of the measured NO, mixing ratios
at 9.5 km and 32% at 113 km in regions with a deteclable
lightning signature based on the NO,/CO ratio,

Natal Layer Mean Ozone Concenlrations from Ozonesondes
ep - Oct 1992
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Figure 17. Layer-mean O; mixing ratios from Natal ozone-
sondes over period September-October 1992, Note high values
in the 12 ki to tropopause range on September 30 (day 274)
and October 2 (day 276} following the major convective epi-
sode over the cerrado region.

Simutation of the September 26-27 convective systems with
MMS3 reproduces the observed features of cloud outflow and
shows that at 6 hours after the decay of the two major convec-
tive systems, the perturbed CO extended over a region of 1500
km. Cloud-scale and regional-scale simulations expand the lim-
ited sampling range and show enhanced trace gas concentra-
tions in all upper tropospheric layers extending to the cloud
tops at approximately 16 kum.

The regional extent of the convective systems and trajecio-
ries from sampled cloud ouvtflow point to a significant contri-
bution toward the South Atlantic ozone maximum. A photo-
chemical box model, initialized with cloud outfow
observations and tracer output from the GCE model, shows
several parts per billion by volume O per day produced as
outflow is transporied downstream for several days. Forward
trajectories from the cloud-perturbed region show eastward

Table 7. Upper Tropospheric Ozone From Natal, Brazil, Ozonesondes

September 28

September 30 September 30-28

Altitude Interval, km O,, pphwv Q,, ppby Delta O, ppbv
11.25-11.5 91.37 96.70 533
LL5-11.75 82.49 114,91 3242
1L75-12.0 87.64 128.69 41.05
12.0-12.25 91,77 132.4 40.27
12.25--12.5 1090 119.83 17.93
12.5-12.75 99.07 109,32 10.25
§2.75-13.0 100,96 11510 14.14
1301325 9228 123.17 30.89
13.25-13.5 86.50 126.48 1598
13.5-13.75 88.03 135.87 43.84
13.75-14.0 96.50 130.73 3423
1401425 93.27 134.61 41,34
14.25-14.5 R5.92 135.52 49,04}
14.5-14.75 Msg. 130069 Msg.
1475150 Misg. 131.0 Msg.
15.0-15.25 96,97 12777 30.80
15.25-15.5 97.24 134.19 3695
Mcan 02.79 124.86 31.07
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Trajectory Ou{pul, ]ul:an Day 274-266
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Figure 18. Backward trajectorics arriving at Natal on Sep-

tember 30, 1992, an four potential temperature surfaces. Boxes
show locations of Seplember 26-27 convective regions.

flow from the 9.5 and 11.3 mcasurement altitudes across the
South Atlantic and reaching Africa in 8 days. Ozone measure-
ments on flight 7 at 11.3 km (downstream of the more south-
erly convective system) were ~ ) ppbv higher than on flight 6,
suggesting an O production rate similar to our box model
calcvlation for the first 24 hourss of transport. Three days after
flight 6 the September 30, 1992, ozonesonde at Natal shows an
average increase of ~30 ppbv (~3 Dobson Units) in the upper
troposphere compared to two days earlier. Back trajectories
confirm the sounding-convection link. Air arriving at Natal on
September 30 in a S-km-deep upper tropospheric layer was
transported frim the convective region over the cerrado in 2-4
days. Trajectory analyses by Thompsen et al. {this issne] show
that upper tropospbieric ozome i soundings nt Nutol, Ascens
sion Island, and African stations (south of 15°S) throughout
TRACE A was transported from Sowth America, This paper
complements that study with diseet evidence of ozone forming
in the upper troposphere after deep convection detrains bio-
mass burning emissions, Kirchhofl et al. [this issue] show that
the 1992 wet season had an early onset and middle and upper
tropospheric ozone was higher than vsual. This suggests that
the role of decp convection in the South Atlentic regional
ozone budgel for the TRACE A period may have been more
prominent than in a typical year.
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