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Introduction
Long-term air pollution measurements play a critical role in

assessing the impact of the evolution and the sustainability of
ecosystems. This information is needed to improve our under-
standing of the behaviour of the atmosphere and its interactions
with the biosphere.1 The chemical content of atmospheric depo-
sition is the product of numerous physical and chemical mecha-
nisms that include emission, transport, chemical reactions and
removal processes. The long-term study of deposition of atmo-
spheric species consequently enables tracking the temporal and
spatial evolution of atmospheric chemistry, and is a pertinent
indicator of natural and anthropogenic influences.

Pressures of costs and changing priorities make it difficult to
maintain and expand long-term measurement programmes.

Passive (or diffusive) samplers, one of the tools of modern
atmospheric chemistry research,2–4 present a means of address-
ing these types of measurements in that they provide a cost-
effective way of monitoring many key pollutant species. These
samplers were tested and used in the Deposition of Biogeo-
chemically Important Trace Species (DEBITS) programme of the
International Global Atmospheric Chemistry (IGAC) and the
World Meteorological Organisation’s Global Atmospheric
Watch (WMO-GAW) programme, to assess dry deposition of
these chemical types.1,2 The samplers are small, lightweight,
silent, do not require electricity or field calibration, and can
easily be deployed by non-specialists. As a result, they can be
used to obtain long-term measurements at rural, regional and
global scales.

Nitrogen and sulphur are some of the key elements that influ-
ence productivity in the biosphere.5 The deposition of their
compounds is thus important in atmospheric studies. Due to the
availability of passive samplers capable of measuring atmospheric
sulphur dioxide (SO2), nitrogen dioxide (NO2), ammonia (NH3)
and nitric acid (HNO3) concentrations, these compounds were
included in the scope of DEBITS measurements.1 As the atmo-
spheric chemistry of ozone (O3) is closely linked to that of several
sulphur and nitrogen containing species, ozone measurements
were also included.

The purpose of this paper is to report, for the first time, a
10-year data series of SO2 , NO2 , NH3 , O3 and HNO3 concentra-
tions at four remote sites in southern Africa. The findings
reported here cover the period 1995 to 2005 and can be used in
deposition modelling and impact assessment studies.

Sampling network
Passive samplers were deployed at four sampling locations

(see Table 1). The gases SO2 , NO2 , O3 and NH3 were monitored
from the start at all sites, and HNO3 monitoring was begun in
May 2003. The Ministry of Environment and Tourism based in
Windhoek, Namibia, was instrumental in setting up the
Okaukuejo site and arranged for an official from the Etosha
Ecological Institute to perform the routine work involved. The
site is situated approximately 500 m west of the large Etosha salt
pan, which is nearly always dry, and about 1 km from the nearest
tourist road. The site is surrounded by small, vegetated sand
hummocks. Very few people, vehicles or animals approach it.

The Louis Trichardt site is situated on a private farm, on the
edge of an escarpment, about 20 km outside the town’s main
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This paper reports the measurements of monthly mean gaseous
sulphur dioxide, nitrogen dioxide, ammonia, nitric acid and ozone
at four remote sites—Louis Trichardt (South Africa), Cape Point
(South Africa), Amersfoort (South Africa) and Okaukuejo (Namibia)—
in southern Africa, over a period of nine to 11 years, using passive
samplers. The 10-year mean sulphur dioxide concentrations varied
from 0.43 parts per billion (ppb) at Okaukuejo to 2.8 ppb at Amers-
foort. Nitrogen dioxide varied from 0.34 ppb at Okaukuejo to 2.5 ppb
at Amersfoort, nitric acid from 0.23 ppb at Louis Trichardt to
0.90 ppb at Amersfoort, and ammonia from 1.2 ppb at Amersfoort to
1.5 ppb at Cape Point. Ozone exhibited a fairly constant high mean
value of about 27 ppb throughout the region except for the Louis
Trichardt site, with a relatively high 10-year mean of 35 ppb. The
annual concentrations of all chemical species measured decreased
from 1995 to 2001, after which they increased slightly. The large
amounts of biofuels that are combusted on the continent, mainly in
winter, substantially influence the concentrations of all measured
species. The seasonal concentrations of all the gases seem to peak
in winter and spring at all sites, except for ammonia at Cape Point
and Okaukuejo, and sulphur dioxide at Cape Point, which peaks
during the summer. Strong inter-annual variations were observed
that prove the scientific value of decision-making based on long-
term observations.

Table 1. Site coordinates and location information.

Station (sampling began) Latitude (°S) Longitude (°E) Elevation (m) Environment

Okaukuejo, Namibia (June 1995) 18°59’24” 15°51’48” 500 Regional savanna
Louis Trichardt, South Africa (June 1995) 23°03’00” 29°53’60” 1465 Regional savanna
Amersfoort, South Africa (August 1997) 27°01’00” 29°52’00” 1608 Regional, impacted by

anthropogenic activities
Cape Point, South Africa (June 1994) 34°21’26” 18°29’51” 230 Coastal site



business centre. Although semi-arid locations are situated just a
few kilometres away, this site is in a subtropical region affected
by moist air masses transported from the Mozambique Channel.
A third site is located 15 km from the town of Amersfoort on a
private farm in the south of Mpumalanga province. Downwind
of the Gauteng region and major power and petrochemical
plants, it represents a regional location but one that lies within a
global hot-spot in terms of satellite observations of SO2 and NO2

concentrations.6

The three locations mentioned above were identified as
IGAC-DEBITS-IDAF programme sites, whereas Cape Point has
been included by the WMO as a GAW coastal background site in
the southern hemisphere. It is located at one of the southern-
most points on the African continent.

Passive sampling
The theory and development of diffusive samplers have been

described elsewhere.7–11 Briefly, pollutants diffuse into the
samplers at rates controlled by their respective diffusion coeffi-
cients. Each pollutant then undergoes a chemical reaction on the
surface of a paper disk, which has previously been impregnated
with a chemical capable of reacting specifically with it.7,9,10 The
samplers were prepared at North-West University and sealed in
plastic film containers before being mailed to the site operators.
The samplers were mounted 1.5 m above ground level in
specially manufactured holders to curb any natural interference
with the sampling process. After one month’s exposure, the
samplers were returned to the university in the sealed film
containers for analysis.

Quality assurance and quality control
Data reported in this paper were collected using passive

samplers developed and tested under the IGAC-DEBITS
programme, as well as in various international studies.2 Passive
sampler performance was compared in a field campaign using
samplers that were assembled and analysed at the IVL (an
accredited lab in Sweden) and CSIRO (Australia). Good correla-
tions were obtained in these inter-comparison studies.7 The
results of passive sampling were also compared with those of
calibrated active samplers at Eskom’s Elandsfontein site (for
SO2 , NO2 and O3) and at the WMO GAW site at Cape Point (for
O3 and, since 2005, SO2).

12 The performance of the NH3 sampler
was checked against a calibrated active sampler in the Vaal
Triangle.13 In the comparison studies with active samplers, it was
found that small correction factors need to be incorporated for
NO2 and O3. It was also found that NH3 samples have to be
analysed within a month after exposure.

A field blank was included with each set of samplers deployed.
Detection limits for each trace gas were calculated from field
blanks and found to be 0.1 parts per billion (ppb) for SO2 ,
0.05 ppb for NO2 , 0.2 ppb for NH3 , 0.6 ppb for O3 and 0.1 ppb for
HNO3 , when averaged over a month. Only data above detection
limits are reported in what follows.

All samples were collected in duplicate and their average was
used in all computations, except when contamination of one of

the samples was suspected (this was evident in less than 5% of all
data). The covariance of all duplicate samples (a measure of
precision) was 16.6%, 20%, 2.4%, 15.3% and 8.3% for SO2 , HNO3 ,
O3 , NH3 and NO2 , respectively. These covariances compare well
with those reported by the IDAF laboratory at the Laboratoire
d’Aérology in Toulouse, France, for the same pollutants (17.4%,
28.9%, 7.9%, 14.6% and 3.7%, for SO2 , HNO3 , O3 , NH3 and NO2 ,
respectively).

The outcome of the above QA/QC measures suggests that
sampling and analytical protocols employed here are viable
means of obtaining atmospheric data at remote sites.

Results and discussion
Table 2 shows the average concentrations of all gases moni-

tored from 1995 to 2005, as well as the number of duplicate
samples above detection limits. The high NO2 and SO2 concen-
trations for Amersfoort compared with the other sites are
because it is downwind of nearby industrial sources for much of
the time.14 The high ozone concentrations observed at Louis
Trichardt have been confirmed by modelling studies15 and are
probably due to ozone precursors from regional biomass burn-
ing.

The role of NH3 and SO2 in aerosol formation is widely recog-
nized.2,16 The NH3/SO2 ratios of 3.49, 1.46 and 2.73 were observed
at Okaukuejo, Louis Trichardt and Cape Point, respectively,
whereas a ratio of 0.42 was observed at Amersfoort. While differ-
ences in these ratios are mostly SO2-driven, they are relatively
close to values reported by Carmichael et al.2 for Cape Point
(ratio 3.3) and Elandsfontein (0.3) in 1999–2000. The same
authors also report higher NH3/SO2 ratios for several other back-
ground sites in Africa, but the differences stem mainly from
lower SO2 concentrations. The higher background SO2 levels in
southern Africa are a consequence of industrial activities and
coal-fired power plants in South Africa.

Annual averages
Summaries of annual minimum, mean, median and maximum

concentrations for each pollutant except HNO3 at all sites over
the sampling period are presented in Figs 1–4. Figure 1 shows
that the SO2 annual mean concentration at Amersfoort decreased
from 3.6 ppb in 1997 to 1.7 ppb in 2004. Inter-annual variations
are also evident, however, in that 3.0 and 4.5 ppb was observed
during 2002 and 2005, respectively. For the Cape Point site, the
SO2 mean annual concentration (<1 ppb) showed little variation
between 1995 and 2005, except in 2002 and 2005, when values of
1.3 and 1.2 ppb were observed. The Okaukuejo and Louis
Trichardt sites show a slight constant decline for the SO2 mean
annual concentration and are all below 1 ppb for the period
1995–2003, except for 1998 for Louis Trichardt, when the value
was 1.8 ppb. The SO2 concentrations for Louis Trichardt and
Okaukuejo increased slightly from 2003.

The mean annual NO2 concentrations at Amersfoort (Fig. 2)
decreased from 3.8 ppb in 1997 to 1.2 ppb in 2002, and increased
again to 3.8 ppb. The NO2 mean annual concentration at Cape
Point decreased from 2.1 ppb in 1996 to 0.5 ppb in 2002 and then
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Table 2. Average gas concentrations at each site for the period 1995–2005.

Station SO2 (ppb) NO2 (ppb) HNO3 (ppb) O3 (ppb) NH3 (ppb)

Okaukuejo 0.43 (125)* 0.34 (121) 0.29 (25) 23 (122) 1.5 (124)
Louis Trichardt 0.82 (101) 0.74 (105) 0.23 (26) 35 (89) 1.2 (85)
Amersfoort 2.8 (70) 2.5 (71) 0.90 (27) 27 (72) 1.2 (65)
Cape Point 0.66 (106) 1.2 (114) 0.47 (29) 27 (114) 1.5 (120)

*The number of duplicate samples (pairs) used to calculate the average is given in brackets.



increased again to 0.8 ppb in 2005. The NO2 concentration at
Louis Trichardt decreased from 1.2 ppb in 1996 to 0.3 ppb in 2002
and then increased to 0.8 ppb in 2005. The NO2 annual mean
concentration at Okaukuejo was constant and under 0.6 ppb for
the entire study period.

The annual mean HNO3 concentrations (see Table 2, data not
shown in figures as only two years of data are currently avail-
able) increased at the Amersfoort site. At Louis Trichardt, the
value seems to increase slightly whereas the concentrations at
the Okaukuejo site appeared to stay relatively constant. The
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Fig. 2. Annual NO2 concentrations at Amersfoort (AF), Louis Trichardt (LT), Cape Point (CP) and Okaukuejo (NA). See Fig. 1 for an explanation of the box-and-whisker
plots.

Fig. 1. Annual SO2 concentrations at Amersfoort (AF), Louis Trichardt (LT), Cape Point (CP) and Okaukuejo (NA). In this box-and-whisker plot, each whisker indicates the
range of the respective maximum and minimum values. An open box indicates that the corresponding mean value (represented by the top of the box) is greater than the
median value (represented by the lower limit of the box).A filled (black) box is used when the corresponding median value (represented by the top of the box) is greater than
the mean value (represented by the lower limit of the box).



mean values at Cape Point were constant at 0.5 ppb for the last
two years.

The annual mean O3 concentration in Fig. 3 for all the sites
steadily decreased from 1994 to 2001, after which it increased.
This tendency is especially evident in the data obtained at Cape

Point and Louis Trichardt. A similar profile over this period was
observed for these two and (to a lesser extent) the Amersfoort
and Okaukuejo sites.

The annual mean concentration of NH3 at Cape Point, Louis
Trichardt and Okaukuejo increased during the first four years
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Fig. 4. Annual NH3 concentrations at Amersfoort (AF), Louis Trichardt (LT), Cape Point (CP) and Okaukuejo (NA). See Fig. 1 for an explanation of the box-and-whisker
plots.

Fig. 3. Annual O3 concentrations at Amersfoort (AF), Louis Trichardt (LT), Cape Point (CP) and Okaukuejo (NA). See Fig. 1 for an explanation of the box-and-whisker
plots.mm



(1995–98) and then decreased until 2005 for all three sites, except
for 1999 and 2000 at Cape Point (Fig. 4). At the Amersfoort site,
the annual mean NH3 concentration decreased from 2.0 ppb in
1999 to 0.5 ppb in 2005.

Monthly averages
Summaries of monthly minimum, mean, median and maxi-

mum concentrations for each pollutant except HNO3 at all sites

over the sampling period are shown in Figs 5–8. The monthly
mean SO2 concentrations were a maximum for Amersfoort,
Louis Trichardt and, to a lesser extent, Okaukuejo during the
dry winter and early spring months of June to October. The
reverse was observed at the Cape Point site, where the maxi-
mum SO2 concentrations are recorded from January to April.
The higher values during winter are probably linked to both
increased emissions during the lower temperatures (resulting
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Fig. 6. Monthly NO2 concentrations at Amersfoort (AF), Louis Trichardt (LT), Cape Point (CP) and Okaukuejo (NA). See Fig. 1 for an explanation of the box-and-whisker
plots.

Fig. 5. Monthly SO2 concentrations at Amersfoort (AF), Louis Trichardt (LT), Cape Point (CP) and Okaukuejo (NA). See Fig. 1 for an explanation of the box-and-whisker
plots.



in increased energy use) as well as the stable atmospheric
conditions experienced during the winter months. The Cape
Point station is situated in a winter rainfall region and there the
SO2 maximum was observed during the dry summer months.

The monthly mean NO2 concentrations show a clear seasonal
signal at all the South African sites (Fig. 6). The Okaukuejo site (in
Namibia) seems to be the exception, where more-constant NO2

values throughout the year were observed. The early spring
maximum in NO2 concentrations at the South African sites may

be linked to biogenic activity, as it marks the start of the growing
season. The NO2 concentrations begin to rise a little earlier than
at the inland sites because of enhanced biogenic activity in this
region during the winter months. High NO2 values at Amers-
foort are indicative of the anthropogenic contribution from the
Mpumalanga highveld.

The clear spring and early summer maximum was observed
for the monthly mean O3 concentrations at Amersfoort, Louis
Trichardt and Cape Point, whereas the maximum O3 concentra-
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Fig. 7.Monthly O3 concentrations at Amersfoort (AF), Louis Trichardt (LT), Cape Point (CP) and Okaukuejo (NA).See Fig. 1 for an explanation of the box-and-whisker plots.

Fig. 8. Monthly NH3 concentrations at Amersfoort (AF), Louis Trichardt (LT), Cape Point (CP) and Okaukuejo (NA). See Fig. 1 for an explanation of the box-and-whisker
plots.
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tions were observed from January to December at Okaukuejo
(Fig. 7). The O3 maximum shows, as expected, a direct relation
with the NO2 maximum, which is one of the precursors for the
photochemical production of ozone. Although the reason that
low O3 levels with little variability were observed at Okaukuejo
is unknown at this stage, Carmichael et al.2 reported O3 concen-
trations as low as 7 ppb at a background site in the Ivory Coast.

The monthly mean NH3 concentration (Fig. 8) increased
during the stable winter months at Amersfoort. These slightly
elevated levels are probably linked to a less effective removal
process during this time of the year. It is known that NH3 is one of
the pollutants emitted by industry in this region. The relatively
high NH3 values observed at Cape Point could be linked to the
high density of nesting birds around the site. The monthly mean
NH3 concentration at Okaukuejo remains relative constant
throughout the year. We note that the NH3 maximum was
observed at exactly the same time as for HNO3.

Conclusions
The gaseous concentrations of SO2 , NO2 , HNO3 , NH3 and O3

were measured on a monthly basis at four regional sites in
southern Africa over several years. The monthly SO2 concentra-
tions ranged from 0.2 ppb (at the rural sites of Louis Trichardt
and Okaukuejo) to 6.3 ppb (industrial site of Amersfoort).
Monthly NO2 concentrations ranged from 0.2 ppb (Louis
Trichardt and Okaukuejo) to 7.1 ppb (Amersfoort). The mean
SO2 concentration over the period 1994–2005 was below 1.0 ppb
for all the stations except Amersfoort, which had a concentration
of 2.8 ppb. The mean NO2 concentration over the same period
was below 1.5 ppb for all the stations except Amersfoort, where a
concentration of 2.5 ppb was observed. The NH3 concentrations
ranged from 0.4 ppb (Amersfoort) to 7.2 ppb at Cape Point,
whereas the O3 concentrations ranged from 10 ppb (Amersfoort)
to 57 ppb at Louis Trichardt. The mean HNO3 concentrations
were below 1.0 ppb for the study period, and ranged from
0.2 ppb at Louis Trichardt to 2.5 ppb at Amersfoort. The relatively
large fluctuations in the Amersfoort data set are probably due to
the direct influence of industrial pollution plumes at this site.
The relatively large spatial differences clearly indicate the
anthropogenic effect on the chemical species recorded in the
atmosphere of the region.
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