
© Journal of The Royal Society of New Zealand
Volume 27 Number 4 December 1997 pp 485-498

A preliminary study of the transport of air from Africa and
Australia to New Zealand

A.P. Sturman*, P. D. Tyson+, and P. C. D'Abretonf

Kinematic trajectory modelling is used in a preliminary examination of inter-regional
transport of air within the Southern Hemisphere In particular, the westerly zonal
transport of air in the lower troposphere from southern Africa and Australia to New
Zealand is determined for January and July, using both forward and backward trajectories
originating or ending up in the 850-800 hPa layer respectively Mean transport plumes
are derived from swarms of individual trajectories, and the results show that in winter
around 22% of air originating over the central interior of South Africa reaches the
central Tasman Sea south of New Zealand In summer the amount is insignificant
owing to seasonal changes in the position of major circulation features In contrast, both
summer and winter low-level air transport from southeastern and southwestern Australia
and adjacent oceans to New Zealand is substantial, with 83% of all low-level air parcels
from the Sydney area in summer passing over central New Zealand 5 days later In
winter the transport plume passes over the northern part of the North Island within 3
days Back trajectories show that in some seasons two distinct paths are followed by air
arriving at Christchurch and Auckland, from the west-northwest and southwest Analysis
of the vertical structure of the transport plumes arriving in New Zealand shows that the
westerly air reaching Auckland in the 850-800 hPa layer does so in a subsiding
airstream throughout the year, whereas that arriving in the same layer over Christchurch
experiences only minor subsidence en route from Australia and the ocean to the south
This descending motion is related to the dominance of anticyclomc circulation,
particularly over the northern section of the New Zealand region
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INTRODUCTION
Kinematic trajectory modelling has revealed the extent to which large-scale transport of
aerosols and trace gases is taking place out of southern Africa and far across the Indian Ocean
(Garstang et al 1996a, Tyson et al 1996a,b) Isentropic modelling confirms the existence of
large-scale transport plumes exiting the subcontinent en route towards Australasia (Thompson
1996, Thompson et al 1996) Such inter-regional and hemisphenc transport of greenhouse
gases has obvious and immediate consequences for regional manifestations of global warming
(IPCC 1990,1992,1996) Likewise, the effects of aerosols are of considerable local, regional
and global significance (Charlson et al 1990, 1992, Penneretal 1994) General circulation
models (GCMs) incorporating sulphate aerosols show how regional patterns of global warming
are ameliorated by the transport of the aerosols (Mitchell et al 1995a,b, Mitchell & Johns
1997) In order to assess inter-regional transfers of aerosols and trace gases, and provide a
basis for validating the GCM simulations of aerosol- and trace gas-induced regional changes,
independent studies of atmospheric transport are required
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This paper represents a preliminary attempt to assess the extent to which air originating
over southern Africa and Australia in mid summer and mid winter is transported over New
Zealand. Further work is underway to provide a more comprehensive climatology of such air
movements. An understanding of such air transport will provide the basis for subsequent
assessment of the transport of aerosols and trace gases in the transporting medium.

DATA AND METHODOLOGY
Comparisons of kinematic and isentropic trajectory analysis have been undertaken by a
number of authors (Pickering et al. 1994; D'Abreton 1996; Fuelberg et al. 1996). In the
southern African region the kinematic approach has proved particularly useful (Garstang &
Tyson 1996; Garstang et al. 1996a,b, 1997; Tyson et al. 1996a,b,c,d; D'Abreton & Tyson
1996) and has been accepted as the preferred method for this analysis. The D'Abreton model
has therefore been used in this study, as described in detail in D'Abreton (1996).

European Centre for Medium Range Weather Forecasting (ECMWF) operational analyses
of the 6-hourly, three-dimensional wind field at the 1000, 900, 850, 800, 700 and 500 hPa
geopotential height levels provide the basis for deriving air transport fields from both
forward and back trajectories of daily 1200 UTC air parcels originating from localities in
South Africa, Australia and New Zealand. The method is based on the principle of Lagrangian
advection, with the u, v and w wind components at a given time, atmospheric layer and grid
point used to compute a new downstream (upstream) location of an air parcel at a later
(earlier) time. This procedure is then repeated to produce a forward or backward trajectory
over several days. Given the stability discontinuity that occurs at about 500 hPa on most days
over southern Africa and adjacent oceans (Garstang et al. 1996a; Cosijn & Tyson 1996), no
analyses were performed above that level. Vertical velocities are determined from adiabatic
non-linear mode initialisation, which permits the diabatic as well as the adiabatic processes
which influence vertical motion to be considered. The ECMWF data set is based on a state-
of-the-art model incorporating remotely sensed and drifting buoy data over data-sparse
regions. The results that have been obtained are as good as the spatial and temporal time
scales allow. However, it has been shown that the data are of high quality for this kind of
trajectory analysis (Pickering et al. 1994). Data for January 1981 and 1989 and July 1980 and
1989 have been used and easterly and westerly components of zonal air transport have been
determined. Fields defined by superimposing individual forward and back trajectories show
clearly how trajectories from Africa and Australia might reach New Zealand (Fig. 1).

As pointed out by Pickering et al. (1996) and Garstang & Tyson (1996), such swarms of
individual trajectories require organising before they are useful. In this paper the method
advocated by Tyson et al. (1996a) for determining mean transport plumes will be used. This
consists of following individual trajectories through vertical longitudinal and latitudinal
planes at specified time intervals. The heights, latitudes and longitudes of trajectory passages
through successive planes are recorded in both eastward and westward directions. Penetrations
of the planes are recorded as direct when arriving directly from the source and as recirculated
when returning indirectly in the opposite direction to the initial motion from the source. By
recording direct and indirect penetrations of successive planes it is possible to develop a clear
depiction of direct and recirculated transport of air over a region. In this paper, only
trajectories originating within the integrated near-surface 850-800 hPa layer will be considered.

Atmospheric circulation of the region between Africa and Australasia
The mean sea level pressure field shows that atmospheric circulation in the southern Indian
Ocean differs from that over other oceanic areas because the large subtropical anticyclone
migrates westwards from about 90°E to around 60°E between summer and winter as it
strengthens (Sturman & Tapper 1996). At the same time, a winter mean high pressure area
develops over southern Australia. It also appears that over much of the area of interest the
westerlies move northwards 5-10° in winter (and strengthen) and southwards in summer
(and weaken), although the westerly wind belt tends to show little seasonal movement south
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Forward from Johannesburg

Forward from Perth

Back from Mid Tasman Sea

Fig 1 Examples of forward trajectory swarms from Johannesburg and Perth and a back trajectory
swarm from the mid Tasman Sea

of New Zealand However, the mean pressure field does not give a true indication of the day-
to-day variation of the near-surface mid-latitude circulation, which essentially controls air
mass transport through this region This circulation is composed largely of eddies which tend
to move eastwards under the control of the deep troposphenc westerlies, but which are also
responsible for significant mendional air movement (Sturman & Tapper 1996) The features
responsible for the inter-regional transport of air between southern Afnca and Australasia are
therefore the individual anticyclonic and cyclonic systems that move through the area It is
consequently important that a bnef climatology of their occurrence be provided

Study of anticyclone occurrence in the Southern Hemisphere shows that in winter three
preferred locations for anticyclones occur between South Afnca and New Zealand These are
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around 90°E over the southern Indian Ocean, in the Australian Bight and over the northern
Tasman Sea (Sinclair 1996). In summer the major location of anticyclones over the Indian
Ocean moves laterally 30° towards southern Africa, but shows very little meridional movement.
However, over Australasia there is a significant 5-10° northward shift in anticyclone location,
while the two winter locations merge to create one region over southern and southeastern
Australia, and there is a marked reduction in anticyclones over the northern Tasman Sea
(Sinclair 1996). The most intense anticyclones occur in an area centred on 40°S and 60°E
over the southern Indian Ocean, in the Tasman Sea and immediately to the east of New
Zealand. In terms of their life cycle they tend to form over the southern tip of South Africa,
over the southeast and southwest coasts of Australia and to the east of New Zealand. They
intensify as they move over the southwestern Indian Ocean and the ocean south of Australia,
and decay over the southeastern Indian Ocean, to the east of the Australian Bight and over the
northern Tasman Sea. It therefore seems that anticyclones originating near South Africa tend
to travel much faster and further across the southern Indian Ocean between formation and
decay than those forming over and to the south of Australia. It is not surprising, then, that in
comparison to the South Pacific, the southern Indian Ocean is relatively free of blocking
(Sinclair 1996). This will be an important factor in the movement of air between Africa and
Australasia. However, to the east and southeast of New Zealand is a prime area for anticyclonic
blocking in the Southern Hemisphere (Sturman & Tapper 1996), such that this process is
likely to become significant as trajectories move towards and across the Tasman Sea.

In summer, cyclonic weather systems tend to pass well to the south of the area, with most
centres around 60°S in the circumpolar trough (Sinclair 1995). In winter, regions with a high
frequency of cyclonic systems move northwards, particularly to the south of Australia and
the southeastern Indian Ocean, and a region of high frequency tends to straddle New Zealand.
The area south and southeast of Australia experiences the highest track density of cyclonic
systems for the Southern Hemisphere (Sinclair 1995). It is also relevant that the speed of
movement of cyclonic systems through this region is at a maximum. The New Zealand
region tends to experience an increased number of secondary depressions which form in the
Tasman Sea during winter (Sturman & Tapper 1996). Cyclogenesis occurs across a broad
section of the southern part of the region in both seasons, with an increase in frequency
during winter, while a particularly marked increase has been noted in the Tasman Sea off the
coast of southeastern Australia (Sinclair 1995). The former cyclogenetic region is closely
related to strong gradients in sea surface temperature, while the latter appears to be related to
continental effects of Australia, the winter subtropical jet stream which has an exit region in
this area, and a more localised sea surface temperature gradient off the southeast coast
(Sturman & Tapper 1996). These cyclonic systems reach maturity and decay either in the
circumpolar trough or (in winter) in a region that extends northwards to about 40° S between
40°E and 140°E (Sinclair 1995). As with the anticyclones, seasonal changes in the distribution
and movement of cyclonic systems in the region between Africa and Australasia play an
important role in the transport of air across this sector of the Southern Hemisphere.

Transport from Africa
During winter (in July) the circumpolar vortex of the westerlies reaches its maximum
equatorward extent. At this time of year, near-surface forward trajectories initiated from
Johannesburg, in the industrial heartland of the Pretoria-Witwatersrand-Vereeniging region
of South Africa, indicate a clear air transport plume streaming over the Indian Ocean (Fig. 2,
upper). The 5% contour is the plume boundary within which 95% of all air parcel trajectories
occur. At 40°E, 84% of air parcels cross the meridian after a mean transport time of 8 days
and at a geopotential height between 875 and 760 hPa. One hundred degrees of longitude
further east, the maximum frequency transport pathway is at about 50°S. In this area, 30% of
air parcels from southern Africa pass south of Australia after 16 days on average, and at a
mean geopotential height of 550 hPa. During summer in January the westerlies retreat
polewards. None the less, the plume-like structure of the region of transport is still evident,
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Fig. 2 Vertically integrated 850-800 hPa westerly-component, zonal transport plumes for January
and July, based on analysis of 68 forward trajectories from Johannesburg Contours give the percentage
of air parcels originating at 850 and 800 hPa Heavy solid lines indicate maximum frequency pathways,
solid lines denote direct transport, broken lines indicate recirculated transport Along maximum
frequency pathways bold numbers denote total percentage plume transport across the meridian, italic
numbers indicate geopotential heights and normal arable numbers transport time in days

but much less air is transported eastwards and far more tends to be recirculated back towards
Africa (Fig 2, lower)

An alternative way of examining the transport of air towards New Zealand from the west
is to consider back trajectones from the region (Fig 3) In July, 74% of air parcels in the 850-
800 hPa layer reach the central Tasman Sea, in roughly the middle of the 1996 Southern
Hemisphere Marine Aerosol Characterisation Experiment (ACE-1) field experimental area
(ACE-1, 1995), after originating 6 days earlier at 650 hPa Fifty per cent onginate at 50°E,
south of Madagascar, at around 650 hPa about 14 days before reaching the Tasman Sea Two
distinctive tributary transport pathways are evident over Australia

The summer situation (Fig 3, lower) shows recirculation occurring south of Australia (the
figure of 106% indicates individual trajectones of air parcels crossing 140°E more than
once) Less air from the African sector reaches the central Tasman Sea area in summer

Transport from localities in Australia
Two localities of ongin, Perth and Sydney, will be used to illustrate air transport patterns In
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Fig. 3 Vertically integrated 850-800 hPa westerly-component, zonal transport plumes for January
and July, based on analysis of 68 back trajectories from 45CS, 160°E in the central Tasman Sea
Labelling as in Fig 2

summer, the easterly component of transport from the Perth area of the western region of
Australia is made up of two transport streams (Fig 4) The first constitutes direct transport
into the tropics to the north-west, the second consists of recirculated air moving back to the
region from the north-east. The westerly component illustrates the extent to which the low-
level air transported into the tropics itself recirculates back towards the point of origin The
stream of air transported directly to the south-east from Perth has little effect on New
Zealand, as it passes well to the south

In winter, transport to the tropics in easterly-component flow from the Perth region is
evident The mam contrast between summer and winter conditions is the single major
westerly transport plume in the latter season The westerly winter transport plume bifurcates,
the pathway of greater frequency being to the south and towards New Zealand. More than a
third of all air parcels initially moving eastwards from Perth arrive off the west coast of New
Zealand within a week

Summer easterly air transport from Sydney shows no recirculation from the east (Fig 5)
Westerly transport, however, indicates that at 140°E 21 % of the air parcels that originally
moved westwards away from Sydney in the 850-800 hPa layer return on average 7 days later
from the west In the direct transport plume moving eastwards, 83% of all low-level air
parcels from the Sydney region pass over New Zealand 5 days later.
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January July
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Fig. 4 Vertically integrated 850-800 hPa westerly-component, zonal transport plumes for January
and July, based on analysis of 68 forward trajectories from Perth. Labelling as in Fig. 2.

The winter pattern shows that little direct transport occurs to the west from the Sydney
area. The major transport plume is westerly, with the maximum frequency pathway passing
north of the North Island, such that 90% of all air parcels in the integrated 850-800 hPa layer
reach 170°E in 3 days on average.

An alternative way of assessing transport into the New Zealand sector of the Southern
Hemisphere is to consider specific receptor areas and then identify source areas of air by
means of back trajectory analysis.

Back trajectories from New Zealand
Only low-level, 850-800 hPa westerly transport into New Zealand will be considered. The
two receptor areas to be examined are around Auckland and Christchurch. Summer westerly
transport of air to the Auckland area consists of two streams, one passing over Australia and
the other to the south of the continent (Fig. 6, upper left). A third of all westerly air parcels
reaching Auckland originate south of Australia at 120°E a week earlier, with a significant
preference for a southwesterly path. In winter, the transport pattern is more complicated and
the source areas are somewhat more varied (Fig. 6, upper right).

Fifty-six percent of all 850-800 hPa air parcels reaching Christchurch in summer cross
100°E 9 days earlier, although the Southern Ocean is also a significant source (Fig. 6, lower
left). In winter, two westerly airstreams transport air to the area of the city, with slightly more
air appearing to be transported in the more southerly of the two streams (Fig. 6, lower right).
The two transport branches shown in Figure 6 may be related to the split-jet upper tropospheric
structure which is a distinctive climatological feature of this area. Further work would be
required to ascertain this.

The transport plumes arriving at the two localities in New Zealand are significantly
different in vertical structure (Fig 7). In both summer and winter, the maximum frequency
pathway of air transported over Auckland in the layer from 850 to 800 hPa indicates a
subsiding airstream descending from about the 650-700 hPa level at 110°E to the west of
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Fig. 5 Vertically integrated 850-800 hPa westerly-component, zonal transport plumes for January
and July, based on analysis of 68 forward trajectories from Sydney. Labelling as in Fig. 2.
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Fig. 6 Vertically integrated 850-800 hPa westerly-component, zonal transport plumes in the horizontal
for January and July, based on the analysis of 68 back trajectories from Auckland and Christchurch.
Labelling as in Fig. 2.
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Fig. 7 Vertically-integrated 850-800 hPa westerly-component, zonal transport plumes in the vertical
for January and July based on the analysis of 68 back trajectories from Auckland and Christchurch.
Labelling is as in Fig. 2.

western Australia. By contrast, the maximum frequency stream of air parcels reaching
Christchurch in the same layer from the same longitude subsides at a much slower rate from
around 750 to 800-850 hPa. Notably, in the summer and winter months studied, no mean
ascent could be detected in the westerly flow over the South Island of New Zealand. The
occurrence of sub-tropical anticylones over the northern Tasman Sea, as described earlier,
appears to result in a greater amount of descent of air over the Auckland region than over
Christchurch. The lack of a clear seasonal change in the nature of this descending motion
needs further analysis using a larger data set. However, analysis of a catalogue of circulation
types for the South Island of New Zealand, extended from the work of Sturman et al. (1984),
shows that all four months are typical in respect of the frequency of anticyclones observed.

DISCUSSION
The transport patterns that have been established are preliminary, and must remain so until a
larger data set can be analysed. The predominant trajectory paths for air between Australia
and New Zealand compare well in form with those derived for westerly transport of air from
southern Africa, but differ considerably in detail.

In this paper the transport of air—the carrier of trace gases and aerosols—has been
discussed, and not the transport of the gases and particulate materials contained in the air.
The mass fluxes of the transported products of anthropogenic urban and industrial, biomass
burning and biogenic processes depend not only on the transport pathways of the air carrier
but also on chemical reactions and wet and dry deposition that take place within the transport
plume. The largest reduction in the transported load takes place near sources of emission.
Nonetheless, material may be transported vast distances with long residence times.

Global mean residence times for aerosols are 2-7 days in the lower troposphere, 1-2
weeks in the upper troposphere and 3 weeks to 1 month at tropopause level (Pruppacher &
Klett 1980). In mid-latitude winters, when precipitation is common, the time taken to remove
anthropogenic sulphate from the atmosphere is 4-5 days for North America and Europe
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(Benkovitz et al. 1994). For northern mid-latitudes, winter zonal mean aerosol turnover time
is typically 4-6 days, whereas in the drier summers it is 6-15 days (Balkanski et al. 1993).
Residence times of 5-10 days have been inferred from measurements of nuclear bomb-test
radioactive species (Junge 1963; Chamberlain 1991) and 7-9 days from radio nuclides after
the Chernobyl accident (Cambray et al. 1987). Particulate matter transported into, or formed
in, the upper troposphere typically has lifetimes of weeks to months (Balkanski et al. 1993).

It has been shown that Saharan dust is transported in 4-11 days to the Caribbean and South
America from northern Africa, distances of the order of 5000 km (Carlson & Prospero 1972;
Talbot et al. 1986; D'Almeida 1987; Talbot et al. 1996; Swap et al. 1993). Transport out of
southern Africa occurs on similar time scales. Nitrogen isotope and elemental analyses show
that biomass combustion products and soil dust constituents reached Ascension Island in the
central South Atlantic Ocean, 4000 km from northern Namibia, in about 7 days (Swap et al.
1996; Swap 1996).

Likewise, transport of continentally-derived material from Africa over the Indian Ocean
has been established. Moody et al. (1991) demonstrate from Global Chemistry Project
analyses of rainfall samples collected over the period 1980-87 on Amsterdam Island,
approximately midway between South Africa and Australia at about 38°S by 78°E, that
radon, non-sea salt sulphates and nitrates may be transported to the island from southern
Africa and Madagascar—a distance exceeding 5000 km—in as little as 3 days on occasions.
Garstang et al. (1996a) and Tyson et al. (1996a) show that with anticyclonic systems
prevailing over South Africa, the average time of transport is 6.2 days to 70°E. Tropospheric
ozone plumes have likewise been observed to extend far over the Indian Ocean from southern
Africa in spring (Fishman 1991; Fishman et al. 1991). It is suspected that emissions from
biomass combustion over southern Africa cross the entire Indian Ocean, with pyrolized
products being seen as far east as Tasmania in Australia (Bigg & Turvey 1978; Heintzenberg
& Bigg 1990). On occasions, dust plumes have been traced from southern Africa right across
the ocean to Australia (Herman et al. 1997)

General circulation model (GCM) transport modelling of carbon dioxide tracer distributions
from prescribed sources due to fossil fuel combustion and cement production and the
seasonal fluxes associated with terrestrial biota, shows plumes extending eastwards from
southern Africa (Rayner & Law 1995). Some models show these plumes crossing only part
of the Indian Ocean (the Colorado State University (CSU), Goddard Institute for Space
Sciences (GISS) and Max Planck Institute (MPI) TM2 models), others show them reaching
Australia (Australian Commonwealth Scientific and Industrial Research (CSIRO9),
Geophysical Fluid Dynamics Laboratory (GFDL) National Center for Atmospheric Research
(NCAR) models). The modelled carbon dioxide plumes indicate clearly the influence of
continentally-derived air from Africa on the surrounding region of the Southern Hemisphere,
and illustrate the effect of large-scale inter-regional transfer of trace gases.

Wind transport of insects, dust and other solid particles from Australia to New Zealand is
a well established phenomenon (Collyer et al. 1984; Early et al. 1995), and Glasby (1971) has
reviewed aeolian transport of dust across the Tasman Sea. Following an unusually dry winter
in Australia, 'red rain' was observed in New Zealand in 1902 (Marshall 1903). In 1928 major
dust storms in Australia were responsible for widespread dust falls in New Zealand (Marshall
& Kidson 1930), and further dust fell in 1929 (Kidson 1930). In 1966 red snow was reported
in both the North Island and South Island (Windom 1969). Using mineralogical analysis,
Collyer et al. (1984) demonstrated that kaolin in rainfall measured at Hokitika could only
have been derived from Australia. Trajectory analyses confirmed the source and showed that
the material had been transported from the east coast of Australia to the west coast of New
Zealand in 1.5 days in a strong depression over the south Tasman Sea.

Australian pollens and various organisms are transported regularly to New Zealand by
wind (Early et al. 1995). Reviews of the phenomenon are available (Tomlinson 1973; Fox
1978; Close et al. 1978; Gibbs 1980). Notable invasions of moths and butterflies occurred in
1956 (Ramsay & Ordish 1966), 1971 (Ramsay 1971) and 1995 (Early et al. 1995). In the last-
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mentioned example, the trans-Tasman passage time from 24-32°S on the Australian east
coast was about 2 5 days.

In making a first estimate of the possible effects of Australian industrial sulphur dioxide
emissions on the acidity of New Zealand's rainfall, Holden & Clarkson (1986) showed that
on consecutive days from June to September 1983 about 30% of all air trajectories arriving in
the north of New Zealand had originated over south-eastern Australia 3.3 days earlier.

CONCLUSIONS
First estimates of mean transport of air from southern Africa and parts of Australia to New
Zealand have been provided. The possibility of inter-regional transfer between Africa and
New Zealand exists, but the likelihood of large-scale transport of aerosols or trace gases
between the two localities is not high. In contrast, a considerable potential for substantial
atmospheric transport of suspended material in air from Australia to New Zealand definitely
exists. On average it appears that air from the west coast of Australia reaches New Zealand
within a week in both summer and winter, and that from the east coast in about 4 days. Before
the mass fluxes of aerosols and trace gases in the transporting airstreams can be established,
it is necessary to undertake detailed transport studies by circulation type and season for the
region, using a chmatologically significant data set for a number of years. It will also be
necessary to establish what if any El Nino-Southern Oscillation (ENSO) related variability
might result in persistent and coherent changes in transport patterns in the New Zealand
region. This research is underway and will be presented in subsequent papers.

Kinematic trajectory modelling has been established as a useful means of determining
regional and larger-scale transport of air. Provided that background concentrations of aerosols
and trace gases and the rates of chemical conversion and wet and dry deposition are known,
local and regional mass fluxes may be estimated. From these, the implications for regional
and global climatic change may be investigated.
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