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Abstract

2003 was a record year for wildfires worldwide. Severe forest fires killed four people,
displaced 20,500 others and burnt 260,000 ha around Canberra, Australia in January
2003. The uncontrolled fires ignited in early January 2003 are a result of a prolonged
El Niño drought in south-east Australia. Severe weather conditions resulted in a fast
spread of the fires and poor air quality in a region where 70% of the population of Aus-
tralia leaves. In Victoria, the air quality 4-hour ozone (O3) standard exceedences are
reported on 17th, 24th and 25th January. We use the state-of-art global chemistry and
transport model GEOS-Chem in conjunction with ground and space based observa-
tions to study the O3 and aerosol enhancement due to bushfires. Firstly, the monthly
mean surface O3 and Aerosol Optical Depth (AOD) in January 2003 are compared to
January 2004 and secondly, from sensitivity model simulations, four episodes are iso-
lated and an attempt is made to quantify the contribution of the bushfires on the air
quality on the metropolitan areas in the states of Vic and SA.

In January 2003 the observed monthly mean afternoon surface O3 in south-east
Australia reached 27.5 ppb, which is 6.5 ppb (i.e. 30%) higher than in 2004. The
simulated O3 is 29.5 ppb which is 10 ppb higher than in 2004. While the model tends to
overestimate the observed O3 concentrations it exhibits a very good skill in reproducing
the O3 temporal variability in January 2003 with a correlation of 0.81. Thus the model
sensitivity simulations can be used to select and study the major bushfire episodes
when the bushfire air masses reach the metropolitan areas of Vic and SA. On 12, 17,
24-25 and 29 January 2003, the observed O3 peaks above 40 ppb and the simulated
bushfires contribution is higher that 10 ppb. During these 4 episodes the range of
observed O3 enhancement due to bushfires is 20-35 ppb, which is a factor of 3 to 5
higher than the monthly mean. The simulated bushfire O3 enhancement is in the range
15-50 ppb with a factor of 1.5 to 5 higher than the monthly mean. During two episodes,
a well formed surface wind channel stretches across the Tasman Sea facilitating the
long range transport to New Zealand.
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During the four episodes in January 2003 the AOD reached 0.5 with the simulated
and observed AODs in good agreement on the spatial structure. The model shows
a tendency to underestimate the AOD, but proves a useful tool for reconstruction of
the mostly patchy observed MODIS AODs. As the AOD represent the load in the
troposphere it also reflects the faster transport in the free troposphere and the AOD
enhancements are seen about a day ahead from the surface O3 enhancement.
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1 Introduction

The biomass burning has a major contribution to the emissions of tropospheric trace
gasses and aerosols. According to Giglio et al. (2006) in the period 2001-2004 the
total area burned in Africa and Australia comprised 80% of the area burned globally.
Biomass burning in Australia occurs in two major regions: a.) the tropical region in
northern Australia with the savanna type vegetation of grass and shrubs with relatively
low fuel loads but extensive area burned and b.) south-east Australia, the states of
South Australia (SA), Victoria (Vic), New South Wales (NSW) and Australian Capital
Territory (ACT), predominantly covered with eucalyptus forests with high fuel loads
and relatively low area burned. South-east Australia has the reputation to be one of
the tree most fire-prone regions globally, along with southern California and southern
France (Hennessy et al., 2005). The region has high population density with 70% (i.e.
13.8 million), of the 20 million population of Australia, leaving in these states. With
an estimate of emissions associated with wild forest fires being factor of 4 higher than
savanna burning the air quality can be an issue during the biomass burning season,
provided the air mass reaches the populated coastal regions. This study will cover the
surface ozone (O3) enhancement and aerosol loading during the devastating magafires
in January 2003, which displaced 20 500, burnt 260 000 ha in Vic, NSW and ACT.

The 2002-2003 bushfire season in south-east Australia occurred during an on-going
drought that is one of the most severe in recorded history with the first bushfires oc-
curring early in the season in September 2002. The drought is associated with El Niño
warm phase that caused prolonged rainfall deficiencies on the east coast of Australia
for the six months to January 2003 with only half of the rainfall recorded in the period
July to December (Taylor and Webb, 2005), (Leslie and Speer, 2006). In January 2003
the monthly mean temperature was about 1◦C above average and in Vic and NSW
it reached 2-3◦C. In addition the temperature from April to January was significantly
above the average with November 2002 the maximum monthly mean temperature 5◦C
above the average (Taylor and Webb, 2005). High temperature and low rainfall facili-
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tated the curing of both of fine and heavy fuel prior to January 2003 thus abundance of
dry fuel primed for burning. Taylor and Webb (2005) discuss in great detail the synoptic
and local conditions associated with the devastating fires in January 2003 and point out
that the wildfire activity initiated by lightening in Vic and NSW on 7-8 January that was
not completely brought under control until early March. The interplay of warm to hot air,
low humidity in the evening and strong winds associated with a strong frontal system
moving through the south-east of the continent facilitated the spread of fire (Taylor and
Webb, 2005). Ultimately, high lightning activity and extreme fire weather days led to the
ignition and rapid spread of a number of large unplanned fires and economic damage
estimate of around 354 million $ in terms of loss of dwellings (over 500 in Canberra on
18 January), buildings and stock.

Concentrations of O3 in clean surface air are in the range 5-30 ppbv (Jacob, 1999).
The surface O3 is toxic to humans and vegetation because it oxidises biological tis-
sue. O3 is produced in the troposphere from the oxidation of COand hydrocarbons in
the presence of NOx. In densely populated regions with high emissions of NOx and
hydrocarbons, rapid O3 production can take place and result in a surface air pollution
problem in the Northern Hemisphere. In the Southern Hemisphere O3 is produced dur-
ing biomass burning which is the second largest NOx and CO emission source globally.
Atmospheric aerosols have natural as well as anthropogenic sources. Natural sources
include wind-blown dust, sea salt, large-scale dust storms, naturally occurring forest
fires, and volcanic eruptions. Anthropogenic aerosols are primarily from emissions
from motor vehicles, industries, power plants, and biomass burning due to agricultural
practices.

The Australian urban areas are more susceptible to photochemical smog because
of local meteorological conditions, higher solar radiation, and emission of local pollu-
tants (Manins, 2001). Sydney is a classic closed basin, bounded by high-altitude land
to the south, west, and north, and pollution may accumulate and circulate inside the
city for several days, exacerbated by relatively frequent temperature inversions (Gupta
et al., 2007). Gupta et al. (2006) report that the air-quality conditions in Sydney during
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bushfire events are comparable to the conditions in highly polluted cities such as Hong
Kong and New Delhi. Due to a limited number of ground stations, it is very difficult for
the local agencies to provide air-quality alerts over large spatial scales during major
bushfire events.

This paper is organized as follows: section 2 presents the datasets used; the GEOS-
Chem model setup is presented in section 3; section 4 gives a summary of the temporal
and spatial variability of O3 and AOD in January 2003 and 2004; a deteiled study of
four episodes in January 2003 is available in section 5; and conclusions are given in
section 6.

2 Observation datasets

2.1 Aerosol optical depth from MODIS

Terra and Aqua are polar orbiting satellites of the NASA Earth Observing System (Sa-
lomonson et al. (1989), King et al. (1992), King et al. (2003)) which carry Moderate
Resolution Imaging Spectroradiometer (MODIS) instruments that take global Aerosol
Optical Depth (AOD) observations twice daily. MODIS spatial resolution is 250 m
at nadir, has 2330 km wide swath, and spectral range in 36 channels, 7 of which
are dedicated for aerosol retrieval (470, 550, 650, 850, 1240, 1650 and 2130 nm).
We use the Level-2 product with 10 km resolution available through the LAADS web
(http://ladsweb.nascom.NASA.gov/data/) that is averaged to GEOS-Chem resolution of
2◦ latitude by 2.5◦ longitude.

MODIS AOD products over the ocean are generally unbiased with low uncertainty
(Remer (2002), Levy et al. (2005)), but the land AOD products are subject to higher
uncertainty and a persistent high bias (Ichoku et al. (2002), Kinne (2003), Chin et al.
(2004), Matsui et al. (2004), Abdou et al. (2005), Levy et al. (2005)).
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2.2 Surface observations EPA

We use data from Environment Protection Authority (EPA) air quality monitoring net-
works of SA, Vic and NSW. The NSW air quality monitoring program collects real-time
measurements of ambient level pollutants at over 24 monitoring stations located around
the greater metropolitan area of Sydney, the Illawarra, the Lower Hunter and selected
rural sites around NSW (http://www.environment.nsw.gov.au/air/airdata.htm). Of these
15 residential and 3 rural stations report O3 concentrations. The EPA Victoria operates
O3 air quality monitoring in 11 residential and 4 rural stations (http://www.epa.vic.gov.au/
air/bulletins/airmonlc.asp). In 2003 O3 exceeded the standards in 5 days which is more
frequent than in recent years. In January 2003 O3 exceedences of the 1-hour (100 ppb)
and 4-hour (80 ppb) standards are reported on the 17th, 24th and 25th (Victoria, June
2004). Each of the exceedences occurred during the bushfires burning in Victoria and
New South Wales. South Australia EPA operates the air quality network with 4 O3 mon-
itoring sites in the metropolitan area of Adelaide (http://www.epa.sa.gov.au/index.html).
In 2003, one-hour averages of ozone at three sites (Netley, Kensington and Northfield)
were within the range 0-74 ppb. There were no exceedences of the 4-hour standard in
South Australia in January 2003 (Australia, June 2004).

3 Model description

The global three-dimensional chemistry and transport model GEOS-Chem, version
7-04-11 with a horizontal resolution of 2◦ latitude by 2.5◦ longitude and 30 vertical lev-
els from the surface to 0.01 hPa (http://www.as.harward.edu/chemistry/trop/geos/), is
used in this work. The model is driven by the NASA Global Circulation Model GEOS-4
with a temporal resolution of 3 and 6 hours. Online chemistry with 43 tracers pro-
vides a comprehensive description of the NOx-Ox-hydrocarbon chemistry and of tropo-
spheric aerosols, which include nitrate-ammonium-sulfate aerosols, mineral dust, sea
salt, black and organic carbon, and secondary organic aerosols. A total of 350 chemi-
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cal reactions are taken into account in the chemical mechanism for 90 different species,
as described in Park et al. (2004). The photolysis rates are calculated with the Fast-J
algorithm which accounts for clouds and aerosols (Wild and Akimoto, 2001). Dry de-
position velocities are computed following Wesely (1989) and Wang et al. (1998). Wet
deposition is applied to gases, dust and hydrophilic aerosols as described in Liu et al.
(2003).

Anthropogenic emissions of NOx, CO, SO2 are from EDGAR3.2, the hydrocarbons
and sulfur are from the Global Emissions Inventory Activity (GEIA) for 1985 (Benkovitz
et al., 1996) with updated national emissions inventories and are scaled for specific
years (Bey et al. (2001) Park et al. (2004)). Over Europe, North America and north-
ern Mexico, anthropogenic NOx, CO, hydrocarbon and sulfur emissions are taken from
the European Monitoring and Evaluation Program (EMEP) for the year 2000, (Auvray
and Bey, 2005) the EPA National Emissions Inventory (NEI99) for the year 1998 and
BRAVO. Anthropogenic emissions for NOx and CO over Asia are from Streets et al.
(2003) and Streets et al. (2006). Biomass burning emissions are from the Global Fire
Emissions Database GFED2, (van der Werf et al., 2006) and biogenic emissions are
calculated online using the MEGAN algorithm described by Guenther et al. (2006).
Included are also aircraft and lightening NOx and ship SO2 emissions. Soil NOx emis-
sions are computed following Yienger and Levy (1995) with canopy reduction factors
described by Wang et al. (1998).

Presented here are the results from a standard simulation that follows the set up de-
scribed above for January 2003 and 2004 obtained after a one-year spin-up. Sensitivity
simulations were conducted with biomass burning emissions turned off successively.
Subtraction of the results from the sensitivity simulation from those of the standard
simulation allows us to quantify the fraction of O3 as solely a result of a specific O3

precursor source. Due to non-linearity in the O3 tropospheric chemistry, one has to be
cautious when interpreting the results of the sensitivity simulations.

For the intercomparison with EPA observation the model data is sampled every two
hours from which the afternoon daily and monthly means are computed.
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4 Australian bushfires: January 2003 versus January 2004

4.1 Surface ozone and aerosol enhancement

Figure 1 presents the January 2003 fire hotspots detected by the ATSR sensor
(http://dup.esrin.esa.int/ionia/wfa/index.asp) on board of the European Space Agency
satellite. Clearly visible is the hotspot arc in Victoria and New South Wales. Dur-
ing 2002-2003 forest burning peaked in January 2003, which is about one month later
compared to the other years. The model simulations in January 2003 show a large sur-
face O3 enhancement over south-east Australia (red spot in fig. 2a) and the monthly
mean reaches 50 ppb. In comparison the monthly mean surface O3 in January 2004
(fig. 2b) is about 30 ppb. Similarly, the aerosol loading is roughly doubled in January
2003 (fig. 2c) when compared with January 2004 (fig. 2d).

GEOS-Chem has been the subject of numerous global and regional evaluations that
demonstrate the model skill in reproduction of the general features of tropospheric
chemistry. The model has been previously the subject of several global evaluations
(Bey et al. (2001), Martin et al. (2003) and Park et al. (2004)). However, this is a first
study focused on Australia, thus the model evaluation is presented in table 1 using the
surface O3 observations from the three large east coast states SA, Vic and NSW. In

Fig. 1. ATSR fire hotspots over Australia in January 2003.
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Year 2003 2004 Change

GEOS-Chem [ppb] 41 23 17
EPA [ppb] 28 26 2

GEOS-Chem NSW 65 30 33
EPA NSW 33 37 -4

GEOS-Chem Vic 32 19 12
EPA Vic 25 20 5

GEOS-Chem SA 27 19 8
EPA SA 30 22 8

Table 1. Afternoon (12-18 AEDT) monthly mean O3 in January 2003 (column 2) and 2004
(column 3). The difference between 2003 and 2004 is given in column 4.

January 2003, the simulated monthly mean surface O3 across the three states reaches
41 ppb, which is about 17 ppb higher that in January 2004. The observed surface O3 in
January 2003 is 28 ppb, which is about 2 ppb higher than in 2004. The large differences
between model and observations are attributed to a factor of two overestimation in the
simulated O3 in NSW. This discrepancy will be further addressed in section 5. Note,
that in Victoria and South Australia the simulated and observed concentrations agree
within 7 ppb in 2003 and 3 ppb in 2004, thus the impact of bushfires will be quantified
in those two states only. The bushfire contribution to the monthly mean afternoon O3

consentartion in January 2003 is estimated to be in the range 8-12 ppb (column 4 in
table 1), which is an increase of 30%.

When comparing the O3 concentrations in 2003 (fig. 2a) and 2004 (fig. 2b) a clear
O3 enhancement in the range of 20-30 ppb is seen over central Australia. Note that,
similar O3 concentrations are seen in the capital cities of New South Wales and Victoria
in January 2004. This is an arid region sparsely populated, with no major industrial
activities and sparse vegetation cover. Using model sensitivity simulations we will track
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a.) b.)

c.) d.)

Fig. 2. Illustration of: a.) Surface ozone from GEOS-Chem: monthly mean January 2003,
b.) Surface ozone from GEOS-Chem: monthly mean January 2004, c.) AOD at 500 nm from
GEOS-Chem: January 2003 and d.) AOD at 500 mn from GEOS-Chem: January 2004.

the source of this enhancement in section 4.3. Note the AOD load is larger in 2003 (fig.
2c) that in 2004 (fig. 2d).
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4.2 Temporal variation of surface ozone

In order to test the model skills in reproducing the temporal variation of afternoon
(1200 − 1800 AEDT) surface O3 in January 2003, the EPA observations from Vic-
toria and South Australia are plotted against the simulated concentrations (solid grey
line in fig.3). Several features stand out: i.) a very good correlation (r = 0.81) between
observed and simulated ozone concentrations; ii.) six distinct episods when the ob-
served daily averaged surface O3 reached 40 ppb, 2 in the first half of the month and
4 in the second half; and iii.) overestimation of the simulated O3 concentrations during
3 episods namely on 12, 17 and 24 January. In order to gain an insight for a possible
reason for the model overestimation during these episods we examined the observed
O3 concentrations in 15 stations in Victoria. On 12 January 2003, the observed con-
centrations are in the range 16 - 66 ppb. 10 out of 13 stations reported concentrations
above 40 ppb and 3 stations below 40 ppb. Similarly, on 17 January 2003 the observed
O3 is in the range 21 - 89 ppb and 9 out of 15 stations reported concentrations above
40 ppb. In one station only the O3 exceeded the 4-hour standard of 80 ppb. On 24
January 2003, 10 out of 15 stations reported O3 concentrations above 40 ppb and the
range is 17-80 ppb. Thus it can be concluded that during this event the observed spa-
tial variability in surface O3 is not well captured by the model which is to be expected
considering the coarse model resolution. Nonetheless, the simulated surface ozone
consentrations are in the upper end of the observed variability.

Model sensitivity simulations are used to identify the major bushfire episodes. An
episode is classified as major provided the O3 due to bushfire (dashed gray line in fig.
3) is above the 10 ppb, a threshold inferred in section 4.1. Four episodes satisfy this
condition, one during the first half of the month (12 January) and three in the second
half (17, 24 and 29 January 2003). The episode on January 29 is well simulated thus
the contribution of the fires can be inferred to be 15 ppb. Note, however, that on this
day the observed O3 concentration is in the range 38-74 ppb with 14 out of 15 stations
in Victoria report concentration above 40 ppb. If we assume that the station reporting
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the lowest concentration is representative for a clean air environment and the station
reporting the maximum ozone enhancement represents the polluted air environment
then the difference gives O3 enhancement of 36 ppb. This is roughly double the one
obtained from model sensitivity simulation. Application of this method for the remaining
three events will help to quantify the impact of bushfire. For the episode on 24 January
the observed versus simulated O3 enhancement is 63 ppb versus 50 ppb. For the
second episode on 17 January the difference in the observed O3 is 68 ppb versus 25
ppb simulated. For the first episode on 12 January the observed O3 enhancement is 50
ppb versus 40 ppb from the simulation. The feasibility of this approach will be assessed
in section 5 via analysis of the weather regimes.

4.3 Sensitivity simulations

The model sensitivity simulations are used to deduce the bushfire impact on surface
ozone in January 2003 (fig. 4a) and 2004 (fig. 4b). During January 2003, between 20
to 50 % of the ozone formation in south-east Australia comes from the bushfires. Some
10 % of the surface O3 in central Australia and New Zealand can be attributed to the
fires. In contrast during January 2004 the fire contribution is negligible. Note, however,
that the enhanced O3 over central Australia, reported in section 4.1, occured in both
years thus it can be ruled out to only be due to bushfires.

To further explore the O3 enhancement over central Australia, presented are the
monthly mean surface winds from GEOS-Chem in January 2003 (fig. 4c) and 2004
(fig. 4d). From careful examination of the atmospheric circulation the following features
can be identified: i.) prevailing westerly flow between 40 and 50◦ S; ii.) prevailing
southerly flow on the west coast of Australia; iii.) anti-cyclonic curvature of the winds,
well expressed in 2004 and less well in 2003, along the south coast of Australia be-
tween 30 and 40◦ S; iv.) south, south-westerly to westerly flow over central Australia.
Note, that a common feature in both 2003 and 2004 is anti-cyclonic flow curvature over
south-east Australia, between the Adelaide and Melbourne (black dots in fig. 4c and d).
This suggests that the region is probably the source of pollution that is further advected
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Fig. 3. Temporal variability of surface ozone over South Australia and Victoria from GEOS-
Chem (solid grey line) and EPA (solid black line). Dashed gray line presents the biomass
burning contribution obtained from GEOS-Chem sensitivity simulation.
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to central Australia, thus the reported enhancement. In addition, in both fig. 2a and fig.
2b a distinct O3 enhancement is seen north of Perth (black dot in fig. 4c) in both 2003
and 2004 and the prevailing wind supports the possible advection scenario. Further
sensitivity simulations and observations will be necessary to confirm those findings
which will be a subject of a future work.

5 Canberra magafire case studies

The identified in section 4.2 four major bushfire episodes (ES) in January 2003 are
summarised in table 2 and discussed in detail below.

5.1 Episode I: 12 January 2003

The weather regime on 12 January is characterised by an anticyclone in the Tasman
Sea. Well seen in fig. 5b is that over south-east Australia the wind turn from east (E)
to north-east (NE). As to be expected, the bushfire air masses reach the metropolitan
areas of Melbourne in Victoria, Adelaide in South Australia and over the Southern
Ocean (fig. 5a). The observed maximum surface O3 enhancement in Victoria reaches
66 ppb while the simulated is 70 ppb. It is to be noted that in Victoria both the model and
the observation show a well pronounced west-east gradient in the O3 concentrations,
i.e. 40-50 ppb to the west and 10-20 ppb to the east. This is an indication about regional
differences and suggests that the large variability in the observed O3 concentrations
are driven by two distinct air masses: one from the bushfires and one from the clean
Tasman Sea environment.

5.2 Episode II: 17 January 2003

A detailed summary of the atmospheric circulation on 17 January is given in Taylor
and Webb (2005). Passage of a broad frontal system deteriorated the fire conditions
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a.) b.)

c.) d.)

Fig. 4. Illustration of biomass burning sensitivity simulation: a.) and b.) Surface O3 [%] in
January 2003 and 2004. c.) and d.) Surface wind in January 2003 and 2004.

in NSW and fires in ACT spread rapidly under the influence of strong winds. On 18
January, the Forest Fire Danger Index (FFDI), an index used in Australia to assess
the likelihood and severity of bushfires, reached 104. The ”extreme” fire danger index
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episode Date Weather Wind speed MODIS
summary direction

ES1 January anti-cyclone 5 m/s partly
12 NE of Tasmania E

ES2 January anti-cyclone 0-5 m/s yes
17 Tasman sea N-NW

ES3A January NW wind channel 5-10 m/s yes
24-25 across Tasman sea N

ES3B January NW wind channel 5-15 m/s yes
26 across Tasman sea NW

ES4 January anti-cyclone 5-10 m/s yes
29 Tasman sea N

Table 2. Summary of bushfire episods January 2003. Column 1: Episode number. Column 2:
Date. Column 3: Summary of the weather regime over south-east Australia. Column 4: Wind
direction. Column 5: MODIS AOD signiture of the episode.

threshold is 50 or above. In fig. 6a strong winds in the range of 10 m/s (36 km/h) are
seen close to Canberra (the inland dot on fig. 6a), but the frontal system is difficult to
locate. The afternoon O3 concentrations on 17 January in ACT, NSW and Vic are in
the range 40 to 80 ppb. One EPA station in Vic reports an average O3 of 89 ppb and
9 out of 15 stations report concentrations in the 40-80 ppb range. Note, the observed
O3 gradient in the metropolitan Sydney area. While the coastal stations report O3

concentrations on average 20 ppb, the inland stations report 40-80 ppb (fig. 6b).
In fig. 6d, the observed AOD peaks over the Tasman Sea coastal area. It is to be

noted that the AOD is a measure for the aerosol load in the entire troposphere thus
reflecting the faster transport in the free troposphere and the slow down of the winds
close to surface. The simulated AOD (fig. 6c) is in agreement with the satellite obser-
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vation, but the model tends to underestimate the aerosol load over the Tasman Sea,
which possibly reflects a known model weakness associated with parameterisation of
the injection height during bushfires.

5.3 Episode III: 24-25 January 2003

On 25 January, a well-formed anti-cyclone over Tasman Sea is seen in fig. 7a. Over
south-east Australia, the prevailing wind is from the north (N) and the wind speed is
in the range 5-10 m/s. Note in addition a strong northerly flow east of Tasmania with
wind speed reaching 16 m/s. In fig. 7b the surface O3 enhancement reflects the wind
flow and the simulated O3 reaches 60 ppb over the Tasman Sea east of Tasmania.
The observed O3 in Victoria are in good agreement with the simulations, and it is to
be noted that they range from 32-56 ppb. Once again the EPA observations in New
South Wales show similar pattern to the reported in section 5.2, which probably reflects
photochemical O3 formation from anthropogenic sources. As mentioned before the
metropolitan Sydney area is a closed basin, bounded by high-altitude escarpment to
the south, west and north. During the fair weather summer afternoons, sea breeze
conditions develop with light wind coming from the relatively cool water to the warm
land. Those conditions favor the inland development of photochemical smog and can
possibly explain the large west-east gradient. In addition the topography serves as a
barrier for the atmospheric flow. Note, however, that a sea breeze circulation will be
difficult to resolve with a coarse resolution model and will require a mesoscale model
with a better temporal and spatial resolution.

A close investigation of MODIS AODs show aerosol enhancement of the order of
0.5 over Tasmania, the Tasman Sea and the South Island of New Zealand (fig. 7d).
The simulated AOD confirms the enhancement over Tasmania and Tasman Sea but
does not reach New Zealand (fig. 7c). Despite its patchy nature the observed high
AODs hint to possible mid-tropospheric long range transport of bushfire smoke to New
Zealand. This is further investigated below.

According to Taylor and Webb (2005), on 26 January 2003 the atmospheric circula-
18



tion is driven by a cold front with a pre-frontal trough moving east through south-east
Australia. Well seen on fig. 8b is a strong NW wind channel across the Tasman Sea.
Ahead of the wind channel is an anti-cyclone and behind it, at the point where the winds
change to westerlies (W) east of Tasmania, is the cold front. The NW wind channel is a
very efficient pathway for pollution transport and a similar pathway is reported over the
North Atlantic by Guerova et al. (2006). Well seen in fig. 8a are high O3 concentrations
in the range 40-60 ppb across the Tasman Sea and west coast of New Zealand. The
simulated AOD also suggests an increase over the Tasman Sea and the South Island
of New Zealand. Note, however, that there appears to be a time lag between the model
and MODIS observations with the observed AODs of 0.5 to the north of the simulated
AODs. Due to the patchiness of MODIS data, it is difficult to draw a definite conclusion
but it is very likely that the bushfire air reached the North Island of New Zealand on
26 January 2003. It is to be noted that on this day the bushfire reached the Sydney
metropolitan area (fig. 8a) and after the frontal passage the O3 dropped below 20 ppb
in Victoria.

5.4 Episode IV: 29 January 2003

In a very similar weather situation to the one reported in section 5.3, with a blocking
anti-cyclone over the Tasman Sea (fig. 9a) and cold front approaching Victoria on
29 January, the bushfire smoke reached the metropolitan area of Melbourne and the
avarege surface O3 incresed to 50 ppb from 20 ppb on January 27 (fig. 3). At 14
out of 15 stations the observed afternoon O3 concentrations are in the range 40-80
ppb. The simulated surface O3 peaks to the east of the metropolitan area of Melbourne
(fig. 9a). The observed and simulated AOD peaks over the Bass Strait, between
mailand Australia and Tasmania, and south-east coast of Australia (fig. 9c and d).
Note, in addition, that close to the west coast of New Zealand the AOD reaches 0.5.
On 30 January, similar NW channeling of the flow occurred across the Tasman Sea (not
shown) but the wind speed was roughly doubled, i.e. 30 m/s and long range transport
of O3 and aerosols took place. The observed surface O3 in Melbourne dropped rapidly
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to 15 ppb after the frontal passage on 30 January.

5.5 Bushfire O3 enhancement

The described change in the weather regime in section 5.3 and 5.4 driven by the pas-
sage of the cold front is an opportunity to quantify the contribution of the bushfires
to the surface O3 concentration over south-east Australia. As seen in fig. 3, in both
episodes the observed surface O3 peaks at 50 ppb before the frontal passage on 25
and 29 January and drops to 20 and 15 ppb after the frontal passage on 27 and 30
January, respectively. Thus, an increase of 35 and 30 ppb can be attributed to the
bushfire. The model attributes 50 and 15 ppb O3 increases due to bushfires during the
two episodes. For the other two episodes on 12 and 17 January the observed surface
O3 peaks at 40 and 45 ppb correspondingly before dropping to 20 ppb. This gives 20
and 25 ppb enhancement due to bushfires. The average simulated enhancement is
40 and 25 ppb correspondingly. Based on the 4 episodes the range of observed O3

enhancement over south-east Australia is 20-35 ppb which is a factor of 3 to 5 higher
than the monthly mean of 6.5 ppb (table 1). The simulated O3 enhancement is in the
range 15-50 ppb with a factor of 1.5 to 5 higher than the monthly mean of 10 ppb.
Despite the coarse model resolution and possible transport error associated with time-
liness of frontal passage, GEOS-Chem is a backbone of this study and is a valuable
tool in analysing the bushfire driven air quality. The ongoing development effort for
multiple nesting of the model will allow extension of this analysis to the NSW region,
which was excluded from this work due to consistent model overestimation driven by
the topography and sea breeze circulation.

6 Summary and conclusions

The exceptionally severe 2002-2003 bushfire season in south-east Australia is closely
related to the prolonged El Niño driven drought. The bushfires in south-east Australia
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started in early January 2003 and the surface O3 and aerosol loading roughly doubled
when compared to January 2004. On 17, 24 and 25 January 2003 O3 exceedences
of the 1-hour (100 ppb) and 4-hour (80 ppb) standards are reported in Victoria, all
due to the bushfires burning in Victoria and New South Wales. From model sensitivity
simulations four episodes are identified, on 12, 17, 24-25 and 29 January 2003, during
which the bushfires contribute by more that 10 ppb. These episodes are studied in
detail in order to quantify the O3 enhancement and the typical weather regimes.

During three episodes an anti-cyclone is located east of mainland Australia, over
the Tasman Sea. On 26 and 30 January, a distinct surface wind channel is formed
across the Tasman Sea between the anti-cyclone and the cold front behind it, through
which the pollution crosses the Tasman Sea and reaches New Zealand. This type of
long range pollution transport has been reported over the North Atlantic and its main
characteristic is that it takes place on a short time span, i.e. few hours. The passage of
the cold front resulted in a drop in surface O3 and AOD over south-east Australia. This
change from polluted to clean environments allows us to quantify the O3 contribution
due to bushfires. Based on the 4 episodes the range of observed O3 enhancement
due to bushfires is 20-35 ppb, which is a factor of 3 to 5 higher than the monthly mean
of 6.5 ppb. The simulated bushfire O3 enhancement is in the range 15-50 ppb with
a factor of 1.5 to 5 higher than the monthly mean of 10 ppb. Note that the model
exhibits very good skills in representing the temporal variation of the observed O3 with
the correlation of 0.81 but shows a tendency to overestimate the O3 which is possibly
linked to the relatively coarse resolution.

Both in January 2003 and 2004 high O3 concentrations are simulated over central
Australia. Careful examination of the weather regimes shows an anti-cyclonic flow cur-
vature occurs over south-east Australia, between the Adelaide and Melbourne, which
is a common feature in both 2003 and 2004 suggesting that central Australia is a re-
ceptor of the pollution from metropolitan Victoria and South Australia. In addition, a
distinct O3 enhancement is simulated north of Perth with prevailing southerly winds
which suggests a possible advection from metropolitan area of Perth. Those findings
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will be subject of a future work.
As expected an increase of the aerosol load occurred during January 2003 bush-

fires. Over south-east Australia and the Tasman Sea, during the four episodes the
AOD reached 0.5 and the simulated and observed AODs agree well for the spatial
structure. The model shows a tendency to underestimate the AOD, but proves a use-
ful tool for reconstruction of the mostly patchy observed MODIS AODs. As the AODs
represent the load in the troposphere it also reflects the faster transport in the free tro-
posphere and the AOD enhancements are seen about a day ahead from the surface
O3 enhancement.

GEOS-Chem is a backbone of this study and is a valuable tool in analysing the
bushfire driven air quality in south-east Australia. The model resolution is a limiting
factor for application of this study to the Sydney basin. The ongoing development ef-
fort for multiple nesting of the model will allow extension of this analysis to the NSW
region. In addition, a possible coupling of the GEOS-Chem Near-Real-Time (NRT) sim-
ulations (http://coco.atmos.washington.edu/cgi-bin/ion-p?page=geos nrt.ion) with Sen-
tinel (http://sentinel.ga.gov.au/acres/sentinel/), the national bushfire monitoring system,
will provide a useful tool for chemical weather forecasting and nowcasting of the air
quality during the bushfire season in Australia.
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a.) b.)

c.)

Fig. 5. a.) GEOS-Chem surface O3: 12 January 2003. b.) GEOS-Chem surface wind. c.) and
d.) GEOS-Chem and MODIS AODs: 12 January 2003.27
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c.)

Fig. 6. a.) GEOS-Chem surface O3: 17 January 2003. b.) GEOS-Chem surface wind. c.) and
d.) GEOS-Chem and MODIS AODs: 17 January 2003.28
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c.)

Fig. 7. a.) GEOS-Chem surface O3: 25 January 2003. b.) GEOS-Chem surface wind. c.) and
d.) GEOS-Chem and MODIS AODs: 25 January 2003.29
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Fig. 8. a.) GEOS-Chem surface O3: 26 January 2003. b.) GEOS-Chem surface wind. c.) and
d.) GEOS-Chem and MODIS AODs: 26 January 2003.30
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Fig. 9. a.) GEOS-Chem surface O3: 29 January 2003. b.) GEOS-Chem surface wind. c.) and
d.) GEOS-Chem and MODIS AODs: 29 January 2003.31


