Atmos. Chem. Phys., 4, 449-469, 2004 y —* "
www.atmos-chem-phys.org/acp/4/449/ Atmospl‘]erlc
SRef-ID: 1680-7324/acp/2004-4-449 Chemlstry

and Physics

Linking horizontal and vertical transports of biomass fire emissions
to the tropical Atlantic ozone paradox during the Northern
Hemisphere winter season: climatology

G. S. Jenkins and J.-H. Ryu
Department of Meteorology, Penn State University, 503 Walker Building, University Park, Pennsylvania, USA

Received: 29 July 2003 — Published in Atmos. Chem. Phys. Discuss.: 13 October 2003
Revised: 22 December 2003 — Accepted: 22 December 2003 — Published: 22 March 2004

Abstract. During the Northern hemisphere winter season,leased to the atmosphere, with the savanna fires being the
biomass burning is widespread in West Africa, yet the to-dominant component (1-1.6 GT of carbon burned) (Crutzen
tal tropospheric column ozone values30 DU) over much  and Carmichael, 1993). Moreover, African savanna fires are
of the Tropical Atlantic Ocean (EN-5°S) are relatively  estimated to account for 30% of the global biomass burn-
low. At the same time, the tropospheric column ozone val-ing emissions of trace gas and aerosols (Lacaux et al., 1993).
ues in the Southern Tropical Atlantic are higher than thoseThe source of savanna fires in Africa are not centrally located
in the Northern Hemisphere (ozone paradox). We examingn one area but can be found in the Northern and Southern
the causes for low tropospheric column ozone values by conHemisphere during various times of the year. In addition, sa-
sidering the horizontal and vertical transport of biomass firevanna fires can be found in both western and eastern parts
emissions in West Africa during November through March, of Africa (Jenkins et al., 1997). The majority of fires are
using observed data which characterizes fires, aerosols, horassociated with clearing of forest, agricultural use, control
zontal winds, precipitation, lightning and outgoing longwave of weeds and brush and nutrient regeneration in grazing and
radiation. We have found that easterly winds prevail in thecrop-lands (Andreae, 1991).

lower troposphere but transition to westerly winds at pressure  Bijomass burning is a source of carbon monoxide oxida-
levels lower than 500 hPa. A persistent anticyclone over Westion which in the presence of nitrogen oxide4 pptv) can
Africa at 700 hPa is responsible for strong easterly winds,jead to ozone production in the tropics. Marufu et al. (2000)
which causes a net outflow of ozone/ozone precursors fromgstimate that biomass burning emissions contribute 9% to
biomass burning in West Africa across the Atlantic Oceanihe production of global tropospheric ozone on annual time-
towards South America. The lowest outgoing longwave ra-scales. Africa represents the largest contribution to the pro-
diation (OLR) and highest precipitation rates are generallyquction of tropospheric ozone accounting for approximately
found over the central Atlantic, some distance downstreamgsoy, of the total. In addition to being a pollutant in the plan-
of fires in West Africa making the vertical transport of ozone etary boundary layer (PBL), £in the troposphere acts as a
and ozone precursors less I|ke|y and ozone destruction morgreenhouse gas, increasing the |Ongwave forcing directed to-
likely. However, lightning over land areas in Central Africa wards the surface. The formation of 0zone near the source
and South America can lead to enhanced ozone levels in thgf the fires in the planetary boundary layer (PBL) can influ-
upper troposphere especially over the Southern tropical Atence the health of individuals near the fires but is quickly
lantic during the Northern Hemisphere winter season. destroyed through deposition and photolysis. However, if
ozone and its precursors (CO, NO) can be vertically trans-
ported above the PBL, then the lifetime of ozone canincrease
from days to weeks. Satellite estimates of tropospheric col-

Biomass burning in the tropics serves as a primary sourcg/Mn ozone (TCO) values associated with biomass burning

: : how the highest levels over the Tropical Atlantic during the
for atmospheric pollutants on an annual basis. In the earl .
P P )fnonths of August through November (Fishman et al. 1991).

1990s, it was estimated that the global annual biomass burnﬁ. Id . ts with i the Tropical At
ing represented 1.8 of the 4.7 GT of carbon burned and re; I€ld experniments with measurements over the fropical At

lantic and adjacent land areas in South America (TRACE-A)
Correspondence tdG. S. Jenkins and Southern Africa (SAFARI) have been carried out in order
(osei@essc.psu.edu) to understand the relationship between biomass burning and
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Ozone (Dobson units) : 1979-1992
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Fig. 1. The spatial distribution of TOMS tropospheric column ozone values (Dobson unit) daji@ctober throughf) March averaged
from 1979 to 1992.

elevated tropospheric ozone (Fishman et al., 1996; Lindesapospheric columnar ozone in the Northern Hemisphere: (1)
etal., 1996). Ozone is produced near areas of biomass burning but limited

During the Northern Hemisphere winter season, biomasd© the PBL and destroyed in time<( week) by deposition
burning is found north of the Equatorb—15 N) (Grégoire ~ and photolysis. (2) Animportant{precursor is not found in
et al., 1999). However, satellite and ozonesonde estimatesufficient quantities for the production ogOThe most likely
of tropospheric column ozone show lower values over theQ3 precursor that would limit @production is NO. In such a
north Tropical Atlantic Ocean relative to the south Tropical ¢@se HQ could lead to the destruction ofzOHowever, mea-
Atlantic and is denoted as the “Ozone Paradox” (Weller etSurements in TROPOZ | and Il show that NO is produced
al., 1996; Thompson et al., 2000). This suggests there mighitn sufficient quantities near areas of biomass burning con-
be several processes at work with respect to reduced trdfibuting to the production of @ (Jonquieres etal., 1998).
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(3) Oz is produced in the PBL and vertically transported into 2 Data description

the free troposphere. It is then transported horizontally to

other regions by mean winds in the middle or upper tropo-Ozone, wind, precipitation and OLR are averaged for the pe-

sphere. riod of 1979-1992 in order to establish climatological con-
ditions near West Africa. The National Center for Environ-

Measurements from aircraft, ship, and ozonesondes shotental Prediction (NCEP) reanalysis (Kalnay et al., 1996)
elevated 0zone mixing ratios in the lower troposphere (3-2veraged for January 1979-1992 are used at a horizontal

5km) over the Tropical Atlantic Ocean downstream of resolution of 2.5x2.5°._ The rai_n rates are derived from
biomass burning in West Africa (Jonquieres et al., 1998;2 merged data se_t using satelllt_e and rain gauge data and
Thompson, et al., 2000). Jonquieres et al. (1998) Suggestgroduced at a horizontal resolution of 2&.5° (Xie and

that O is produced over West Africa and is transported at~Tkin, 1997). The ozone climatology (1979-1992) pro-
low altitudes (3-5km above the surface) by easterly windsduced from the total ozone mapping spectrometer (TOMS)

towards South America. Both TROPOZ and AEROSOLS99'S produced at a horizontal resolution 6£42° (Hudson a,n_d
also found elevated levels of ozone in the middle and uppe;l'hompson, 1998; Thompson and Hudson, 1999). Additional

troposphere over the Southern Tropical Atlantic. Thompsondat@ associated with the production of ozone (fire counts,
erosols and lightning) are also used here but do not overlap

et al. (2000) suggest that these elevated levels of ozone in thidS

middle/upper troposphere were due to either a mid-latitudeW'th the meteorological and ozone data. The ozone vertical

source or lightning, depending on the latitude. Edwards eprofiles from Southern Hemisphere Additional Ozonesondes
al. (2003) have reached a similar conclusion to Thompsor{SHADOZ) stations are also used for 1998—2000_(Thompson
et al. (2000) from their satellite study during January 2001.6t &l 2003). The fire count data (1996-1999) is produced
However, these studies covered relatively short periods of M the Along Tracking Scanning Radiometer (ATSR) in-

time (several weeks). In this study, observational data setStrument, which has a horizontal resolution of 1km and a

are averaged over numerous seasons in order to producesé("ath width of 512 km. Fires are identified at a fixed thresh-
climatology. old of 312 K (Arino and Melinotte, 1995). Fires tend to be

underestimated by the ATSR instrument because of its rel-
) N ] ) . atively poor temporal resolution with the satellite visiting
Meteorological conditions during the winter and spring 5 site once every three days in equatorial regions (Buon-
seasons, which are important to the horizontal and Verticabiorno et al., 1997). The 1996-1999 monthly aerosol in-
transports of biomass fire emission, are controlled by dryyey is produced on a°k1.25 grid with a minimum of 20
northeasterly Harmattan winds with the Sahara Desert Ori'days necessary to produce a monthly average (Herman et al.
gin.from the ;urface into the Iqwer troposphere. .Near the1997; Torres et al., 1998). The Lightning Imaging Sensor
Guinea coastline, a 'Iayer of moist sputhwe.st'erly winds b|°W(LIS)/OpticaI Transient Detector (OTD) 2.%ow-resolution
from the Gulf of Guinea and there is precipitation over ex- gnnya| climatology is used for lightning data. This climatol-
treme southern parts of West Africa. If vertical transport ogy is a combination of the 5-yr OTD (4/1995-3/2000) and
were to occur it _should be due to the convection (shallow3_yr LIS (12/1997-11/2000) data and has been averaged for 2
or deep). Jonquieres et al. (1998) suggest that dry Harmatyonths to reduced the bias due to undersampling (Williams
tan winds carry @ and G precursors above the Monsoon et g1 2000; Christian et al., 2003). Non-gridded monthly

layer as seen through cross sections of equivalent potentiglighining flashes from daily LIS overpasses are also used in
temperature betweert 5 and 8 N. this study.

The objectives of this study are to examine: (1) the hori-
zontal transport of biomass fire emissions from West Africa3 Result
during the Northern Hemisphere winter season. (2) Examine
mechanisms for the vertical transport of biomass fire emis-3.1 Fire counts and aerosol indices
sions. (3) Examine lightning over the continental outflow of
South America and Central Africa during Northern Hemi- Figure 1 shows the time-averaged 1979-1992 tropospheric
sphere winter. (4) To relate biomass emission, transport andolumn ozone values for October through March over West
lightning to the satellite observations of relatively low (high) Africa and the adjacent Tropical Atlantic Ocean. High tro-
tropospheric column ozone levels over the Northern (Southpospheric ozone columnar values42 DU) can be found
ern) Tropical Atlantic during the Northern Hemisphere win- during October and November in association with the Tropi-
ter (“ozone paradox”). This paper focuses on a climatologi-cal Atlantic ozone maximum (Fishman et al., 1991). There-
cal time-scale (1979-1992) during the Northern Hemisphereafter, smaller ozone values<80DU) are found over the
winter season (DJF), while a companion paper examines obtropical Atlantic and adjacent West Africa. During Jan-
jectives 1 to 4 on daily time-scales during the Aerosols99uary and February, less than 36 DU can be found over
ship campaign (Jenkins et al., 2003). much of the tropical Atlantic, especially those areas adjacent

www.atmos-chem-phys.org/acp/4/449/ Atmos. Chem. Phys., 4, 449-469, 2004
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( a) Average Fire Count in West Africa (5-15N, 15W-25E)
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Fig. 2. (a) The monthly fire count in West Africa {3N-15" N, 15° W-25 E), (b) the aerosol index over land{Bl-15 N, 15° W-25° E)
averaged from 1996 to 1999.

to West Africa. Higher values of ozone are found be- ments of Weller et al. (1996), Thompson et al. (2000), and
tween 10S to 18 S during January and February. A aircraft measurements in January (Martin et al., 2002) show
similar pattern of low tropospheric columnar ozone val- that the highest ozone mixing ratios are found lower tropo-
ues is found using the cloud-slicing method of Ziemke sphere. The climatological tropospheric column ozone val-
et al. (2001) (http://code916.gsfc.nasa.gov/Dedtavices/  ues shown in Fig. 1 during January over West Africa and
cloud-slice/gif/clim79-01seas.gif). January ship measurethe adjacent Atlantic Ocean are slightly lower than those

Atmos. Chem. Phys., 4, 449-469, 2004 www.atmos-chem-phys.org/acp/4/449/
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Fig. 3. The monthly aerosol index averaged over the arda)3°-10° N, 45> W-15" W, (b) 2° S-5 N, 25° W-1C E, (c) 0°-5° N, 45> W—
15°W, (d) 0°-5° S, 45 W-15" W.

found during January 1999 (Thompson et al., 2000) and Janhighest values (Fig. 2). The fire count in West Afric&«5
uary 2001 (Edwards et al., 2003) with the overall pattern be-15° N, 15° W-25 E) is averaged from 1996 to December
ing quiet similar. However, Kim et al. (2001) suggest that 1999. Monthly geographic distributions of biomass burning
TOMS can underestimate the tropospheric column ozone itan be obtained from (http://sharkl.esrin.esa.it/ionia/FIRE/
high ozone mixing ratios are found in the lower troposphere. AF/ATSR.). The fires occur primarily during Northern
Martin et al. (2002) suggest that TOMS tropospheric columnHemispheric winter increasing after the month of Novem-
ozone values are underestimated by 3—-5 DU during DJF oveber, peaking in January and declining thereafter (Fig. 2a).
areas of biomass burning in West Africa because biomas&igure 2b shows the aerosol index over a large portion of
burning is confined to the lower troposphere. There are alsdVest Africa (5-18N, 15 W-25° E). The aerosol index also
other factors such as clouds, dust and aerosols that can ifas a maximum during winter and high values persist for
fluence tropospheric column ozone values (Edwards et al.several months after the highest frequency of detected fires.
2003). High aerosol indices are found during March and April when
the fire counts have fallen considerably. This suggests that
€~ aerosols can remain suspended over West Africa even when
fire counts are lower.

The low tropospheric column ozone values in Fig. 1 o
cur during the period (January, February) when the num-
ber of fires and aerosol indices in West Africa obtain their

www.atmos-chem-phys.org/acp/4/449/ Atmos. Chem. Phys., 4, 449-469, 2004
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(@  November 96—99 Aerosol index _(d)  February 97-99 Aerosol index

SRR 3N

T4W 354 308 258w 20W 15W 10W S8 O SE 10E 15 20 25 XE

(e) March 96-99 Aerosol index

(c) January 97-99 Aerosol index ) June 97-99 Aerosol index

A ®i"

0.7 1.4 2.1

Fig. 4. The spatial distribution of the aerosol index in West Africa duif@gNovember througlie) March and(f) June.

In the examination of aerosol indices for ocean areas adecean (5—-10N, 45> W-15>W). The aerosol indices here are
jacent to West Africa, the highest aerosol indices are foundapproximately 1/2 of the land values due to scavenging by
from January through March. There are two notable areaprecipitation and gravity (Fig. 2b) and possess a similar tem-
where high aerosol index values are found: to the west of thegoral pattern. Figure 3b shows that the highest ocean aerosol
continent in the latitudes of 5—-10! (Fig. 3a) and just to the indices occur just south of the West African land massS2
south of land areas over the Gulf of Guinea, betweed@d  5° N, 25 E-10 W). The aerosol indices over this region cor-
5°N (Fig. 3b). The result suggests that two exit regions forrespond closely to those over land areas (Fig. 2b) implying
constituents from biomass burning — to the west and to theconstituents from biomass burning are transported into this
south. Figure 3a shows the aerosol index averaged over theegion from land. To areas just north and south of the Equator

Atmos. Chem. Phys., 4, 449-469, 2004 www.atmos-chem-phys.org/acp/4/449/
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Climatological monthly mean(1979—-1992)
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Climatological monthly mean(1979—1992)
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and located further downstream, the highest aerosol indicesrly winds identified by Jonquieres et al. (1998) are found at
occur during December, January and February but the valuelewer latitudes and located further west during January.

are considerably reduced relative to land values and ocean Anti-cyclonic circulation is also found at 500 hPa with the
areas closer to the West African land mass (Figs. 3c, 3d). axis of the anticyclone found in the latitudes of 5>h6dur-

Figures 4a—f show the spatial distribution of aerosols foring the period (Figs. 5c, 6¢, 7c, 8c). To the south of the
November through March and June averaged from 1996 t@Xis, easterly winds are found to extend as far north 810
1999. The aerosols can be seen in several isolated regiorf/ring November but are confined to lower latitudes during
in November. It is during December, January and FebruaryPecember, January and February. The winds at 500 hPa are
when the fires occur in West Africa that high index values Weaker than those at 700 hPa during the time period. This cir-
can be seen in the latitudes of 52N extending over ocean culation at 500 hPa is persistent through February and west-
areas due south and west of land areas. The highest indicé$ly winds intensify over Northern Africa. A transition to
over the ocean are confined to areas just north of the Equadesterly winds occurs at approximately 300 hPa and prevail-
tor and to the east of 3&V. The location of the high aerosol ing winds are from the west or southwest directions through-
index values corresponds to areas of fires, implying that theout the tropics at 200 hPa throughout the period (Figs. 5d, 6d,
detected aerosols are due to biomass burning and not Sah&d. 8d). The strongest westerly winds34 m/s) over West
ran dust. During the month of March, high aerosol indicesAffica are found during January and February.
are found even when the fire count is substantially lower A north-south vertical profile of zonal winds at 1%/

(Fig. 4e). The high aerosol indices could be due to a combifrom October through March (Fig. 9a—f) shows that east-
nation of mineral dust and carbonaceous aerosols from smokerly winds are found throughout the lower and middle tro-
dering fires that have not been detected by satellite. MarctPosphere. The core of easterly winds is centered at near
marks the end of the dry season in extreme southern parts of00 hPa from October through March and its latitudinal po-
West Africa as precipitation begins to return. However by sition is located between°5-15 N. There is a transition,
June, when the detected fire counts are low, high aerosol inhowever, from easterly to westerly winds at approximately
dices are due to Saharan dust, where high values are found &00 hPa at 1ON. Equatorward of 10N, this transition takes

stretch across the Atlantic Ocean poleward ofMI@Fig. 4f).  place at lower pressure levels (higher altitudes) but poleward
of 1(° N this transition occurs at higher pressure levels (lower

altitudes) between 600—700hPa. This zonal wind profile
implies that convection would not extend to very high alti-
tudes and would be confined to the middle troposphere where
Figures 5-8 show the November through February time-the convective systems would be embedded in the easterly
averaged 1979-1992 zonal wind and streamlines at 925 hP#ipw. Organized convective systems would encounter a sig-
700 hPa, 500 hPa and 200 hPa levels over West Africa angificant amount of vertical shear in areas to the north of
the adjacent Atlantic Ocean. At 925hPa, winds are di-10° N and therefore would not be long-lived systems. But
rected from the northeast and converge with southerly ﬂOWorganized convective systems are a rarity poleward 6NLO

at approximately SN during November and February but from November through March as the “dry season” has com-
converge at slightly lower latitudes during December andmenced in West Africa.

January (Figs. 5a, 6a, 7a, 8a). Hence, O3 precursors

and aerosols associated with savanna fires would be tran$.3 Vertical transport processes

ported equatorward towards the convergence zone during

these months as noted by Jonquieres et al. (1998). Over theow OLR fluxes in the tropics are a proxy for deep convec-
Atlantic Ocean, the easterly winds are dominant during thistion. Figure 10 shows the October through March 1979—
period. A characteristic feature at 700 hPa is an anticyclonel992 OLR values. The lowest OLR values over land ar-
centered near 2N in the longitude range of 20V-10° W eas in West Africa occur during the months of October and
which persists from November through February (Figs. 5b,March. Between the months of November and February, the
6b, 7b, 8b). Westerly winds can be found to the north oflowest OLR values are displaced westward over the Trop-
the anticyclone and easterly winds to the south of it. Theical Atlantic. Typical OLR values of 250-270 W-TA are
strongest easterly winds are found over the Eastern Atlantidound over land areas in West Africa from November through
between the Equator and B and longitudes of 15-30N. February (Figs. 10b—e). Consequently, in order to transport
This is not the West African Easterly Jet (AEJ) as suggestediomass constituents to the middle or upper troposphere, hor-
by Jonquieres et al. (1998) that owes its existence primarizontal transport towards the central Atlantic is necessary.
ily to the meridional temperature gradient over land areas ofFigure 11 shows the precipitation rates over West Africa and
West Africa (Cooke, 1999). The AEJ is found during the the adjacent Atlantic from October through March. Most
months of May through October and extends from Lake Chadareas associated with high precipitation rates tend to corre-
out to the Eastern Atlantic Ocean. Finally, the AEJ is gen-spond to those of low OLR values, implying that the pre-
erally found between@\ and 16 N while the strong east- cipitation events in the Central Atlantic are associated with

3.2 Horizontal transport processes

www.atmos-chem-phys.org/acp/4/449/ Atmos. Chem. Phys., 4, 449-469, 2004
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Fig. 9. Vertical Cross section of the climatological zonal wind at ¥ for (a) October througfff) March. Units are m-sl.

deep convection. The high precipitation rate over Tropicalthat are horizontally transported over the ocean cannot be

Atlantic Ocean in October shifts to the southwest from Octo- vertically transported to the middle or upper troposphere by

ber through March. deep convection. Thus, ozone mixing ratios in the lower tro-

posphere can be reduced through photolysis, deposition or

Low precipitation rates are found over land in south- may be horizontally transported towards the south or west by

ern parts of West Africa from October through November |ow level winds.

followed by even lower precipitation rates from December

through February. Higher precipitation rates are found just If ozone is transported equatorward or to the west

equatorward of West Africa in the Gulf of Guinea, but the by low level winds it could reach the free troposphere

relatively high OLR values that are found do not imply deep over the ocean through adiabatic lifting. In Figs. 12a-c,

convection. Hence, ozone and ozone precursors from firethe time-averaged 1979-1992 north-south cross-sections of

Atmos. Chem. Phys., 4, 449-469, 2004 www.atmos-chem-phys.org/acp/4/449/
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Fig. 10. The climatology of the Outgoing Longwave Radiation (OLR) in West Africa(&rOctober througltf) March averaged from 1979

to 1992.

potential temperature at 1BV shows that equatorward mov- tial temperature at°G\N shows that westward moving parcels
ing parcels in West Africa near the surface would rise abovein West Africa near the surface would rise above the marine
the marine boundary layer from December through Febru-boundary layer from December through February. Conse-
ary. Consequently, higher ozone mixing ratios should bequently, higher ozone mixing ratios should be found between
found between 950 hPa and 800 hPa in the absence of de€}s0 hPa and 800 hPa in the absence of deep convection over
convection over ocean areas due to the equatorward adveccean areas due to the westward advection of continental
tion of continental air from West Africa. In Figs. 12d—f, the air from West Africa. These results are in agreement with
time-averaged 1979-1992 east-west cross-sections of potethe equivalent potential temperatures found by Jonquieres
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et al. (1998) and the CO ands@ixing ratios found during
flights 10 and 12 during the TROPOZ campaign (CF PlatesMartin et al. (2000) using global lightning NOemission
1 and 2, Jonquieres et al., 1998). The MOSAIC commercialestimates available from Price et al. (1997) have found that
aircraft measurements also find that that highest ozone mixkghtning explains about 20% of the variance in tropospheric
ing ratios near 800 hPa during January of 1997-2000 (Martircolumn ozone values using EOF analysis. Figure 13 shows
the combined OTD-LIS flash rate (fl/krd/dy) for 2-month
averages from November through February. The lightning
Lightning can also increase ozone levels through the for-gjstribution shows a strong land bias compared to the OLR
mation of the ozone precursor, NOAircraft measurements  distribution (Fig. 10). The high lightning flash rate corre-
sponds to the low OLR over land, while the flash rate is

etal., 2002).

during TRACE-A show elevated NOlevels in the vicinity

(d) January
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et al., 1996; Smyth et al.,, 1996). Moreover, the study of

of deep convection/lightning (Pickering et al., 1996; Jacob

Atmos. Chem. Phys., 4, 449-469, 2004

www.atmos-chem-phys.org/acp/4/449/



G. S. Jenkins and J.-H. Ryu: Horizontal and vertical transports of biomass fire emissions

(a)

NCEP December 1979-1992 10W
Potential Temperature (Degree K)

- \/
= :\“—_/
“'%::5

Fig. 12. NCEP 1000-600 hPa vertical cross section of Potential Temperature8 \at i@ (a) December(b) January(c) February and at
8° N (d) December(e) January(c) February. Units are degree K.

latitude

(b) NCEP January 1979-1992 10W

Potential Temperature (Degree K)

D 1IN 120 130 1
latitude

(c) NCEP February 1979-1992 10W
Potential Temperature (Degree K)

ol | s

latitude

www.atmos-chem-phys.org/acp/4/449/

300

302

()

NCEP December 1979-1992 8N

Potential Temperature (Degree K)

|

(e)

1

longitude

NCEP January 1979-1992 8N
Potential Temperature (Degree K)

|
s

()

[/

longitude

NCEP February 1979-1992 8N
Potential Temperature (Degree K)

Mb
&

/—mx

304

{¢

longitude

306

461

Atmos. Chem. Phys., 4, 449-469, 2004



462 G. S. Jenkins and J.-H. Ryu: Horizontal and vertical transports of biomass fire emissions

Combined Flash rate (fl/km*2/dy)
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Fig. 13. The combined OTD/LIS flash rate f¢a) October througtff) March. Units are fI-krﬁz-dayfl.

very small over the tropical Atlantic Ocean even when theNovember and decreases from December through March.
OLR values are low. The difference in the spatial distribu- The frequent occurrence of the lightning over the two con-
tion of flash rates between tropical oceans and tropical landtinents during November through February is likely linked to
masses has been studied by Boccippio et al. (2001), Nesbithe elevation of tropospheric column ozone over the Tropi-
et al. (2000), Toracinta and Zipser (2001). Their studies sug<al Atlantic Ocean when considering the upper troposphere
gest that land/ocean lightning differences are associated witktreamline distribution. During December, an anticyclone
land versus ocean convective intensity, i.e. the updraft velocwhose center is found between 15&)and near 25E de-
ity and the cloud optical depth. Warm clouds over the ocearvelops and persists through March producing easterly winds
have weaker updrafts and less supercooled liquid water thaand outflow from Central Africa at 200 hPa. At the same
clouds over land. The weak updrafts reduce the loft of largetime, westerly winds are associated with continental outflow
particles, such as supercooled liquid water, into the mixedfrom South America at 200 hPa and cyclonic flow over the
phase region causing few ice particle collisions and leadingextreme Western Atlantic. This is essentially a Walker type
to less charge separation, i.e. less cloud electrification. circulation with rising motions over land and sinking mo-
S ) _ tions over the Tropical Atlantic (not shown). Since both of
High lightning flash rates are found over the continentshege regions (Central Africa and South America) are asso-
of Central Africa and South America. Near the coastline cjateq with high flash rates, ozone produced by lightning in
of West Africa, lightning is observed during October and o ypner troposphere would get transported horizontally into
November, but the flash rate is reduced December throughy,e Central Atlantic Ocean producing relatively high ozone

February. This feature was also shown in Toracinta and,g ,es in the latitude band betweer? ®and 18 S during
Zipser (2001). The lightning frequently occurred over a wide January and February (Figs. 1d, 1e).

range of the South America continent during October and
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4 Conclusions
During Northern Hemisphere autumn, high tropospheric col-
umn ozone values<{42 DU) can be found over the Southern
Tropical Atlantic Ocean from September through Novem-
ber. During Northern Hemisphere winter (DJF), the high-
est tropospheric column ozone values are still found overg’“
the Southern Tropical Atlantic Ocean and not the Northern  *
Tropical Atlantic Ocean, which is located just downstream
of biomass burning in West Africa (Ozone Paradox).

Our analysis suggests that there are four possible processes«
that can enhance tropospheric ozone levels during N. H. win-
ter over the Tropical Atlantic Ocean.

80

70

30

20

— Air is transported westward or equatorward from areas
of biomass burning near the surface in West Africa is
lifted above the marine boundary layer through adia-
batic motions even in the absence of moist processes.
In this case, the highest concentrations of pollutants
should be found between 950 and 800 hPa over the East-
ern and Central Atlantic Ocean. Elevated ozone mixing
ratios were found in TROPOZ |, Il, RV Polarstern and
Aerosol99 campaign (Jonquieres et al., 1998; Weller et
al., 1996; Thompson et al., 2000).

Ozone and/or its precursors from biomass burning in
West Africa are transported equatorward or westward
over the Tropical Atlantic Ocean after it has been ver-
tically transported to the lower/middle troposphere by
convection. This process would take place primarily in
the Gulf of Guinea where lower OLR and higher pre-
cipitation rates are found during the Northern Hemi-
sphere winter season. Even if this process were to occur
OLR and precipitation rates do not suggest deep convec-
tion and hence ozone or ozone precursors would be de-
trained in the lower or middle troposphere500 hPa)
and transported westward over the Tropical Atlantic. At
lower pressures{500 hPa), ozone or 0zone precursors
would be transported eastward by westerly winds.

ppbv

Stratosphere/troposphere exchanges of ozone could also
enhance tropospheric columnar levels (Weller et al.,
1996). In the tropics, such exchanges would most likely
occur with deep convection that penetrates the lower
stratosphere (Jenkins et al., 1997). These deep con-

vective systems would be associated with strong verti-ig.

(a)

ppbv
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Ozone Mixing Ratio at Ascension Island (7.989S, 14.420 W)
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cal updrafts and lightning. The only regions that could averaged over various tropospheric lay€a$ Ascension Islandb)
be associated with stratosphere/troposphere exchangetal, Brazil,(c) Paramaribo, Surinam. Units are in ppbv.

would be over Central Africa and parts of South Amer-
ica based on low OLR values and lightning distributions
during January.

The fourth mechanism for enhancing tropospheric

ozone especially in the latitude band betweeh3@nd
15° S during January and February is associated with

www.atmos-chem-phys.org/acp/4/449/

lightning leading to the production of N@s, and con-
sequently, ozone over Central Africa and South Amer-
ica followed by the horizontal transport of ozone by
upper level winds towards the Tropical South Atlantic.
Thompson et al. (2000) surmise that ozone production
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of 4-8 DU per day during the Aerosols99 campaign in 16°S, 9 E-29 E). Based on the 1998-2001 period an
the upper troposphere was due to Ni@m lightning in average of 9206 flashes were detected in Central Africa
Central Africa. and 7728 flashes in South America (6164 flashes in cen-
tral/northwestern and 1564 flashes in eastern parts of South
Jonquieres et al. (1998) suggest that elevatete@ls in ~ America) during the month of January. Hence, lightning in
the upper troposphere during January were associated witBouth America and Central Africa can serve as a source of
South America. However, they did not provide the mecha-ozone during January. In contrast, during the same period
nism for the production of @ We have found that the most an average of 26 771 lightning flashes were detected during
likely source of @ is lightning. Thompson et al. (2000) iden- the month of October for the combined three regions. An
tified lightning from Central Africa as a likely source of el- average of 10637 flashes occurred in Central Africa while
evated ozone in Zone 3 (0-23). However, our results sug- 16 134 flashes occurred in South America. The large num-
gest that upper troposphericz@evels in Zone 3 (0-23S) ber of lightning flashes in Central Africa and South America
and the southern latitudes of Zone 2 {IN(°) can also be  overlaps with the timing of the 0zone maximum (SON) over
enhanced by lightning from South America. In fact, light- the South Tropical Atlantic Ocean. It provides support to the
ning is probably an important factor in the SON Tropical At- model study by Moxim and Levy (2000), which suggests that
lantic ozone maximum. We examine this possibility further the September ozone maximum is due to lightning and not
through ozonesonde, lightning data and upper tropospheraecessarily biomass burning. Model simulations by Martin
streamline analysis associated with South America/Centraét al. (2002) show that ozone is enhanced through lightning
Africa and the Tropical Atlantic. during DJF and SON by 10-14 DU. Lightning was also sug-
Figures 14a, b, and c¢ show that the 1999-2001 averaggested as the dominant cause for high NO and ozone values
0zone mixing ratios at Ascension Island (793 14.42 W), in the upper troposphere during October in TRACE-A exper-
Natal, Brazil (5.42 S, 35.38 W) and Paramaribo, Surinam iment (Thompson et al., 1996).
(5.81° N, 55.2F W) are higher in the upper troposphere in  Figures 16 and 17 show the wind patterns in the middle
both January and October. During January, ozone mixingand upper troposphere for January and October 1999-2001.
ratios are approximately 45-65 ppbv during January in theAt 500 and 400 hPa during January and October the prevail-
500-300 hPa layer and 50—65 ppbv in the 300-150 hPa layeing winds are easterly and would transport ozone produced
During October, ozone values in the upper troposphere ar@y lightning from Central Africa toward the South Tropi-
enhanced by an additional 5-25 ppbv at the three locationszal Atlantic influencing the 3-ozonesonde stations (Figs. 16,
We believe that the high ozone mixing ratios found at all 17a, b). At 300 hPa during January and October the easterly
three sites in the upper troposphere are linked to deep corwinds can be found over the Tropical Atlantic, but the east-
vection/lightning from South America and Central Africa erly winds are displaced into the northern hemisphere during
based on our analysis below. Moreover, higher ozone mix-October (Figs. 16c, 17c). The 3-ozonezonde stations are un-
ing ratios are found at all layers throughout the tropospheradler the influence of 300 hPa easterly winds January but in
during October (Ozone Maximum) relative to January. TheOctober only Paramaribo is under the influence of easterly
1999-2001 average ozone mixing ratios from the surface tawinds. Westerly winds are found above Natal and Ascension
150 hPa during January at Ascension Island, Natal and Pardsland during October, but an oceanic anticyclone, which cir-
maribo are 45 ppbv, 40 ppbv and 37.1 ppbv, respectively. Theulates air from Central Africa into their vicinities, also influ-
1999-2001 average ozone mixing ratios from the surface t@nces these stations. During January at 200 hPa, Natal and
150 hPa during October at Ascension Island, Natal and ParaParamaribo are under the influence of westerly winds from
maribo are 65 ppbv, 56 ppbv and 46 ppbv, respectively. South America while Ascension Island is under the influence
Figure 15a shows the monthly total number of lightning from Central Africa (Fig. 16d). During October all three sta-
flashes from the LIS instrument from 1998 through 2001 for tions are under the influence of westerly winds, which come
a P x3° area surrounding Natal and Paramaribo. In bothfrom South America (Fig. 17d). Itis possible that Ascension
cases, only a small number of lightning flashes have beersland could be influenced by anticyclone flow from Central
identified near these locations and consequently the/@9  Africa at 200 hPa in October (Fig. 17d).
production by lightning must be transported into this region A summary of Figs. 14-17 implies that elevated ozone
from other areas of South America. The highest frequency oimixing ratios at the 3 ozonesonde stations and over the Trop-
lightning flashes in Natal occurs during the Southern Hemi-ical Atlantic in the 500-300 hPa layers during January and
sphere summer and autumn season and during the Northe@ctober are associated with N3 produced via lightning
Hemisphere summer and autumn seasons at Paramaribo. processes over Central Africa. Ozone is then transported by
Figure 15b shows the 1998-2001 monthly lightning easterly winds towards the Tropical South Atlantic and South
flashes from LIS overpasses for central and northwesterimerica. On the other hand, elevated ozone mixing ratios in
sectors of South America (10N-1C S, 76 W-56" W), and  the 300-150 hPa layers during January and October are asso-
over the continental outflow regions of eastern South Amer-ciated with NQ./Osproduction via lightning primarily from
ica (*-20 S, 56 W-36>W) and Central Africa (4N— South America which is transported towards the north and
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(a) 1998-2001 Total Lightning Flashes near Ozonesonde Launch Stations
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Fig. 16. The climatology of the zonal wind and streamline$at500 hPa(b) 400 hPa(c) 300 hPa andd) 200 hPa for DJF averaged from
1979 to 1992.

west affecting the Tropical Atlantic and the ozonesonde stadack of deep convection near regions of biomass burning is
tions in Paramaribo, Natal and Ascension Island. suppressing 0zone mixing ratios in the troposphere by con-

Another suggested potential source of upper tropospheri€ning it to the lower troposphere. (2) Ozone and ozone pre-
ozone during DJF could be associated with the NorthernCUrsors are horizontally transported in the lower troposphere
Hemisphere extra-tropics. The model study of Martin et from the eastern Tropical Atlantic towards South America, in
al. (2002) suggest that upper level westerly winds in the N. H.2greement with Jonquieres et al. (1998), by strong low-level
subtropics could be diverted to the southern Tropical Atlantice@sterly winds between 925hPa and 700 hPa. On the other
enhancing ozone by 10-15DU. The simulated upper levehand, I!ghtmng over South America and Central Africa, as
winds by Martin et al. (2002) differ significantly from the determined by LIS, enhances Southern Hemisphere ozone
NCEP long-term winds which show strong westerly winds values in the middle/upper troposphere during DJF. The

at 300 hPa that are not diverted towards the Tropical South-998—2001 LIS results are agreement with the modeling
Atlantic Ocean (See Fig. 16c). study of Matrtin et al. (2002) and the satellite results for Jan-

In summary we have examined the causes of the Tropicaﬁjary 2001 by Edwards etal. (2003).

Atlantic “ozone paradox” and determined that tropospheric
ozone values are relatively low during DJF because: (1) The
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The results presented here are also consistent with the re- Future field experiments should be undertaken over the
sults of Jenkins et al. (2003) for the Aerosols99 campaignTropical Atlantic (20 N-2C° S), adjacent South American
time period. We have shown Jenkins et al. (2003), howeverand West African land masses to determine the various
that on daily-time scales eastward propagating anti-cyclonesources (biomass burning, lightning), sinks (photolysis, de-
in the middle/upper troposphere can influence the horizontaposition), horizontal and vertical transports (convection).
transport (trajectories) and convection in the Gulf of GuineaOne important issue to resolve is the differences between
may lead the vertical transport of ozone/ozone precursor§OMS satellite derived tropospheric column ozone values
associated with biomass burning in West Africa. We haveand those of ozonesondes. The proposed African Monsoon
also shown that for this time period that lightning in Gulf Multidisciplinary Experiment (AMMA), which has a winter
of Guinea, Central Africa and South America influenced themonsoon component (http://medias.obs-mip.frfamma) could
measured ozone in the middle/upper troposphere. Because belp to resolve some of these issues. However, long-term
westerly wind at high altitudes, lightning over South Amer- monitoring sites of ozone in West Africa will provide a more
ica can influence ozone mixing ratios at pressure levels lessomplete understanding of the ozone paradox with the other
than 300 hPa, while lightning over Central Africa influences monitoring sites in the Southern Hemisphere tropics (Logan,
0zone mixing ratios in the middle troposphere (500/300 hPa)1999).
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