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Abstract

2003 was a record year for wildfires worldwide. Severe forest fires killed four peo-
ple, displaced 20500 others and burnt 260 000 ha in South-East Australia in January
2003. The uncontrolled fires ignited in early January 2003 as a result of a prolonged
El Nino 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 lives. We use state-of-art global chemistry and transport model GEOS-Chem in
conjunction with ground- and space-based observations to study the ozone (O3) and
aerosol enhancement due to fires. Firstly, the monthly mean surface O5 and Aerosol
Optical Depth (AOD) in January 2003 are compared to January 2004 and, secondly,
from sensitivity model simulations, four episodes are isolated and an attempt is made
to quantify the contribution of the fires to air quality in south and South-East Australia.
In January 2003 the observed monthly mean afternoon surface Oy in Victoria (VIC)
and South Australia (SA) reached 27.5 ppb, which is 6.5ppb (i.e. 30%) higher than
in 2004. The simulated Oy is 29.5 ppb, which is 10 ppb higher than in 2004. While
the model tends to overestimate the observed peak Og, it exhibits very good skill in
reproducing the O3 temporal variability in January 2003 with a correlation of 0.83. In
VIC, the air quality 4-h ozone (O3) standard exceedences are reported on 17, 24 and 25
January. On 12, 17, 24-25 and 29 January 2003, the observed O3 peaks above 40 ppb
and the simulated fire contribution is higher than 10 ppb. During these 4 episodes, the
range of observed O3 enhancement due to fires is 20-35 ppb, which is a factor of 3 to
5 higher than the monthly mean. The simulated fire 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 contributing to a 10% increase of surface Os.
During the four episodes in January 2003, the observed AOD was up to a factor of
five higher that the monthly mean AOD. The simulated and observed AODs agree on
the spatial structure. Despite the model tendency to underestimate the AOD, it proves
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a useful tool in reconstructing the mostly patchy observations.

1 Introduction

Biomass burning has a major contribution to the emissions of tropospheric trace gases
and aerosols particularly in the South Hemisphere. 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 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 three 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.
14 million), of the 21 million population of Australia, living in these states. With an
estimate of emissions associated with wild forest fires being a factor of four higher than
savanna burning (van der Werf et al., 2006), 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 (O3z) enhancement and aerosol loading during
the devastating megafires in January 2003, which displaced 20 500 people and burnt
260000 ha in VIC, NSW and ACT.

The 2002—-2003 fire season in South-East Australia occurred during an on-going
drought that was one of the most severe in recorded history with the first fires occurring
early in the season in September 2002. The drought was associated with El Nino 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 average 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 2-3°C above average in northern VIC and
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NSW (Taylor and Webb, 2005). In addition, the temperature from April to January was
significantly above the average and, in November 2002, the maximum monthly mean
temperature was 5°C above the average (Taylor and Webb, 2005). High temperature
and low rainfall facilitated the curing of both fine and heavy fuel prior to January 2003,
providing an 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 report that the wildfire activity initiated by lightning in VIC and
NSW on 7-8 January was not completely brought under control until early March 2003.
The interplay of hot air, low humidity in the evening and strong winds associated with
a strong frontal system moving through the South-East Australia 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 m. in loss of dwellings (over 500 in
Canberra on 18 January), buildings and stock.

Surface ozone (O3) and particulate matter are of most concern for air quality (Jacob
and Winner, 2008). In clean surface air, the O3 mixing ratio is typically in the range
5-30ppb (Jacob, 1999). The surface O; is toxic to humans and vegetation because
it oxidises biological tissue. Oz is produced in the troposphere from the oxidation of
CO and hydrocarbons in the presence of NO,. In densely populated regions with high
emissions of NO, and hydrocarbons, rapid O3 production can take place and result
in surface air pollution problems. Og is produced during biomass burning, which is
the second largest NO, and CO emission source globally. Surface Oj is subject to air
quality regulation in Australia. The air quality threshold is 80 ppb, for 4-h rolling average,
and 100 ppb for 1-h average. Elevated concentration of surface Oy affects the linings
of the throat and lungs, restricting the air passages and makes breathing difficult. It
also increases the risk of respiratory infections (EPA Victoria, http://www.epa.vic.gov.
au/air/issues/air_03.asp). Atmospheric aerosols are of major concern for public health
and climate change, but their sources and atmospheric distributions remain poorly
constrained. Atmospheric aerosols have natural, as well as anthropogenic, sources.
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Natural sources include wind-blown dust, sea salt, large-scale dust storms, naturally
occurring forest fires, and volcanic eruptions.

Fires are a major air quality concern in Australia. In 2003, all surface O5 standard ex-
ceedences in Victoria were due to fires (EPA, 2004b). Forest fire frequency in Australia
is projected to increase (Hennessy et al., 2005) in a warmer climate and to become the
major source of particulate matter globally (Jacob and Winner, 2008). The Australian
urban areas are particularly susceptible to photochemical smog because of local me-
teorological conditions, high solar radiation, and emission of local pollutants (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 fire events
are comparable to the conditions in highly polluted cities such as Hong Kong and New
Delhi. Of particular concern are particulate matter that can enter into eyes and res-
piratory system and can cause health effects such as burning eyes and sore throat
(EPA Victoria, http://www.epa.vic.gov.au/air/issues/air_part.asp). People with existing
respiratory or heart conditions such as: congestive heart failure, angina, chronic ob-
structive pulmonary disease, emphysema, or asthma are more sensitive to the effects
of smoke. Exposure to particulate matter can aggravate these conditions. EXxisting
symptoms may get worse when exposed to smoke. Children and the elderly may also
be more sensitive to the effects of smoke than healthy people.

In this study we use the state-of-art global chemistry and transport model GEOS-
Chem in conjunction with ground- and space-based observations to study O5 and
aerosol enhancement during the 2003 fires in South-East Australia. The paper is or-
ganised as follows: Sect. 2 presents the datasets used; the GEOS-Chem model setup
is presented in Sect. 3; Sect. 4 gives a summary of the temporal and spatial variability
of Oz and AOD in January 2003 and 2004; a detailed study of four episodes in January
2003 is available in Sect. 5; and conclusions are given in Sect. 6.
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2 Observation datasets
2.1 Aerosol optical depth from MODIS

Terra and Aqua are polar orbiting satellites of the NASA Earth Observing System
(Salomonson et al., 1989; King et al., 1992, 2003) which carry Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) instruments that take global Aerosol Op-
tical Depth (AOD) observations twice daily. MODIS spatial resolution is 250 m at
nadir, has a 2330km 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).

2.2 Surface observations EPA

We use data from Environment Protection Authority (EPA) air quality monitoring net-
works of South Australia, Victoria and New South Wales. The NSW air quality moni-
toring program collects real-time measurements of ambient level pollutants at 24 mon-
itoring stations located around the greater metropolitan area of Sydney, the lllawarra
(80 km south), the Lower Hunter (90 km north) and selected rural sites around NSW
(http://www.environment.nsw.gov.au/AQMS/sitesyd.htm). Of these, 15 residential and
3 rural stations report O3. The EPA Victoria operates O5 air quality monitoring in 11
residential and 4 rural stations (http://www.epa.vic.gov.au/air/bulletins/airmonic.asp).
In 2003, O5 exceeded the standards on 5 days, which is more frequent than in recent
years. In January 2003, EPA Victoria reports O5 exceedences of the 1-h (100 ppb) and
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4-h (80 ppb) standards on the 17th, 24th and 25th (EPA, 2004b). Each of the excee-
dences occurred during the fires in Victoria and New South Wales. South Australia EPA
operates an air quality network with four O3 monitoring sites in the metropolitan area of
Adelaide (http://www.epa.sa.gov.au/index.html). No exceedences of the 4-h standard
are reported in South Australia in January 2003 (EPA, 2004a).

3 Model description

The three-dimensional global chemistry and transport model GEOS-Chem, version 7-
04-11, with a horizontal resolution of 2degree latitude by 2.5degree longitude and 30
vertical levels from the surface to 0.01 hPa (http://www.as.harvard.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 6h. Online chemistry with 43 tracers
provides a comprehensive description of the NO,-O,-hydrocarbon chemistry and of
tropospheric aerosols, which include nitrate-ammonium-sulfate aerosols, mineral dust,
sea salt, black and organic carbon, and secondary organic aerosols. A total of 350
chemical 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 deposition 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 NO,, CO, SO, 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 NO,, 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
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BRAVO. Anthropogenic emissions for NO, 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 NO, and ship SO, emissions. Soil NO, 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 O that is solely a result of a specific Og
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 observations, the model data are sampled every
two hours from which the afternoon daily and monthly means are computed. The EPA
data is averaged over individual GEOS-Chem grid and all grids with observations are
averaged and presented in Fig. 4.

4 Australian fires: 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. During
2002—-2003 wild forest fires peaked in January 2003, which is about one month later
than other years.

The model simulations in January 2003 show a large surface O3 enhancement over
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South-East Australia (Fig. 2a) with monthly mean of 50 ppb. In comparison, the monthly
mean surface Oz in January 2004 (Fig. 2b) is about 30 ppb. Similarly, the simulated
AOD 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 the reproduction of general features of tropospheric
chemistry. The model has previously been the subject of several global evaluations
(Bey et al., 2001; Martin et al., 2003; Park et al., 2004). However, this is first study fo-
cused on Australia, thus the model evaluation is presented in Table 1 using the surface
O3 observations from NSW, VIC and SA. In January 2003, the simulated monthly mean
surface O3 across the three states reaches 41 ppb, which is about 18 ppb higher that
in January 2004; while the observed O is 28 ppb, which is only 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 overestimation will be further
addressed in Sect. 5. Note that in VIC and SA the simulated and observed O5 agree
within 7 ppb in 2003 and 3 ppb in 2004, thus the impact of fires will be quantified in
those two states only. The monthly mean afternoon O3 in January 2003 increased by
30% i.e. 8—=13 ppb (column 4 in Table 1). Thus, an averaged O mixing ratio of 10 ppb
will be used as threshold in Sect. 4.2.

Over South-East Australia, the simulated monthly mean AOD in 2003 is 0.084 which
is a factor of three higher than in 2004 (Table 2). The observed MODIS AOD is 0.191
in January 2003, which is a factor of two higher than in 2004 (Table 2). Similarly the
observed AOD at Cape Grim station is about a factor of two higher in 2003. Note,
however, that the model underestimates the reported enhancement from both MODIS
and Cape Grim station. This underestimation will be further discussed in Sect. 4.2.

The model sensitivity simulations are used to deduce the fire impact on surface Og
in January 2003 and 2004. In January 2003, between 20 to 50% of the surface O in
South-East Australia can be attributed to the fires (Fig. 3a). In central Australia and
New Zealand the fires contributed to a 10% increase in the surface Os. In contrast, in
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January 2004 the fire contribution is negligible (Fig. 3b).
4.2 Temporal variation of surface O5 and AOD

In order to test the GEOS-Chem skill in reproducing the temporal variation of afternoon
(12:00-18:00 AEDT) surface Og in January, 2003, the EPA observations from Victoria
and South Australia are plotted against the simulated (Fig. 4). Several features stand
out: i.) a very good correlation (r=0.83) with a high statistical significance (P<0.1%
level) between observed and simulated Os; ii.) six distinct episodes when the observed
daily averaged surface O3 reached 40 ppb, two in the first half of the month and four
in the second half; and iii.) overestimation of the simulated O5; during three episodes,
namely 12, 17 and 24 January. In order to gain an insight into a possible reason for
the model overestimation during these episodes we examined the observed O; at 15
stations in VIC. On 12 January 2003, the observed Oj is in the range 16—66 ppb. Ten
out of 13 stations reported O; above 40 ppb and 3 stations below 40 ppb. Similarly,
on 17 January 2003, the observed O3 range is 21-89 ppb and 9 out of 15 stations
reported above 40 ppb. At one station, O; exceeded the 4-h air quality threshold of
80 ppb. On 24 January 2003, 10 out of 15 stations reported O3 above 40 ppb and the
range is 17—80 ppb.

As seenin Fig. 4 the simulated O3 range (gray vertical bar) is in good agreement with
the observed range (black vertical bar). During the episodes on 17 and 29 January, the
simulated range closely traces the observed. During the 12 and 24 January episodes,
the simulated O3 range is at the higher end of the observed.

Model sensitivity simulations are used to identify the major fire episodes. An episode
is classified as major provided the O; mixing ratio, due to solely fire (dashed gray line
in Fig. 4), is above 10 ppb, a threshold inferred in Sect. 4.1. Four episodes satisfy this
criteria, 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 from the fires can be inferred to be 15 ppb. Note, however, that
on this day the observed O5 mixing ratio is in the range 38-74 ppb with 14 out of 15
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stations in Victoria above 40 ppb. If we assume that the station reporting 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 an O3 enhancement of 36 ppb. This is roughly double the one obtained
from model sensitivity simulation. Application of this method to the remaining three
events will help to quantify the impact of fire. For the episode on 24 January, the
observed versus simulated O5 enhancement is 63 ppb versus 50 ppb. For the second
episode on 17 January, the difference in the observed and simulated O3 enhancement
is 68 ppb and 25 ppb, respectively. For the first episode on 12 January, the observed
O3 enhancement is 50 ppb compared with 40 ppb simulated. The correlation between
the observed O range and the simulated O3 enhancement due to fire is 0.67 and is
highly statistically significant (P<0.1%).

In the day-to-day variability in the AOD, three out of four episodes associated with
the fires in South-East Australia are clearly seen in both GEOS-Chem and MODIS
(Fig. 5). From these episodes, on 24 January, the AOD enhancement measured by
MODIS peaks at 1.0, which is a factor of 5 higher than the monthly mean AOD (0.19).
Note that GEOS-Chem tends to underestimate the observed peak AOD on both 24 and
29 January. In addition, the model tends to underestimate the AOD in both January,
2003 and 2004, and exhibits a partial skill in reproducing the temporal variation (r=0.4
in 2003 and r=0.5 in 2004) with low statistical significance (P<5%). As the MODIS
observations have known positive bias over land, a comparison with Cape Grim data
from a sun photometer is used to quantify a possible bias over SA and VIC. The AOD
observed at Cape Grim (black stars in Fig. 5) is in good agreement with the satellite
data, in particular, during the second half of January, 2003. The monthly mean AOD
from MODIS and sun photometer at Cape Grim is 0.17 and 0.15 respectively while
GEOS-Chem AOD is 0.06, i.e. a factor of two to three. It is to be noted that both sun
photometer and MODIS observations reflect cloud-free day-time conditions, thus they
differ from GEOS-Chem. However, due to the large difference between simulated and
observed AOD, further discussion will be limited to qualitative only.
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5 2003 megafires: case studies

The four major fire episodes (ES) identified in Sect. 4.2 are summarised in Table 3 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. It can be seen in Fig. 6b that over South-East Australia the wind turns from
east (E) to north-east (NE). As expected, the fire air mass reaches the metropolitan
areas of Melbourne in Victoria, Adelaide in South Australia and the Southern Ocean
(Fig. 6a). The observed maximum surface O5 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 O3 gradient, i.e. 40-50 ppb to the west
and 10-20ppb to the east. This is an indication of regional differences and suggests
that the large variability in the observed O; is driven by two distinct air masses: one
from the fires and one from the clean Tasman Sea environment.

A patch of enhanced AOD is observed west of Tasmania (Fig. 6d) which is in
agreement with the simulated AOD and can be traced back to the mainland Australia
(Fig. 6¢).

5.2 Episode Il: 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
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 fires, reached 104. The “extreme” fire danger index threshold
is 50 or above. In Fig. 7a, strong winds in the range of 10 m/s (36 km/h) are seen close
to Canberra (marked by the inland dot on Fig. 7b), but the frontal system is difficult to
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locate. The afternoon surface Oz mixing on 17 January in ACT, NSW and VIC is in the
range 40-80 ppb. One EPA station in VIC reports an average O3 of 89 ppb and 9 out
of 15 stations report values in the 40-80 ppb range. Note, the observed O5 gradient
in the metropolitan Sydney area (34° S, 151° N). While the coastal stations report O
mixing ratio of 20 ppb on average, the inland stations report 40—-80 ppb (Fig. 7a). This
gradient is further discussed in the next section.

In Fig. 7d, the observed AOD peaks along the coastal area of the Tasman Sea.
AOD represents the aerosol load in the entire troposphere thus reflecting the faster
transport in the free troposphere, and the slow down of winds close to the surface.
The simulated AOD (Fig. 7c) is in agreement with the satellite observation, but the
model tends to underestimate the aerosol load over the Tasman Sea, which reflects
among other things, the coupling to the hydrological cycle, particularly water vapour
and clouds. Note that the simulated AOD is low all over the region with exception of
central Australia.

5.3 Episode lll: 24—25 January 2003

On 25 January, a well-formed anti-cyclone over Tasman Sea is seen in Fig. 8b. Over
South-East Australia, the prevailing wind is from the north (N) and the wind speed is
in the range 5—-10m/s. Note in addition, a strong northerly flow east of Tasmania with
wind speeds reaching 16 m/s. In Fig. 8a, the surface O; enhancement reflects the
wind flow and the simulated O reaches 60 ppb over the Tasman Sea. The observed
O in Victoria is in good agreement with the simulated which is in the range 32-56 ppb.
Once again the EPA observations in New South Wales show similar patterns to that
reported in Sect. 5.2, which probably reflects photochemical O5 formation from an-
thropogenic sources. As discussed earlier, the metropolitan Sydney area is a closed
basin, bounded by an escarpment with average altitudes of 500 m to the south, west
and north. During fair weather summer afternoons, sea breeze conditions develop with
light wind coming from the relatively cool water to the warm land. Those conditions
favour the inland development of photochemical smog and can possibly explain the
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west-east gradient. In addition, the topography serves as a barrier for atmospheric
flow. Note, however, that sea breeze circulation is difficult to resolve in a global model.

A close investigation of MODIS AODs show aerosol enhancement above 0.5 over
Tasmania, the Tasman Sea and the South Island of New Zealand (Fig. 8d). The sim-
ulated AOD confirms the enhancement over Tasmania and the Tasman Sea but does
not reach New Zealand (Fig. 8c). Despite its patchy nature, the observed high AODs
hint at possible mid-tropospheric long range transport of fire smoke to New Zealand.
This is further investigated below.

According to Taylor and Webb (2005), on 26 January 2003 the atmospheric circula-
tion is driven by a cold front with a pre-frontal trough moving east through South-East
Australia. Clearly seen in Fig. 9b is a strong north-west (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 between Australia and
New Zealand with estimated transport time between 24—-36 h. Similar wind channelling
is reported in spring 2003 (Edwards et al., 2006) as well as over the North Atlantic
(Guerova et al., 2006). Also clearly seen in Fig. 9a is O in the range 40—60 ppb across
the Tasman Sea and the west coast of New Zealand. The simulated AOD also sug-
gests 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 simulated and observed
AOD, i.e. the observed AOD peak is to the north of the simulated. Due to the patchi-
ness of MODIS data, it is difficult to draw a definite conclusion, but it is highly likely that
the smoke affected air mass reached the North Island of New Zealand on 26 January
2003. On 26 January the fire reached the Sydney metropolitan area (Fig. 9a) and after
the frontal passage, the O; dropped below 20 ppb in Victoria.

5.4 Episode IV: 29 January 2003

In a very similar weather situation to the one reported in Sect. 5.3, with a blocking
anti-cyclone over the Tasman Sea (Fig. 10b) and cold front approaching Victoria on 29
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January, the fire smoke reached the metropolitan area of Melbourne and the average
surface O increased to 50 ppb from 20 ppb on 27 January (Fig. 4). At 14 out of 15
stations, the observed afternoon Oy is in the range 40-80 ppb. The simulated surface
O3 peaks to the east of the metropolitan area of Melbourne (Fig. 10a). The observed
and simulated AOD peaks over the Bass Strait, between mainland Australia and Tas-
mania, and South-East coast of Australia (Fig. 10c and d). Note, in addition, that close
to the west coast of New Zealand, the AOD reaches 0.5. On 30 January, similar north-
west (NW) wind channelling 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 O5 in Melbourne dropped rapidly to 15 ppb after the
frontal passage on 30 January.

5.5 O3 enhancement due to fires

The described change in the weather regime, Sects. 5.3 and 5.4, driven by the passage
of the cold front, is an opportunity to quantify the contribution of the fires to the surface
O5 concentration over South-East Australia. As seen in Fig. 4, in both episodes the
observed surface O; 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, respec-
tively. Thus, an increase of 35 and 30 ppb can be attributed to the fire. The model
attributes 50 and 15 ppb O5 increases due to fires during the two episodes. For the
other two episodes on 12 and 17 January, the observed surface O; peaks at 40 and
45 ppb respectively, before dropping to 20 ppb. This gives 20 and 25 ppb enhance-
ment due to fires. The average simulated enhancement is 40 and 25 ppb, respectively.
Based on the 4 episodes the range of observed O; enhancement over South-East Aus-
tralia 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 O; enhancement is in the range 15-50 ppb with a factor of
1.5 to 5 higher than the monthly mean of 10ppb. The estimated here O; enhance-
ment due to fires represents 20—-65% of the 80 ppb air quality threshold. Despite the
coarse model resolution and possible transport error associated with the timeliness of
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the frontal passage, GEOS-Chem is a backbone of this study and is a valuable tool in
analysing the fire driven air quality. The ongoing development of multiple model nesting
will allow extension of this analysis to the NSW region, which was excluded from this
work due to consistent model overestimation possibly driven by the topography and
local effects.

6 Summary and conclusions

The exceptionally severe 2002—2003 fire season in South-East Australia is closely
linked to the prolonged EI Nino driven drought. The fires in South-East Australia started
in early January, 2003 and the surface O and aerosol loading roughly doubled when
compared to January, 2004. On 17, 24 and 25 January 2003 O3 exceedences were
reported in Victoria, all due to the fires 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 fires contribute more than 10 ppb to the surface O;. These
episodes are studied in detail in order to quantify the O3 and AOD enhancement and
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 north-west wind channel
is formed across the Tasman Sea between the anti-cyclone and the cold front behind
it, through which the pollution crossed the Tasman Sea and reached 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. 24-36h.
The passage of the cold front resulted in a drop in surface O; and AOD over South-
East Australia. This change from polluted to clean environments allows us to quantify
the O4 contribution due to fires. Based on the 4 episodes, the range of observed O4
enhancement due to fires is 20—-35ppb, which is a factor of 3 to 5 higher than the
monthly mean O4 of 6.5 ppb. The simulated fire O; 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
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model exhibits very good skills in representing the temporal variation of the observed
O3 with the correlation of 0.83 but shows a tendency to overestimate the peak O3 which
is possibly linked to the relatively coarse resolution.

A factor of two increase in the aerosol load occurred during January, 2003 fires.
The model shows a tendency to underestimate the AOD, but proves a useful tool for
reconstruction of the mostly patchy observed MODIS AODs. Over South-East Australia
and the Tasman Sea, the simulated and observed AODs agree well for the spatial
structure. On 24 January 2003, the observed AOD enhancement peaks at 1.00, which
is a factor of five higher than the monthly mean AOD. As the AODs represent the
particulate matter load in the troposphere, it also reflects the faster transport in the free
troposphere and the AOD enhancements are seen roughly a day ahead of the surface
O3 enhancement.

GEOS-Chem is a backbone of this study and is a valuable tool in analysing the
fire driven air quality in South-East Australia. The model resolution is a limiting fac-
tor for application of this study to the Sydney basin. The ongoing development of
multiple GEOS-Chem nesting will allow extension of this analysis to the NSW re-
gion. In addition, a possible coupling of the GEOS-Chem Near-Real-Time (NRT) simu-
lations (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 fire monitoring system, will
provide a useful tool for chemical weather forecasting and nowcasting of the air quality
due to fires in Australia.
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Table 1. Monthly mean afternoon (12:00-18:00 AEDT) surface O in January 2003 (column 2)
and 2004 (column 3). The difference between 2003 and 2004 is given in column 4 and 5.

ACPD
9, 3007-3040, 2009

2003 megafires in
Australia

O3 [ppb] O3 [ppb] O3 O3
January 2003 January 2004 change [ppb] change [%)]

GEOS-Chem all 41 23 18 78
EPA all 28 26 2 8
GEOS-Chem NSW 65 30 35 117
EPA NSW 33 37 -4 -1
GEOS-Chem VIC 32 19 13 68
EPA VIC 25 20 5 25
GEOS-Chem SA 27 19 8 42
EPA SA 30 22 8 36
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Table 2. Monthly mean AOD in January 2003 (column 2) and 2004 (column 3). The difference
between 2003 and 2004 is given in column 4 and 5.

AOD AOD AOD change AOD change [%]
January 2003 January 2004
GEOS-Chem VIC+SA 0.084 0.028 0.056 200
MODIS VIC+SA 0.191 0.084 0.107 127
Cape Grim 0.150 0.086 0.064 74
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Table 3. Summary of fire episodes in January 2003. Column 1: Episode number. Col-
umn 2: Date. Column 3: Brief summary of the weather regime over South-East Australia.
Column 4: Maximum wind speed and direction at surface. Column 5: MODIS AOD signature

of the episode.

Episode Date Weather Wind speed MODIS
summary and direction

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

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

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

ES 1IB 26 NW wind channel 5-15m/s yes
January across Tasman sea NW

ES IV 29 anti-cyclone 5-10m/s yes
January Tasman sea N
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Fig. 1. ATSR fire hotspots over Australia in January 2003 (available from http://dup.esrin.esa.
int/ionia/wfa/index.asp).
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GEOS—Chem Ox at surface in ppb : 01 2003 GEOS—Chem Ox at surface in ppb : 01 2004

120°E 130°E 140°E 150°E. 160°E 170°E 120°E 130° 140°E 150°E. 160°E 170°E

a') 10 23 36 50 [ppb] b') 10 23 36 50 [ppb]

GEOS—Chem AOD total at 550 nm 01 2003 GEOS—Chemn AOD total at 550 nm Q1 2004

120°E 130°€ 140°E 150°E 160°E 170°E

E
d‘) 0.00 0.07 Q.13 0.20

120° 130°E 140°E 150°€ 160°E 170°E

Fig. 2. GEOS-Chem surface O [ppb]: (a) monthly mean January 2003, and (b) monthly mean
January 2004. GEOS-Chem AOD at 500 nm: (¢) monthly mean January 2003 and (d) monthly
mean January 2004.
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GEOS—Chem Ox from biomass burning at surface in % : 01 2003
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Fig. 3. GEOS-Chem biomass burning sensitivity simulation. Surface O; (%) in January

2003 (a) and 2004 (b).
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Fig. 4. Temporal variability of surface O over SA and VIC from GEOS-Chem (solid grey line)
and EPA (solid black line). Note, that the EPA data is averaged from all stations in VIC and SA.
Dashed gray line presents the biomass burning O5 contribution obtained from GEOS-Chem
sensitivity simulation. The vertical bars show the observed and simulated O; range while the
black stars present the observed range. Note the good agreement between the observed O,
range (black stars) and the simulated O5 from biomass burning.
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days after 1 January 2003

Fig. 5. Temporal variability of AOD over South Australia and Victoria from GEOS-Chem (solid
grey line) and MODIS (solid black line). The AOD from Cape Grim station are presented with
black dots. The horizontal dashed line indicates the observed monthly mean AOD of 0.191.
The vertical dashed line separates the first and the second half of the month.
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Fig. 6. Episode I: (a) GEOS-Chem surface O5 (colour map) with EPA observations (coloured
dots) on 12 January 2003. (b) GEOS-Chem surface wind. (¢) and (d) GEOS-Chem and MODIS
AODs: 12 January 2003.

00

3036


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3007/2009/acpd-9-3007-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3007/2009/acpd-9-3007-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

GEOS—Chem / EPA surface ozone 17 01 2003 12-18 AEDT

150°. 160°E. 170

a ) 0 I3 53 80 [ppo]

GEOS—Chem AOD 550 nm 17:1:2003

oy K“ %
e S - . N
=
. PR O ﬁ v
AR N N R R
s, BN NN . XN
s = Sy RN
PR S NP T
O A PN - N
PR , P N N A
PRDS R LIRS M IR RN
205
[V o EEN I A USRI P U
LR N A I N
[V IO S Cedw RN R AN
:r; Ve . PR P “ e ®w s R R NKNKK
B v VLT =
LKA VL L R N
NN o e
T RN RENE= PN
4 R SRR SN N |
w0 .
T TSNy v @ “
Prrrors Uiy b
TITI IS Ny
[t taaI TR
>
e 20t TN Y Yl VY Teokt ot

b') ~16 ms™

MODIS AQUA&TERRA AOD 17:1:2003

10°s

40°s

50°S

C') 0.00 0.17 0.33 0.50
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AODs: 17 January 2003.
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Fig. 8. Episode IllIA: (a) GEOS-Chem surface O3 (colour map) with EPA observations (coloured
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AODs: 25 January 2003. v
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Fig. 9. Episode IIIB: (a) GEOS-Chem surface O5 (colour map) with EPA observations (coloured
dots) on 26 January 2003. (b) GEOS-Chem surface wind. (¢) and (d) GEOS-Chem and MODIS
AODs: 26 January 2003.
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