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Abstract

The causes of high tropospheric column ozone values over the Tropical Atlantic Ocean
during September, October, and November (SON) are investigated by examining light-
ning during 1998–2001. The cause for high tropospheric column ozone in the hemi-
sphere opposite of biomass burning (tropical ozone paradox) is also examined. Our5

results show that lightning is central to high tropospheric column ozone during SON
and responsible for the tropical ozone paradox during December, January, and Febru-
ary (DJF) and June, July and August (JJA). During SON large numbers of flashes are
observed in South America, Central and West Africa enriching the tropospheric column
ozone over the Tropical Atlantic Ocean. During JJA the largest numbers of lightning10

flashes are observed in West Africa, enriching tropospheric column ozone to the north
of 5◦ S in the absence biomass burning. During DJF, lightning is concentrated in South
America and Central Africa enriching tropospheric column ozone south of the Equator
in the absence of biomass burning.

1. Introduction15

Fishman et al. (1991) identified trends in total tropospheric column ozone (TCO) over
the Tropical Atlantic using the Total Ozone Mapping Spectrometer (TOMS). They found
that the highest TCO values (tropical ozone maximum) were found in Northern Hemi-
sphere (NH) autumn (SON) primarily over the Southern Tropical Atlantic Ocean and
likely associated with biomass burning in South America and Southern Africa. This20

feature was also found during the Transport and Atmospheric Chemistry Near the
Equator-Atlantic (TRACE-A) field experiment (Fishman et al.,1996; Thompson et al.,
1996). The TRACE-A observations identified regions of biomass burning and other
anthropogenic sources of ozone and ozone precursors, horizontal and vertical trans-
ports of ozone/ozone precursors, and limited observations examined the association25

of lightning with the production of NOx and O3 (Jacob et al., 1996). Weller et al. (1996)
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suggests that stratospheric intrusions of O3 may also be responsible for elevated ozone
in the upper troposphere.

A feature of interest during the Northern Hemisphere (NH) winter season (DJF),
is the relationship between tropospheric ozone and biomass burning. During DJF,
biomass burning is confined to the Northern Hemisphere primarily in West Africa. The5

highest TCO values, however, are still found over the Southern Tropical Atlantic Ocean
and denoted as the Tropical Ozone Paradox (Weller et al.,1996; Thompson et al., 2000;
Martin et al., 2002; Edwards et al., 2003). In the Aerosols99 Ship campaign, Thomp-
son et al. (2000) found the highest ozone mixing ratios in the lower troposphere down-
stream of biomass burning over the Northern Tropical Atlantic, but in the middle/upper10

troposphere over the Southern Tropical Atlantic due most likely to lightning. Edwards et
al. (2003) have linked the higher TCO values of the South Tropical Atlantic to lightning
from Southern Africa and South America.

Kim et al. (2001) suggest that TOMS can underestimate the tropospheric ozone col-
umn if high ozone mixing ratios are found in the lower troposphere. Martin et al. (2002)15

have suggested that satellite derived TCO values are underestimated by 3–5 DU over
West Africa during the biomass burning season (DJF) because the highest ozone mix-
ing ratios are confined to the lower troposphere. On the other hand, during the months
of June through October, Martin et al. (2002) suggest that TOMS overestimates TCO
values over Northern Africa when compared to the MOSAIC data.20

The objectives of this paper are: (1) to re-examine the causes for the apparent Trop-
ical Ozone Paradox using satellite derived TCO data for the periods 1979–1992 and
1998–2001. In particular we identify the anthropogenic (biomass burning) and nat-
ural sources (lightning) of ozone, upper levels winds and its relationship to the TCO
values over the Tropical Atlantic Ocean. (2) To examine the potential causes of why25

satellite estimates of TCO values over northern Africa are elevated during JJA and if
it is related to lightning. (3) To examine the relationship between the Tropical Atlantic
Ozone Maximum during SON and lightning over Africa and South America. Sinks of
ozone such as photolysis, deposition and chemical transformation are not explored and
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troposphere-stratosphere exchanges of air are also not considered.

2. Data description

The NCEP reanalysis (Kalnay et al., 1996) are used for wind at a horizontal reso-
lution of 2.5◦×2.5◦. The ozone data is the Tropical Tropospheric Ozone (TTO) data
from the TOMS satellites produced at a horizontal resolution of 1◦×2◦ (Hudson and5

Thompson, 1998; Thompson and Hudson, 1999). Tropospheric column ozone at a
horizontal resolution of 5◦×5◦ from 1979–1992 and 1998–2001 using the cloud-slicing
method (CCD) of Ziemke et al. (2001) are compared to TTO. The ozone vertical pro-
files from Southern Hemisphere Additional Ozonesondes (SHADOZ) stations are also
used for 1998–2000 (Thompson et al., 2003). The fire count data is estimated from10

the Along Tracking Scanning Radiometer (ATSR) instrument, which has a horizontal
resolution of 1 km and a swath width of 512 km. Fires are identified at a fixed threshold
of 312◦ K (Arino and Melinotte, 1995). The fire count data are averaged for the period
of 1996–2000. Observations of non-gridded monthly lightning flashes from the Light-
ning Imaging Sensor (LIS) from daily overpasses are used in this study (Christian et15

al., 2003).

3. Results

3.1. Climatology of the tropical Atlantic Tropospheric Column Ozone (TCO)

Figure 1 shows the CCD 1979–1992 time-averaged seasonal TCO values over the
Tropical Atlantic Ocean between 12.5◦ N and 12.5◦ S. The lowest values (< 34 DU) are20

found during DJF and MAM and increase during the Northern Hemisphere summer and
autumn seasons. The highest values (> 44 DU) are found during SON over the Tropical
South Atlantic Ocean in agreement with Fishman et al. (1991). Figures 2a–d show the
annual cycle of 1979–1992 TCO values for the TTO and CCD datasets over the Tropical
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Atlantic Ocean (12.5◦ N–12.5◦ S, 40◦ W–10◦ E) and its various sub-regions. The annual
peak in both datasets for the Tropical Atlantic Ocean occurs in September (Fig. 2a).
However, there is a larger range in the annual TTO data (∼17–18 DU) relative to the
CCD data (8–9 DU). Furthermore the TTO values are lower than CCD values from
January through May by 3–5 DU and higher than the CCD values by 3–6 DU from June5

through November. This pattern is also found in the sub-regions (Figs. 2b–d), except
for the southern latitudinal band (12.5◦ S–5◦ S) during the June-November period when
the differences between the TTO and CCD are smaller (Fig. 2b).

The TTO data suggests that some factor leads to a significant rise in TCO values
beginning in June. This is also implied in the CCD dataset but the amplitude of the10

increase is smaller relative to TTO. A reduction in TCO values begins after the month
of October. Given that the high TCO values occur over the ocean in a region of sinking
motions and that there are no natural (lightning is negligible over the ocean), or anthro-
pogenic sources located there, the ozone must be transported from remote locations.

Figures 3a, b show the TCO values in specific latitudinal zones of the Tropical Atlantic15

from 12.5◦ S to 12.5◦ N for the TTO and CCD ozone datasets. During the months of De-
cember through February the tropospheric column ozone values are highest between
15◦ S and 5◦ S, which is probably not due to anthropogenic sources given that biomass
burning is confined to the NH. The TTO data show that ozone in the latitudes between
5◦ S and 5◦ N have the highest values from the months of April through September,20

while in the CCD data this latitudinal zone has the highest values from April through
June. The latitudinal zone of 5◦ N–15◦ N shows a 12 DU increase in the tropospheric
ozone column for TTO between May and June and the maximum values are found in
July. In the CCD data the increase between May and June is less than 5 DU and the
maximum value is found during July, but is approximately 6–8 DU less than the TTO25

value.
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3.2. Factors influencing the 1998–2001 Tropical Atlantic Tropospheric Column Ozone
(TCO)

We use 1998–2001 as the period to examine Tropical Atlantic TCO values when satel-
lite and ozonesonde data are available. Lightning, wind and fire data are used to
identify sources of O3 and their transport from the source regions. Figures 4 a-d show5

seasonal CCD TCO distribution during 1998–2001 over the Tropical Atlantic Ocean and
adjacent land areas. The ozonesonde stations of Ascension Island (7.98◦ S, 14.42◦ W),
Natal (5.42◦ S, 35.38◦ W) and Paramaribo (5.81◦ N, 55.21◦ W) are shown for reference.
During NH winter (DJF), TCO values are higher over the Southern Tropical Atlantic
Ocean and there is a relative minimum between 5–10◦ N, which is downstream of10

biomass burning in West Africa (Fig. 4a). The high TCO values in the Southern Hemi-
sphere have been linked to lightning in Central Africa and South America (Thompson
et al., 2000; Martin et al., 2002; Edwards et al., 2003).

During NH spring (MAM), TCO values are reduced over much of the SH tropics
(Fig. 4b) but remain relatively high (42 DU) off the coast of Central Africa (5◦ S, 9◦ E).15

However, by JJA this area has expanded into the NH with the largest tropospheric
column ozone values (> 42 DU) found over land areas in West Africa (7◦ N) and off the
coast of Central Africa (7.5◦ S) (Fig. 4c). During SON the highest TCO values are found
in the South Tropical Atlantic and extend westward over South America and eastward
over Africa toward the Indian Ocean (Fig. 4d). The 1998–2001 CCD data predicts that20

the highest TCO values would be found at Ascension Island, followed by Natal and
Paramaribo.

Figures 5a–c shows the 1998–2001 annual cycle of average ozone mixing ratios
for specific layers at Ascension Island, Natal and Paramaribo based on SHADOZ
ozonesonde launches. The three sites show: (a) the lowest ozone mixing are found25

in April or May followed by an increase during NH summer and autumn seasons. (b)
The highest ozone values are found in the upper troposphere. (c) The ozone values
in the lower troposphere at Paramaribo are relatively constant, while relatively large
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variations are found at Ascension Island and Natal.
The surface-150 hPa ozone mixing ratio are highest at Ascension Island followed by

Natal and Paramaribo, consistent with the 1998–2001 CCD satellite estimates. The
ozonesonde data also show a minimum during the month of May followed by a signifi-
cant increase, which reaches its maximum value during September. There is approxi-5

mately a 25–30 ppbv increase in the surface-150 hPa layer between May and Septem-
ber at Ascension Island. In the lower troposphere (surface-700 hPa), ozone has a
minimum during April at Ascension Island and Natal and rises steeply at Ascension
Island from April through July (Fig. 6b). The rise in lower tropospheric ozone is de-
layed slightly at Natal with the largest increase found between July and September. At10

Paramaribo, the ozone in the lower troposphere is highest from February through April
(likely associated with biomass burning transported from Africa) and remains relatively
low during the NH summer and autumn seasons.

Ozone in the middle/upper troposphere (500–150 hPa) shows a relative minimum
during the month of May at each site (Fig. 6c). The ozone then increases steadily at15

each site reaching a maximum value in September or October. The ozone mixing ratios
increase by 25–40 ppbv in the upper troposphere between May and September even
at Paramaribo when biomass burning is found in the Southern Hemisphere and the
values in the lower troposphere are relatively constant. The annual pattern in the upper
troposphere ozonesonde data is similar to the CCD 1998–2001 TCO values when20

averaged over the Tropical Atlantic (12.5◦ S–12.5◦ N, 40◦ W–10◦ E) (Fig. 6d). The CCD
shows a minimum in tropospheric column ozone values during May and a maximum
value during September with an increase of 10 DU during this time period.

Figures 7a–d identifies fires associated with biomass burning during 1996–2000.
During DJF, the fires are concentrated in the NH, reaching a minimum in MAM and25

then are confined to the SH during JJA. During SON, fires are found in Eastern Africa
and in some parts of the Northern Hemisphere near 10◦ N (Fig. 7d). The pattern of
fires here are consistent with the study of Duncan et al. (2003). During DJF, fires are
confined primarily to West Africa, while during JJA fires are found over Africa (Central
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and Eastern) and South America (Brazil). However, during JJA the fires are not located
near the Equator or Northern Hemisphere Tropics where TCO values are increasing
(Fig. 4). This is especially true near the coast of West Africa where high TCO values
are found during JJA. Biomass burning from Central Africa is a likely candidate for the
increase in lower tropospheric ozone mixing ratios that are found at Ascension Island5

from JJA through SON (Fig. 6b). Biomass burning in Central Africa that is transported
by easterly winds is also is likely the cause for increasing the lower troposphere ozone
mixing ratios in Natal from June through September (Kirchhoff et al., 1996).

During SON, fires are confined primarily to eastern parts of Africa and South Amer-
ica (Brazil) (Fig. 7d). Consequently, any significant contributions of biomass burning10

from these regions to the SON Tropical Atlantic Ozone Maximum must require long-
range transport (> 1000 km). Another source of ozone, especially in the middle/upper
troposphere is lightning via NOx production shown in the following reactions:

NO + HO2 → NO2 + OH or NO + RO2 → NO2 + RO

NO2 + hν → O + NO15

O + O2 + M → O3 + M.

Figure 8a shows that the total number of flashes for land areas (South America and
Africa) in latitudes between 15◦ S–15◦ N and longitudes 80◦ W–30◦ E for the period of
1998–2001 as detected from LIS overpasses. The smallest and largest numbers of
flashes occur during DJF and SON, respectively. Figure 8b shows that during DJF the20

majority of lightning flashes are from the latitudinal zones of 15◦ S–5◦ S and 5◦ S–5◦ N.
During MAM there is a poleward shift in lightning flashes with majority occurring in the
zones of 5◦ S–5◦ N and 5◦ S–15◦ N. During JJA, the period when TOC values begin to
increase substantially, the largest numbers of flashes are found in the latitude band
of 5◦ N–15◦ N. During SON, when TOC values are highest over the Tropical Atlantic25

Ocean a large number of flashes are found at all three latitude zones. Over the annual
cycle, the latitudes of 15◦ S–5◦ S produce the largest number of flashes from October

5732

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/3/5725/acpd-3-5725_p.pdf
http://www.atmos-chem-phys.org/acpd/3/5725/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
3, 5725–5754, 2003

Space-borne
observations link

G. S. Jenkins and
J.-H. Ryu

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

© EGU 2003

through January (NH autumn/winter) (Fig. 8c). The latitude band of 5◦ S–5◦ S produces
the largest number of flashes from February through April (NH winter/spring) and the
latitude band of 5◦ N–15◦ N produces the largest number of flashes from May through
September (NH late spring/summer/early autumn). This time period overlaps with the
significant increase in TOC values from the TOMS satellite measurements.5

During DJF, MAM and JJA the majority (> 60%) of lightning flashes are associated
with the African continent (Fig. 9a). During SON the distribution of lightning flashes
between Africa and South America is nearly equal. Figures 9b–d show the number
of lightning flashes in the three latitude zones for the continents of Africa and South
America during 1998–2001. In the most southern latitudes (15◦ S–5◦ S), there are more10

flashes in South America in three of the four seasons with the exception of MAM. The
opposite pattern is found in the other two latitude zones (5◦ S–5◦ N and 5◦ N–15◦ N)
where lightning in Africa is dominant throughout the year when compared to South
America (Figs. 9c, d). These results are consistent with lightning distribution by the
Optical Transient Detector (OTD) (Christian et al 2003). They show that the highest15

flash densities are found in Central Africa followed by regions in South America. The
number of lightning flashes is lower by a factor of 4–5 during MAM relative to SON
for South America in the latitude zones of 15◦ S–5◦ S (Fig. 9b). This implies that there
is either less convective activity or that convective intensity is reduced during MAM
relative to SON in South America. It is also possible that aerosols from biomass burning20

during SON can alter the microphysical properties (possibly serving as ice nuclei) of
deep convection leading to more lightning.

Figures 10–13 show the DJF, MAM, JJA and SON middle/upper tropospheric zonal
winds and streamlines at 500, 400, 300, 200 hPa during 1998–2001. The ozonesonde
stations of Ascension Island, Natal, and Paramaribo are shown for reference. Easterly25

winds are persistent over the Tropical Atlantic at 500, 400 hPa during all seasons with
a migration toward the Northern Hemisphere from DJF through JJA (Figs. 10–13a, b).
This wind pattern would be conducive to the westward transport of NOx and O3 associ-
ated with lightning from Central Africa (15◦ S–5◦ N) during DJF, MAM and SON and from
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West Africa (5◦ N–15◦ N) during JJA. At lower pressure levels (300, 200 hPa), westerly
winds become more important during DJF, MAM and SON making South America a
potential source of ozone enrichment via lightning in the upper troposphere (Figs. 10–
13c, d).

During DJF, the ozonesonde stations are under the influence of 200◦ hPa westerly5

winds, which originate over South America and have been linked to elevated tropical
Atlantic ozone via lightning (Edwards et al., 2003). A similar wind pattern also exists
during MAM at 200 hPa when lightning in South America is less frequent and could
help to explain why upper troposphere ozone mixing ratios are significantly reduced at
the three ozonesonde stations during this period (Fig. 5). Moreover, it would explain10

why TCO values in the western Atlantic near South America are significantly reduced
between DJF and MAM (Figs. 4a, b). During SON the ozonesondes stations are under
the influence of westerly winds from South America when lightning is the most frequent
and should contribute to elevated ozone mixing ratios in the upper troposphere.

During JJA, however, easterly flow is dominant in the upper troposphere and is asso-15

ciated with the 200 hPa Tropical Easterly Jet (TEJ), which crosses much of Africa from
India (Fig. 12d). Consequently, O3 and NOx enrichment over the Tropical Atlantic and
at the ozonesonde stations is likely associated with lightning activity over West Africa.

4. Summary and discussion

In this paper we have examined the annual evolution of tropospheric ozone over the20

Tropical Atlantic in connection to biomass burning, lightning and large-scale transport
with an emphasis on 1998–2001. Our findings show:

– The highest TCO values are found in the hemisphere opposite of biomass burning
during DJF and JJA (Tropical Ozone Paradox). During DJF, biomass burning is
concentrated in the Northern Hemisphere (West Africa), but elevated ozone levels25

over the South Tropical Atlantic are due to lightning (NOx production) in South
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America and Central Africa. During JJA, biomass burning is concentrated in the
Southern Hemisphere (southern sector of Central Africa, South America), but
elevated ozone levels over the Equatorial Atlantic (5◦ S–10◦ N) are probably due
to lightning (NOx production) in West Africa and Central Africa to a lesser extent.

– During MAM, the highest tropospheric column ozone values are found off the5

western coast of Central Africa and are caused by lightning and the production of
NOx over Central Africa. Biomass burning is at a minimum in Africa and South
America during MAM.

– In the latitude zone of 15◦ S–15◦ N, the majority of lightning flashes are from Africa
except during SON. During SON, the majority of lightning flashes occurring in the10

latitudinal zone of 15◦ S–5◦ S are from South America.

– During SON, lightning from South America, West and Central Africa combine to
produce the Tropical Atlantic Ozone Maximum. However, the conditions leading
up to the SON Tropical Atlantic Ozone Maximum develop during JJA. Biomass
burning in South America and Eastern Africa and its subsequent transport to the15

Tropical Atlantic Ocean is also an important factor (Jenkins et al., 1997).

A number of observational studies have suggested that the high ozone in the tro-
posphere primarily during Northern Hemisphere Autumn (SON) is associated with
biomass burning in Africa and South America. This may be true in the lower tropo-
sphere but does not necessarily explain the high ozone mixing ratios that are typically20

found in the upper troposphere (Weller et al., 1996). One can explain these high values
through biomass burning if there is deep convection, which can vent pollutants from the
Planetary Boundary Layer into the upper troposphere. This may be the case for South
America and Southeastern Africa where low level winds in South America and Central
Africa can transport pollutants westward into regions of deep convection (Kirchhoff et25

al., 1996; Jenkins et al., 1997; Jenkins, 2000). Weller et al. (1996) suggests that strato-
spheric intrusions of air could also explain high values in the upper troposphere. Such
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intrusions could take place through the entrainment of stratospheric air associated with
deep convection.

Our analysis presents a slightly different version of the Tropical Atlantic Ozone Max-
imum during SON. We suggest that lightning, based on LIS observations, is to a first
order approximation responsible for the tropospheric ozone maximum with long-range5

transport of pollutants and stratospheric intrusions being secondary. Even if these
other processes are important to enriching tropospheric ozone they are associated
with deep convective processes, which includes lightning. Observations of NOx and
O3 production associated with deep convection are limited but show that the vertical
transport of ozone/ozone precursors, stratospheric intrusions, NOx and O3 production10

via lightning do occur (Poulida et al., 1996; Pickering et al., 1996; Stith et al., 1999;
Dye et al., 1999). The study of DeCaria et al. (2000) found an ozone production of
7 ppbv d−1 from a simulated thunderstorm in the United States where elevated NOx

was observed. Thompson et al. (2000) suggests an ozone production of 4–8 ppbv d−1

during the Aerosols99 campaign originating from lightning in Central Africa. Ozone15

production during SON adjacent to the Tropical Atlantic may be considerably higher
given three regional sources (South America, Central Africa, West Africa) for lightning.
The modeling study of Moxin and Levy (2000), suggests that lightning is responsible
for the Tropical South Atlantic tropospheric ozone maximum during SON. The mod-
eling study of Martin et al. (2002) suggests a 10–14 DU enhancement of ozone from20

lightning.
Some challenges to the modeling community are simulating deep convective pro-

cesses and lightning events. In order to examine deep convective processes asso-
ciated with vertical transports of ozone/ozone precursors, global climate models or
mesoscale models with fine horizontal resolutions (10–20 km for non-hydrostatic con-25

ditions) will be necessary. In Jenkins et al. (1997), deep convective processes were
examined at 99, 33 and 11 km grid spacing. The most vigorous convection with ver-
tical velocities greater than 10 m/s was found using the 11 km grid. Strong updrafts
are also a requirement for diagnostic or prognostic modeling of lightning. The sim-

5736

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/3/5725/acpd-3-5725_p.pdf
http://www.atmos-chem-phys.org/acpd/3/5725/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
3, 5725–5754, 2003

Space-borne
observations link

G. S. Jenkins and
J.-H. Ryu

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

© EGU 2003

ulation of mixed phased precipitation, however, is also a significant requirement for
lightning production. Very fine GCM simulations are unlikely in the near future and
mesoscale/cloud resolving models will only give a limited view of modeled deep con-
vection and lightning. Mixed phase physics, however, can be incorporated into GCMs,
which will provide some diagnostic or prognostic measures of lightning processes al-5

though the vertical velocities will tend to be underestimated.
Martin et al. (2002) suggests that satellite derived tropospheric column ozone val-

ues are significantly overestimates when compared with MOSAIC data during JJA.
However, the ozonesonde data shows a pattern that is consistent with the satellite
measurement with a significant rise in ozone values after the month of May. The rise10

in ozone mixing ratios is most pronounced in the middle/upper troposphere making
lightning a likely cause. Drummond et al. (1988) also found enhanced upper tropo-
sphere NOx values, indirectly supporting the satellite TOC estimates, during the month
of June over the Tropical Atlantic Ocean and suggested that lightning processes over
continents may have been responsible. During JJA, we have found that lightning over15

West Africa is likely a significant contributor to NOx and the subsequent production
of O3. Recent studies (Mohr and Zipser, 1996; Nesbitt et al., 2000; Toracinta and
Zipser, 2001; Sealy et al., 2003) using the data from the polar orbiting satellites and
the TRMM satellite (Kummerrow et al., 1998) have examined precipitation and lightning
properties, using the Optical Transient Detector (OTD) and (LIS) data, in the tropics and20

West Africa. Nesbitt et al. (2000), show that lightning is typically associated with pre-
cipitation features that contain a significant ice content. Mesoscale convective systems
(MCSs), which include squall line, mesoscale convective complexes and non-squall
tropical clusters, have low polarization temperatures because of their high ice content
in Africa. Moreover, MCSs were identified with the largest number of lighting flashes in25

Africa and South America (Nesbitt et al., 2000).
Sealy et al. (2003) have found that the region closest to the Sahara desert – the Sa-

hel (10–18◦ N), produced the highest number of flashes relative to the wetter Guinea
region (5–10◦ N) during May–September 1998–2000. A higher frequency of lightning
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flashes in the Sahel occurred at night, which is consistent with studies of MCSs show-
ing a distinct diurnal pattern, with the largest mean radius occurring between 18:00
and 22:00 LST (Mathon and Laurent, 2000). Consequently, nighttime lightning may
lead to an accumulation of NO2, NO3 and NO2O5 until sunrise of the next day thereby
serving as a source of ozone in the absence of deep convection. Moreover, there may5

be a direct link between lightning, ice content and aerosols. In the case of West Africa,
the aerosols come from Saharan dust and would serve as ice nuclei in updrafts of
developing convective cells. Strong vertical motions, ice particles, graupel and super-
cooled water would be associated with the high flash rates found in the Sahel, thereby
enriching upper troposphere NOx and ozone mixing ratios. Demott et al. (2003) have10

found high concentrations of ice nuclei in Saharan dust and show that the ice nuclei
concentrations exceeded the typical values by a factor of 20 to 100.

The results presented in this paper imply that increases in TOC values during JJA as
implied by satellite estimates are real and caused by lightning. There is an opportunity
to determine the cause for the discrepancies between satellite estimated TOCs and the15

MOSAIC data during the Northern Hemisphere summer season. The proposed African
Monsoon Multidisciplinary Experiment (AMMA) in West Africa, which has a summer
special observing period (http://medias.obs-mip.fr/amma) during JJA of 2006, could
help to resolve this issue. This can be achieved through the launch of ozonesondes,
ship and aircraft measurements of O3 and NOx and concurrent satellite measurements.20
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Fig. 1. Climatological (1979–1992) CCD Tropospheric Column Ozone values (a) DJF, (b) MAM,
(c) JJA, (d) DJF. Units are Dobsons.
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Fig. 2. The annual cycle of the tropospheric column ozone (1979–1992) for TTO and CCD
averaged over (a) 12.5◦ S–12.5◦ N, 40◦ W–10◦ E. (b) 12.5◦ S–5◦ S, 40◦ W–10◦ E, (c) 5◦ S–5◦ N,
40◦ W–10◦ E, (d) 5◦ N–12.5◦ N, 40◦ W–10◦ E. Units are Dobsons.
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Fig. 3. The annual cycle of the tropospheric column ozone (1997–1992) by latitude zones for
(a) TTO and (b) CCD. Units are Dobsons.
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Fig. 4. 1998–2001 CCD Tropospheric Column Ozone values (a) DJF, (b) MAM, (c) JJA, (d)
DJF. Units are Dobsons.
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Fig. 5. 1998–2001 average ozone mixing ratios in various tropospheric layers. (a) Ascension
Island, (b) Natal, (c) Paramaribo. Units are ppbv.
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Fig. 6. 1998–2001 average ozone mixing ratios (ppbv) at Ascension Island, Natal and Para-
maribo from (a) surface to 150 hPa, (b) Surface to 700 hPa, (c) 500 to 150 hPa. (d) 1998–2001
CCD tropospheric column ozone for 12.5◦ S–12.5◦ N, 40◦ W–10◦ E.
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Fig. 7. ATSR fire count during 1996–2000 for: (a) DJF, (b) MAM, (c) JJA, (d) DJF. Number of
fires per pixel.
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Fig. 8. 1998–2001 LIS seasonal lightning statistics: (a) total number of seasonal flashes (b)
distribution of seasonal flashes for latitude zones of 15◦ S–5◦ S, 5◦ S–5◦ N, 5◦ N–15◦ N, (c) dis-
tribution of monthly flashes for latitude zones of 15◦ S–5◦ S, 5◦ S–5◦ N, 5◦ N–15◦ N.
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Fig. 9. (a) Percentage of seasonal flashes in South America and Africa, (b) number of detected
lightning flashes in 15◦ S–5◦ S for Africa and South America, (c) number of detected lightning
flashes in 5◦ S–5◦ N for Africa and South America, (d) number of detected lightning flashes in
5◦ N–15◦ N for Africa and South America.
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Fig. 10. 1998–2001 DJF middle/upper troposphere zonal winds and streamlines for (a)
500 hPa, (b) 400 hPa, (c) 300 hPa, (d) 200 hPa. Shaded regions are easterly winds. Units
are m-s−1.
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Fig. 11. 1998–2001 MAM middle/upper troposphere zonal winds and streamlines for (a)
500 hPa, (b) 400 hPa, (c) 300 hPa, (d) 200 hPa. Shaded regions are easterly winds. Units
are m-s−1.
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Fig. 12. 1998–2001 JJA middle/upper troposphere zonal winds and streamlines for (a) 500 hPa,
(b) 400 hPa, (c) 300 hPa, (d) 200 hPa. Shaded regions are easterly winds. Units are m-s−1.
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Fig. 13. 1998–2001 SON middle/upper troposphere zonal winds and streamlines for (a)
500 hPa, (b) 400 hPa, (c) 300 hPa, (d) 200 hPa. Shaded regions are easterly winds. Units
are m-s−1.
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