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Elevated ozone events over
Johannesburg based on
analysis of tropospheric ozone
partial columns

Atham Raghunandan®®, Gilberto Mahumane” and
Roseanne Diab”™

Traditionally, tropospheric column ozone (TCO) is a useful indicator
for comparing both temporal and spatial variations in tropospheric
ozone. TCO variations over Johannesburg are analysed in this
paper with a view to identifying days of enhanced ozone, which
could then form the basis of a detailed investigation to determine
sources of the elevated ozone. We used ozone data from the
Measurement of Ozone and Water Vapor by Airbus In-Service
Aircraft (MOZAIC) database for the period 1995 to 1998. A fixed
tropopause height of 12 km was employed in this analysis as
the upper bound of the troposphere. Seasonal and inter-annual
variations in TCO provided a context for this study. A clear seasonal
cycle exists, with TCO peaking in September and October. Minimum
TCO occurs in autumn, when variability is also least. The
lower day-to-day variability in autumn and winter is a reflection of
the more settled weather at this time. This period is representative
of background tropospheric ozone loadings, on which the dynamic
and photochemical influences of other months are superimposed.
High-TCO events, defined as exceeding 30 DU (Dobson units),
occurred predominantly in spring. Enhancements in the lower
troposphere are shown to be generally short-lived (1-2 days) and
due to the effects of local surface pollution sources, and arise most
likely from biomass burning, which peaks in spring. In contrast,
events in the upper troposphere prevailed for a longer period and
were due to the penetration of ozone-rich air from the stratosphere,
as shown in a case study in September 1998.

Introduction

Tropospheric column ozone (TCO) is defined as the integrated
amount of ozone in a vertical column of air between the earth’s
surface and the tropopause. It is measured in Dobson units (DU),
where 1DU s 2.687 x 10" molecules per square centimetre of the
column cross section. A fixed tropopause height of 12 km was
assumed in this analysis as the upper bound of the troposphere.

TCO provides a useful way to compare the temporal and
spatial distribution of tropospheric ozone and its variability in
different geographical locations' and to detect seasons of
enhanced ozone.”” As an integrated measure, it effectively over-
comes the problem of trying to compare vertical profiles, in
which ozone enhancements occur at greatly different altitudes.
It has also been helpful in the validation of satellite data, in
which comparisons of ground-based and tropospheric residuals
inferred from TOMS (Total Ozone Mapping Spectrometer)
satellite-based measurements of TCO have been made®™® to
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determine the relative accuracy of measurements. In all cases, a
high level of agreement was found.

Previous studies of TCO over South Africa* investigated the
seasonal and inter-annual variability of integrated tropospheric
ozone over Irene (25°52’S, 28°13'E, 20 km southeast of Pretoria)
during the SAFARI-92 (Southern African Fire-Atmosphere
Research Initiative) field campaign. Irene exhibited a general
springtime (September—October) enhancement. According to
these studies,* the seasonal peak appeared to be a reflection of
the seasonal burning pattern over Africa detected by satellite.”
This was confirmed by subsequent studies which showed that
southern Africa was supplied with abundant precursors from
biomass burning, biogenic emissions and lightning," which
re-circulated within the stable anticyclonic circulation.” The
conclusion was that both the dynamics of the region (high ozone
formation rates, extensive recirculation and stable layering) and
the multiple diverse sources played an important role in ozone
build-up.*" TCO is used in this paper to identify days of
enhanced ozone with a view to understanding the origins of
such elevated events.

Data and methods

Ozone and meteorological profile data over Johannesburg
(26°10°S, 28°01'E) for the period 1995 to 1998 were used to
estimate TCO. The data were derived from the Measurement of
Ozone and Water Vapor by Airbus In-Service Aircraft (MOZAIC)
database, generated by continuous-measuring equipment
installed on five in-service Airbus A340 aircraft. The MOZAIC
programme, which waslaunched in 1993, aims to collect reliable,
high-quality experimental data, to help understand the changing
composition of the atmosphere as a consequence of human
activity.”

The ozone analyser used is a dual-beam UV absorption instru-
ment (Thermo-Electron, Model 49-103), with a precision of
2 ppbv (parts per billion by volume), minimum detection limit of
2 ppbv and an accuracy of 2%. Instrument calibration and data
verification techniques have been described in detail by Thouret
et al."* This ozone analyser has a response time of 4 seconds,
providing a vertical resolution of approximately 30 m (during
ascent and descent). These raw data are averaged over 150-m
vertical depth layers along the vertical tropospheric column.”

A total of 381 profiles was finally selected from the 427 ozone
profiles that were available for Johannesburg over the period
1995-1998 for the computation of TCO. The remaining 46 were
discarded because of continuous missing data over a vertical
distance that exceeded 1050 m. This distance was arbitrarily
selected as approximately 1000 m, and was equivalent to seven
150-m layers. Data were interpolated from the mean monthly
profile, if the height interval(s) over which data were missing
was less than 1050 m.

A measure of TCO was obtained by integrating the averaged
ozone profiles between the surface (sfu) and a predetermined
height of 12 km (above sea level). The method used to compute
integrated TCO (or the column ozone amount in the tropo-
sphere) is based on ozone readings in ppbv at available levels.
The conversion to DU at each level was estimated as follows:

0,... /107)x px AHx 273.15x 1000
== %100,
U 1013.25% T,

where Oppy = 0zone concentration (ppbv), Opy = ozone in
Dobson units, Tx = temperature (K), AH = {[Difference in
height between 2 successive layers (geopotential metres)]/2},
and p = pressure (hPa).

TCO was subsequently subdivided into four layers within the
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troposphere, namely, sfc-3 km, 3-5, 5-7 and 7-12 km, in order to
investigate the factors responsible for TCO variations. The layers
were selected on the basis of the work of Cosijn and Tyson'
on absolutely stable layers over southern Africa, which occur
preferentially at approximately 700 hPa (3 km), 500 hPa (5 km)
and 300 hPa (7 km).

Various methods exist for determining the upper level below
which ozone may be integrated. Ideally, this height should
represent the tropopause, which is known to vary on a
seasonal”"® and a daily basis. Some studies define a dynamic
tropopause that is based on a change in potential vorticity
(PV).”* Others define a thermal tropopause based on the
vertical temperature gradient” Yet others define a chemical
tropopause that is based on the height at which ozone shows a
sudden increase.” Related to this last approach is one in which
an ozone threshold of 100 ppbv was used to distinguish strato-
spheric air from tropospheric air."**

A fixed altitudinal upper limit was used in this paper because
12 km is the flying altitude reached by the MOZAIC aircraft, in
accordance with air traffic regulations. TCO values are thus
expected to be less than those estimated previously for Irene **"'
where an upper limit of 15 km could be used, as estimates were
derived from ground-based ozonesonde data. While actual
magnitudes may differ between the studies, seasonal trends are
expected to be comparable, and the intention to detect days of
relatively enhanced ozone is not compromised.

The case study discussed in the paper relied not only on
MOZAIC profile data but also on ozone and meteorological
transect data, collected during a MOZAIC flight at cruise
altitude from Johannesburg to Cape Town (33.93°S, 18.45°E).
Additional meteorological data from the European Centre for
Medium Range Weather Forecasting (ECMWEF) were also used,
to provide supporting evidence for some of the features
observed.

Results

Seasonal and inter-annual variations in tropospheric
column ozone

Figure 1 shows that mean TCO values at Johannesburg are
highest during September and October (~32 DU) and lowest in
autumn (~18 DU), confirming the seasonal pattern that has
been noted by many authors**? for Irene. Indeed, the patternis
awell-established southern hemisphere trend and has also been
observed at Réunion (21°S, 55°E),” Natal in Brazil (5°25'S,
35°23'E),* Okaukuejo in Namibia (19°11’S, 15°55'E),* Ascension
Island (8°S, 14°E)” and Brazzaville (4°17'S, 15°16'E).* Most studies
have suggested that the main reason for this spring maximum is
biomass burning in combination with prevailing subtropical
anticyclonic circulation patterns over southern Africa.*” Accord-
ing to Diab et al.,* the extension of the ozone enhancement into
summer over Irene, also evident over Johannesburg (Fig. 1),
indicates a local urban-industrial source, as was first suggested
by Zunckel et al.”® The mean annual range in TCO is 14.9 DU,
which is consistent with that derived for Irene, namely, ~13DU.°

Day-to-day fluctuations in TCO, expressed by the magnitude
of the standard deviation bars (Fig. 1), show highest variability
in January, September and November, each with a standard
deviation of ~4.5 DU, and least during autumn and winter
(April to July), when the standard deviation is in the range
2.3-2.5 DU. The lower day-to-day variability in autumn and
winter is attributable to the dominance of the subtropical anticy-
clonic circulation and consequently more settled weather at this
time.
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Fig. 1. Mean monthly TCO (DU) above Johannesburg for the period 1995-1998,
based on MOZAIC aircraft data. The vertical bars indicate one standard deviation
on either side of the mean.

Seasonal forcing is well developed and consistent from year
to year. Inter-annual variability in TCO (not shown here but
presented elsewhere™) is minimal between April and June, again
indicating that these months represent background tropospheric
ozone loadings on which the dynamic and photochemical
influences of other months are superimposed. Inter-annual
variability is greater at other times of the year, but mean monthly
values seldom differ by more than 5 DU from year to year.

Integrated tropospheric ozone in layers

Integrated tropospheric ozone in each of four layers reveals
the same spring maximum in each layer (Fig. 2). Below 5 km, the
TCO minimum occurs in February and March, whereas above
5 km, the minimum is evident in April and May. These results
suggest a decoupling of the atmosphere and emphasize the
important role of the 5 km absolutely stable layer in the accumu-
lation and dispersal of atmospheric pollutants. Indeed, Tyson
et al.” drew attention to its persistence, effectively preventing
the vertical transport of pollutants, and trapping pollution
between intervening stable layers. The seasonal cycle is particu-
larly well developed in the 7-12 km layer.

The percentage increase observed in each of the other months
was computed taking the months of February and March for
layers below 5 km, and April and May for layers above 5 km, as
representative of background ozone loadings. In each case, the
greatest enhancement occurred in October, with values of 143%
in the sfc-3 km layer, 96% in the 3-5 km layer, 103% in the 5-7 km
layer, and 100% in the 7-12 km layer. The October enhancement
thus occurs throughout the troposphere. It is not possible to
distinguish between surface-based photochemical production
and subsequent transport to higher layers, on the one hand,
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Fig. 2. Monthly integrated TCO layers for 1995—-1998. Dark grey = sfc—3 km; grey =
3-5 km; light grey = 5-7 km; white = 7-12 km layers.
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and upper tropospheric dynamical
sources and subsequent transport to
lower layers on the other.

Elevated ozone events

A further analysis of days with
highest TCO was undertaken to ob-
tain greater insight into factors re-
sponsible for ozone enhancement. A
threshold value of 30 DU was arbi-
trarily selected to mark an event of
considerable ozone enhancement.
This threshold was previously used
for a similar study over Irene,’
whereas Thompson et al." adopted a
value of 35 DU.

Figure 3 presents the breakdown of
TCO into layers for individual days
on which TCO exceeded 30 DU.
High-TCO events occurred predomi-
nantly during September (16 events)
and October (17), with the few re-

maining events scattered throughout the year. The percentage
contribution of each layer to TCO on a particular day was com-
pared with the mean percentage contribution of each layer,
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enabling layers of enhancement to be identified for individ-
ual days. In the lower troposphere, 22 events showed
enhancements in the sfc-3 km layer, 23 in the 3-5 km layer, and

Fig. 4. MOZAIC flight parameters for a flight on 16 September 1998. Time series (decimal hours) of: a) ozone mixing ratio (ppbv); b) temperature (°C); ¢) wind speed (m s”);
d) relative humidity (%); e) water vapour mixing ratio (g kg™'); f) aircraft altitude (km); g) latitude (degrees); h) wind vectors ending along the aircraft flight path on a
latitude—longitude plan.; i) ozone profile (ppbv) during ascent (solid line) and descent (dotted line).
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13 events manifested elevated ozone in both layers.
These enhancements seldom lasted for more than
1-2 consecutive days and occurred mostly in Sep-
tember. These events are ascribed to effects of local
surface pollution sources, most likely biomass
burning rather than urban-industrial effects, be-
cause the enhancement is dominant in spring
rather than spread throughout the year. Previous
studies of the incidence of biomass burning over
southern Africa have confirmed this springtime
maximum.'

The number of events showing enhancements in E
the mid- and upper troposphere was similar: 20 in £ 200
the 5-7 km layer and 21 in the 7-12 km layer. An @
extended period of enhancement occurred in the &
7-12 km layer from 14-17 September 1998 and 5
again on 20 September 1998 (Fig. 3). In view of the o 300
extended duration of this event, it was selected
for further detailed investigation, to determine the
origin of the elevated ozone. Full details of this 400
ozone event are given elsewhere.”

500

Case study of a high-ozone event 600

Data from a MOZAIC flight between Johannes-
burg and Cape Town on 16 September 1998 are pre- 700
sented in Fig. 4 as time series plots of various 800
MOZAIC parameters. For much of the flight, ozone 900 |-
mixing ratios were above 100 ppbv, this value being 1000 =
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a commonly used threshold"* to indicate ozone-
rich stratospheric air (Fig. 4a). A maximum value of
287 ppbv was recorded at 10.21 UTC at 30.14°S
(Figs 4a, g). Two further secondary ozone peaks are
evident; one of 141 ppbv at9.6 UTC at an altitude of
11.5 km, shortly before the aircraft reached its
cruise altitude, and a second of 209 ppbv at 10.71 UTC, recorded
during descent over Cape Town (Figs 4a, f).

This high-ozone event occurred in association with relative
humidity values of less than 20% (Fig. 4d) and very low water
vapour mixing ratio values (Fig. 4e). Temperatures were of the
order of -50°C (Fig. 4b). Wind speeds at the time of the first ozone
peak exceeded 40 m s (Fig. 4c) and were strong westerly to
southwesterly along the entire flight path (Fig. 4h). The vertical
ozone profiles recorded during ascent over Johannesburg and
descent over Cape Town reveal the presence of an elevated
enriched ozone layer (up to 200 ppbv) extending between
approximately 8 and 10 km over the coastal city (Fig. 4i).

Plots of ECMWEF geopotential height data on various pressure
surfaces for 16 September 1998 over the southern African
subcontinent and adjacent oceans showed a westerly wave
that had passed over the subcontinent and was subsequently
situated east of it (it was located at ~35°S, 45°E on the 250 hPa
surface).”® Consequently, most of southern Africa is characterized
by strong westerly winds, weakening to southwesterlies closer
to Cape Town. This is consistent with aircraft measurements
shown in Figs 4c and 4f along the aircraft flight path. ECMWE-
analysed wind speeds also clearly depict the westerly subtropical
jet stream over the subcontinent, with wind speeds exceeding
40 m s™ (Fig. A in supplementary material online).

PV values on the 335 K and 345 K isentropic surfaces range
from -1 to -2 PVU, which are intermediate between tropospheric
and stratospheric values, and increase towards the south
(become more negative) to reach stratospheric values (above
an absolute value of 2 PVU) over the southern latitudes of the
continent.
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Fig. 5. Vertical cross section of potential vorticity (PV) along the aircraft flight path (contour interval
0.5 PVU, values between 1.5 and 3.0 PVU are shaded) and potential temperature (contour interval
5 K) at 0600 UTC on 16 September 1998 (the aircraft flight path is indicated by a thick line)

A vertical cross section of PV derived from 06:00 UTC ECMWEF
data along the aircraft flight path is shown in Fig. 5. A tropopause
deformation is evident, and it is deflected in a southwesterly
direction, in which PV values greater than an absolute value of
3 PVU are transported below 250 hPa, clearly linking the ozone
episode with air of stratospheric origin.

The association between enhanced ozone, dry air and high PV
confirms that air has been brought down from higher altitudes
in the stratosphere to the upper troposphere. This ozone
enhancement is likely to be associated with the subtropical jet
and baroclinic westerly wave development referred to earlier.
Much of the ozone transport from the lower stratosphere into
the troposphere is ascribed to tropopause deformation. The
most extensive tropopause folding occurs in association with
baroclinic waves linked to strong jet streams.”*” Both an
upper-level westerly wave over the southern Indian Ocean and
a strong subtropical jet over southern Africa are indicated as
having been present at this event.

Conclusion

TCO was used in this study to identify elevated ozone events,
defined as having a TCO value greater than 30 DU, over
Johannesburg. Seasonal and inter-annual variations in TCO
provided a context for the study. The seasonal pattern in TCO,
dominated by a spring maximum and autumn minimum, was
confirmed by this study. Seasonal forcing is consistent from year
to year, with TCO peaking either in September or October. The
integration of tropospheric ozone in layers has provided some
insights into the factors responsible for TCO variations. Below
5 km, the TCO minimum occurred in February and March,
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whereas above 5 km, the minimum was in April and May. These
results endorse a decoupling of the atmosphere, and emphasize
the role of the 5 km absolutely stable layer.

Elevated TCO events occurred predominantly during Sep-
tember and October. Enhancements in the lower troposphere
are most likely due to effects of local surface pollution sources,
such as biomass burning because the maximum was restricted to
springtime. Such events were characteristically short-lived,
1-2 days, whereas those in the upper troposphere (7-12 km
layer) extended over longer periods. A case study analysis for
16 September 1998 revealed evidence of stratospheric—tropo-
spheric exchange as a result of tropopause folding in association
with a baroclinic westerly wave linked to a strong jet stream.

In conclusion, we attribute ozone enhancements in spring to
bothlocalized low-level sources such as biomass burning, as well
as upper tropospheric sources such as exchange of ozone-rich air
from the stratosphere.
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Fig. A. ECMWF-analysed wind speeds (contour interval 10 m's ', values greater than 40 m s " are shaded) and wind vectors on the 200 hPa surface on 16 September
1998, at 06:00 UTC.
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