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ABSTRACT

The Bureau of Meteorology collects aerosol optical thickness data at a number of sites
around Australia as part of the WMO Global Atmosphere Watch Programme. We
have examined data from two geographically contrasting sites — Wagga Wagga and
Tennant Creek — looking for any seasonality in both aerosol loading and size. The
Wagga Wagga site had an average AOD of 0.05, which is very low by international
standards. The data showed no distinct cycles, which is consistent with a lack of
major seasonally variable sources. By contrast the Tennant Creek data showed a very
clear annual cycle in aerosol loading, peaking in late spring (monthly average AOD of
0.14) at the height of the biomass burning season (and before the arrival of the
summer monsoon). This site also displayed interesting seasonal differences in both
the frequency distributions of Angstrom coefficient, and scatter plots of Angstrom
coefficient vs. AOD, indicating the differing aerosol sources which may impact this

region.
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INTRODUCTION

Aerosols have the potential to significantly influence our entire planet through their
role in heterogeneous chemistry in the troposphere and stratosphere (Finlayson-Pitts
and Pitts 1997), as well as their effect on the Earth’s climate (Houghton et al. 2001) as
they scatter sunlight and serve as condensation nuclei for cloud droplet formation.
Atmospheric aerosols have significant local and regional impacts, which include
visibility reduction, urban air pollution, and possible adverse health effects (Jacobson
2002, Pope et al. 2002). Aerosols have direct and indirect effects on the transmission
of solar energy (Ramanathan et al. 2001). The direct effect involves the scattering
(and absorption) of incoming solar energy, which leads to a reduction of surface
insolation. The indirect effect relates to the modification of cloud droplet size leading
to an increase in cloud albedo (reflectance), as well as a potential increase in cloud
lifetimes (Rotstayn 1999). Again, this leads to a reduction in surface solar exposure.

Many research efforts are under way to measure, characterize and model aerosols in
the entire range of planetary environments, including satellite observation (King et al.
1999), international field campaigns such as ACE-Asia (Wang et al. 2002), and long-
term monitoring programs (Holben ef al. 2001). An example of the last of these is the
program undertaken by the Bureau of Meteorology as part of its contribution to the
WMO Global Atmosphere Watch Programme. A network of 16 stations has been
established across Australia and New Zealand. In this article, we examine the
statistics of aerosol optical properties (optical thickness, and its spectral dependence)

from two contrasting stations — Wagga Wagga and Tennant Creek.



DATA AND METHODS

Data

The Bureau of Meteorology supplied averaged values of aerosol optical depth (AOD),
T, for each morning and each afternoon that were sufficiently cloud free to ensure
reliable data from both its Wagga Wagga and Tennant Creek stations. Those stations
are a part of the Radiation Network, run by the Australian Bureau of Meteorology
(BoM): see Figure 1. (Aerosol optical depth is the column integral of the extinction
coefficient, and is an important measure of aerosol column loading, which is
important for climatic applications.)

Measurements were taken by Middleton SPO2 sun photometers, mounted on
automatic solar trackers with active sun tracking. The tracking sensor ensures sun
alignment within 0.02 deg when the sun is seen with four 25 mm diameter
interference filters. The filters have 10 nm full-width-half-maximum transmission,
and four Hamamatsu silicon photodiodes. This instrument makes four measurements
of direct solar radiation centred at the nominal wavelengths of 412 nm, 500 nm, 610
nm and 778 nm.

AOD may be calculated based on the Beer-Lambert-Bouguer law:
I,=1,,R?e™" (1)

where 4 is the wavelength, /; is the intensity at wavelength A reaching the Earth’s
surface, 1) is the intensity at the top of the atmosphere, R is the Earth-sun distance in
astronomical units, 7; is the atmospheric (total) optical thickness, and m is the relative
air mass factor, dependent on 6, the solar zenith angle. Calibration procedures and

processing methods are described in Mitchell and Forgan (2003).



Using the well-known Langley technique to obtain the total optical thickness (Forgan
1988), equation (1) can be rewritten in logarithmic form as

InZ, =In(R1,,)-7,m )
If observations are made during the course of (say) half a day, and atmospheric
conditions are sufficiently stable, then a plot of In 7, against air mass factor should
yield a straight line, with a slope of —z;. (The air mass factor, m, is dependent on the
solar zenith angle and the vertical profile of the attenuation components (Forgan
1988), so it is necessary to know the time and location of an observation.)
Total optical thickness of the atmosphere is the sum of the optical thicknesses of

various atmospheric attenuation components. It can be expressed as
Tl: z.R + Tgas + z-aer (3)

where 7z is the molecular (Rayleigh) scattering optical thickness, 7.4 1s the gaseous
absorption optical thickness, and 7, is the aerosol optical thickness. To estimate 7z
and 7., we need to know the atmospheric pressure and the column abundance of the
relevant gas (or gases).

The spectral dependence of AOD is often represented by the Angstrém exponent,

which is defined by (Angstrom 1964)

Taer ~ 162’7 (4)

p is called the turbidity coefficient (equivalent to the AOD at 1 um) and « is the
Angstrém exponent. We may obtain a by taking the (natural) logarithm of both sides
of equation (4):
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so that o may be obtained from the best fit slope of the log-log plot.



a values are used to give some idea of the aerosol size distribution, with smaller
values corresponding to larger particle sizes (in general), and vice versa. For example,
a less than 0.7 is indicative of a dominant coarse mode (such as dust particles), while
a greater than 1.8 indicates a dominant fine mode (such as smoke). a values in the
range 0.7 to 1.8 suggest either no dominant mode, or a mixture of modes (Kaufman et
al. 2000).

Statistical Analysis

Much of the focus of this work has been on the statistics of monthly averaged data.
Because aerosol optical thickness is not only quite variable, but also can never be
negative, we decided to use geometric mean AOD rather than arithmetic mean AOD.
We obtained the upper and lower normal variability values from the calculated
geometric standard deviation. The monthly averages of the morning and afternoon
AOD were obtained from the daily data for the whole period for 500 nm only. The

values of o were averaged arithmetically for each month.

WAGGA WAGGA

Wagga Wagga lies in a remnant woodland/grassland region. It receives a mean annual
rainfall of 572 mm, uniformly spread throughout the year. There are few major
industrial sources of aerosols within 100 km, and no significant natural sources such
as windblown dust.

Results and Discussion

We used forty-six months (March 2001 to December 2004), twice daily (averaged)
values of AOD for morning and afternoon collected at Wagga Wagga station (latitude
35°9.59’ S; longitude 147° 27.37" E; elevation 213 m). The number of measurements

varies from month to month: for example there are fewer measurements during winter



months in all years due to the shorter daylight hours plus more cloud cover in that
season. Figure 2 shows the monthly average of AOD at 500 nm for the entire study
period. The only obvious inter-annual variability is the high measurements through
January and February 2003, which correspond to a period of bushfires in southeast
Australia. An examination of satellite images showed clear plumes of smoke from the
southeast bushfire region extending as far as Wagga Wagga on several of the high
AOD days.

To examine the seasonality of the data we have obtained the average of 500 nm AOD
for each month (that is, the January average is based on all data obtained in any
January, etc) — see Figure 3a. At best a weak annual cycle, with minimum values
during June and July, may be noted. During January and February there is large
variability in AOD (large error bars) due to the effects of the bushfires in 2003. The
annual mean of AOD computed from these monthly averages is 0.05 for both morning
and afternoon. This is lower than the annual mean value over Sevilleta, New Mexico,
which is classified as the one of lowest values in the AERONET network (Holben et
al. 2001). The monthly averages of a, as shown in Figure 3b, also show no clear
pattern over Wagga Wagga in the period of study. The annual mean values of o
computed from these monthly averages are 1.1 and 1.2, for morning and afternoon
respectively.

While the monthly average data show no clear seasonality in either AOD or a, more
information is available from frequency histograms. Figure 4a shows the frequency
histogram of AOD for summer, while Figure 4b shows the corresponding frequency
histogram for a. The other seasons showed very similar patterns, accept for the high
AOD tail which is directly attributable to the bushfires. Approximately 75% of daily

average values of AOD in all seasons are less than 0.09, and about 50% are less than



0.05, which indicates that Wagga Wagga has a predominantly clean atmosphere. The
seasonal frequency histograms of o are broad with modal values ranging between 1.3
and 1.6, as shown in Figure 4b. Around 19% of daily average values of a are less than
0.7, which indicates coarse mode particles, and around 5% are greater than 1.8,
indicating fine mode. However, the aerosol size spectrum would not appear to be
strongly dominated by either coarse or fine mode particles in Wagga Wagga during
the period of study.

Information about correlations between AOD and o may be obtained from (seasonal)
scatter plots. Figure 7c¢ shows the a—t scatter plot for summer: again, the other
seasons showed similar patterns, with the exception of the high AOD tail. Overall
there appears to be no real correlation between AOD and a, except for the bushfire
data points which clearly show that these high AOD events corresponded to high

values of a, which is to be expected of smoke aerosol.

TENNANT CREEK

Tennant Creek lies in the heart of the Northern Territory, some 800 km south of
Darwin. It has a small population, and acts as a service centre for the Barkly
Tablelands. Its average annual rainfall of 460 mm arrives primarily during the top-end
wet season of November to March. Winter is the dry season in Tennant Creek. Spring
is classified as the fire season, and there are some biomass burning influences during
winter and spring from north and northeast of Tennant Creek. Small isolated dust
devils are common around Tennant Creek.

Results and Discussion

We used forty-five months (May 2001 to January 2005), twice-daily (averaged)

values of AOD for morning and afternoon collected at Tennant Creek station (latitude



19° 64.23° S; longitude 134° 18.33° E; elevation: 375.7 m). The number of
measurements varies from month to month: summer is particularly cloudy due to
monsoonal influences. The monthly average of AOD at 500nm for the entire study
period, as presented in Figure 5, shows a clear annual cycle, as well as significant
inter-annual variability in AOD over Tennant Creek, especially during spring months
due to biomass burning in that season.

The (combined) monthly averages of AOD at 500nm — Figure 6a — show a significant
annual cycle, with maximum values in spring and summer months and minimum
values during autumn and winter. During spring the standard deviations are large due
to the influence of biomass burning in that season when the wind comes from biomass
burning regions to the east and north east of Tennant Creek. The annual mean value
computed from monthly averages was found to be 0.07 for both morning and
afternoon. The seasonal variability of monthly averages of o — Figure 6b — shows a
weak double cycle (clearer in the morning data), with a minimum in February, then an
increase in autumn months to reach a maximum in April, and a second decrease in
winter months with a minimum in June, before rising again in spring months to reach
a maximum in October.

Because of this, we have decided to more closely investigate the data from four of
those months: February, April, June and October. In Figure 7a we present histograms
of the distribution of daily averages of AOD for these months. These distributions are
wide during February and October, but much narrower in April and June. The a
histograms for the same months — Figure 7b — are broad during February and June.
Approximately 40% of all observations in February (monthly mean of o = 0.64 and
0.92, for morning and afternoon respectively) and June (monthly mean of o = 0.94

and 1.0, for morning and afternoon) are less than 0.7, indicating that coarse mode



particles tend to predominate in those months. The o distribution for October is
narrow, and shifted towards the fine mode size range (monthly mean of o = 1.32 and
1.35, for morning and afternoon). The a distribution for April is bimodal, with one
mode indicative of mixed sizes, and the other predominantly fine mode (monthly
mean of o = 1.36 and 1.43, for morning and afternoon).

Figure 7c shows a—1 scatter plots for the same months, which again show interesting
differences. During October, high values of tare strongly correlated with larger
values of o, which is a clear indication of a strong biomass burning influence in that
month. During February, there is an opposite pattern, with decreasing values of a as
the value of t increases. This may be due to dust, as dust devils are common, or a
cloud screening failure, or a combination. During April and June, there is a wide
range of o associated with low values of 1, with very few readings above 1= 0.1.

However, the bimodal nature of the a distribution is again evident in April.

CONCLUSION

Wagga Wagga

Aerosol optical properties (t and o) did not show any significant annual cycle over
Wagga Wagga during the period of study. However, the influence of biomass burning
is clear during January and February 2003 due to the southeast Australia bushfires.
The mean annual AOD computed from monthly averages was found to be 0.05 for
both morning and afternoon, and approximately 75% of daily average values of t in
all seasons were less than 0.09 and about 50% were less than 0.05, which indicates

that Wagga Wagga has quite a clean atmosphere.



Tennant Creek

An annual cycle in AOD was found over Tennant Creek during the period of study,
with an annual mean computed from monthly averages of 0.07 for both morning and
afternoon. A weak double annual cycle in o over Tennant Creek was found, indicative
of different types and sources of aerosol during the year in Tennant Creek’s
atmosphere. Interesting correlations between 1 and o were found, although these were
seasonally varying. During October, there is a clear increase in the value of a as t
increases, due to biomass burning in that season. By contrast, in February there is a
clear decrease in a as T increases, suggesting coarse mode particles.

Future Work

We are currently advancing this work in two directions. Firstly, we have obtained data
at a much higher temporal resolution, and are using this to study the diurnal variation
of aerosol optical properties. This will have important application when making use of
satellite observations, which are usually obtained at a single overpass time each day.
Secondly we are using this data set to more closely examine the bushfire-influenced

days over Wagga Wagga. These results will be presented elsewhere.
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Figure Captions

1

2

7

BoM Radiation Network Stations

Monthly averages AOD at 500nm over Wagga Wagga, 3/2001 — 12/2004.
a) Averaged monthly AOD at 500nm over Wagga Wagga.

b) Averaged monthly o over Wagga Wagga.

a) Frequency distribution of daily averaged AOD over Wagga Wagga during
summer months.

b) Frequency distribution of daily averaged a during summer months.

c¢) Scatter plot of a vs. AOD during summer months.

Monthly averages AOD at 500nm over Tennant Creek, 5/2001 — 1/2005.
a) Averaged monthly AOD at 500nm over Tennant Creek.

b) Averaged monthly a over Tennant Creek.

a) Frequency distributions of daily averaged AOD over Tennant Creek for

selected months.

b) Frequency distributions of daily averaged a for selected months.

¢) Scatter plots of o vs. AOD for selected months.
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Bureau of Meteorology Radiation Network Status
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