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Where did tropospheric ozone over southern Africa
and the tropical Atlantic come from in October 1992?
Insights from TOMS, GTE TRACE A, and SAFARI 1992

A. M. Thompson,'? K. E. Pickering,? D. P, McNamara,’ M. R. Schoeberl,!
R. D. Hudson,2* J. H. Kim,* E. V. Browell* V. W. J. H. Kirchhoff,?
and D, Nganga?®

Abstract. The seasonal tropospheric ozone maximum in the tropical South Atlantic, first
recognized from satellite observations [Fishman ef al., 1986, 1991], gave rise to the IGACY
STARE/SAFARI 1992/TRACE A campaigns (International Global Atmospheric
Chemistry/South Tropical Atlantic Regional Experiment/Southern African Fire
Atmospheric Research Initiative/Transport and Atmospheric Chemistry Near the Equator-
Atlantic) in September and October 1992, Along with a new TOMS-based method for
deriving tropospheric column ozone, we used the TRACE A/SAFARI 1992 data set to put
together a regional picture of the O, distribution during this period. Sondes and aircraft
profiling showed a troposphere with layers of high O, (=90 ppby) all the way to the
tropopause. These features extend in a band from 0° to 25°S, over the SE Indian Ocean,
Africa, the Atlantic, and eastern South America. A combination of trajectory and
photochemical modeling (the Goddard (GSFC) isentropic trajectory and tropospheric
point model, respectively) shows a strong connection between regions of high ozone and
concentrated biomass burning, the latter identified using satellite-derived fire counts
[Justice et al., this issue|. Back trajectories from a high-O; tropical Atlantic region (column
ozone at Ascension averaged 50 Dobson units (DUY) and forward trajectories from fire-
rich and convectively active areas show that the Atlantic and southern Africa are supplied
with Oy and Oy-forming trace gases by midlevel easterlies and/or recirculating air from
Africa, with lesser contributions from South American burning and urban pollution.
Limited sampling in the mixed layer over Namibia shows possible biogenic sources of NO,
High-level westerlies from Brazil (following deep convective transport of ozone precursors
to the upper troposphere) dominate the upper tropospherie Oy budget over Natal,
Ascension, and Okaukuejo (Namibia), although most enhanced O (75% or more)
equatorward of 10°S was from Africa. Deep convection may be responsible for the liming
of the seasonal tropospheric Oy maximum: Natal and Ascension show a 1- to 2-menth lag
relative to the period of maximum burning [ef. Baldy et al., this issue; Ofson er al., this
issue|. Photochemical model calculations constrained with TRACE A and SAFARI
aitborne observations of O, and O, precursors (NO,, CO, hydrocarbons) show robust
ozone formation (up to 15 ppbv O54d or several DU/} in a widespread, persistent, and
well-mixed layer to 4 km. Slower but still positive net O formation took place throughout
the tropical upper troposphere [cf. Pickering et al., this issuc (a); Jacol et al., this issue].
Thus whether it is faster rates of O formation in source regions with higher turnover
rates or slower Oy production in long-lived stable layers ubiquitous in the TRACE A
region, 10-30 DU tropospheric Oy above a ~25-DU background ean be accounted for. In
summary, the O, maximum studied in October 1992 was caused by a coincidence of
abundant Oy precursors from biomass fires, a long residence time of stable air parcels
over the eastern Atlantic and southern Africa, and deep convective transport of biomass
burning products. with additional NO from lightning and occasionally biogenic sources.
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1. Introduction

A seazonal maximum in tropospheric O extending over the
south tropical Atlantic and adjacent South America and Africa
was reported by Fishman and coworkers based on satellite
ozone observations [Fishman et al., 1980, 1991; Fishman, 1988].
Tropospheric ozone in this region peaks in the August-
October period, then declines in November, During the peak
period, biomass burning is intense and widespread in South
America and southern Africa. The tropospheric O column
depth may exceed 50 Dobson Units (1 DU = 2,69 % 10'°
cm ) or more, compared to nonpelluted tropical tropospheric
ozone column depths of 20-30 DU [Kirchhoff et al., 1991; Cros
et al,, 1992]. Tropical circulation patterns tend to promote
tropospheric O, accumulation off the African coast during the
September-October period [Krisfuramuni et al., 1993]. Thus
both photochemical and dynamical forces could play roles in
the regional tropespheric ozone maximuam.

Two 1GACSTARE (South Tropical Atlantic Regional Ex-
periment) field programs were designed to explore Oy and the
interaction of chemical and dynamical influences in the tropi-
cal South Atlantic and adjoining continents in September and
October 1992, The principal aim of TRACE A (Transport and
Admospheric Chemistry Near the Equator-Atlantic), one of
the (GFTE (Global Tropospheric Experiment) aircraft missions),
was broad characterization of potential source regions in Brazil
and southern Africa with an emphasis on Atlantic outfAow from
each continent [Fisfman, 1994, Fishman et al., this issue (a)].
SAFARIT (Southern African Fire Atmospheric Research Ini-
tiative ), with multiple aircraft and ground stations in southern
Africa, focused atmospheric sampling near biomass fircs, wilh
measurements of pyrosenic emissions, biogenic fluxes, and
ecological parameters [Andrene of al., 1994; Lindesay ef al., this
issue]. SAFARI overview papers appear in the work of van
Wilgen ef al, [1996, SATARIT Book].

The TRACE A overview [Fisliman et al., this issue {a)] and
meteorological enviconment [Baclmeier and Fuelberg, this is-
sue] are described elsewhere in this issue. The present paper
integrates ozone observations and satellite imagery with pho-
tochemical and trajectory modeling to answer the major ques-
tions of TRACE A:

1. What is the distribution of Lropospheric ozone in the
south tropical Atlantic region during TRACE AT What are
regional characteristics of boundary layer and free tropao-
spheric ozone and the vertical distribution throughout the re-
gion? (section 2}

A synthesis of TRACE A and SAFART czone observations
from satellite-based, aircrall, ground-based, and sounding plat-
forms {detailed in references in Table 1) gives a comprehen-
sive picture of South Atlantic basin ozone in September and
October 1992, Vertical and horizontal ozone distributions are
summuarized with satellite-derived tropospheric column ozone
ta describe a broad arca in early October 1992, complementary
Lo the flight-by-Might overview of Fishman et al [this issoe (a)],
The picture that emerges is similar to the UV-IDIAL based
climatology of Browell er al, [this issue].

2. What is the role of transport in determining the ozone
distribution? Are there links between regions of high tropo-
spheric O, and hiomass burning with and without deep con-
vection? (section 3).

Forward trajeclories are ran from fire-rich and convectively
active areas of Africa and South Ametica and backward tra-
jectories are initiated from a broad Atlantic tropospheric O,

maximum detected in October 1992, Patterns and statistics
from back trajectories initiated from fixed O5 sounding sites
during TRACE A/SAFARI are used for more focused insights
into ozone sources. For a large-scale dynamical interpretation
the reader is referred to the tropical general circulation model
study by Erishnamurti et al, [this issue]. Southern African cli-
matology for the TRACE A and SAFARI period is described
by Garstang et al. [this issue] and Tyson ef al. [1996],

3. What is the magnitude of photochemical ozone forma-
tion based on trace gas measurements made during TRACE A
and SAFARI? What are the relative contributions of patural
and anthropogenic processes to C0, NO,, hydrocarbon bud-
gets, and to ozone formation in southern Alrica and the trop-
ical Atlantic?

A photochemical (instantaneous, “peint”) model used o
assimilate -8 data indicates that the highest ozone forma-
tion rates occur in a thick mixed layer over southern Africa
(section 4), This view is corroborated by point-modeling anal-
ysis of SAFARI aircraft data [Zenker ef of,, 1996]. Details of
point modeling for all TRACE A flights are given by Jecol ef
al. [this issue], who show that the upper troposphere is ozone
producing throughout the South Atlantic basin with few ex-
ceptions, The major net ozone-destroying regions appear Lo be
the middle troposphere and the marine boundary layer, as
described by Heiles et al. [this issue|. The midtropospheric O
lifetime is sufficient, however, that transport of ozone-enriched
layers from the adjacent continents {predominantly Africa)
helps maintain thick tropospheric ozone column depths over
the Atlantic (=45 DU, on average, in early Oclober 1992).
Biogenic and biomass burning of NG, CO, and hydrocarbons
over southern Africa were reported for SAFARI [Cofer et al,
this issue; Levine et al, this issue, hereinafter referred to as
L9G: Scholes et al.. this issue; Zepp et al,, this issuel, but tem-
poral and spatial coverage varies. Thus incorporation of SA-
FARI fluxes into chemical models has not been attempted in
this paper, although Chatfield et al. [this issue] have performed
a two-dimensional regional model study to evaluate the natural
and anthropogenic components of the South Atlantic ozone
budget.

4. Can tropospheric ozone observed in the South Atlantic
basin in October 1992 be explained from the photochemical
and dynamic characteristics observed during SAFARL
TRACE A? What are the relative contributions of South
America and Africa to ozone over the South Atlantic?

A synthesis of dynamical and photochemical features de-
scribed in this study indeed explains the observed ozone dis-
tribution in southern Africa and the tropical Atlantic in Octo-
ber 1992 (section 5). The magnitude of the tropospheric
column from south central Africa across to Brazil is 10-30 DU
higher than over the nonpolluted Indian Ocean at the same
latitudes [cf. Fistman et al,, this issue (b)), Ozone precursors
are suficiently abundant in stable layers over southern Alrica
and the Atlantic that rates of 1=2 ppbv OL/d Tormation build up
20-30 DU throughout the upper troposphere in 1-2 wecks.
Back trajectories from the central Atlantic and from Ascen-
sion, Mamibian (Okaukuejo), and Pretoria (Irene) sounding
sites point to Brazil as the source of middle-upper level ozone
during TRACE A/SAFARIL This suggests a mechanism in
which biomass burning emissions are pumped into the upper
troposphere by deep convection, a process confirmed in fight
fi (see our case study paper, Pickering et al., this issue (a)]. In
the boundary layer, closer to Oy precursor sources, typical Oy
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Figure 1. Maps showing staging sites for SAFARITRACE

A aircralt and major fixed experimental locations: Al Ascen-
sion; BZ, Brazzaville; NT, Natal, Brazil; OK, Okaukusjo; IR,
Irene (Pretoria); R1, Réunion Island. SAFARI aircraft sam-
pling region (shaded) applies from September 16 ta October 6.
TRACE A flights (numbered) took place from October 6 to
22,1992,

lifetime is —1 week, but 5-15 ppbv O4/d formation in slowly
recirculating air masses can build up 10 DU or more in a week,

Throughout this paper, illustrative examples are used from
other modeling studies (especially Jacob e al. [this issue] and
Pickering ef al, [this issue (a)]) and data analvses. Air mass
classifications given by Hrowell ef al. [this issue], Gregory er al,
[this issue], and 1. E. Collins et al, (personal communication,
1996, hercinafter referred to as C%3) are consistent with our
overview of ozone, as are various interpretations of the odd
nitrogen budget described by Singh ef al. [this issue], Smyth
[this issuel, and Talbot er all [this issue], Our objective is to
present an integrating framework for all these studies and to
show that the TRACE A science team answered maost of the
questions it set out to investigate,

2. Tropospheric Ozone in Southern Africa and
the Atlantic During TRACE A/SAFARI

Tropospheric ozone climatology over the Atlantic and
southern Africa during the southern hemisphere biomass
burning season was preatly avgmented by TRACE A and SA-

Table 1.
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FARL Figure 1 shows locations of fised O, sites and staging
points for airborne ozone measurements in this region, Ozone
instriments are listed in Table 1 and fixed site coordinates are
in Table 2. Three of the Ascension sounding sites { Ascension,
Brazzaville, Irene {Pretoria)) were operated for 2-3 years prior
1o TEACE A and SAFARI 1992 [Cros er al., 1992; Fishman et
al., 1992; Thompson et al, this issue]; Okaukoejo (Elosha Park,
MNamibia) was a SAFARI intensive site. INPE (the Brazilian
Agency for Space Research) and TRACE A cosponsored
soundings in Brazil, at Natal (which has operated since 1978)
[Eirchhoff et al., 1991], Porto Nacional, and Cuiabd, With an
O-sounding program begun on Réunion (21°51°5, 55°28°E) in
September 1992 |[Baldy e al., this issue], 1992 ozone soundings
spanned the range of the satellite-sensed maximum.

Reference data for surface O, in southern Africa are col-
lected at the Cape Point monitoring site [Brenke et al., 1990;
Scheel e al, 1994]. These are not significantly different from
the first Oy measurements in the region [Fabian and Prich-
riewicz, 1977

The altitude coverage of the aircraft O, data varies. On
TRACE A the NASA DC-8 routinely covered a range from 0.3
to 12 km. Figure 1 shows two source characterization fights
out of Johannesburg and one sortie (o sample outflow over the
Indian Ceean (flights 10-12). Four fights from Windhoek
(flights 13-17) characterized outfow over the Atlantic from
Africa and South America. For SAFARI 1992, high-frequency
ozone sampling was made below 4 km in the shaded repion
{Figure 1) from Cessnas at Victoria Falls and Kruger Park and
from a DC-3 operating in a survey mode from September 20 1o
Octaber 6, 1992 [Harris et al., this issue; Zenker et af,, 1996], A
Learjet took O, profiles in early Cctober simultaneously with
the DC-3 [Jury er al., this issue; Diab et al., this issue (b)),

2.1. Ozone From Soundings and Aircraft

Figure 2 shows inlegrated tropospheric ozone from 10-min
averages of the UV-DIAL O, sensor onboard the DC-8 [Brow-
ell et al., this issue] for flights 10-17 (October 6-22, 1992). The
UW-DHAL tropospheric column O3 amounts equatorward of
15°S, always =44 DU, are similar to the TOMS-derived ozone
column depths in corresponding locations (section 2.2). The
limited African data (squares in Figure 2, from flights 10 and
12} do not stand out in tropospheric O, column amount from
the Atlantic data. However, a latitude gradient, most pro-
nounced between 15°5 and 20°5 (decreasing integrated O,
south of 15°5), appears over the Atlantic and African conti-
nent. Mearly all the fires detecled from the advanced very high

Adreralt Ozone Measurements on TRACE A and SAFARI 92

Methad {Instrument) Platlorm

Staging Location

Other Species

V-DIAL, elec, chem. -5 Tohanneshurg,
Windhack

KI wet chem. {(ECC) Cessna-26" Wictoria Falls
CoH, CI{C81 2000)

UV (Thermo E. 495) Cesena-310F Kruger Park

UV (Thermao E. 49 -3 Mudtiple from 157
SCL {Scintrex) ta 3075

U (Drasibi) Learjet” Mamibiza

0, COy, CH,, HCHO, NMHC, NO, NOy, NO,, HNO,, HoO,, CH,00H,
PAN, UV, P, T, rH, winds
OO, BT, rH

C0O, COy, CHy, NMHC, NO,, P, T, tH
C0, OOy, CH,, HCHO, NMHC, NO, NO,, MO, particles
{size and compasition), P, T, rH

“rowell af al. [this issue] and G. Gregory (NASA Langley).
"F. X. Muixner (Max Planck Institute, hMain).

“G. Helas (Max Planck Institut),

M. O, Andreae et al. {Max Planck Institut),

iy e al. [this ssue).



24,254 THOMPSOM ET AL TROPOSPHERIC OZONE IN QCTOBER 1992
Table 2. Location of SAFARITRACE A (,-Observing Siles
Lacation
Sile Abbreviation Latitude Longitude Alitude, m
Matal. Brazil M 57315 R 42
Porte Macional, Brazil P [raz s AR724° W 2
Cuiaba, Brazil CLu 15736°5 FOO0AW 240
Ascension Isband Al OIS 14700 W 21
Brazzaville, Congo BE 4°17°8 15°15'E 314
Victoria Falls, Zimbalwe VF 15°10°5 IETENE 1042
Okaukuejo (Etosha Park), Namibia 0K 19"11'5 15°55'E 1162
Ruoikep, Mamibiz RK 22°39'3 1738°E HE
Tshokwane {Kruger Park), South Africa KF 2E°5H'S 31°35'E ptly)
Pretoria, South Africa IR 25°44's WI'E 1347
{Irenc singce 1991) 25°52°8 WIVE 1523
Cape Point, South Africa® cp 34°13'5 185 17'E
Réunion 1sland” Rl 21°51°8 SEMR'E 20}

TRACE A archive, MASA Langley. See Kirehhoff ef of. [this issue] for Brazil. Ngange ef al. [this issue]
for Brazzavitle, Diak et ol [this issue (3 b)) for Okaokeejo.

“Réunion and Cape Point independent of SAFARLT RACE A; moniloring began ot Cape Point in
197#; Réunion program hegan in September 1992 |Baldy et al., this issue].

resolution radiometer (AYHRER) during this period were be-
tween 3° and 20°8. Figure 2 shows that integrated tropospheric
O over the Indian Qeean (diamonds, from flight 11) is lower
than over the Atlantic, 42 DU over the Indian Ocean versus 449
DU north of 20°% on fights 13-17 aver the Atlantic, but this is
a limited sampling. Some of the difference is also due to a
lewwer tropopause on flight 11 which included clean air masses
as well as O,-rich air recirculaled from Africa.

Further evidence for a latitude gradient in tropospheric col-
umn O, during TRACE A comes from the sounding record in
September and October 1992, Figure 2 summarizes integrated
Lropospheric O, from six sounding sites during this period, The
three sites between OF and 1075 (Figure 3a, Natal, Brazzaville,
ard Ascension) are, on average, greater in tropospheric O
column depth than the sites south of 1578 The weighted mean
is 50 DU for sites in Figure 3a and 41 DU for sites in Figure 3b,
Ascension and Matal have uniformly greater iropospheric col-
wmn O because they are consistently downwind of bicmass
burning, with relatively rapid transit limes from source regions
(section 3, Cfvor ef al. [this issuel). Brazzaville, Okaukuejo,
and Réunion had at least one sounding with integrated tropo-
spheric 01, at nonpolluted values (<35 DU).

Soundings and aircrall data alike show three features in Oy
distributions over southern Afrvica and the Atlantic: (17 A well-
mixed layer of moderately aged (ie., not adjacent 1o fresh
fires) air to 4 kmy, with typical Oy mixing ratios 60-100 pphy,
was ubigquitous on TRACE A DC-8 and SAFARTE DC-3 flights
over southern Africa (Figure 4), (2) Thin layers (a few tens
meter) of high (s (40 pphy or greater) were encountered al
each sounding site (Figure 5) and on nearly every aircrafl
ascent or descent [Zenker et al.. 1996], indicating stable conei-
tions, Comstituent tatios indicated variable ages of the air
masses |Greeoy ef all, this issue]. (3) UV-DIAL sampling on
the -8 revealed o remarkably persistent layer of high 0,
accompanying (3, precursors in the middle and upper (ropo-
sphere [Browell ef al., this issue, flight 13; Thompson ef al,
1996, Figure 7; Dick et al, this issue ()], Between the high-
ozone layers, the regime is highly variahle. For example, 10-
min-sveraged O profiles from the UV-DIAL instrument on
almost any TRACE A flight over or near Africa {ilights [0-17]

showed both background O, (<50 ppbv) and polluted concen-
trations above the haze laver [Browel!l et af,, this issue].

Cie fixed site where biomass burning effects on ozone were
detected was Victoria Falls, where surface and aircraft mea-
surements coincided on September 25 and 26, 1992 [Metoner
and Helas, 1994]. These were the highest O, values recorded by

“the DC-3 in its sampling periods, which occarred from Sep-

tember 24 to 28, 1992, and from October 1 to 6, 1992, Surfuce
ozone mixing ratios on September 25 and 26 were also the
highest during the f-week SAFARI obscrving period at Yie-
toria Falls, Back trajectories from Vietoria Falls showed pood
correlation between ozone variations and AV HRR fire counls

[Meivrer wid Helas, 1994],

Most DOC-3 and DC-B sampling locations, ns well as e
sounding sites, were not in active burning regions and it s

UV-D]&L 'lmpusphsn.c Dzonc, TRACE A rllghtq 1'] 1?
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Figure 2. Total O, column integrated from UY-DIAL in-
strument versus latitude for flights originating in Africa (Fig-
ure 1), South of 1578, tropopavse height decreases rapidly,
accounting for some of gradient, but trend toward greater O,
toward equator is consistent with satellite-derived tropospheric
O, and with soundings (compare Plate | and Figure 3}
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important to note that biogenic O formation (from natural
NG, CO, and NMHC sources) may have oceurred during
TRACE A along with O production from biomass burning,
This would have been most noticeable in southern African
areas where savanna burning waned in Seplember. Biogenic
CO and MO Tuxes were measured on SAFARI [Zepp ef al., this
issue; LU6] and welling of soils, even from a very light rain,
increased NO, enough 1o be detectable from aircrall [Harris et
al., this issue]. However, not enough data were collected to
quantity sources, and the impact of biogenic sources on orone
during TRACE A cannot be evaluated,

2.2, Tropospheric Column Ozone From TOMS

A more comprehensive regional piclure of tropospheric
ozone during SAFARIVTRACE A is derived from the TOMS
satellite instrument [Thampvon e al,, this issue ia), 1990, As
suggested by ozonesondes and aircraft sampling, tropospheric

(a) Trop. Ozone from Sondes

SAFARI[TRACE A
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Figure 3. Integrated tropospheric O over five fixed TRACE
ASGATARI sites and Réunion [sland in Scptember-Oetober
1992, {a} Ascension, Brazzaville, and MNatal; (b) Réunion,
Irene, Okavkuejo, Details on African soundings are described
by Neanga ef af. [this issue|, Died e ol [this issue (b)]; Brazilian
soundings are described by Kirelthafl et al. [this issue |, See Bafdy
et al. [1996] for Réunion sounding details.
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Ozone Profiles
SAFARI'92/DC-3: Flight 7, Sept 24
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Figure 4. 13C-3 orone profiles from SAFARI survey in
southern Africa, September 24 =28, 1992, Layers with 10-s data
from one flight are shown.

column ozone (Plate 1) in localized areas from South America
across the Atlantic and Africa exceeds 40 DU, The map in
Flate [ is an average over the period October 621, 1992,
derived from high-density TOMS radiances (Nimbus 7 TOMS,
version 0) by Kint ef al. [this issue]. Comparison with averaged
inteprated ozonesonde data from MNatal, Ascension. and Braz-
zaville during this period shows agreement within 5% (the
uncertainty in the satellite-based ozone column is 5 DU, Some
of Africa is under too much elotid cover Tor reliable processing
fpaps in Plate 1) and moch ol the African area north of the
couator shows tropospheric column Oy close to nonpaolhuted
levels over the western Indian Ocean, The lower O, amount is
consistent with the seasonality of 1992 biomeass burning in
castern equatorial Africa, which AVHRRE-derived fire counts
show is nearly ended by Oetober [fustiee of al., this issue]. The
IG-day O distribution from Plate 1 is given in Table 3.

The mean difference between column-integrated ozone
from the Seplember-October 1992 soundings at Ascension
and Brazzaville is 7 DU (section 2.1 Thus these sites might be
representative of the Atlantic-Africa gradient shown in Table 3.

Plate 1 has been compared to the corresponding 16-day
average from the TOMS/SBUY daily tropospheric ozone maps
ol Frsfrman er al, [this issue (b)) Difereoces in the two maps
are —5 DU over the Atlantic; both methods agree with Braz.
zaville, Natal, and Ascension ozoncsondes within stated uncer-
Laintics, Bolh Pl ef al. [this issuc (b)) and Kier et al. |Lhis
issue] lechniques vse version 6 TOMS dala bul with three
differences: (1) Kimr ef al. [this issue] make a clond correction
for total O, as described by Tlronipson ef el [ T993] and frdson
ef al. [1995 ] (2) modificd overland retrieval From TOMS racdi-
ances in 1he work ol Kier e af, |Lhis issue | uses Ascension and
Brazzaville pre-TRACE ceone profiles as in the work of fud-
sown et al, [1995]; this remedies the tendency o underestimate
tatal O, when substantial ozone is below 500 mbar: (3) as-
sumed “background™ ar equatorial Indian Ocean tropospheric
ozone columm amoant, The Ko oer afl [this issue] value of 26
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Figure 5. Ozone soundings during September—October 1992, Mean, in I-km intervals, is thick solid line. (a) Ascension lsland
(n = 20 sondes), (b) Brazzaville (n = 12), (¢} Etosha (Okaukuejo (n = 12), (d) Irenc (n = 16), (e) Réunion {n = 7, ()
Matal, Brazil (# = 14), Matal soundings are, on average, 10-20 ppbv greater than the [952-1991 O, climatology [Kirchiraff ef

al., this issue],
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Plate 1. Tropospheric column O, derived from TOMS high-density O, data by Kim er al. [this issuel,
averaged over 10 days in October 1992, Total ozone is derived with corrections for Mount Pinatubo acrosol,
sean bias. and variable efliciency of lower tropospheric O, over surfaces of differing albedo. Clean-air profiles
and negleet of nonunity tropospheric retrieval efliciency can lead to 15-20 DU errors in total Cr, when
archived version 6 TOMS is used to deduce tropospheric O [Hudsor et al, 1995]. A comparison of ozong-
sondes during October 6-21, 1942, and the satellite product (in parentheses) shows goad agrecment: Ascen-
sion = 52 DU (48 DU); Brazzaville = 40 DU (38 DU); Natal = 48 DU (46 DU,

DU s eloser to the TOMS-SAGE-Based climatology [Fisfu
et al., 1990 than the new TOMS-5BUY background of 34 DU
[Fishnan et al., this issue (b)) We take the 26 DU wvalue
because it agrees with the minimum TRACE A period sound-
ings al Brazzaville (26 DU [Neanga e al., this issue| and
Okaukuoejo (24 DU at 20°8), The Kim er al. [this issue] method
is bascd on high-density TOMS data (more than twice the
resolution of archived TOMS), which is preferable for a fo-
cused field study, although it s limited 1o within 157 of the
equator,

3. “Where Did the Ozone Come From?™:
Role of Dynamics

We used several approaches 1o examine the dynamical ori-
gins of tropospheric O, over southern Africa and the Atlantic
during TRACE A: time versus longitude disgrams of ozone
(section 30 and trajectory analysis. Although individual back
trajectorics are used in nearly ofl TRACE A papers to inter-
pret species correlations and the origin of air masses along

Table 3. Summary of TOMS-Derived Tropospheric Ozone
Mean Tropospheric
Lucation (Lomgitude, Latitugde) 0, DI
South America [TE"WAlFW, U=14°5) An
Adlantic {AW-12°E, (-1475) 47
Southern Africa {2 E=5S0FE. 1-14°5) A0

D=8 Might tracks, our study makes the most exlensive se ol
trajeciories Tur characterizing lirper-scale climatology and in-
terpreting ozone over the entire TRACE A and SAFART sty
areas. First, origing of parcels entering the broad Atlanic
crzene maximum defined by satellite (Plate 1) are determined
with back trajectories (section 3.2). Next, forward trajectorics
are run from potential source regions, ie. lire-active areas in
southern Advica and regions of South America and  Africa
alfected by deep convection (sections 3.2 and 3.3). Finally, back
trajectories for each day of ozonesonde launch at the sis
sounding sites (Figure 1) give more insight into origing and
llow patterns associated wilh representative ozonesonde pro-
files {section 3.4). The picture obtained for south central south-
erit Adrica is similar to that reported by SAFARD investigators,
although we wse a different type of model and consider more
upper tropospheric Aows than Gaestang er al. [this issoe | and
Tysene ef al. [1996]. Our resulis are in pood agreement with
detailed circulation patierns deseribed Tor individual stalions:
Msony ef al, [this issue|, Swap of of, [this issoc| Tor Ascensiong
Baldy eral. [this issoe| for La Réunion; Oial e gl [1his issue (o
b, Garstang et al. [this issue], and Zunckel ef al. [this issue| for
Okaukuejo,

lsentropic irajectories are used despite lack of explicit ver-
tical motion, Note that the TRACE A trajectory intercompari-
son [Pickering et al, this issue (b); Fuelberg ef al., this issue]
concludes thal there are insufficient data to establish a definite
preference for Lhe kinematic approach used ot Florida State
[Futelberg eral., this issue]), the University of Virginia [Geestong
ef al., this issue], and the University of the Witwatersrand
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Figure 6.

Time-longitude band (Hovmdller) plots for TOMS total O in September and October 1992 (days

245-305). Based on v:nnu_!u.t . owver Adlantic marine stratocumulus [Theampson et al., 1993]; continental
values are standard gricded TOMS €3, (version i) with possible underdetection of low- level ropospheric O,
Each gridded value averaged over a 2* fongitude band between (a) 0° and 10°5; (b} 30° and 40°5. At 0°=10°5,
O, mvaxima {280 and 260 DU contours) move diagonally from NE to 5W, indicating easter Iy o,

[Tsenr ef al., 19496] or iseatropic trajectories used at GSFC {1his
paper) [Piokeog ef al., this issue (a0 DY and Langley |Baeh-
mgter aired Frelfwerz, Ahis issucl. BErrors are minimized by ron-
ning multiple trajectorics. Although uncertainties in any one
trajeclory increase with time, o lighter cluster suppests greater
certainty, We use clusters of rajectories initialized at specific
sampling sites. For larger areas. leajectories are initialized aind
run for multiple days over an appropriate grid. Thus trajecto-
rics from “convectively aclive” regions refer to indtiadions Mrom
a general region, When trajectories are run for specific loca-
tions, e.g., northesstern Brazil in the work of Pickerdng of af,
[this issue (a)]. posteomveclive, upper tropospheric initializa-
tions attempt Lo maintain validity of the isentropic assamption.
Mote that wmuch tropical comvection is sub-grid-seale and would
not be captured in kinematic models cither,

31, Hovmiller Plots of Total Orone

To the extent that day-to-day twtal O varialions ase domi-
nated by tropospheric O changes in the equatorial Atlantic
during the savanna burning season [Fisfear of al, 1986], lon-
pitude versus Lime [Hovenilfer, 1949] plots can be used to
identify tropospheric ozone transport features lor the
SAFARITRACE A period |Thompson of al., this issuc) Fig-
ure fa shows o distinet costerly motion in the band from 07 1o
LIPS, Slopes of O, maxima sugeest a transit lime from weslern
Africa (15°-20°E) to Lhe central Atlantic of 4-7 days. This is
consistent with middle 1o lower lroposphere wind speeds for
this area |[Pial of al | this issue (hy; Pickering et al., this issue
(b Between 207 and 3PS (not shown) [see Thompsen el al.,

I_qu issue] the Hovmobler plot shows mo delinile patiem, This
is not surprising, given that the center of the Atlantic unticy-
clone migrates within the 15°-258 band, leading 1o complex
Nows |Garstang and Tyvon, 19960 At higher latitudes (30°-
4075, Figure ob), however, the flow appears to be Taster and
clearly westerly. These transport patterns are typical of the
metearology during SAFARITRACE A [Bachmeior and Fie-
etherp, this isswe; Cloesrang of ol this issue],

3.2, Satellite Ozone and Fire Counts: Trajectory Analysis

The Hovmdller plots are consistent with a trajectory climia-
talogy based on regions of high tropospheric O, active fires,
and deep convective outflow. Figure Ta shows fire distributions
over southern Africa. Three regions in Angola (area 1), north-
ern Zambia (area 21, and Mozambique (area 3) are aclive,
although Figure Th shows a sharp fallofl in number of fires over
the course of TRACE A,

For analysis of the broad tropospheric ozone mazimuam dur-
ing TRACE A (Plate 1), back trajectorics are run rom the
lneation of maximum tropospheric column O, An array of
regularly spaced points within the region bounded by 0°-35"W,
2°_22°5 jx used o initialize B-day trajectories every day from
Clctober 6 to 21, 1992, We use the Goddard isentropic trajec-
tory model [Sehocherd e al., 1992] with gridded ECMWE (Eu-
ropean Center for Medium-Range Weather Forecasting)
winds at four potential temperature surfaces, corresponding
approcimately to 700 500, 300, and 150 mbar. Hourly parcel
locations along S-day trajectories vsed to construct the distri-
bution shown in Plate 2 show two prominent features, From
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lower to higher altitudes, trajectory origing switch from east
{Africa) to west (South America). Al the highest level (Plale
2dy only a few percent of the trajectorics enter the central
Adlantic from the east. Second, the greatest concentration of
air parcels reaching the boxed region from the east at lower
altitudes (7 = 312 K and 326 K) were within the box or the
nearby Atlantic eight days earlier. Most parcels had not been
over Africa eight days prior and very few parcels had origins
south of 13°5. Individual trajeclories show that recirculation
oceurred near the ozone maximum because the anticyclone
centerad at 20°5 and 15°W suppressed outfow from Africa to
the eastern Atlantic [Bachmeier and Fuelberg, this issuel.

Similar dynamical features are reflected in forward trajecto-
ries run from fires within three regions of southern Adrica
{Plate 3a). These frajectories were started in clusters on indi-
vidual days from October 1 to 15, 19492, at 700 mbar and run
for & days, The distribution of hourly points (summed within a
1% » 1% grid) shows that (1) low-moderale winds and anticy-
clonic motions in the southern Atlanticowestern African region
keep most air masses from the highest-lire region (region 2)
over ar near the African continent { Plate 3a, 3c); {2) air parcels
from high-fire regions in Angola (box 1) exit to the west ina
small stream north of the anticyclone or head toward the
Indian Ocean in the westerlies; (3) almost none of the air
parcels from Mozambigque fires reached the Atlantic within &
days. Individual trajectories from Mozambique show recircu-
lation near the source or parcels streaming over the western
Indian Ocean (Plate 3d). Note elevated O, mixing ratios in the
Eéunion soundings above 4 km (Figure Se, Réunion). West-
erly flow of air parcels enriched by biomass burning south of
1575 has been noded by Garsrang ef af, | this issoe ], who estimate
that anly 4% of air parcels south of &5 leave Africa toward
the Atlantic.

Low-level forward trajectories from South American fires
were not run becavse daily fire maps were not available, All
Brazilion sounding sites show an impact of Brozilion biomass
burning inputs |Kircfofl of af.. this issue ). but for the Atlantic
and southern Adrican vzone bodeels of primary inlerest, low
and midiropospheric O was dominated by Alvican fires, This
wis even the case at Matal, Brazil (scction 3.4,

3.3 Forward Trajectories From Convective Regions

There is stremg evidence Trom tracers that biomass fires
supply most of the O, precursors (0, hydrocarbons, and
NO, ) detected throughout the South Atlantic basin [Gregory ef
all, this issue; Singh e all, this issue; C95), The mixed layer
extends to 4 km maximum in southern Africa during TRACE
A so that shallow and deep convection could supply O, and the
precursor gases 1o the easterlies for transport 1o the Atlantic,
Flight 6 |Pickerimg ef af., this issue (a)] and related observations
in Brazil [Kirehdiefl et allo this issue; Pereiva, this issoe; Sl ef
al., this issuc] as well as air mass classification of UV-DIAL
data [Rrowell et al., this issuc| give further proof that decp
comveetion injects Oy precursors from e boundary layer (o
the upper troposphere, adding significantly to the O burden,
Ozone formation from lightning-derived NO was also signifi-
cant during TRACE A, Thus a trajectory climatology from
resions of deep convection defines the likely extent of these
PIOCEEses,

We wsed monthly [SCCP clood type statistics and NMC
Climate Diagnostics Bulletin [Navional Meteorological Cemier
(ANMC), 1992 maps of outgoing longwave radiation and pre-
cipitation o identify regions of deep convection during Sep-
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Figure 7. (a) Total AVHRR-derived firc counts for Septem-
ber and October 1992, Mol every duy has complete coverage
due tor missing data, clowds and hot surfaces, datn loss greatest
i P=1PS band. Fires maximize between [P and 2008 [fustice
et el this issuel. (B) Daily fire frequency in three regions
delineated in Figure 7a; note days with missing data,

tember and Getober 1992 [of. Kirchhofl e al., this issec|, For
the period of most TRACE A Dightls (Seplember 25 1o Qcto-
ber 20), forward trajectories were initialized daily at grid points
{white, pluses) shown in Plate 4. Plate da shows the distribution
of points from South America (hourly parcel locations for B
days in each 17 % 17 prid), Plate 4b shows the distribution of
points along parcels from convective regions of Africa,

The most pronounced features in the flow from South
America are (1) Aow 1o BSE toward Alrica, with many parcels
passing over the Matal, Ascension, and Alrican sounding sites;
(2) high speeds compared 1o lower-level Aows illustrated in
Plate 2. Flows from convective regions of Alrica, such as lower-
level flows from biomass burning regions. are concentrated
over the continent, but parcels also head toward the Atlantic
and Indian Oceans. Back trajectories from South Atlantic
DC-8 flights 13-17 are consislent with fows from aclive fire
and convection regions [Gregery e afl., this issue; CUG),

34, Origins of Ozone From Soundings:
Back Trajectories

A systematic approach to ozone origins was made using
trajectory analysis at the sounding sites, Table 4 gives mean
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o by pareed Tocations along #-day backward trajectories from region of maximum tropospheric O,

enlunan {Boxd identilied Trom map in Plate 1 Fowar levels shown, approximately {a) 700 mbar, (b3 500 mbar,
(o) 300 mbsar, (dy 150 mbar, Higher-altitude O, supplicd by Brazil and possibly central Aflvica where deep
comvection supplics O precursors o upper troposphoere,

ozone distributions in S-km increments (thickness in Dobson
units) for all sounding sites in Figure 1 except La Réunion,
“Background 0,7 amounts for Ascension, Brazzaville, Natal,
and Irene are compuled by averaging over all the indivicdual
profiles (recorded in -km increments) in March=April-May
19901992 These are the menths of lowest-fire activity and
correspond 1o the annual minimom o tropospheric ozone
[Fhemnprsem of ol this issoe |- Addding of the columns from 0-15
km Tor cach site gives “hackground ™ eodumn depth from 26 10
32 DU This supports the choice of 26 DU for nonpolluted
tropospheric column depth over eastern equatorial Africa and
the Indian Oeean in the TOMS map (Plate 1) In Table 4
“exeess owone” in cach laver ds derived by subtracting the
backeround mean profle Tor cach site from the profiles mea-
surcd during September and October 1992 and averaging over
this set.

Back trajectory initinlizations correspond roughly to the
midpoints of the layvers in Table 4, For cach day on which a

sounding was macde between Seplember 15 and Chetober 24,
1992, B-day isentropic back trajectories (in clusters) were ini-
talized Trom the lower (3.5 km), middle (~7.5 km), and
upper {—12.5 km) troposphere wsing ECMWE winds, Origin
poiniz Tor individual trajectories {eight days earlier) sorted
according 1o direction from the sounding locations are shown
in Figure 8. Although this summeary covers a longer period than
the satellite TOMS-lre count analysis (six weeks versus 15 days
in Plate 2, a similar picture emerges. Mamely, Ascension 1s-
Tared (85, 14°%W, in the micldle top third of the Plate 2 box) and
Matal {western edge of the box) could be supplied with O,
andfor O precursors from South America above 3000 mbar
following decp comvection, Al midiropospheric level, Ascen-
sion, Matal, and Brazzaville have air parcel origins predomi-
nantly (=60%) from the cast (Figure 8) with travel over Africa
from 5N to 2075, Examination of representative soundings
and trajeclorics al Ascension, Brazeaville, and Matal gives
morg insight into these processes,
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Forward Trajectories From Fires, Oct 1-15, 1992
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Plate 3. Parcel (hourly) locations from forward trajectories (8 days) run with isentropic madel and ECMWIE
analyzed winds from (o) fires in regions (b) 1, (e} 2, and (d) 3 during October 1-15, 1992, LN is natural fog.
Eight-day trajectorics initialized each day for which there are fire counts {missing days October 2, 6, 8 10,
Clusters initialized in proportion to fire counts. Recireulating, very slow parcels lead to the composile with

high density of parcels over southern Africa.

Ascension, Brazzaville, and Natal.  Two examples of As-
cension soundings with ozone column depth =60 DU appear
in Figure 9. Prominent O, maxima in the 10- to 15-km layer
correspond o dircet flow from binmass burning regions with
deep convection in northeastern Brazil, Day 271 (September
27. 1992} is the date of DC-8 sampling of convective outflow
over Brazil (Might /) [see Pickerdog et ol this issue (a)]. For 14
of 17 Ascension soundings hetween September 15 and October
24, 1992, the origin of upper tropospheric air parcels was
eastern South America with transit times usoally less than 4
days. The September 27 sounding corresponds 10 trajectorics
with more concentrated origin (tighter clusters) than the Oc-
tober @ sounding, Both soundings show the —3.5-km back
teajectory originating in Africa, which is typical (=90% from
east in Figure 8a), but midtropospheric origins differ. On Sep-
tember 27 the origin at ~7 km was Africa and on Qctober U it
was Brazil (Figure 9b). In hoth cases. integraled tropospheric
O, from 5 to 10 ko was 22-23 DU, 10 DU more than for the
backaround amount al Ascension [ Table 4,

At Natal, along the Brazilian coast, upper tropospheric or-
iging were South America for all 15 soundings between Scp-
tember 15 and October 24, 1992, This explains the 100% west-
ern origin in Figure 8c. Thin layers of high Oy al whal are
presumed Lo be cloud outflow levels are shown in Figure T0a.
Forward trajectories from the large convective system sampled
on September 27 (Might &) showed transit toward Natal (Figure
10} From September 28 to 30, inereases throughoul mickehie
and upper troposphere result in g inerease in integrifed fro-
pospheric O (0-15 km) from 54 1o 6] DU Back Lrajectorics
eorresponding 1o the 12.5-km lavers at Natal originale from
interior Brazil [Pickering et al., (his issue (a}]. However, middle
and lower troposphere back trajectories show direct flows from
the Atlantic (very slow, not reaching Africa in = | week) andfor
Alrica from oulflow regions along the Gulf of Guines coast
(Figure 10¢).

Forward trajectories from the Flight 6 convective region
suggest — 1 weck transit time to Ascension Island, Elevated Oy
at 1015 km, where increases at MNatal were pronounced, ap-
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Plate 4. Parcel locations (hourly) determined from forward trajectories (8 days) ren with isentropic model
and ECMWE i b

analveed windds Trom {a) region in Brazil with Diomass fires and deep convection in late

September through October 200 1992, (b} Same for Africa. Starting level s approximately 10 km, determined
Iy average clind-lop pressure of [SCCP deep convective cloads for seplember and Cetober 1992,
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Figure 9. Ozone profiles and corresponding trajectories at

upper (115 km), middle {(~7.3 km}, and lower (4 km)
tropospheric levels from two Ascension Island soundings. M-
A-b backaround (dashed lines in soundings) refers 1o mean
profile from sondes in March-April-May during 1991-1992;
this is time of vear Tor which biomass burning is & minimum.
(a) Day 271, September 27, 1992; (k) day 283, October 9, 1992,
Total integrated tropospheric ozone was 64 DL on September
27, and 62 DU on October 9, the highest Oy column depths
during SAFARITRACE A (Figure 3a),

Brazzaville tropospheric O, (Figure 3, days 2910 and 293} co-
incided with back trajectories that were tightly clustered E/NE
toward Kenva and Tanzania. During this lime, TOMS-derived
tropospheric O shows low-ozone column (30 DU for eastern
Equatorial Africa (Plate 1) and AVHRR imagery shows ex-
tensive cloud cover), The day 291 and 293 samples bias the
mean tropospheric O statistics in Table 4. If they are omilted,
average column Oy (0-15 km) at Brazzaville wouold be 4% DU
instead of 46 T3

There were seven days with soundings at both Ascension and
Brazeaville, and Brazzaville tropospheric O5 was 4-25 DU
[ower than Ascension for five of them (Figure 3). These five
days corresponded to African andfor Atlantic air mass origin
below 10 km for both sites. Why are O, concentrations higher
al Ascension? A decrease in fire sources, closer (o Brazzaville
than 1o Ascension, has already been mentioned, Although Oy
formation rales near fires are substantial {4 DU below 4 km,
seetion 47 and Brazeaville is nearer sources than Ascension., O
destruction over the conlinent is much faster than in the ma-
rine boundary layer. Besides diurnal mixing, shallow and deep
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comvection can mix Os-rich layers toward sorlace removal,
These processes were active in early and mid-October near
Brazzaville, according to cloud imagery and TOMS reflectivity
{note gap in O5 map, Plate 1). In contrast, O, in the free
troposphere, in transit from Adrica to Ascension, has a 2-3
week lifetime (Table 5) [see also Jacob er al, this issue].
Further insight into differences between Ascension and
Brazzaville comes from considering the soundings on October
18, 1992 {Figure 12). The Ascension sounding shows a [2-km
maximum (O, mixing ratio =120 ppbv} in an air parcel with
less than 2 days” transit time from Brazil, whereas maxima
{lavers =80 pplw) from 5 1o 7 km are associated with recircu-
lated Atlantic air parcels just west of Angolan burning regions,
Ozone was measured on TRACE A flight 15 (Figure 1) on the
same day, E/SE of Ascension. Orone sampling from the DC-8
showed maxima with mixing ratios similar to the Ascension
soundings al the same altituces (Figure 16, below) and back
trajectories from the airerall locations showed South American
{from 12 km) and African {from 5-10 km) origins. Throughout
most of flight 15, MO concentrations were 100300 ppty, which
supports 1-2 DU/ ozone formation in the upper troposphere,
Thus a second reason for higher O, at Ascension is residual Oy
formation in the middle and vpper troposphere, as observed
over the Atlantic. A third reason appears to be widespread
subsidence over the Ascension area [Krishnamurti ef al., this
issue], which is manifest in persistent marine stratocumuolus
and the discontinuity in the O, profile at Ascension (Figures
11, 12a), The latter is at 1.5 km; compare O, profiles during
DC-8 ascents and descents through the marine stratocumulus
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(continued)
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|Gregory el al., this issue]. The O photochemical lifetime
8-12 km iz =1 month {Table 5) and steady subsidence to
a) Convective Cloud Outflow middle and lower troposphere can enrich profiles at Ascension
Seen with Natal, Brazil Ozonesondes and Natal. Sampling off Natal on the NASA Glectra in October
wr Sep 35, 1992 ' : e b 1989 detecled aged biomass burning O, layers {rom Alrica and
[ siacdraoSen a0, 10e B e e South America [Andreae et al,, 1994b].
Figure [0 (September 30, 1992) is another example of mixed
O origins at MNatal. Although the 5- to 9-km layer is =100
ppbv, the corresponding trajectories are more than a weck
removed from Africa (Figure 10e). For the 16 Matal O sound-
ings between September 15 and October 24, 1992, nearly all
micldle- and lower-level trajectory clusters had Atlantic andior
! African origin, with only a few parcels originating {rom South
| America. Thus Natal, like Ascension, is enriched at low levels
by slowly moving air parcels with long-lived O5 of Alrican
origin, a mechanism first suggested by Logan and Kirchhioff
[1986]). The mean Aow of total O, seen in the Hovmller plots
(Figure 6), casterlics dominating between 0F and 1075, is con-
b) sistent with back trajectories from Matal and Ascension sound-
Forward Trajectories, Sep 27 - Oct 5, 1992 ings during SAFARITRACE A,
W= T e e ; i Okaukuejo, Réunion, and Irene, Compared Lo lropical
-mé.v-.tk \\ — 1 sites (Ascension, Matal, and Brazzaville), the origins of the
- T, o three sites hetween 207 and 265 are more complex. This is

]
) i implicd in the trajectory climatologies (Plates 2-4) as well as in
Y ]

15

1o

Height (kmb

i
T

o 50 100 150 200
Ozone {pphvy

the origins of the soundings summarized in Figure 8. Note that
\ 2 the categorization can be misleading in some cases of recircu-
{7 lation, and travel distances from origin to arrival point are not
indicated in Figure & The following pattern, for example,
would be labeled NW for a back trajectory arriving at Okauku-

ejo although biomass fire exposure was Zambia to the NE:
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c)

0

LA s 1ol Fhe Irene sounding with highest tropospheric O, during

SAFARITRACE A appears in Figure 13, In this case, upper
tropospheric Aow was more likely from the Pacific or the urban
coast of South America than from savanna burning regions.
Upper tropospheric O, enrichment at Okaukoejo also corre-
lates well with rapid transit from South America. Note the

Degrees Latitude

20 R predominance of NW origins in the upper troposphere (Figure
2 ﬂ; j Bd). Digh et al. [this issue (b)) noted that Okaukoejo soundings
E at lower altitudes fell into two categories depending on the
A0 i synoplic situation. Extensive anticyclonic recirculation over Af-
£ ‘_}*F rica and the eastern Atlantic [Garstang et al., this issue| was
g r_“_ﬁ ez e e e i o w  Often manifested in high ozone (=50 ppbv) throughout the
Degrees Longitude middle and lower troposphere, Westerly troughs brought in

CMWF Llata marine air above the mixed layer, leading W a localized mini-

Figure 10. (a} Ozone profiles from Natal, Brazil, soundings  mum. Figure 14 shows Okaukuejo profiles for October 10 and
on September 28 and 30, 1992, Impact of deep convection 11, with the Irajectories at ~7.5 km signaling a marked tran-
apparent with enrichment of 10-15 km ozone. M-A-M back-  sition in air mass origing on October 11 (day 285) the midlevel
ground {dashed line} refers to mean profile from Natal sondes oy 1o Okaukuejo is from the SW and largely marine. Other
in March-April-May of 1991-1992. {b) Forward trajectorics days on which the westerly trough dominated at Okaukuejo

from fight. 6.8t cloud outilow levels hedel toad Dul =Sy September 27 and October 13 and 14, 1992; tropospheric
Ascension Island. () Back trajectories at - 12.5 km {183 mbar) =
0y to 15 km was <3% DU on those days.

from September 20 sounding show origin in convectively active e ; )

region with biomass fires. Lower-level O originates from Al- Réunion is just south of 20°8 and only five soundings were

rica. Start points are 418 mbar (7 km) and 612 mbar (4 km).  taken during SAFARITRACE A (Figure Se). Integrated tro-
pospheric column 05 reached 50 DU or more twice during this
period (Figure 3b). Baldy e al. [this issue] describe general
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Fipure 11, (a) Ozone profiles at Ascension [sland, downwind
af Brazilinn biomass burning and convection on (a) Qctober 3
and (b)Y October 5, 1992, M-A-M background (dashed lineg)
refers to mean prodile from Ascension sondes in March-April-
May during 1991-1992, Back trajectories at {cand d) ~1 L3 km
are indicaled,

features of these soundings, AL low and middle level, Réunion
back trajectories are predominantly from the west (Figure 8f),
with air parcels that passed over fives in east Africa highest in
O, MNote that Mozambique fres are frequently upwind of
Réunion (Plate 3d). Using tracers measured on the Indian
Ocean TRACE A flight 11 {Cetober 9, 1992), Gregory et al.
[this issue| present evidence Lo support an African source for
elevated ozone in that region, A flight profile due east of
Mozambigque, with several days' transil from the W Adrican
coast and Madagascar, showed concentrations of 0 precur-
sors (OO, C.H,, and CH,) twice as high as for a flight 11
profile southeast of the Afvican coast which 5-day back trajec-
tories place as remote marine in origin.

Upper tropospheric O in the Réunion soundings appears (o
correspond (o cloud outfiow levels from Africa and South
America (Plate 4). Some trajeciories that passed over African
burning areas were recirculated from the Tndian Ocean and
appear as NE in Figure 8f,

4. “Where Did the Ozone Come From?™:
Role of Photochemistry

The Hovmiller plot for the tropical band (Figure 6a) can be
wsed to estimate a photochemical formation rate for ozone
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during TRACE A. Assume that the Atlantic-African gradient
in free tropospheric Oy is represented by the mean Ascension-
Brazzaville difference in column ozone. This is 6.9 DU (mean
tropospheric O, at Ascension is equal 1o 32.5 DU in Septem-
ber-Cctober 1992 and at Brazzaville is equal o 456 DU,
Slopes of O, mazima in the Hovmaller plot are equivalent o
a - toy T-day rate of O, propagation from Brazzaville (13°E) to
Ascension {14*W). Thus if Ascension (Atlantic) has tropo-
spheric 05 7 DU greater than Brazzaville (Alrica), there is an
implicd net O, lormation over the Atlantic of 1-1.4 DU
(equivalent to several ppbyv O4/d in Lhe free troposphere). This
rate of free tropospheric O, photochemical formation is con-
sistent with instantancous point modeling of aircraft data from
free tropospheric TRACE A sampling over the Atlantic from
07 o 2008, e.p., Nights 13-17 [facob e al, this issue| (section
4.1). Larger rates of O, formation are computed from the
major TRACE A source characterization flight over southern
Africa (flight 10) and from SAFARI DC-3 observations
[Thompsanr ef al., 1996 Zenker et al., 1996]. In the following
sections, point modeling of ozone from several of these Aights
i described,
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Figure 11 ({continued)
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Table 5. Owzone Production and Loss Characteristics of Air Masses sampled on TRACE A DC-8 Flights & and 10-17

TRACE A Flight

Lik 12 13 14 (] 16 17 0"
Mean Oy, 04 km (pphv) it 8 51 50 37 nl 38 46
P-L in ppbw/d, 0—4 km 14 -8 ] =1 —2.6 4.3 —33 4.8
P-L in U/ 04 km in .44 —1.4 1.7 —(1.74 =-1.2 —{LH9 L4
Tau," 0y = |O3)loss rate, 04 km T4 &0 4.6 A6 i) 15 73 50
BT, O, = [Oy)prod. rate, 0-4 km 33 10 0.5 10 12 Lt 13 Xn
Mean O, 4-8 km (ppbv) 54 hd Wi il 0# 75 s 71
F-L in pphwid, 4-8 km 0,36 =33 ~0.57 =AM (] =011 0.49 —0.1%
P-L in DUV, 4-8 km (7 =074 —0.11 =00 .26 =02 (L7 =003
Tau, Oy = [O)loss mate, 4-8 km 0 2.1 13 b 4 2 25 I
RT, O, = [O,)/prod. rale, 4-8 km 26 17 15 [ 22 2 22 17
Mean O B-12 km {pplwd &1 na TR a7 ! g2 73 Th
F-Lin pplvid, 8-12 km 1.6 i P 249 1.8 |.5 22 2.1
P-Lin DU, 812 ke 0.23 ni .32 .29 .22 017 .24 1126
Taw, Oy = |0y Toss rate, 8-12 km 3z ni 121 122 1460 218 179 G
RT. Oy = [Os)prod. rate, 812 kmn n ni 25 22 28 A 28 27
Mean Oy, 0-12 km (pplw) ] i fil Gl il Bl n il
P-L i pphaid, 0-12 km B0 —2.0 24 —-1.1 I.1 (1.us .32 27
P-Lin DML 0-12 ki .2 - LY -1.3 —1LiTY (149 (.40 LAk 1.4
Taw, O = [0, Mos= rate, -12 km 12 a5 i 12 37 il I nz

54 13 14 14 23 3 14 7.2

BT, O, = [0y pro. rate, 0-12 km

“Flight 6, Brasilia local, Seplember 27, 1992, P-L, O, in 812 km layers corresponding to cloud outflow are 6-7 pphv O/d [Pickering et al., this

issue (a1l
"o, 0, lifetime, in davs,
BT, replacement time, lays,

4.1, Photochemical “Point” Modeling of Source Regions

Jacol et al, [1his issuc] cover photochemical point (instanta-
neous steady state) modeling for TRACE-A flights 4-17 in
detail. They give an overview of ozone formation and selected
comparizons of compiled and observed species concentrations
using the Harvard tropospheric chemistry scheme. feikes ef al.
[this issue]| vse the Harvard point model and GSFC one-
dimensional model 1o deseribe tropical marine boundary layer
chemistry on selected TRACE A flights. The GSFC point
model i in good agreement with the Harvard model (A, M,
Thompson et al,, unpublished manuscript, 1996), s we present
computations only for prototype flights 6, [0, and 15,

The photochemical scheme used in the GSFC poinl model
[Thompson, 1996] has 128 photochemical reactions describing
transformations among 38 specics, Besides chemistry based on
standard odd oxygen, odd hvdrogen, odd nitrogen, CH, and
CuHy, reactions, representative nonmethane hydrocarbons
(propanc, propenc, clhene, and toluene), and hy-products of
their oxidation are specified. Photolysis inpuls are based on
TOMS-derived overhenid ozone measured during TRACE A,
and Oetober 1, 992, solar input s assumed. The point model
compisles transients and nommeasored constituents with the
madel constrained by mising ratios of 05, C0, NO, hydrocar-
Bons, HO0 LY flus, and temperature measured at 1805 (or
greater) intervals on the DC-E. Computed transient species
comcentrations (O 0, HO,, 1,000 are used 1o evaluate net
ry formation from

P L0y = & [NOJHO,] + ¥k, [NOJR,O:]
~ [ k[OH] + £ JHO.)
— k5[O0' D) [ HL0).

where R0, organic peroxy radicals, include CHL0,, CoHLO.,
C HOHO,, C.H0HO,, CHOHOD, (both #- and §), and
CH,CO,,

The primary TRACE A sampling in active fire regions was
on flight 10 {Figure 1), which took place on October 6, 1992,
during a flight from Johannesburg to northern Zambia | fire-
rich region at 10°8, 30°E in Figure 7). Figure 15 shows (0, NO),
€O, and one hydrocarbon (propane) from that flight, The O,
mixing ralio is high (80-110 ppbv) on the two brief Right
segments in haze lavers (1040 and 1200 UT), but similar con-
centrations were recorded at 6 km (1230 UT) and on the
Lk leg, Mot all the highest NO readings were in the haze
layer. Values of 200-400 ppiv MO at 10 km {Figure 15¢) do
not coincide with elevated NO, except at one point and do not
correlate with elevated hydrocarbons, CO, PAN or HNO,;
lightning is a possibility, Figure [5e shows net O, production
caleulated with the GEFC point model. Low-altitude legs, cor-
responding to sampling in northern Zambia, show equivalent
net formation rate 14 ppby O4fd (4 DUA imteprated from 0 1o
4 km). For 4-8 km the rate falls off (0.4 pphvid), but in the
upper troposphere (layer defined as 8-12 km), the rale is
equivalent 1o L6 pphy O40d.

The upper troposphere O, formation rate computed Tor
flight 10 is wpical of all TRACE A llights [Jacoh et al, this
issuc| (Table 33, Conditions of temperature, UV and sulficient
concentrations of NO appear to make the tropical upper tro-
posphere a region of O, and OF Tormation, Table 5 shows that
on averape over flight 10, O, formation is 9 ppbwid (equivalent
ta 6 DU O formationfd). The average calculated lifetime js 8
days in the boundary laver and —30 days in the middle and
upper troposphere {Table 5). Overturning of upper tropo-
spheric air sugpests thal a more realistic lifetime is 2=3 weeks.
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Figure 12. Soundings at (8) Ascension and (b) Brazzaville,
along with back trajectories, for day 292, October 18, 1992
M-A-M background (dashed lines) refers to mean profile from
sondes at each site in March—April-May during 19911992,
Starting levels are approximately 12.5 km (178, 187 mbar), 7
km (403, 417 mbar), and 4 km (617, 625 mbar). Compare in
situ sampling in eastern Atlantic on flight 15, Figure 16,

Flight 10 was the only African TRACE A flight with sus-
tained sampling in a region wilh extensive active and recent
biomass burning. We also performed point modeling with a set
of 60 points from SAFARI DC-3 flights (shaded region in
Figure 1), over a range of regimes at less than 4 km [Thompson
et al., 1996; Zenker er al., 1996). Simulations were performed
for three separate flights on September 26 and 27 and October
1, 1992, These flights sampled typical background air for south-
ern Africa, with O, mixing ralios ranging from 40 to 75 pphwv,
In the flight segment near Victoria Falls, where the highest O,
concentrations were encountered by the DC-3, net O produc-
tion was equivalent to 11 ppby O4/d. Rates of ozane formation
from the DC-3 samples averaged 20-25% less than those for
the -3 flight 10 boundary layer samples. Thus the SAFAR]
and TRACE A data sets appear to give a consistent picture of
ozone formation and suggest that the fight 10 analysis typifies
ozone formation over southern African savanna burning regions
from 107 10 20°8 during late September 1o early October 19492,

4.2, Point Modeling of TRACE A African Outflow
Flights 13-17

Table 3 pives net O, production rates for the Atlantic out-
flow flights from Windhoek (TRACE A Rights 13-16) and for

TROPOSPHERIC OZONE 1N OCTOBER 1992

the Ascension local flight 17 (October 22, 1992). Met 0, for-
mation is uniformly positive above 8 km because NO mixing
ratios =100 pptv are typical, H,O is low (H.O destroys O via
reaction between Of'DY and H.O), and CO (which converts
OH to HO,, leading to O, formation) tends to be elevated over
background (1000 or mare ppbv versus GO-80 ppbv at back-
ground), Figure 16 illustrates the Atlantic regime with DC-8
0y, NO, and CO data from flight 15 (Oclober 18, 1992, day
292), Back trajectories from two of the fiight 15 O/NOCOD
maxima (Figure 16e) show origing in Africa {at 1130 UT,
10-km leg) and South America (1500 UT at 12 km). This is
similar to origins of middle and upper tropospheric ozone [rom
the October 18 sounding at Ascension (Figure 12a), not far
fram flight 15 sampling (Figure 1}. However, the 10- to 12-km
layer at Brazzaville on October 18 appears to be from Africa
(Figure 12h), where persistent convection at 0°-1575 is seen in
AVHRR imagery. Trajectories [rom levels corresponding 1o
the Brazzaville O5 maximum above 13 km (not shown) also
point to Africa origing. Nel photochemical O formation on
flight 15 (Figure 16d) is L8 ppby O540 a1 8=12 km (equivalent
o (1.2 DU With transit times of 47 days [rom (ires or from
deep convection, a parcel traveling to the Atlantic could aceu-
mulate several DU in the 8- to 12-km level, Therefore higher
0, columns, at least above the mixed layer, are expected down-
wind from sources rather than in the vicinity. Through the
entire tropospheric column (0-12 km) O, formation is 0.5
DU/, hall the rate deduced from the Hovmiller diagram al

b)

Brazzavllle 10/1 3392
b
AR Mﬁm Mu.m I}ackgmund
e TRACE ASongle o " __:
¢ e
151 Column = 2900 -

Height k)
=
i

=
£
E -10 Theea=318, atfet 61san
= ] m-au,.l.,mrmu
a' =20
&
2 .z
=40 F
=5} Eeaa e P i L [ N TIPS 1Y
=20 1] 20 40 fk i} 100
Degrees Longitude
CAMWE Lrata
Figure 12. (continued)
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0°-10°S. Gregory ef al. [this issuc] presenl a comparison be-
tween profiles taken on African outflow flights 15 (October 15,
1992y and 13 (October 14), approximately 1000 km and 2 days
transport time lo the east. (Ozone precursors in the lower
midtroposphere, e.g., CO and hydrocarbons, are 3% reduced
in the additional transit time from the continent, and the czone
eolumn to 7 km has increased 4.5 DU, This rate of 0, forma-
tion is greater than implicd by our model caleulations of flight
13-15 data, Inasmuch as virtually all TRACE A sampling im-
plied NO -limited ozone formation, the rates suggesled by
Crregory et al, [this issue] appear to require more NO than we
used in the poinl model {3-min averages from the Harvard
merged data set). This could mean an in situ MO source,
perhaps lightning upwind of sampling,

The apparent cause of COMNO, hydrocarbon enrichment i
the upper tropasphere is advection following convection from
regions wilh elevated O, or O precursor concentrations. In-
terpretations of tracers and reactive nilrogen partitioning on
the Atlantic TRACE A flights [Gregon ef al., this issue; facab
et al.. this issue; Smvih e ol this issue; Singh of al., this issue;
Cu6] argue for a significant lightning NO source. Flight &
{section 4.2 below) also provided strong evidence for the light-
ning source, directly in cloud-outflow NO sampling and, indi-
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Figure 13, October 11, 1992, Irene (Pretoria) O sounding
showing transport from South America and Africa. M-A-M
background (dashed line) refers to mean profile from lrene
sondes in March—April-May during 1991-19%2, Note slow re-
circulation of air parcels [rom biomass burning regions of
south central Africa (Plate 3), Starting levels are approximately
12 km (188 mbar), 7 km (407 mbar), and 4.5 km {563 mbar).
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Figure 14. Transition from an anticyclone regime (October
10, 1992) to westerly trough (October 11, 1992) as seen in
Okaukuejo Oy soundings, (1) Midlevel back trajectorics (=73
km) from GSFC isentropic model show flow transition with
westerly, marine origing for the October 11, 1992, sounding,

rectly, in rapid O formation downwind of deep convection and
lightning. However, Smyilt ef ol [this issue] point out cases for
which @ surlace, nonhivmass burning MO source is also con-
sistent with species correlations. At Okaukuejo, isotopic lrac-
ers from filter samples showed that near-surface ozone might
ariginate from biogenic and localized industrial sources as well
as biomass burning (R, 1. Swap, personal communication,
1995), Fipure 16 is supgestive of lightning, as was upper Lo
pospheric sampling on flight 10, Localized NO maxima (2
sudden increase of 50% or more; Figure 16¢) are not always
correlated with CO (or hydrocarbon) maxima.

Table 5 shows that midtropospheric net O Tormation rates
are always small but variable in sign. This is nol surprising
given that Atlantic sampling [cf. Browell er al., this s
showed air parcels of highly variable composition with respect
lo ozone, acrosols, and vzone precursors [Browell of of . Lhis
issues Cregary ef al., this issue], Ozone and precursor coneen-
trations were not necessarily correlated. Lavers of high ozone
could be aged with respect to a biomass burning source {a week
or more) or coincident with biomass buming tracers {e.g.,
Figure 16).
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Figure 15, Sumpling of DC-8 data on flight 10 {(October 6, 1992) used in GSFC photochemical point model.
{a} O, (b} CO, (&) MO, (d) propane. From merged data set prepared by G Gardner and . Jacob [fecob o
al., this issue], () Instantancous net Oy production for fight [0, evaluated by constraining mocel with
measured mixing ratios of O, €0, MO, hydrocarbons, HLO, UV flux, and temperature measured on C-H as
deseribed in text. Low-altitude legs in active Zambian burning region show equivalent net formation rate 14
ppby O./d (4 DU integrated from 0 to 4 km). This value is obtained by time-weiphted averaging of the
individual points with accounting for diurnal variation. In the 4-8 km layer, O, production is only (L4 pplvid,
but at 8=12 km, it increascs to 16 pphy Ohfed
4.3, Flight 6, September 27, 1992, Brasilia Convective forming consequences of individual clouds [Fickering e al.,
Outflow 1992a, b, 1994]. Comparing ozone formation with and without

We have performed chemical and dynamical analysis of  deep convection suggested thal convective transport could
mare than a half-dozen convective systems, focusing on the O, increase free tropospheric O, formation by an order of



THOMPSON ET AL: TROFPOSPHERIC QZONE IN OCTOBRER llJ‘.j'E 24271

TRACE A, FIt 15, 18 Oct 92
B (b)

- 100} 12 o e 1112
-‘a e 110w & e, / j 10 o
BN 80 YO ¢ £ 2 120 . gl ]
g %'% it e | : ® =
g 60 m B : 6 g 100 - e 6 E
: g $8' Fu gl S
S E " S i w14
et t / L, 5 B 8o >
g M 1 g haxn 3 _52 by 2

20¢, ; . R N ‘0 60 : T 10

a 10 12 i4 16 18 i} 10 12 14 16 18

GMT (in hours) GMT (in hours)
(c) (d) Net 03 Prod.

111 e T2 S gxq0f e Tz
o 250¢ B = 10 i :
R e = | 108
A 200 T | 48 =1

150 % %l E : —ixlﬂﬁ- i | -;6 E
3 % kel Dk

: 35~ o 2 i4 7
F 100 ] E% ’ 14 = _2x100 i :
S 50: 124 5 6} 1 | A
E gﬂ "q-; -HXID F [l | L L H,;‘G
P e s z T i i T I
8 10 12 14 16 18 . GMT (in hours)

GMT (in hours)

(e)

Back Trajectories, Oct 18-10, 1992

20 =

Degrees Latitude

B A
-60 -0 -20 0 20 40 60
Degrees Longitude
CMWE Data

Figure 16. (a) Ozone (b} CO, () NO, observations, from Harvard merged data set [Jacob ef al., this issue),
recorded on flight 15, Atlantic outflow-convergence flight on October 18, 1992, Solid line is altitude. (d) MNet
0}, formation rate, computed by GSFC point model. (¢) Back trajectories run with ECMWE winds with GSFC
isentropic trajectory model from location of two local maxima in Figure 16a. South American source indicated
from higher-altitude leg, African source from 10 km. Note net O loss in boundary layer below persistent

marine stratocumulus,




24 272
TRACE A, Flight 6,
(a)
2 80 : 10 w
B o =
- F0 1 e
Gt L=
o 60F 5 6 £
: &
S 50 4
: -
J 40E 5 =
S ap ; . ; T ]
a8 10 12 14 16 18

GMT (in hours)

2 g
i s 5
6 g
= &
: 4
2 s
o 248k
Gt " & G 0
a 10 12 1 16 18
GMT (in hours)
s (e). 03 Prod., Flt 6, 27 Sep 92
B S T
® 7E tpebr O ]
= 2.0x10 . | FE r_-"' 110 g
£ 1.5x107 ¢ \ | 18 =
o 7 \D | | —_
P — o 3
* l.ﬂxlﬂﬂ hfulf;pbf EI{- ‘D| ]D| :G ‘g
g 5.0x10%p % 1B I
E -
= of ﬂélu#dﬁml o jz =
A, B sppby ondap|) %? |
2 —5.0x10 RS . DO SOREPESE: & 1
= B 10 12 14 16 18

GMT (in hours)

THOMPSON ET AL: TROPOSPHERIC OZONE IN OCTOBER 1992

2T Sep.. 1992

BOQ T T 12
—~ 0 E
% 400 2 9.2
= . -__\ ! o ig =
E2:200 a0 | mg F im
] @ H O B -.6 S
T 200 B B 1. =
: o 44
: 1T T
5 100 | 2 <
0 i : : 1o
& 10 12 14 16 18
GMT (in hours)
__Ad)
5 600 G ' : ] 1=
oy E
2 500 - /_1 - ;lU.E
: 4ﬂﬂE D’ 1B -
= 300: o O i &
3 B =
o200 O ":' o 4
: Wl | s
3 100 %ﬂ,ﬁ 2 ie
0 U,M 3 1 1 PR i ﬂ
g 46 12 14 16  id

GMT (in hours)

GEFC/TRE 2/95

Figure 17. DC-8 data on flight 6 (September 27, 1992): (a) Oa, (b) CO, () NO, (d} propane. (e} Instan-
taneous net O, formation as computed with GSFC point model (compare Figure 15}, Upper troposphere is
O,-producing at 1-2 O, ppbv/d, as on flights 6 and 15. Convective transport and possibly lightning supply
upper troposphere NO,. Forward trajectories from flight 6 cloud-outflow levels shown in Figure 10.

magnitude or more [Pickering et al., 1994]. None of these case
studies were based on postconvective sampling in cloud ouat-
flow air.

Flight 6, September 27, 1992, provided direct observation of
convective enhancement of O, precursors and (temporary)
suppression of O as biomass-burning-influenced air was
pumped up through a major mesoscale system that passed
across Brazil from September 25 to 28, Details of the obser-
vations, with photochemical and dynamical analyses, appear in

the work of Pickering et al. [this issue, 1996a] and Wang et al,
[this issuc]. Point modeling is summarized in Figure 17 and
Tahle 5. The main points of Figure 17 are increases in CO
above background level (90 ppbv), also in MO and hydrocar-
bons, with a decrease in O, which is lower in the boundary
layer than in the upper troposphere, Like flight 10, the fire-
affected boundary layer is net Oy-producing more 50 than the
free troposphere. Selected data from cloud cutflow levels were
run in the GSFC point model; this gave 3-4 ppbv O./d forma-
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Table 6. Selected Matal and Ascension Soundings and Origing

Total Tropospheric Oy

Sounding Date (=15 km, DL}

Tropospheric Oy
{10135 km, D)

@ Excess (10=15 k) of
South American Origin

Maral
March-May, reference 315 .8 ey
September 30, 1992 5.7 13.2 )
Azcension
March-May, reference 206 .6 ERE
Cretober 3, 1992 52.5 0.4 17
Dctober 5, 1992 403 10,6 20

tion with MO mixing ratios averaging 160 pptv, However, for
an air parcel with lightning-generated NO averaging 400 ppty,
the GSFC box model shows 6-7 ppbw O4/d formation [Picker-
ing er al,, this issue (a)].

Forward trajectories from the locations of two clowd-outilow
layers sampled by the DC-8, starting on Seplember 27, 1992,
are shown in Figure 10b. Figures 10 and 11 show the effects of
this outliow in soundings over Natal (September 30, 1992) and
at Ascension in 4-6 days. Matal soundings show a 10-20 pplv
(), increase in levels above & km between September 28 and 30
(Figure 10a), consistent with photochemical formation al 5
ppbw O4/d. Maxima al Ascension (Figure 11a) span a broader
altitude range and are not uniquely traceable to the September
27 event. More likely, they reflect repeated convective injec-
tions of Ch-producing air into the wpper troposphere. For
Matal and Ascension soundings, the South American contribu-
lion lo excess O, (as defined in section 3.4) is estimated as
follows: The cumulative O column depth is computed at 1-km
intervals for each profile and “total excess O, obtained by
subtracting “background tropospheric O, from the reference
profile {Table 4). The “10- 1o 15-km excess ozone” is also
computed; for example, 5.4 DU for September 30, 1992, al
Matal is equal to 13.2-78 DU along with the Fraction, 10-15
km excessitotal excess (in percent) (Table 6). Fractions of
excess (0, ascribed to (convective) South American origin are
fower limits for profiles in which some back trajectories origi-
nate in recirculating patterns with no way o determing the
ulimate origin. The U- to 5-km segment of all 17 Ascension
profiles taken in SAFARITRACE A originates from Africa, but
the midtroposphere appears African in origin for eight profiles,
Brazilian in two or three, with the remainder indeterminate,

5. Discussion: Regional Ozone Origins
During SAFARI/TRACE A

The dynamical and chemical analyses described above are
applied to the final set of questions posed in the Introduction:
namely, can 40060 DU tropospheric O, over the South Atlan-
tic basin be accounted for by the dynamical and photochemical
patterns observed during SAFARI and TRACE A7

5.1,

The analysis of section 4 supports an affirmative answer with
respect to O photochemical sources [see also Jacol of al., this
issue] although Table 5 shows that O, photochemical forma-
tion rates are only moderate, Contrast the 1020 ppby Oyfd
rate near biomass fires with urban-influenced rural sites in
industrialized countries. Both O3 mean mixing ratio and for-
mation rates in the boundary layer of rural summertime Morth
America are 2-3 times the rates shown in Table 5 |Trainer of
al., 1987]. TRACE A took place in the latter part of the

Photochemical-Dynamical Interaction

bicmass burning season, when MO, hydrocarbon, and €O
burning sources may have been less than al peak, but satellie
climatology shows September and October Atlantic Oy to be
generally higher than in June and July [Fistman e al., 1992),
Some Oy buildup over the southern Atlantic basin takes place
because Oy photochemical lifetimes in the middle and upper
troposphere are 2 weeks or greater. This is confirmed by ex-
tensive sampling, DC-3 in southern Africa, DC-H continental
outfow flights, and numerous soundings, that showed high-0,
lavers, frequently <100 m thick, suggesting great stability.
Crarstang er al, [this issue| showed Trom Trene rawinsondes that
horizontal layers below 7 km may be stable in the vertical for
more than g month. In general, this behavior characterized
lower and midiropospheric structure south of 20°5 during SA-
FARLITRACE A [Tyson ef al., [994].

A similar picture emerges from the trajectory climatology
{zection 3). Air masses over southern Africa and the tropical
Atlantic recirculate very slowly. Plate 3 showed that only a
small fraction of parcels initialized at African fire locations in
early October 1992 left the continent after 3 days. The excep-
tion s south of 15°5, where fire emissions Tow toward e
Indian Creean. a phenomenon contirmed by Oy soundings at
Réunion Island, Even from upper levels over equatarial Af-
rica, where convective outllow 15 expected, B-day transport
showed little migration beyond the continent, This suggests
that (1, over Africa accumulates as a steady supply of biomass
burning fueled O, recirculates in the lower and midiropo-
sphere,

Figure 18 is a schematic of ozone photochemical and dy-
namic interaction over the TRACE A region. Recirculation of
air over Africa and the eastern Atlantic, trapped by the dom-
inant anticyclone, supplics the South Atlantic basin with O, at
low and midtropospheric levels, Robust rates of O, formation,
based on TRACE A flight 10 and SAFARIL IDC-3 modeling,
are indicated over southern Africa, Mear-active fires, Oy lor-
mation throughout the troposphere corresponds to 6 DU
(=12 km, Table 3). At this rate, air parcels recirculating in
region 2 (Plate 3a) and reexposed to [resh emissions could
build up 30-33 DU over fires over 5-6 days. Given Lhat back-
ground tropospheric O at this latitede s 25-30 DU {Talide 4},
tropospheric O, column could reach 55-63 DU At 10°-14%5,
A5°E, TOMS shows 50 DU from October 6 to 21, 1992 (Plate
17, and Might 10 UV-DIAL sampling shows 5055 DU (Figure
2). Thus biomass burning sources, adding to background O,
can account for 4060 DU O, over southern Africa, Given the
mean lifetime of this O (2-3 weeks), transport in the easterlies
supplies the Atlantic and ¢ven eastern South America.

Over South America, where deep convection from biomass
burning repions appearad to be very effective, O, does not
accumulate in the lower and midtroposphere, even though
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Figure 18, Schematic showing imlegrated photochemical-transport view of O formation over South Atlantic
basin during SAFARTTRACE A. Ozone formation processes indicated schematically, with downward arrows

indicating subsidence over central Atlantic,

fight 6 sampling sugeests photochemical O formation rates
could be comparable to those over Africa. The mean O con-
centration from Brazilion flights 5-7 up to 4 km is 46 pphy
comparcd 1o 75 pply O in the mised layver over Adrica (compos-
ite of TMC-3 and DC-8 samples), However, cloud-outlow layers
from South America have moderately high O, formation rates.
Based on flight 6, 6-7 ppbyid adds up to 4 DU i the 8- t0 12-km
layer during a typical transit across the Atlantic (Figure 18).

Midtropospheric ozone formation over southern Africa and
the Atlantic is more varioble, rangiog between = 1 and A1 pphw
O5fd, Slow ceone formation may be important o the O, cli-
matology wider certain conditions, e.g., in air thal leaves Al-
rica in the easterlies, or that recirculite slowly over the Atlan-
tic, Five-six davs at a 0L5-1 DU rade would lead to a 2.5-6
DU layer. This may be one reason why, despite 40-DU 0,
column depth over the continents (Plate 1, Table 33, the At-
lantic had more O during October 1992 than Africa or Brazil,
A second reason is descent in the central tropical Atlantic from
the Walker cireulation {downward arrows in Figure 18). High
orone concentrations persist in Ascension soundings from the
surface to 5 km (Table 4, Figure 5a). even though the O,
lifetime in the marine boundary laver 5 o week or less and
Ascepsion s tvpically a week from Adrican source regions
(Figures 9 and 12a). Excess ozone in the - to 3-km laver
{Table 4) is greater sl Ascension than at Matal and Brazzaville,

Plate 3, 2 composite of all tropical Atlantic UV-DITAL flights
[Browell et al., this issue] shows descension at Ascension and is,
in general, a striking corroboration of 1he mechanisms shown
in Figure 18, From South America o Alrica (507 1o 307E)
the upper troposphere is enriched with O, but only at longi-
tudes corresponding to Africa and the central Atlantic did the
UV-DIAL deteet lower and midiroposphere 04 =060 pphw.
Plate 5 suggests casterly transport at midiroposphere level
across the Atlantic, consistent with an African/Atlantic origin
of middle- and low-level O, in Matal soundings.

5.2, Deep Convection and Relative Contributions of Africa
and South America to Atlantic (rone

Satellite cloud maps, trajectories from convective regions
and from fires, analysis of upper tropospheric ozone from the

DC-8 andd from soodes, as well as the flight & case study all
imply o magor role for decp convection in oxone formation
over the South Allantic basin during SAFARITTRACE A,
Upper tropospheric correlations by Sryih ef al. [this issue],
Talbot et al. [this issee], and Singh of al. [this issue] show
surface origing common o the insoluble tracers (PAN, hydro-
carbons, NO,, CO). However, a reactive nitrogen census and
clevated Tevels of NO throughout the upper troposphere are
interpreted as lightning |Singh ef al., this issue]. Deep convee-
fion i South America appears o be responsible for upper
tropospheric Oy enrichment in e majority of soundings at
Matal, Ascension, and Okavkocjo, At Brazzaville, conveclive
cutflow from Africa {perbaps followed by recirculation over
the eastern Atlantic-Gulf of Guinea area) appeared to supply
Oy in the highest-0 soundings, =45 DU in the peried up o
October 10, 1992, Farther south, at Okavkuejo and lrene, air
parcels at 10=15 km that passed over South America south of
2005 may have transporiced high ozone from the Pacific or
picked up convectively injected South American urban pollu-
tinn. Even one of the five Réunion soundings during SAFARI
TRACE A with upper tropospheric O, =80 ppbv showed
transport at 12.5 km from South American regions with active
convection and biomass burning.

Excess orone for each S-km layer for cach sounding was
assigned an origin. In cases of diverging clusters of parcels,
excess O was apportioned among several sources. The [rac-
tion of excess ozone from each sector, Africa, Atlantic, South
America, was computed from total excess O for cach sound-
ing. Averages over the Seplember 15 1o Oclober 24, 1992,
period are given in Table 7. The fraction of African contribu-
tion is highest at sites with latitude corresponding to maximum
easterly flow and biomass burning. The Atlantic fraction at
Okaukuejo and Irene includes trajectories with relatively clean
maring air as well as air pareels elevated in O, for which
complex recirculation patlerns preclude unambiguous source
assignment,

Most of the excess O assigned 1o South America in Table 7
was above 10 km, suggesting that the Atlantic maximum-0,
region (Plate 1) received 20-30% of excess O from this region
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TRACE-A NASA/LARC UV-DIAL
Longitudinal Ozone Distribution in

Southern Hemisphere (-40 to 0 N) Excluding Flight 9
Average Ozone (ppbv)
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Plate 5,

Composite, averaged from (F 1o 40°5, of UV-DIAL tropospheric O from all TRACE A fights,

from South America [ SUP—60°W) across the Atlantic through southern Africa {20°-30°E) [from Srowell ef al.,

this issue].

during SAFARITRACE A, Convection over South America
and Africa built up in September, s hiomass burning declined.
For example, Jusiice et al. [this issue] show fire counts in north-
ern Zambia during carly October 1992 at 10% or less of July
and August 1992 values. The soundings at Ascension, Matal,
and Réunion Tsland show maximom tropospheric O column
occurring in September and October; st Brazzaville the 0,
maximum is in August to early September [Thompson ef al.
this issue: (Mson ef al., this issue: Baldy of af., this issucl. These
patterns may indicate an important role for deep conveclion.
Al locations where upper tropospheric O, was 20-30% of
exeoss O in October 1992, the buildup in tropospheric Ch, may
await the onset of convective activity. There are twi aspects 1o
this. First, enhanced O, formation in the upper troposphere is
brought about by deep convection. Second. once formed, O in
the upper troposphere can accumulate due 1o relatively long
lifetime (Table 5). (Mson et al. |this issug] note that excess O
aecurs at higher altitude at Natal than at Ascension and Braz-

Table 7
o Oetober 24, 1992)

zaville, They also note that sources of Atlantic ropospheric O
shifl Trom Africa (o more of an African-South American mix-
"lure as the biomass burning season propresses. Bafdy ef el |this
issue] also speculate that a time lag of several months between
maximum biomass fires in Africa and the seasonal tropo-
spheric O, maximum at Réunion is due 1o the onset of fre-
guent dleep convection.

6. Summary

In this study we used the following data to construet a chi-
matology of tropospheric ozone over southern Africa and the
tropical Atlantic O in October 1992 during the GTE TRACE
A and SAFARD 1992 field experiments: ozonesondes al four
continental and two island sites, a new TOMS tropospheric
column O, product; in sity and UW-DHAL O, measurements
from the NASA DC-8 and in situ data from the SAFARI 1992
D23, The observations show that the tropical Atlantic and

7. Source Apportionment of Soundings During SAFARITRACE A (September 15

Mean Excess Ozone

S0, A,

African, Adlantic,

Station (DU, no) % &h o
ratal 0.0 0 15) (i 3 21
Ascension 190 1015) 72 b 20
Brazzaville 10811} [y o et
Okaukusjo 1.1 {k5) ha 15 0
Irene D301

45 14 33
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adjacent continents are a region of high tropospheric O, with
localized maxima =50 1Y in column O cccurring from south-
ern Africa across to Brazil.

Question 1, Ozone Distributions

From soundings and aircraft data the vertical structure of O
in southern Africa and the Atlantic is elucidated. Even “clean”
O, soundings (every site east of the Greenwich meridian had
one with total column <35 DU show multiple layers with up
to 40 ppbyv variability among adjacent layvers. Most aircrafl
profiles and every sounding site during TRACE A/SAFARI
showed layers of high tropospheric O, ie =% ppby O com-
pared fo “background” mixing ratios of 30-40 ppbv, in air
masses unaffected by the stratosphere [el Browell et al., this
issue].

Ouestion 2, Ozone and Transport

Trajectories, run backward [rom the highest-0; region over
the Atlantic (includes Ascension Island), showed direct links to
biomass burning regions in Africa and South America, Con-
versely, forward trajectories from African biomass fire sites
during October 1-15, 1992, conflirm that Oq-rich air recircu-
lates over the continent at low (700 mbar) levels, affecting
sounding sites removed from burning, e.g., Irene, Okaukuejo.
Transport bevond Africa heads in a narrow band toward the
Atlantic, where elevated O is repistered at Ascension and
Matal, South of 1575, flows are to the east, especially from
Mozambigque fires, resulting in high O, over Réunion.

Forward trajectories, run from cloud outflow level above a
South American grid with active fires [rom September 25 1o
Orctober 20, 1992, showed rapid flow to the Atlantic, with
trajectory parcels over 8 days distributed over the Ascension,
Okavkuejo, and Irene sounding sites, Trajectory distributions
reflect the dominant meteoralogy of the TRACE A region in
October 1992, The Adlantic or Angolan/Allantic anticvelone
caused stagnation and recirculation in southern Africa and the
eastern Atlantic. An intense early wel season, with frequent
decp convection over a widespread region of South America,
controfled upper troposphere transport.

Cuestion 3, Photochemical Sources

The trajectory study supports 2 hiomass-burning-ozone con-
nection, but aircraft abservations of O, 05 precursors, and
tracers are needed (o prove a photochemical source. Airborne
0y, CO, MO, and hvdrocarbon data, assimilated into a steady
state point model, show that near active burning in Brazil and
southern Africa, O is formed phaotochemically up to 15 ppby
Onfd, integrated to 4 DU to 4 km. In the upper troposphere,
with MO levels frequently at @ few hundred ppty (from trans-
formation of NO, -reservoir specics andfor lightning), O, pro-
duction remains positive, 0.5-3 ppbyv O54d o 0L5-1 DL [cf.
Jeeal e all, this Bssuel. Downwind from convective outflow,
selected layers produce even more ozong, 67 ppby Onid.
Biogenic ozone sources could be significant in the mixed laver
[Swap et al., this issue], but there were insufficient observations
to gquantify this contribution,

Question 4, Synthesis of Mechanisms, Role
of Convective Transport, Ozone Origing

In Qctober 1992, southern African and Atlantic tropo-
spheric Oy achieved a column thickness of 10-30 DU above
background (nonburning season column depth) due to a
unique interaction of meteorology and photochemistry, Ower

THOMPSON ET AL: TROPOSPHERIC OZONE IN OCTOBER 1992

Adrica, robust O-forming rates, combined with low wind
speeds, extensive recirculation, and stable lavering cause an O,
buildup throughout the lower and middle troposphere. East-
erlies and continued recirculation over the Atlantic led to O,
enrichment detected by the [DC-3 and Matal and Ascension
soundings; slow O, formation continued in the upper tropo-
sphere during transport. The importance of deep convective
transport a5 a mechanism for supplying upper tropospheric O,
was confirmed in TRACE A (flight 6) and in downwind Oy
soundings. Deep convective transport from South America was
responsible for 20-30% of the excess tropospheric O4 burden
over the South Atlantic basin during SAFARITRACE A,
Convective oulflow from southern Africa supplied upper tro-
pospheric ozone and/or ozone precursors 1o Brazzaville and
Réunion,

We comment on other questions of TRACE A and SAFARL
Heww much O is from biomass burning and how much is from
other sources? Furlher analysis with correlations, tracers, eto,,
is needed. SAFARI scientists measured significant biogenic
fluxes for NO and CO under certain conditions; the present
study, hased on ambient mixing ratios, not fuxes, docs not
address biogenic sources. Was Octlober 19492 typical for South
Atlantic ozone during this time of year? The extreme drought
in southern Africa recduced biomass burning in that aren, but
north of 20°5, biomass burning was close to normal [fustice o
al., this issue], Cloud, precipitation, and O, characteristics ob-
served in Brazil suggest that in other years, transport from this
region might be lower than in October 1992

Two aspects of South Atlantic ozone origing deserve empha-
sis. Oine s that although ozone precursors are abundant (from
hicmass burning, biogenic sources, and/or lightning), the par-
ticular dynamics of the South Atlantic are essential to the
ozone buildup, Other tropical areas have extensive biomass
burning, .., Southeast Asia, but no comparable ozone signa-
ture |Fistuman ef al., 1991]. Second, the TRACE A finding that
upper tropospheric MO levels are robust enough to maintain
steady O formation and that lightning is a key, if not a dom-
inant cause, call for further investigation, Satellite lightning
maps, e.8., a5 supplied by the optical transient detector,
launched in 1995 (H. Christian, personal communication,
[99a}, will be invaluable in this regard.
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