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The long-range transport of southern African aerosols

to the tropical South Atlantic

R. Swap,! M. Garstang,' S.A. Macko,' P. D. Tyson,"* W. Maenhaut,’® P. Artaxo,’

P. Kéllberg,>® and R. Talbot’

Abstract. Two episodes of long-range aerosol transport (4000 km) from southern Africa into
the central tropical South Atlantic are documented. Stable nitrogen isotope analysis, multi-
elemental analysis, and meteorological observations on local and regional scales are used to
describe the observed surface aerosol chemistry during these transport episodes. The chemical,
kinematic, and thermodynamic analyses suggest that for the central tropical South Atlantic, west
Africa between 0° and 10°S is the primary air mass source region (over 50%) during austral
spring. Over 70% of all air arriving in the lower and middle troposphere in the central tropical
South Atlantic comes from a broad latitudinal band extending from 20°S to 10°N. Air coming
from the east subsides and is trapped below the midlevel and trade wind inversion layers. Air
from the west originates at higher levels (500 hPa) and contributes less than 30% of the air
masses arriving in the central tropical South Atlantic. The source types of aerosols and
precursor trace gases extend over a broad range of biomes from desert and savanna to the rain
forest. During austral spring, over this broad region, processes include production from
vegetation, soils, and biomass burning. The aerosol composition of air masses over and the
atmospheric chemistry of the central South Atlantic is a function of the supply of biogenic,
biomass burning, and aeolian emissions from tropical Africa. Rainfall is a common controlling
factor for all three sources. Rain, in turn, is governed by the large-scale circulations which
show pronounced interannual variability. The field measurements were taken in an extremely
dry year and reflect the circulation and transport fields typical of these conditions.

1. Introduction

Field measurements of particulate aerosols were made to
determine the source characteristics, production, and transport
of aerosols over and off southern Africa as part of the Southem
African Fire-Atmosphere Research Initiative (SAFARI)
[Andreae et al., 1993] and the Transport and Atmospheric
Chemistry near the Equator-Atlantic (TRACE-A) [Fishman et
al., 1994] experiments carried out in September and October
1992. Among the objectives of these joint research efforts was
the investigation of the role of southern hemisphere aerosols in
the atmospheric chemistry, climatology, and ecology of the
region [Andreae et al., 1993].

Evidence of aerosol production and the subsequent transport
into the southem tropical Atlantic off the west coast of southern
Africa are examined in this paper. Uncertainties founded in the
paucity of long-term meteorological observations to adequately
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describe the four-dimensional (x,y,z,?) nature of the atmosphere
over this region are offset by the simultaneous use of kinematic
(trajectory), thermodynamic (vertical structure), and chemical
(isotope and elemental tracer) analyses.

Chemical and meteorological analyses are combined to
determine the place of origin and the types of aerosols being
produced. The place of origin may include the location where
precursor gases which lead to the photochemical production of
a trace gas such as ozone are produced. Determination of both
the origin and the source type under such circumstances allows
distinctions to be made between surface and stratospheric
sources on regional and continental scales. The observed
aerosol, where possible, will be partitioned according to
primary biogenic particles, soil dust, biomass burning products,
and sea-salt spray components.

2. Background

Aerosol production over southemn Africa, particularly
between the latitudes of approximately 15°S and 30°S,
undergoes a marked seasonality. This seasonality is primarily
a function of the pronounced wet and dry seasons which
dominate this region [Tyson, 1986]. The onset of spring rains
over Affica north of about 20°S follows a temporal and spatial
progression beginning in June-July for lower latitudes and
beginning around October-November for high latitudes. South
of about 20°S the progression is from east to west. The
production of aerosols from dry soil and vegetation precedes the
beginning of the rainy season and is in phase with aerosol and
trace gas production from biomass burning. Spring rains over
the excessively dry surface also trigger gaseous nitrogen species
emissions from the soils and hydrocarbon production from the
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blooming of dormant vegetation [Williams et al., 1992;
Fehsenfeld et al., 1992; ].S. Levine, personal communication,
1995]. Synchronous or near-synchronous production in time
and space of aerosols and precursor trace gases involved with
the formation of O, thus occurs from at least three sources. The
interdependence of these sources upon rainfall as a common
factor means that they are all subject to changes in the regional
and larger scale circulation fields which initiate the spring
rains.

Aerosols from southern Africa have been observed out over
the tropical South Atlantic for over 20 years [Chester et al.,
1972; Parkin et al., 1972; Cachier et al., 1986; Losno et al.,
1992]. The seasonality of these aerosols has also been noted.
Chester et al. [1972] found very low aerosol loadings in the
South Atlantic during the transition from austral summer to
fall. In contrast, Losno et al. [1992] observed high concentra-
tions of airborne particulates during the austral winter-spring
transition period in a latitudinal belt between the equator and
20°S. These elevated aerosol concentrations were attributed to
biomass burning, aeolian erosion, and industry, although no
attempt was made to differentiate between these sources.
Several authors have measured the elemental composition of
biomass bumning aerosols in Africa [Crozat et al., 1978,
Crozat, 1979; Cachier et al., 1985; Lacaux et al., 1993] and
South America [Artaxo et al., 1988, 1990]. These aerosols
have a distinct elemental profile rich in organic material,
potassium, phosphorus, chlorine, zinc, sulfur, and other
elements.

Fishman et al. [1991] have noted the summer-fall minimum
and winter-spring maximum production of aerosols over
southwest Africa and the southern tropical Atlantic. Annegarn
et al. [1983], Andreae et al. [1988], and Connors et al. [1991]
have all documented contributions from biomass burning,
aeolian sources, and industry over the tropical regions of Brazil
and southern Africa.

The observation of maximum biomass burning emissions in
the southern hemisphere during the austral winter-spring
transition coincides with the maximum occurrence of fires on
the African continent [Cahoon et al., 1992]. The highest
frequency of African biomass burning occurs from 10° to 20°S
during the period July to September. Many of the fires in
southern Africa are of anthropogenic origin. However, in
sparsely populated regions and prior to human population
expansions, a significant number of fires are caused by
lightning. Siegfried [1981], for example, shows that for the
Etosha National Park, 70% of the fires are caused by lightning.
Lightning accompanies the onset of the spring rains.

Fishman et al. [1990, 1991], using remotely sensed total
ozone mapping spectrometer (TOMS) and Stratospheric
Aerosol and Gas Experiment (SAGE) data, in which the
tropospheric component is derived as a residual from the
subtraction of the stratospheric O, from total columnar abun-
dance, have suggested that a spring maximum in ozone occurs
in the midtroposphere of the tropical South Atlantic. The
height of maximum concentrations in ozone at Ascension
Island has been shown to lie between 850 and 500 hPa
[Fishman et al., 1991]. Attempts have been made to explain
the transport meteorology that might initiate and sustain a
tropical south Atlantic ozone maximum. Krishnamurti et al.
[1993], Fakhruzzaman et al. [1994], and Pickering et al.
[1994] have used model-generated large-scale atmospheric
circulation fields and trajectory analyses to suggest that an
ozone maximum is supported by products derived from
biomass burning generated over both southern Africa and
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Brazil. The possibility of stratospheric intrusions of O,
contributing to the maximum has also been noted
[Krishnamurti et al., 1993].

Previous work has not quantified the sources of the ozone
maximum or provided independent substantiating evidence that
the sole or even primary source of the precursor gases and
aerosol is due to biomass burning. All work to date empha-
sizes large-scale flow fields in providing an explanation for the
Atlantic ozone maximum during austral spring. No attention
has been devoted to showing how interannual circulation
changes may affect transport patterns or how longer-term, near-
decadal changes may also be of importance. That such longer-
term changes have occurred over southern Africa is well
known [Tyson, 1986, Preston-Whyte and Tyson, 1988,
Lindesay, 1988]. The SAFARI was carried out in an ex-
tremely dry year, requiring that all interpretations of the
findings consider this anomalous condition.

3. Field Measurements and Analytical Methods

Surface particulates were collected at Okaukuejo, Etosha
National Park, Namibia (ENP; 16°E, 19°S) and at Ascension
Island (AL, 14°W, 8°S). ENP is situated on the interior
plateau of southern Africa at an altitude of between 1100 and
1400 m (Figure 1). To the west, the terrain rises gently to the
rim of the escarpment, a feature extending from Angola to
Malawi in a girdle around the whole subcontinent, before
falling to the sea through the dissected country that constitutes
the mountains of the escarpment.

Aerosols were collected for stable isotope and for multi-
elemental analyses by particle-induced X ray emission (PIXE)
analysis and instrumental neutron activation analysis (INAA).
The aerosol sampling was done with vacuum pumps with flow
rates of approximately 100 L min™ for the stable isotope
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Figure 1. (a) Location of Etosha National Park (16°E, 19°S)
and Ascension Island (15°W, 7°S). (b) Topographic relief
typical of Namibia, southwestern Africa. The narrow coastal
plain, eroded escarpment, and extensive interior plateau are
shown. Etosha National Park lies approximately 350 km
inland of the coast.
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samples and of approximately 20-30 L min! for the PIXE
samples. Glass fiber filters (Gelman type AE) that had been
ashed at 500°C were used to collect the aerosols for stable
isotope analyses of nitrogen. Particulates for multielemental
analysis were sampled using in-line stacked filter units (SFU)
containing 47-mm-diameter coarse (8 «m pore size, Apiezon-
coated) and fine (0.4 wm pore size) filters [Cahill et al., 1977,
Heidam, 1981]. Nuclepore polycarbonate filters were used to
collect particulates for the multielemental analysis. The SFUs
were fitted with specially designed inlets that provided a 50%
cutoff for diameters of > 10 um. The aerosols were separated
into two size fractions: coarse, between 2 and 10 um equiva-
lent aerodynamic diameter (EAD), and fine, > 2 um EAD
[John et al., 1983].

Aerosol samples were taken at a remote savanna site in ENP
at a height of 10 m above the surface (~ 1112 m). The nature
of the sparse vegetation around the sampling site is a mixture
of grasses and shrubs (70%/30%). Aerosol samples were
collected on a small hill on the windward side of Al at a height
of 2 m above the surface (~ 160 m) due to the physical con-
straints of the sampler. The nature of the Al surface near the
sampling site is exposed soil comprised of volcanic debris the
size of small pebbles with almost no vegetation. Aerosol
samples for isotope analysis were taken over 12 hour periods
beginning at sunrise and sunset (0700 and 1900 South African
standard time (SAST). Aerosol samples for multiclemental
analysis were taken over 24 hours and collected at sunrise. At
Al, aerosol-sampling was conducted with a single aerosol
sampling device from August 20, 1992, to November 1, 1992,
over 48-hour periods. The first fifteen 48-hour periods were
dedicated to collecting stable isotope samples and the remain-
ing periods to the collection of multielemental samples.

Aerosol samples collected were subjected to bulk stable
nitrogen analysis. Stable nitrogen analysis followed the
method of Macko et al. [1987]. Aerosol filters were acidified
using HCI to remove inorganic carbon. The residue was dried,
then sealed along with CuO and Cu in quartz combustion tubes
under vacuum. The combustion tubes were then heated to
850°C to convert nitrogenous compounds to gaseous nitrogen.
The N, gas was then cryogenically separated on a vacuum line
and analyzed on a Prism-Isotope Ratio Mass Spectrometer (VG
Micromass) for the isotopic signatures.

The SFU filter samples from both ENP and Al were ana-
lyzed by PIXE methods that have been described previously
[Maenhaut et al., 1981; Maenhaut and Raemdonck, 1984;
Johansson and Campbell, 1988; Tapper and Malmqvist, 1991,
Artaxo et al., 1993a). The filters from both sites were also
analyzed for total particulate mass using gravimetric tech-
niques. Black carbon content was determined for ENP samples
using a light reference technique [Andreae, 1983]. Further-
more, the filters from ENP were analyzed by INAA using a
procedure similar to that described Ly Schutyser et al. [1978].

3.1. Chemical Results

Two episodes of explicit aerosol transport from the region of
ENP to the tropical south Atlantic in the vicinity of Al are
presented. The first episode occurred during the Al sampling
of aerosols for nitrogen isotope analysis (Figure 2). The
second episode was during the sampling at Al for multi-
elemental analyses (Figure 3). Bulk stable nitrogen isotope
ratios measured at ENP on September 9 and 10, 1992, are
essentially identical to those recorded at Al 6 to 9 days later
during the 48-hour periods centered on September 16 and
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Figure 2. The 8"N isotope signature time series of surface
particulates at ENP (squares) and Al(circles). Upper (ENP)
and lower (AI) timescales are offset by 7 days such that the
8N signatures coincide. The ENP values are representative
of 12-hour sampling periods. The Al values are plotted at the
median dates of the 48-hour sampling periods (indicated by
horizontal lines). The vertical lines on the Al values are
indicative of the range of reproducibility of the bulk stable

nitrogen isotope analysis for SAFARI samples (~ 0.5%).

September 18, 1992. Observations of 3'"°N at the two stations
were distinctly different on the days prior to the episode. The
aerosol at Al became increasingly enriched with the onset of the
transport episode to reflect the influence of the isotopically
heavier terrestrial nitrogen signal [Sealy et al., 1987, Heaton,
1987]. The times of earliest detection of the nitrogen portion of
the particulate aerosols at ENP and earliest arrival at Al
suggest an average transport speed of 7.1 m s ranging from 6.6
m s to 7.7 ms? over a distance of 4,000 km between the
stations.

The second transport episode uses the results of multi-
elemental analysis of filter samples collected at ENP and Al
between September 21 and October 16, 1992. This analysis
indicates biomass burning and soil dust signatures in the
aerosol fine fraction at A, Time series of the concentrations of
six elements contained in the fine fraction (EAD <2 wm) filter
samples, K, S, Fe, Ca, Al, and Si, are shown in Figure 3. The
time series of observations at the two locations have been
adjusted for a 7-day time lag between ENP and AL

The elemental analysis of the aerosols collected at ENP and
Al does not show the singular coincidence found in the isotopic
analysis. However, the maximum concentrations recorded for
at least six elements over the period of September 22 to October
16, 1992, at Al follows a maximum in concentration in that
element occurring 5 to 9 days earlier at ENP. Most of the
elements (K, Fe, Ca, Al, Si) show higher values at Al 6to 7
days after increases in that element have been observed at ENP.
Sulfur values increase at AI 8 days after a maximum in S is
observed at ENP. The elements associated with soil dust, Fe,
Al, and Si, show the earliest response at Al after peak concen-
tration values are seen at ENP 5 days earlier. Although all
peaks in the concentrations of these six elements at Al can be
traced back to higher concentrations at ENP, not all increases
in the concentrations observed at ENP are reflected at AI. The
range of 5 to 9 days in arrival times of the different chemical
species at Al reflects that all species are not produced simulta-
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Figure 3. Time series of fine particle fraction (< 2um EAD) concentrations, in nanograms per cubic meter
for ENP (upper timescale) and AI (lower timescale) for K, S, Fe, Ca, Al, and Si. ENP 24-hour average
concentrations are indicated with squares. AI 48-hour average concentrations are indicated by the horizontal

bars.

neously from any point source. Rather, production varies over
a region around the point and over time, which is reflected in
the subsequent transport of these species. The episodic
production of surface-observed species at ENP and the correla-
tion between this production and wind velocities is dealt with
in detail by Swap [1995].

Concentrations of soil dust elements decrease during the
long-range transport from ENP to Al due to particulate sedi-
mentation. Soil dust sources for these elements are in the
region of ENP and reflect higher levels of Fe, Al, Si, and Ca

than are normally associated with a well-mixed air mass. An
observed decline of over 95% in Fe, Al, Si, and Ca concentra-
tions occurs between ENP and Al for the corresponding peak
values at the surface at each station. This is not the case for K
and S. Potassium, indicative of both biomass burning and
biomass debris, shows a 50% drop in concentration between
ENP and Al. This element, if produced by biomass burning
and subjected to anticyclonic circulation for several days, would
be well-mixed compared to local soil dust inputs. Sulfur shows
only a 25% reduction in concentration between ENP and Al at
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Figure 4. Excess, or non-sea salt, fine fraction (< 2um) of (a) K aerosol and (b) S aerosol present in surface
aerosol samples at Al in nanomoles per cubic meter, where excess K = K(nmol m?) - [Ca (nmol m>) * (K/Ca
(mol/mol)) in sea water] and excess S = S(nmol m?) - [Ca (nmol m™®) * (S/Ca (mol/mol)) in sea water].

the times of corresponding peak values. Because S is an
element produced not only by biomass burning, but also
produced in significant quantities from biogenic marine sources
(dimethylsulfide (DMS)) in regions of high productivity such
as the Benguellan upwelling, a much smaller drop in S
concentration compared to the other five elements can be
expected.

Sea salt in the South Atlantic Ocean may also be a major
source of particles contributing to the concentrations of ele-
ments typical of biomass buming such as K, S, Ca, and P. The
ratios between the elements, however, are different between
sea-salt aerosol particles and biomass-bumning particles
transported over long distances [Artaxo et al., 1990]. Figure
4 shows the excess K and S concentrations above values of
background marine aerosols. The pronounced excess in non-
sea-salt S and K seen from October 1 to October 7, 1992, is
coincident with increased soil dust at Al (Figure 3). Thus two
signals are evident in Figures 3 and 4: soil dust constituents
represented by Fe, Al, and Si and non-sea-salt constituents, K
and S, which are ascribed to biomass burning [Maenhaut et al.,
this issue].

The chemistry for both episodes suggests transport of
southern African aerosols from southwestern Africa to the
region of Al in the tropical South Atlantic. A representative
mean transit time of 6 to 7 days over a straight line distance of
4,000 km is found giving a mean transport speed of 6.6 to 7.7
m s . These speeds are consistent with wind speeds in the
mixed (~ 500 m) and cloud (500-3,000 m) layers of the south
tropical Atlantic [Riehl, 1979; Hastenrath, 1991].

3.2. Meteorological Results

Daily three-dimensional, 10-day, forward trajectories,
starting at ENP, and 10-day, backward trajectories, starting at
Al, were calculated using a three-dimensional trajectory
package of the Swedish Hydrological and Meteorological
Institute [Kdllberg, 1984; Garstang et al., this issue]. The
trajectories are calculated from the six hourly global three-
dimensional wind analyses produced by the European Centre
for Medium-Range Weather Forecasts (ECMWF). The
ECMWF data assimilation scheme is described by Bengtsson
[1985]. The starting location for the forward trajectories is
16°E, 19°S, in the vicinity of ENP. The backward trajectory

starting location is 14°W, 8°S, the approximate location of Al
Five different trajectories, each beginning at a different initial

level (900, 850, 800, 700, and SO0 hPa), were calculated daily
for the entire SAFARI period (August 24-October 18, 1992).
Thirteen levels (of the available 31) below 500 hPa are used to
calculate air parcel positions every 15 min. Diabatic and
adiabatic processes are included in the ECMWEF model to
calculate vertical velocities. The motion can be forward or
backward in time depending upon the sign of the time incre-
ment. In the data sparse region of the tropical South Atlantic
and Indian Oceans, TOV satellite temperature profiles and
Meteosat cloud tracked winds are included as part of the
ECMWEF data base.

Forward trajectories for September 9, 1992, and the back-
ward trajectories for September 16, 1992, are shown for episode
1 in Figures 5a and 5b. Trajectories that arrive in the Al region
as well as all backward trajectories from Al are plotted.

Trajectories originating at ENP on September 9, 1992, at
875, 850, and 800 hPa cross directly over Al 6 to 7 days after
leaving ENP (Figure 5a). The 900-hPa backward trajectory
originating at Al on September 16, 1992, extends back to the
ENP region over a period of 6 to 7 days (Figure 5b). Trajecto-
ries at higher levels extend back to the continent over intervals
of up to 10 days and to originating locations which extend over
a wide latitudinal belt from 20°S to 15°N.

Forward and backward trajectories for episode 2 (Figure 6)
showa connection between ENP and Al similar to that shown
for episode 1. This low-level transport from ENP to Al is only
seen twice for a total of 8 days over the 48-day SAFARI
observational period. An in-depth discussion of the air parcel
transport statistics is presented later in this section. Direct
communication between the two localities occurs in the low
levels and is absent at the higher levels. Backward trajectories
from Al once again originate over a broad latitudinal band of
Africa (0°S to 30°8S) .

Transport between the surface and the middle and upper
troposphere is likely to be inhibited by temporally persistent
and spatially ubiquitous stable layers in the tropical latitudes
[Garstang et al., this issue]. Daily and near-daily
rawinsoundings launched from ENP and Al are used to find
absolutely stable layers in a time series for both stations (Figure
7). Absolute stability is defined when the environmental lapse
rate is less than the wet adiabatic lapse rate.
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Figure S. Forward and backward three-dimensional trajectories (a) from ENP on September 9, 1992, and
(b) into Al on September 16, 1992. Five different initial trajectory levels are shown.
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Figure 6. Forward and backward three-dimensional trajectories (a) from ENP on September 27, 1992, and
(b) into Al on October 4, 1992. Five different initial trajectory levels are shown.
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Figure 7. Layers of absolute stability for (a) ENP and (b) AI from September 1, 1992, to October 12, 1992.
The levels are in meters above sea level and pressure (hectopascals).

Two layers of absolute stability are evident during the entire
period over both the mid- Atlantic and northern Namibia.
Over ENP the lower layer extends from 630 to 580 hPa and
has a representative thickness of approximately 30 hPa (Figure
7a). The occasional disruptions of the lowest stable layer over
ENP (September 8, 14, 20, and 24; October 5 and 10) are a
result of the passage of travelling westerly wave disturbances.

The upper layer over ENP tends to be thinner and more
variable fluctuating between the 500 and 400 hPa levels. The
layers of absolute stability over Al are less variable, lower in
height, and of greater vertical thickness than those over the
subcontinent (Figure 7b). The lower-level base height of the
trade wind inversion fluctuates between 900 and 830 hPa and
has a representative thickness of about 65 hPa. The feature
corresponds to the subsidence inversion observed over the
continent [Taljaard, 1955; Preston-Whyte et al., 1977] and the
trade wind inversion over the Atlantic Ocean [von Ficker,
1936; Riehl, 1954]. The findings shown in Figure 7 corre-
spond with height and agree in space with the more general
results shown by Garstang et al. [this issue].

Air is transported offshore from Namibia en route to AI. The
trajectory pathways of this transport are suppressed towards the
surface by the subsidence occurring in the South Atlantic
anticyclone (Figure 8). In all cases the trajectories failed to rise
through the stable discontinuity of the trade wind inversion.
Air originating over the plateau between the 875 and 800 hPa
levels rises over the escarpment mountains before descending
at a quasi-linear rate in its 6-to-7-day passage to the mid-
Atlantic. Atno time do the mountains of the escarpment or the

escarpment itself (Figure 1) constitute any kind of impediment
to westward flow, as has been suggested by Krishnamurti et al.
[1993] and Pickering et al. [1994].

Subsidence rates may be determined both from the lowering
of the base of the stable layer over the Atlantic Ocean and from
the sinking trajectories. The vertical displacement of the latter
is a direct product of the vertical velocities generated by the
ECMWF model. Lowering of the stable layer suggests
subsidence of about225 m d* (Table 1). Sinking of trajecto-
ries suggest about 400 m d' (Table 1). These results are
consistent with those of Riehl [1979] and Newell et al. [1972].
They differ considerably from those calculated by Krishna-
murti et al. [1993].

Tables 2 and 3 trace the history of an air parcel arriving at
Al to its source. Back trajectories are used in this analysis to
determine the geographical location and height at which the
transport was initiated 10 days earlier. Thereafter all trajecto-
ries are analyzed as if they were forward trajectories converging
on AL. Thus back trajectories will be referred to as arriving at
the island at different heights from different points of origin.
Back trajectories starting at Al are calculated for each of 56
days (August 24 to October 18,1992). These back trajectories
are divided into those arriving at Al in the lower (900, 850, and
800 hPa) and the middle troposphere (700 and 500 hPa). The
56 days and three levels yield a total of 168 trajectories arriving
in the lower troposphere. The 56 days and two levels yield 112
trajectories arriving in the middle troposphere.  The total
number of back trajectories are traced back from Al through
meridional planes on either side of the island. Each meridional
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Figure 8. Vertical profiles of forward trajectories from ENP for (a) September 27; (b) September 28; (c)
September 29; (d) September 30; (e) September 9; and (f) October 1, 1992. The trajectory heights are
pressure (hectopascals) and height above sea level (meters). The dashed lines represent the inferred layer

of absolute stability between ENP and Al

plane extends from 10°N to 40°S$ latitude and from the surface
to 300 hPa in the vertical. Table 2 shows the total frequency
of back trajectories passing through each meridional plane and
arriving in the lower and middle troposphere. The percentage

of the total observed frequency relative to the total number of

trajectories used is shown in parentheses. The total may
exceed 100% when the trajectories pass through a meridional
plane more than once (i.e., having recirculated).

Significant recirculation occurs in the central Atlantic at the
prime meridiax and at 10°W for air masses arriving at Al in the

lower troposphere. Much less recirculation occurs with those
arriving in the middle troposphere. This extensive recircula-

tion at both levels provides more time for photochemic O,
production and allows for new emissions to be added. The
transport from the east (E) and from the west (W) is also shown
in Table 2. Seventy-nine percent of the transport arriving in
the lower troposphere at 10° and 15°W is from the east
compared to 17% from the west. Of that arriving in the middle
levels at AI, 69% is from the east and 26% from the west.
Table 3 shows the percentage of back trajectories from the
east and from the west passing through each meridian for 10°
latitudinal intervals between 10°N and 40°S. The percentages
shown are calculated at each meridional plane (as opposed to
a percentage of the total number of trajectories, as in Table 2).
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Table 1. Vertical Motion (Subsidence) in the Lower
Troposphere Between ~ 700 and 900 hPa Meters per
Day and HectoPascals per Second Reported for the
Tropical South Atlantic Ocean Between 20°S and
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The most important synoptic scale feature influencing
transports of aerosols over continental southern Africa is the
anticyclonic circulation which dominates the mean flow pattern,
reaching a maximum frequency of about 80% in midwinter
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[Garstang et al., this issue]. Over the ocean to the west of
southern Africa, the South Atlantic anticyclone likewise
dominates the circulation. Only when easterly waves form
over the heated arid western area of the subcontinent, mainly in
summer, do conditions exist for the transport of aerosols and
trace gases away from southern Africa (south of 20°S) and into
the tropical South Atlantic Ocean. Such conditions only

occurred on 4% of occasions during SAFARI.

4. Discussion and Conclusions

The analysis of stable isotopes of nitrogen and the multi-
elemental analyses of surface aerosols collected at ENP and AT
provide definite evidence that aerosol and air mass transport is
taking place between these two specific sampling locations.
The structural analysis of the atmospheric column shows
pronounced and persistent stable layers occurring at the time of
the measurements and extending over the space linking these
points of observation. Trajectories which link the source (ENP)
to the receptor (AI) and have simultaneous confirming chemical
evidence are those at or below 800 hPa (~ 2000 m) and below
the base of the observed stable layer. These trajectories,
responding to ECMWF model-calculated vertical motion,
subside at a rate generally consistent with the westward
decrease in the height of the trade wind inversion.

Multielemental analysis of aerosol composition at the
surface at ENP and Al suggests the sources of these aerosols.
Non-sea-salt K and S indicate biomass burning and debris
sources [Losno et al., 1992; Artaxo et al., 1993b], and Fe, Al,
Si, and Ca are clear signals of terrestrial soil dust sources.

It is concluded that the nitrogen in the bulk stable isotopic
signal comes from an enriched inorganic source associated
with the soils of arnid southwestern Africa. Such a source is
consistent with the trajectory analysis. The enriched values
may result from physical and microbial processes associated
with desiccation, deflation and denitrification [Schlesinger et
al., 1990, Williams et al., 1992]. G. Harris [personal commun-
ication, 1994] found highly elevated concentrations of biogenic
nitrogenous emissions at low altitude (< 1 km) in the atmo-
sphere in the ENP region during the period September 26-28,
1992. Nitrous oxide, N, O, reached 3 ppbv, and NO, 0.8 ppbv
at an altitude of ~ 80 m above the savanna. The profile of NO,
with height correlates with CO, but varies inversely with CO,
suggesting a common biogenic source for NO, and CO, and
ruling out a fire related source (G. Harris, personal communi-
cation, 1994). J.S. Levine (personal communication, 1995)
reported similar biogenic production of NO with the occurrence
of early rains in the Kruger National Park in the southeastern
region of the subcontinent. Active photochemical production
of O, commences once NO levels exceed 10 pptv in an
atmosphere containing abundant hydrocarbons and in the
presence of high levels of solar insolation [Crutzen, 1973,
Chameides and Walker, 1973, Williams et al., 1992]. Further,
these emissions could fractionate the stable isotopes of N
allowing the residual N in the soils to become increasingly
enriched. An enriched N signal may be associated with either
soil dust, biogenic debris, microbial activity, or biomass
burning particulates.

Results of the analysis of back trajectories for Al suggest
that the major source region for air that reaches Al in the lower
troposphere between 900 and 800 hPa lies over west Africa
between 20°S and 10°N. This belt contains three distinctively
different African biomes: equatorial rainforest, southern
African woodland savanna, and northern African savannas.
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At the time of the observations reported in this paper
(September-October 1992), following an extreme drought in
southem Africa, the primary source region of Al air masses (~
55%) was concentrated between 0° and 10°S. The regions 0°
to 10°N and 10° to 20°S contributed between 30 and 35% of
the remaining transport from the east with slightly higher
contributions coming from the latitudinal band between 0° and
10°N. Transport as seen from Al is limited to 30% or less from
the west with the origin of the air elevated at the source to
above 500 hPa. Transport from the east at Al in the latitudes
south of 10°S is concentrated below 700 hPa. In the latitudi-
nal band 0° to 10°S, the major corridor of low-level trajectory
inflow, these transports are concentrated at or below 700 hPa.

Much of the air arriving in the midlevels at AT (between 700
and 500 hPa; 4-6 km) originates north of the equator (0° to
10°N) and above 600 hPa. The shift towards and subsequently
north of the equator shifts the source-type region to the equato-
rial rain forests and to the savanna/Sahel boundary. Addition-
ally, the rains have progressed at these latitudes well into the
wet season (Figure 9) and biomass burning is at a minimum
[Cahoon et al., 1992]. Figure 9 shows the progression of the
summer rains towards higher southern latitudes.

The latitudinal extent of the potential source regions for
aerosols (and trace gases) reaching the central tropical Atlantic
in the vicinity of Al therefore includes not only a broad range of
ecosystems and surfaces but a range of connected processes
which generate both aerosols and trace gases. The processes
include production of aerosols from extremely dry surfaces
(soils and vegetation), from rain forests, and from biomass
burning. Processes producing trace gases of interest to the
formation of tropospheric ozone include biogenic production of
nitrogen species from the rain-wetted arid soils and hydrocar-
bons from the newly greening vegetation responding to the
spring rains and biomass burning,

In regions influenced by the equatorial trough, some rain
occurs in all months, and the dry season is shorter and much
less defined (see Figure 9) than polewards from the trough.
Biomass burning in the equatorial trough region is at a maxi-
mum during the short dry season. Since some level of moist
convective mixing by cumuliform clouds is always present and
the pronounced inversion layers discussed above are absent,
vertical transport of surface-generated species in the trough
region is possible. It is suspected that during SAFARI,
between the latitudes of approximately 10°N and 10°S,
biomass-bumning products along with biogenic emissions were
present at altitudes both below and above 700 hPa and were
transported into the tropical South Atlantic in the middle and
upper level flow. As products from the low-latitude region of
Africa enter the south tropical Atlantic at altitudes above 700
hPa they will encounter a progressively stronger inversion
below the level of transport. Penetration of that surface from
upper levels will be inhibited and possibly even prevented.

A low tropospheric maximum in O, is observed in ozone
soundings taken at ENP, Al, and Brazzaville during SAFARI.
The height of this ozone maximum is as low as 500 m above
the ground at ENP (~ 1.5-2 km) and as high as 4,000 m at AI
(R.D. Diab, personal communication, 1995). The increase in
lower tropospheric O, is consistent with the production of
precursor gases from biogenic sources subject to the early
spring rains and the generation of precursor gases due to
biomass burning. Subsequent trapping of these gases by the
low-level inversion, accumulations of precursor gases, as well
as ozone below the inversion and subsequent transport into the
tropical South Atlantic, would yield the observed increases in
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O, both over the continent and over the tropical South Atlantic.

The existence at any particular time and location of a
possible O, maximum, such as that identified by Fishman et al.
[1991], will be a function of biogenic production, biomass
burning, and the prevailing synoptic-to-planetary-scale circula-
tion fields. Under extremely dry conditions it is hypothesized
that any O, maximum will extend over the continent of
southern Africa and into the Indian Ocean. During wet
conditions it is believed that the synoptic-to-planetary-scale
circulation fields will result in increased westward transport
over the tropical South Atlantic leading to increased values of
lower tropospheric O, over the tropical South Atlantic.
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