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Abstract. Classification of Australian continental aerosol tinental aerosol in climate models, and to enhance the accu-
types resulting from episodes of enhanced source activityracy of satellite-based aerosol retrievals over Australia.

such as smoke plumes and dust outbreaks, is carried out

via cluster analysis of optical properties obtained from in-

version of sky radiance distributions at Australian aerosoll Introduction

ground stations using data obtained over the last decade.

The cluster analysis distinguishes four significant classesAirborne particulates or aerosols play a significant role in
which are identified on the basis of their optical propertiesclimate both through direct interaction with atmospheric ra-
and provenance as determined by satellite imagery and baciiation, and indirectly by modifying cloud optical properties
trajectory analysis. The four classes are identified respecand persistence. A comprehensive summary of the current
tively as aged smoke, fresh smoke, coarse dust and a Supép.vel of understanding of climate-related aerosol is given in
absorptive aerosol. While the first three classes show similarchapter 2 of the IPCC fourth assessment reffastster et al.

ities with comparable aerosol types identified elsewhere, the007. Despite significant advances over recent years, the
Super-absorptive aerosol has no obvious foreign prototypel_EVEl of scientific Understanding is still rated as “medium-
The class identified as coarse dust shows a prominent deprelw” for direct aerosol radiative forcing, and “low” for the
sion in single scattering albedo in the blue spectral region du€ombined indirect effects. Much of this uncertainty de-
to absorption by hematite, which is shown to be more abunJives from the geographical and temporal inhomogeneity in
dant in central Australian dust relative to the “dust belt’of @erosol optical properties and loadings, even though substan-
the Northern Hemisphere. The super-absorptive class is digial progress has been made over recent years through a vari-
tinctive in view of its very low single scattering albedo@.7 ety of complementary techniques. These range from in-situ
at 500 nm) and variable enhanced absorption at 440 nm. Théampling, through ground-based remote sensing networks, to
strong absorption by this aerosol requires a high black carthe retrieval of aerosol properties from satellite data. In the
bon content while the enhanced blue-band absorption mapresent contexDubovik et al.(2002 demonstrated the po-
derive from organic compounds emitted during the burningtential of optical properties retrieved from AERONET sky-
of specific vegetation types. This aerosol exerts a positive rafadiance inversions to identify globally significant aerosol
diative forcing at the top of atmosphere (TOA), with a large types.

deposition of energy in the atmosphere per unit aerosol opti- Further progress in this area has been made through the in-
cal depth. This contrasts to the other three classes where tHgrcomparison of global aerosol models and the synthesis of
TOA forcing is negative. Optical properties of the four types the models with observational datasets as undertaken in the

will be used to improve the representation of Australian con-AeroCom project Kinne et al, 2006. These studies sug-
gest that the nominal aerosol optical depth over Australia is

small in comparison to major source regions, with modest
negative shortwave radiative forcing at the top of atmosphere

Correspondence taR. M. Mitchell (TOA) leading to a net cooling. However, the same study
BY (ross.mitchell@csiro.au) predicts globally significant deposition of energy within the
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atmosphere over the Australian region-@W m~2), in part

due to aerosol absorption. As pointed outHugyrster et al.
(2007, tropospheric heating due to this forcing is expected to
impact on regional climate through altered convective circu-
lation. In addition, many of these results are based on largely
untested assumptions about the similarity between the opti-
cal properties of Australian and foreign aerosol types.

The role of aerosol in Australian climate was recently re-
viewed byRotstayn et al(20093. Among a humber of pri-
ority areas, they identified a need for improved characterisa-
tion of biomass burning aerosol from Australia and Indone-
sia, and better understanding of the Australian dust source. A
study of the radiative impact of aerosol from biomass burning
in Northern Australia byO’Brien and Mitchell(2003 sug-
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gested large tropospheric heating, whilghar et al.(2008 Scale (km)

found mean TOA radiative forcing 64 W m~2 across the 0 500 1000

Northern Territory during the 2004 burning season, with a LI !
markedly asymmetric geographic distribution of the forc- m

ing. Characterisation of the optical properties of Australian
biomass burning aerosol is restricted to a few case studies.
For exampleGras et al(1999 and Carr et al.(2005 con-
ducted airborne measurements of tropical biomass burningig. 1. Location of the observation sites used in this analysis.
aerosol, whileMitchell et al. (2006 determined the opti- CSIRO Aerosol Ground Station Network (AGSNet) sites are shown
cal properties of the smoke plume over Canberra in Januarys red squares, and other sites as blue dots. All stations are affiliated
2003 using inversions of sky-radiance distributions from awith AERONET.
ground-based sun photometer. Earlier characterisation of
smoke aerosol from temperate forest fires was undertaken b%
Vines et al(1971) andEvans et al(1976.

Australia is the dominant dust source in the Southern
HemisphereTanaka and Chih2006), with a range of envi-

er discussed below, attention is restricted to aerosol events
or episodes where the aerosol optical depth is significantly
elevated over background levels. A comparable method was
applied globally byOmar et al.(2005 who derived statis-

ronmental impacts including iron fertilization of surrounding ticallv sianificant aroupinas in aerosol optical broperties as
oceans and possible climate feedbadkagsar et al2007). y S19 grouping . P prop
) o ... a basis for satellite inversion algorithmisevy et al.(2007)
However, a systematic characterisation of the composition. . S o
: : . . applied a similar method to determine improved base aerosol
and optical properties of Australian dust aerosol is currently
lacking models for enhanced MODIS aerosol products. However,

Over the last decade, aerosol characterisation on the Au neither study yielded any information regarding the charac-

tralian continent has been advanced by deployment of sun-ens'[ICS of Australian aerosol.

photometer networks by CSIRO and the Bureau of Meteorol-

ogy (BoM). The networks are complementary with BoM in- 2 Data selection

struments located at meteorological observing stations with

an emphasis on radiation budget, while the CSIRO AerosolThe location of the Australian AERONET sites is shown in
Ground Station Network (AGSNet) focuses on remote loca-Fig. 1. These are all CSIRO/AGSNet sites with the exception
tions targeting particular aerosol types, specifically biomassf Adelaide, Perth and Rottnest Island, which are operated
burning aerosol in the tropical north, and aeolian dust in theindependently. The sites at Darwin, Jabiru and Lake Argyle
arid zone. Performance of the instruments deployed in thedarget smoke aerosol from tropical savanna biomass burn-
two networks was compared itchell and Forgar{2003. ing, while the arid zone sites at Tinga Tingana and Birdsville
The AGSNet stations are federated with the Aerosol Roboticare located near major dust source regions in the Lake Eyre
Network (AERONET) operated by NASAHplben et al. basin. The AGSNet station at Colleambally was operated in
1998 ensuring standardized calibration and global dissem-the period 2001-2003 in conjunction with crop remote sens-
ination of data. ing activities.

In this study, optical properties obtained from the inversion  All available data at these sites, aerosol optical depth, sin-
of sky-radiance distributions measured at AGSNet sites argle scattering albedo, phase function, asymmetry parame-
analysed using a clustering method to determine statisticallyer and a large number of other optical and microphysical
significant groupings, and hence to infer the characteristics ofariables, were downloaded from the AERONET website.
dominant aerosol types on the Australian continent. As fur-These parameters were derived from the direct solar radiance
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and scattered sky radiance measured by Cimel sunphotom@004 Grira et al, 2009, as implemented in IDL (Interac-

ters and inverted using the standard AERONET processingive Data Language). In this work, the so called City-block

(Dubovik and King 200Q Dubovik et al, 200Q 2002 2008. or Manhattan distance between any two points was used, de-
AERONET version 2 level 1.5 inversion data were usedfinedas)_;_; |a;—b;| wherea andb denote two records with

in the analysis. The stringent filtering criterion applied at » parameters each.

level 2.0 removes all data where the extinction optical depth A brief description of the algorithm is as follows. Initially,

at 440 nm f440) is below 0.4. For the current data set, this each single record is treated as a class. The distances be-

eliminates most of the data records available, leaving only dween each pair of classes are calculated. The distance be-

small sample of 1079 records. Instead, level 1.5 was usetiveen two classes, A and B, is defined to be the maximum

with a less strict criterion of440>0.2. This choice increases distance between any one of class A records and any one of

the sample size to 4559 records, allowing better statisticslass B records (the so called complete-link). The two clos-

in the classification, at the cost of increased uncertainty inest classes are then merged as one class. The last two steps

the derived optical properties. The increased uncertainty isire repeated until the minimum distance among the paired

illustrated by calculating the relative uncertainty in single classes reaches a prescribed criterion. This criterion is ex-

scattering albedo, based on the analysiDabovik et al.  perimental and controls the number of classes.

(2000, Eq. (10). This uncertainty is the sum of two com-  The following twelve parameters comprising optical prop-

ponents, the first linearly related to the relative uncertaintyerties computed from the retrieved microphysical parame-

in measured sky radiance, while the second is the relativders, are used in the cluster analysis:

uncertainty in extinction aerosol optical depth. Comparison . .

of calibration differences between CSIRO and NASA God- ~ Single scattering albedox() at 440, 670, 870 and

dard Space Flight Center over several years suggests relative 1020 nm;

uncertainty in §ky radiance of3% (Mitchell and Camp- — the ratioR, ;. =ws70/@aag;

bell, 2004, while Mitchell and Forgan2003 found stan-

dard uncertainties in the measurement of extinction aerosol — Aerosol optical depth at 670, 870 and 1020 nm, normal-

optical depth of typically 0.0035 under Australian outback ized by the value at 440 nm;

conditions. We note that these uncertainties are smaller than

those assumed for the network-wide analysisDaibovik

et al. (2000. For 440=0.4, the resulting standard uncer-  These parameters were chosen because they best combine
tainty in single scattering albedo ranges from 6% at 440 nmy ¢|ose relation to the measured radiance field, with direct
to 5% at the longer wavelengths, while fare=0.2 the cor- - rejevance to aerosol radiative forcing and satellite aerosol re-
responding uncertainties are 9% at 440nm and 7% at thgieval. Following preliminary analysis, the single scattering
longer wavelengths. This increase in uncertainty of 2-3%g|pedo ratio was included to discriminate between aerosol
suggests only a modest increase in the noise associated Wif)pes with different degrees of absorption in the blue spectral
the retrieved optical properties used in the present analysigegion. Before the cluster analysis, each of the four groups
as compared with level 2 data. Further uncertainty analysig, parameters was normalized by scaling the minimum of the
is considered below. group to 0.0 and the maximum to 1.0. This step ensures that
Of the 4559 records used in the classification analysisihe relative contribution of the parameters to the distance cal-

only 25 come from the non-AGSNet sites. Because of thisgylation is balanced.
small number of records, these sites will not be separately After the records are classified, the centers of the classes
referenced when reporting the classification results. are calculated as the density We|ghted average for each pa-

rameter and each class. The density at ppiig calculated

as (Bocici and Yuret, 2007):

— Asymmetry parameter at all four bands.

3 Clustering classification L
. . . . Pk (P)Zn— (1)
The analysis consists of two stages. In the first stage, noisy € (p)

background points were removed using a Locally Scaled . . . .
Density Based Clustering (LSDBC) algorithrBiici and wheree, (p) is the distance between poptand itskth near-

Yuret, 2007 Sander et a).1998. This algorithm is able est neighbour; is the number of parameters involved in the

to cluster “density-connected” points while leaving scatteredCIassiﬁcation’ and is a parameter e_xperimentally decided in
outliers unclassified. The outliers were subsequently re-the first stage by the LSDBC algorithm.
moved from the dataset together with clusters of less than
100 pOintS. In tOtal, 286 records where removed in this Stage4 Classification results and interpretation

In the second stage, the noise-cleared dataset was classi-
fied using an agglomerative complete-link clustering algo-By applying the clustering analysis, the 4273 records were

rithm of the hierarchical categorK¢tsiantis and Pintelas classified into five classes, labelled as classes 0 to 4 in the
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Table 1. The distance between the centers of paired classes (non- 4
diagonal elements) and the density weighted average distance of
class members to their respective class centers (diagonal elementsg *°
Distances are calculated using the scaled parameters. Se& Sect.
for parameter scaling and distance definition.

20

Class Distribu

10

Class 0 1 2 3 o

0 0.43 0.78 3.41 2.07 40 |- Lake Argyle -— 4 Tinga Tingana B
1 0.78 0.41 4.19 232
2 341 419 0.45 5.06
3 207 232 5.06 0.56

30

20

I .

123 456 7 8 9101112 123 456 7 8 9101112

10

Class Distribution (%)

0
Table 2. The number of records in each class at each site. The

onth onth
values in the parentheses are the percentage of records in each class o o
relative to the total number of records at the site. The totals listed in
the right-hand column include discarded records. Fig. 2. Seasonal distribution of aerosol classes at the four primary
stations.
Class 0 1 2 3 Total
Site o )
- distribution of the classes at each site, as a percentage of the
Darwin 3%6 2004 102 106 635 number of records in a given month for each class relative to
. (61%)  (32%)  (2%)  (3%) the total number of records at that site.
Jabiru 911 481 71 106 1619 bl l | d | . he f |
(56%) (30%) (4%)  (7%) Table 3 lists sel ecte aeroso p_ropertles at the four class
Lake 578 688 118 68 1504 centers, and their spatial variability. The parameters were
Argyle (38%) (46%) (8%)  (5%) chosen to illustrate a range of optical and microphysical char-
Tinga 141 42 144 39 375 acteristics, and not all were used in the clustering analysis.
Tingana  (38%) (11%) (38%) (10%) The Angsttdm exponent follows from
Birdsville 5 10 30 0 45 —u
T) XA
(11%) (22%) (67%) (0%) A
Canberra 51 29 0 1 81

with « defined between the wavelength$ 440 and 870 nm;
(63%) (36%) (0%)  (1%) it encapsulates the spectral dependence of aerosol optical

Total 2078 1460 377 230 4273 depth in a single parameter. The paramegieis the volume
(49%) (34%) (9%)  (5%) fraction of the fine mode as determined from the bimodal size

distribution in the AERONET inversion. The spatial variabil-

ity, shown in parentheses beneath each parameter, is defined

as the standard deviation of parameiesver all N sites,
order of the number of records in each class. Class 4, which

contains 128 or 3% of the total records, appears fragmented,
with no significantly large block of records lasting two or o(p)= Z
more consecutive days at any given site. This may be due to i=1
inversion error or due to short-lived variations of the aerOSO'Whereﬁi denotes the class center for 3|1‘and1§ is the class
properties. In view of the uncertain nature and the difficulty center over all sites. It can be seen that the class center pa-
of identifying sources for such scattered records, this classameters are generally stable across the sites, although with
was discarded. elevated variability in coarse dust aerosol optical depth, and
Table 1 lists the distance between pairs of the remainingfine mode fraction for the aged smoke and super-absorptive
four classes and the averaged distance of class members tfasses. This generally small spatial variability suggests that
their respective class centers. The table shows that, with tha single set of optical and microphysical properties may be
exception of classes 0 and 1, the classes are in general wallsed continent-wide. Note that the reported aerosol optical
separated from each other. It will be shown later in this sec-depths are biased by the selection criteriorraf>0.2 for
tion that classes 0 and 1 are sub-classes of a larger group witiclusion in the clustering analysis, and so represent episodic
related size distributions and optical properties. events that passed AERONET inversion screening criteria.
Table2 lists the number of records assigned to the different  Figure 3 displays the size distribution and spectral varia-
classes at each site, and the percentage of each class relativen of single scattering albedo, normalized extinction optical
to the total number of records. FiguBeshows the annual depth, and the asymmetry parameter at the density-weighted

15)
Nl
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Table 3. Characteristic parameters at the center of the classes, their spatial variability defined as the standard deviation across the sites (ir
parentheses), and their identification. Parameters shown are the aerosol optical depth atr44§ ﬁmgstrbm exponentyg40_g70, Single

scattering albedo at 440 nmwy40, Single scattering albedo ratRy s, =wg70/ @440, aSymmetry parameter at 440 nga4o, and the fraction

of fine mode volume to the total volumg,.

Class 1440 ©440-870 @440 Rssa 8440 fo Identification

0 0.31 1.34 0.89 0.96 0.66 0.38  Smoke (aged)
(0.02) (0.02) (0.01) (0.01) (0.01) (0.07)

1 0.39 1.61 0.87 0.94 0.65 0.51  Smoke (fresh)
(0.11) (0.05) (0.01) (0.01) (0.01) (0.04)

2 0.29 0.04 0.94 1.04 0.74 0.03  Coarse dust
(0.24) (0.16) (0.04) (0.04) (0.02) (0.02)

3 0.28 1.21 0.72 0.84 0.67 0.33  Super-absorptive
(0.03) (0.20) (0.02) (0.01) (0.01) (0.09)

1.0

class centers. To estimate the impact of uncertainties in the os [0 1

optical parameters on this classification, we carried out an P — g oold ]

evaluation of its robustness followingmar et al.(2005. N 1 2 %

Specifically, 10% normally distributed random errors were & °*[ 1 £°r

introduced into the size distribution and complex refractive = °*f 1 8 o7t T

index of each record, following which the optical parameters 5 %2 [ i % 06 b |
n

were recalculated using Mie code. These newly obtained ©01r M '
0.0 i 05 I I I I 1

records were then cIaSS|f|e_d |dent|cal_ly to the L_mperturbed o T " 100 500 500 700 300 9001000
data. This process was carried out 12 times, leading to 13 sets Radius (um) Wavelength (nm)

of class centers including the unperturbed case. The standard 11 — 0.80 ——
deviations of the optical parameters at the class centers were, 1 075 | i
then calculated, and shown as the vertical bars inFighe or ]
classification result is seen to be robust with stable class cen-g ;| i
ters despite the noise added to the data. However there is% 06 |- .
some blurring of classes as seen, for example, in the over-£ 05 7
lap between classes 0 and 1 in single scattering albedo, and g"‘ I | 055 |
between classes 0 and 3 in normalized extinction and asym- - ———"—* 100 500 500 700 300 5001000
metry parameter. These effects will be considered along with Wavelength (nm) Wavelength (nm)

a more general discussion of the four classes in subsequent

sections.

tincti

0.70 -

0.65 | N

0.60 [ 5

Asymmetry parameter

Fig. 3. Size distribution and selected optical properties of the four
4.1 Classes0and1 aerosol classes at the density-weighted class centers. The vertical
bars represent the standard deviation among 13 clustering analyses,
Class 0 and class 1 are the most common of all, with 83% ofone of which corresponds to the class center, and a further twelve
all the records being classified in these classes. The particleghere 10% gaussian noise was added to the complex refractive in-
are small and moderately absorbing, withaso being 0.89  dexand size distribution.
and 0.87, respectively. They are the dominant aerosols at the
three tropical sites (93% of the total records are classes O or
1 at Darwin, 86% at Jabiru and 84% at Lake Argyle). For September 2004. On MODIS images for the same period,
these tropical sites, Fig. 2 shows a clear annual pattern ofither visible smoke plumes can be seen clearly over Dar-
occurrence of the two classes with the peak in SeptemberWin, or baCk-trajeCtorieS show that smoke has been trans-
October. ported from sources elsewhere. Biomass burning in the trop-
Considering the temporal and spatial occurrence and thécal savanna during the dry season from May to September
optical properties of classes 0 and 1, it can be confidently asis @ well-studied phenomenon with major contributions to
serted that these aerosols arise from biomass burning. Thidustralia’s greenhouse gas and particulate emissidieyér
is supported by MODIS images together with air mass back-et al, 2008.
trajectory analysis computed using HYSPLIDréxler and Figure 3 shows that class 0 has a reduced fine mode and
Hess 1997. For example, the classified records at Dar- larger coarse mode relative to class 1, and is less absorbing.
win show a continuous period of class 0 or 1 from 3 to 11 This is consistent with the identification of classes 0 and 1
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Fig. 4. Back-trajectory analysis showing the transport of smoke gjg 5 pyst storm originating from Lakes Eyre, Blanche and
from the fires south of Canberra to Tinga Tingana in Januarycajiahonna, coinciding with a class 2 episode at Tinga Tingana.

2003. The image was obtained from MODIS Terra on 9 JanuaryThe image was obtained from MODIS Aqua on 14 January 2003 at
03:35UTC, while the trajectories run back 48h from 11 Januaryys.5oyTC.

04:00 UTC. The dashed, solid and dot-dashed line are for initial al-
titudes of 500 m, 1000 m, and 1500 m, respectively.
South Australia. The temporal variation of aerosol optical
) ) depth observed at Tinga Tingana over the period of 8-14 Jan-
as aged and fresh smoke, respectively. As summarized byary 2003 is consistent both with air mass back-trajectories

Forster et al(2007), there is observational evidence that sa- anq the distribution and extent of smoke plumes identified
vanna smoke aerosol ages on a timescale-®h with in-  fom MODIS images.

crease in mid-visible SSA from 0.85 to 0.90 found Algel

et al. (2003 during the Southern African Regional Science 4.2 Class 2

Initiative (SAFARI) in August—September 2000. In the same

campaignEck et al.(2003 found evidence for increases in  About 38% of the records at Tinga Tingana were classified
particle size associated with increasing aerosol optical depthas class 2, as were 67% at Birdsville, 8% at Lake Argyle and
although not uniformly across the study area. These change$% at Jabiru. This class consists predominantly of coarse
in single scattering albedo and size distribution are consistenparticles with 97% of the total volume in the coarse mode
with the overlap between classes 0 and 1 mentioned abovayhich has an effective radius of 2.2n. Considering the
and can be understood as the expected spread in microphy®ptical properties (Fig3), temporal distribution (Fig. 2) and
cal properties as plumes age and migrate from class 1 to classte distributions (Tabl®) it is evident that this class is dust
0. aerosol.

A surprising result of this analysis is the large number of  This is supported by MODIS imagery, such as the image
records assigned to the “smoke” classes 0 and 1 at the arith Fig. 5 showing dust deflation from Lake Callabonna with
zone stations that are distant from major biomass burninga plume extending over Tinga Tingana.
sources. For example, at Tinga Tingana, 38% of records Both Tinga Tingana and Birdsville are located near ma-
were assigned to class 0 and 11% to class 1. Of all thgor dust sources: Tinga Tingana is sited 40 km north of Lake
class 0 records at Tinga Tingana, almost half occurred inBlanche, one of a series of normally dry lakes that receive
January 2003, when extensive fires were burning in thesediment from major waterways to the North during flood
forested regions of South-Eastern Australia, with devastatevents every decade or sar(nstrong 1990. Birdsville is
ing impact on urban Canberra and subsequent dense pall aglurrounded by dust-producing regions, being located on the
smoke Mitchell et al, 20086. eastern fringe of the Simpson desert, lying to the North of the

The air mass back-trajectories in Figshow how smoke  Strzelecki desert, and west of the Channel Country through
generated from fires in the Brindabella and Namadgi Na-which Queensland’s inland-flowing rivers pass en route to
tional Parks west of Canberra was transported over 1500 knhake Eyre. The high incidence of dust activity in the region
across New South Wales to Tinga Tingana in the North ofencompassing both sites is shown in the Dust Storm Index

Atmos. Chem. Phys., 9, 1948956 2009 www.atmos-chem-phys.net/9/1943/2009/
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Table 4. Composition of Class 2 (coarse dust) aerosol obtained by fitting the spectral distribution of single scattering albedo at Tinga Tingana,
Birdsville, Lake Argyle and Jabiru, with or without hematite included. The left portion of the table shows results assuming internal mixing
of the minerals, while the rightmost column shows the hematite fraction assuming external mixing.

Mixing: Internal External
\olume Standard error Volume
(%) (x1073) (%)

Site Nrec Hematite Quartz Feldspar W/Hem. NoHem. Hematite
Tinga Tingana 144 0.45 34.4 65.2 0.87 30.3 15.9
Birdsville 30 0.33 99.7 00.0 1.69 26.6 12.0
Lake Argyle 118 0.06 95.0 49 0.31 6.0 6.0
Jabiru 71 0.05 59.0 41.0 4.44 6.0 7.4

(DSI) maps ofMcTainsh et al(1998; see also Fig. 10 of This value provides the best fit to the density-weighted mean
Webb et al(2006. The DSI maps also show moderate inter- spectrum of single scattering albedo of class 2 at Tinga Tin-
mittent dust activities at Lake Argyle, which lies to the North gana. Likewise, the size distribution used in the Mie calcula-
of the Tanami desert, a significant dust source. tion was derived from the density-weighted center of class 2.
Class 2 aerosol exhibits a distinct feature in the spectral With the above parameters, Mie calculations were car-
distribution of single scattering albedo, with a depressionried out for different volume fractions of the three compo-
at 440 nm followed by a gradual increase at longer wave-nents. Table4 shows the volume fractions of the compo-
lengths, as shown in Fi@. As discussed below in Seét.4, nents that optimize the calculated single scattering albedo,
this feature is seen in desert dust from other regiBubpvik  together with the standard uncertainty in single scattering
et al, 2002 Koven and Fung200§ Levy et al, 20079 andis  albedo, when hematite was either included or excluded as
due to absorption in the blue spectral region by the iron oxidea component. The inclusion of hematite in the mixture en-
hematite. ables fits with a standard error of below 0.2% at the arid
Koven and Fung2006 used the measured spectral shapezone stations, increasing by a factor-e80 if hematite is
to infer hematite content at a number of AERONET stationsnot included. Evidently, hematite absorption provides an
around the globe, although no Australian stations were in-adequate explanation of the depression in single scattering
cluded. They found that the required hematite content de-albedo at 440 nm in Australian dust aerosol. The retrieved
pends critically on its assumed mixing state, being at leashematite fraction was found to be relatively insensitive to the
an order of magnitude greater if the hematite is externallyassumed refractive index of feldspar, although the ratio of
mixed rather than internally mixed. Here we develop a simi-quartz to feldspar is strongly affected. The trend in spatial
lar approach by reconstructing the spectral shape of the sinvariation of the volume fraction of hematite is consistent with
gle scattering albedo using Mie theory. We first chose threahe soil map ofClaquin et al.(1999, which shows higher
components, quartz, feldspar and hematite, as the minerdlematite in the desert regions encompassing Tinga Tingana
constituents of the coarse dust. This choice was based on thrend Birdsville than in the tropical north. Tablesuggests a
global mineralogy of erodible fractions presenteiaquin  dust hematite content in the range 0.3—0.5% in the arid zone,
et al.(1999. The coarse (silt) fraction (2—-50m) was used but <0.1% at the Northern sites.
since, as shown in TabR 97% by volume of class 2 aerosol A similar analysis assuming external mixing requires a
comes from the coarse mode. Gypsum, another coarse conmuch higher hematite content for a given degree of absorp-
ponent appearing in thélaquin et almap, was ignored as it tion, due to the saturation of absorption where the hematite
accounts for only~2% of the total coarse fraction. occurs in large particles. As listed in the right-hand column
For the case of internal mixing, the effective refractive in- of Table4, the hematite fraction by volume ranges between
dex of the aggregate was calculated from the three compo6% and 16% depending on site, with higher values at the arid
nents based on the Bruggeman mixing rubiylek et al, zone stations.
1989. The refractive index of hematite was taken from Koven and Fung(2006 applied this method to infer
Sokolik and Toor{1999, and that of quartz was frokrekov hematite content in the coarse mode aerosol identified from
(1992; both were listed in Table 1 oKoven and Fung AERONET stations covering the “dust belt” regions of North
(2006. Feldspar denotes a diverse collection of commonAfrica, the Middle East and China. Based on the as-
aluminium silicate minerals, so its refractive index cannot sumption that the hematite is internally mixed, they found
be determined without further specification. Guided\mu- hematite volume fractions ranging between 0-0.35% in
siainen and Vermeule(2003 and references cited therein, summer depending on location, with slightly lower values
we adopted a refractive index of 1.545-0.004@ all bands.  in winter. The corresponding range assuming external mix-
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) o ) . ~ Fig. 7. Airmass back-trajectory analysis for the super-absorptive
Fig. 6. Frequency distribution of the single scatterlng albedo _ratl_o aerosol with enhanced 440 nm absorption (class 3a) records ob-
wa40/wg7o for the four classes. Class 3 shows a bimodal distri- gepeq at Jabiru (initial altitude 1750 m) and Tinga Tingana (initial
bution correspo_ndlng to subclasses controlled by the extent of enz i1 ,de 500 m). Two event sequences are shown for Jabiru and one
hanced absorption at 440 nm. for Tinga Tingana, with the dates indicated in the diagram. The

trajectories are marked with ticks every 24 h.

ing was 2.5% to 14% in summer, again with somewhat lower

values in winter. Hence, the present results suggest that du?t " ; h | ,
over the Australian arid zone is generally richer in hematite[2C€ reflectance data from the MODIS land product, and rain-

than dust over the Northern Hemisphere “dust belt". Morefa" records at nearby meteorology stations, seeking indica-

detailed analysis of this issue awaits independent and reprdions of significant change of surface reflectance, that could
sentative measurement of Australian dust mineralogy. lead to a bias in the inverted single scgttermg albedo. Based
on these exercises, we were unable to identify any abnormal-

4.3 Class 3 ity in the class 3 inversions.
Detailed examination of class 3 records reveals that 30%

Though occurring in only 5% of the analysed records, classShow a depression in the single scattering albedo at 440 nm
3 aerosol is of interest in view of its strong absorption, with Similar to that seen above for the coarse dust class, while
class-center single scattering albedos from 0.72-0.59 ovelhe remainder show a monotonic decline in single scattering
the wavelength range 440-1020nm. The size distributiordlbedo with increasing wavelength as seen in Bigt the
shown in Fig3is comparable to that of class 0 (aged smoke), density-weighted class center. Fig@elots the frequency
with an/&ngstlt")m coefficient of 1.21. distribution of single scattering albedo ratig4o/@g7o for

In view of the egregiously low single scattering albedos all classes. The class 3 histogram appears bimodal either side
of this class, and in order to eliminate the possibility of a Of @a40/@s70=1.1. For the purposes of the following discus-
spurious result, we scrutinized the AERONET product for Sion, this class was subdivided into class 8a4p/ws7o<1
any sign of anomaly in the inversion. Instrument miscalibra-and class 3be440/@g70>1.
tion seems an unlikely cause given that some class 3 episodes Back-trajectory analysis was carried out for all class 3
recorded at Darwin were observed by a multi-filter rotating €Pisodes. Figur& shows this analysis for class 3a, com-
shadowband radiometer (MFRSR) operated as part of the AtPrising observations from Jabiru and Tinga Tingana. All air
mospheric Radiation Measurement (ARM) program, in ad-parcels traversed the Channel Country of Western Queens-
dition to the CSIRO Cimel. During one such episode, onland, and most crossed the continental coastline, and many
8 September 2004, aerosol optical depth at 500 nm from thdraversed the deserts of central and Western Australia. By
two systems showed excellent agreement with rms differenc&ontrast, a similar analysis of class 3b events conveyed no
of <0.004 over a five-hour period. In addition, we performed Suggestion of preferred source area.
radiative transfer calculations using the optical properties of
individual records for all class 3 retrievals, and for non-class
3 records immediately preceding or following, comparing the
simulated and measured radiances. We also collected the sur-
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Since enhanced absorption in the blue spectral region was Two speculative possibilities for the high BC content im-
linked to hematite for coarse dust, we examined its possiblelied in this class are as follows. First, sugar cane is grown
role in class 3a via internal mixtures containing black car-commercially along much of the Queensland coast, and the
bon (BC) and hematite, with feldspar making up the balanceclass 3 events coincide with cane burning season from July
BC is required to produce the generally low single scatter-to December. Also, the back trajectories in Figsuggest a
ing albedo, and the decline in single scattering albedo withpossible association with class 3a events and the Queensland
increasing wavelength. Its complex refractive index of wascoast. However, although the deposition from sugar cane
taken fromKrekov (1992. An optimal fit to class 3b spec- burning is known colloquially as “black snow”, the burning
tral distribution of single scattering albedo required2%  takes place under moist conditions which would tend to ele-
BC by volume, while class 3a requiredl5% BC and~13%  vate the single scattering albedo through hydration.
hematite by volume. This very high hematite content effec- A more likely explanation for the class 3 episodes is
tively rules out an explanation for class 3a based on dust, parthat they derive from the burning of SpinifeXr{odia sp.),
ticularly since dust emitted from the Channel Country arisesa genus of endemic Australian hummock grasses covering
from ablation of iron-poor clay soils leading to “white dust”, about 20% of the continent, mostly in the arid zoPEWR,
in contrast to attrition of the iron-rich mantles on quartz 2007). Spinifex contains high levels of resin and usually
grains in the dune fields that gives rise to “red duBtilfard  burns with a dense black plume, consistent with high levels
and White 2005. of both black and organic carbon implied for this class. The

A more plausible explanation is that class 3 aerosol arisesvide distribution of spinifex is consistent with the heteroge-
from biomass burning, with unusually soot-rich emissionsneous source area inferred from back-trajectory analysis for
possibly linked to unique Australian vegetation types and dif-class 3b. On the other hand, under this explanation the ap-
ferent combustion regimes. Several MODIS images showparent connection between class 3a events and the Queens-
clear evidence of smoke during class 3 episodes, and on se¥and coast and Channel Country seen in Figs not clear,
eral days class 3 periods occurred in combination with othesince spinifex is not prevalent in these areas. However, all
smoke types. For example, on 8 September 2004 at Darwinef the back trajectories associated with the class 3a episodes
two class 3 inversions were preceded and followed by classecorded at Jabiru also traverse arid regions of the continent,
1 events. covering much spinifex country. Evidently, further work is

Depression of blue-band single scattering albedo inrequired to elucidate the source of this aerosol.
biomass burning aerosol was previously foundOuybovik
et al. (1999, who retrieved the optical properties of smoke 4.4 Relation to identified aerosol types
aerosol over Brazil during the burning seasons of 1993-1995.

The depression in 440 nm single scattering albedo was obkn this section, selected optical properties of the aerosols
served in 1994 and 1995 but not 1993, suggesting the posderived from the foregoing cluster analysis are com-
sibility of changes in smoke composition or mixing state. pared to previously identified aerosol types around the
However, while ruling out iron oxide as the source of the globe. FigureB compares the spectral dependence of single
absorption,Dubovik et al.(1998 were unable to be more scattering albedo of the density-weighted centers of classes
specific about the cause of the enhanced absorption in theé (aged smoke) and 1 (fresh smoke) with published data
blue. on biomass burning aerosols, most obtained by inversion of

More recently, organic compounds emitted by biomassAERONET sky-radiance distributions. Class 1 (fresh smoke)
burning have been found to absorb strongly toward the blueclosely resembles African savanna smoke as determined by
and ultraviolet spectral regions. In particuldirchsetterand  Dubovik et al.(2002 and is clearly aligned with the “ab-
Novakov (2009 found that the presence of organic carbon sorbing/smoke” class determined bgvy et al.(2007) from
increased the spectral dependence of particulate absorptiagiobal AERONET data (excluding Australia). Class 0 (aged
from ~A~1 for sooty urban pollution te~A~2 for biomass smoke) has similar properties to smoke aerosol from the
smoke aerosols, whildoffer et al.(2006 measured strongly  South American Cerrado, a ground cover type akin to tropi-
increasing absorption from the blue into the ultraviolet spec-cal savanna, although it remains more absorbing than a range
tral region by humic-like substances or HULIS associatedof other smoke aerosols identified in FBj.and is likewise
with smoke samples collected over the Amazon. Based ommore absorbing than the “moderately absorbing” global class
these findings, we propose an explanation of class 3 aerosalf Levy et al.(2007). The class 1 result is in good agreement
in terms of soot-rich smoke with different degrees of blue- with the value of 0.85 at 530 nm measured ®Byas et al.
band absorption related to varying amounts of organic ma{1999 for smoke plumes arising from flaming combustion
terial, most likely related to differences in source vegetationin the Northern Territory. The result fro@mar et al (2005
and smoke ageing. of 0.80 at 673 nm appears as an outlier in the present context,

a point of note since the models Oimar et al.are used as a
basis for the interpretation of data from the spaceborne lidar
CALIPSO.
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Table 5. Radiative forcing efficiencies in Wrr?-rs_o% of the
aerosols at the centers of the four identified classes, at top of at-
mosphere (TOA), surface (SUR) and in the atmosphere (ATM).

Class TOA SUR ATM
0 —29.4 —-135.7 106.4
1 —24.9 -1443 1194
2 -549 -1185 63.6
3 31.1 -239.2 270.3

Figure 9 also shows the wavelength dependence of sin-
gle scattering albedo for class 3, divided into class 3a and
class 3b on the basis of the ratimy40/@g70 as discussed in
Sect.4.3above. A comparably low single scattering albedo
of 0.66 at 538 nm was found kiyterring and Hobb$1994
for the plume arising from the Kuwait oil fires following the
1991 Gulf War. In additionOmar et al.(2005 identified
a cluster labelled “dirty pollution” with a single scattering

Fig. 8. Comparison of spectral dependence of single scatteringalbedo of 0.72 at 673 nm. However, neither case bears any
albedo of class 0 and 1 centers with results for smoke aerosol recomparison with the present class 3 result in terms of the

ported by other studies.

source of the aerosol.
4.5 Aerosol radiative forcing

The radiative impact of different aerosol types can be use-
fully compared by calculation of their radiative forcing effi-
ciency, defined as aerosol radiative forcing per unit optical
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o
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Fig. 9. Comparison of spectral dependence of single scatterin
albedo of class 2 and 3 with results reported by other studies.

The analogous comparison for dust aerosol is shown irP
Fig. 9, where single scattering albedo based on the density
weighted center of class 2 (coarse dust) is closely aligned t@

results from Arabian dus&ck et al, 2008 and dust off the
Sahara at Cape Verd®(bovik et al, 2002. This result is

consistent with the “coarse (dust)” classification of Levy et

al (2007), and the “desert dust” classificationQrhar et al.
(20095.
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depth. These were calculated for optical properties based on
the centers of the four classes, using radiative transfer calcu-
lations carried out using the DISORT-based Coupled Ocean-
Atmosphere Radiative Transfer (COART) model (Jin et al.,
2006). Profiles of aerosol and water vapour were selected
from available model options, which are based on the widely
used profiles originally developed for the MODTRAN ra-
diative transfer codeBerk et al, 2000. In particular, the
aerosol vertical distribution was assumed to follow the “ru-
ral” profile in the mixed layer, and the “background” profile

in the stratosphere. The column water vapour loading was
set to 4.2 gcm?, typical of the dry season conditions over
the tropical stations where the majority of the biomass burn-
ing episodes were recorded. A lower value would be more
typical of the arid zone stations. The surface was assumed to

Yreflect isotropically with albedo rising from 0.1 at 440 nm to

0.25 at 1020 nm. Integration over the solar spectrum was ob-
tained by dividing the spectral range 0.25-4m into 138
ands. To capture the diurnal variation in sun angle, the
calculations were carried over a day in mid January at co-
rdinates of latitude 30S, longitude 13%E corresponding

to central Australia. Calculations were made from sunrise to
sunset at 1.5 h intervals, then the daily mean radiative forcing
calculated as

1 T
AF:—/ AF(t)dt 2)
T Jo
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where AF=Fnef(@aerosol—Fnet(Clearsky represents the of hematite than results reported for Northern Hemisphere
change in flux caused by the addition of the aerosol, withdeserts. This aerosol produces a strongly negative radia-
negative values denoting cooling, afids the time between tive forcing at the top of atmosphere 6f—55Wm*215*010.
sunrise and sunset. TalBeshows radiative forcing efficien- By contrast, the super-absorptive aerosol produces a pos-
cies for the four class centers calculated at the top of atitive forcing of ~31Wm‘215_0%) at the top of atmosphere
mosphere (TOA), surface (SUR) and their difference corre-with very large deposition of energy in the aerosol layer
sponding to energy deposited in the atmosphere (ATM). (~270W nrzrgolo), suggesting significant dynamical effects
The forcing efficiencies for the biomass burning aerosoleven at non-episodic levels.
classes 0 and 1 accord with those found in other parts of Further work is required to determine the sources and
the globe; for exampleSatheesh and Ramanath@900 distribution of these aerosols. In particular, the network
found TOA values of—25Wm*215‘0% over the Indian Ocean used in the present study was sparse, and hence class in-
while Bergstrom et al.(2003 found values of—-14 and cidence frequencies are likely to be biased by a combina-
—43Wm—215*0% for different African smoke plumes during tion of the timing and distribution of the source events, and
the SAFARI experiment. The results for classes 2 and 3subsequent transport. In addition, the present analysis in-
demonstrate the impact of SSA on radiative forcing, with cludes only episodes of strongly enhanced aerosol loading,
TOA results of opposite sign for the two classes. Despite theso it is important to establish the relationship between these
hematite absorption, the coarse dust exerts the largest planend the aerosol distribution under quiescent conditions. The
tary cooling of any class and the lowest atmospheric heatingpresent results can be used to guide the location and timing
In contrast, class 3 exerts positive forcing of 31.1 Wzngo}) of campaign-based in situ measurements.
at TOA and very large energy deposition in the atmosphere Finally, satellite aerosol retrievals are needed to provide
at 270.3Wm2r5‘0%. This implies that even at background regional and continental coverage, but require a priori know!-
levels of 1500~0.03, this aerosol would exert a forcing of edge of the optical properties of likely aerosol types. The re-
~+1Wm~2 at TOA with ~8 W m~2 deposited in the atmo-  sults reported here will be used to better adapt candidate in-
spheric column, with expected consequences for regional atversion algorithms for sensors such as AATSR and MISR for
mospheric dynamics. use over the Australian continent. Continental-scale aerosol
distributions will be used to inform climate simulations via
GCMs with treatment of interactive aerosol. In particular,
5 Conclusions Rotstayn et al(2009h) demonstrated a marked improvement
in GCM simulations of Australian rainfall variability when
Cluster analysis of column-integrated aerosol optical properinteractive aerosol was included, with a suggested feedback
ties over the Australian continent obtained during episodesdetween increased dust levels and reduced rainfall. This is
of enhanced aerosol loading suggests the existence of foutn area in sharp focus at present given ongoing drought con-
distinct classes. Application of back-trajectory analysis andditions in South-Eastern Australia since 2002.
examination of the optical properties enables identification of
the first three classes as aged biomass burning smoke, fresh )
smoke, and coarse dust respectively. The optical propertie&PPendix A
of these aerosol classes are congruent with previous analy-

ses of similar worldwide aerosol types, and available in situ - . L . .
: ) . To facilitate wider application of these results, this section
measurements. The fourth class is a fine, super-absorptive

aerosol that shows a variable degree of absorption in the quEresents the optical properties at the four class centers in a

spectral band. The source of this aerosol is uncertain, bu orm suitable fo_r M|_e theory calgulauons. Tabid lists the
complex refractive indicem=n—ik for each class center at

the ge”erf""y Iov_v single scattering albedo suggests a S.mOkﬁwe four inversion wavelengths. The size distributions shown
aerosol with a high black carbon content, while the variable.

bl : ; in Fig. 3 were fitted as the sum of multi-modal log-normal
ue-band absorption may be related to organic compound§unctions with each mode defined by

such as the humic-like substances (HULIS) emitted during

the burning of certain vegetation types. The widespread 4y 1% [ (Inr—1In ;U)2:|

hummock grasses known as Spiniféxi¢dia sp.) are en- = B E—

demic to Australia and represent a possible source. dinr 2rin %

Radiative transfer calculations for the smoke classes indiwhereV is the column-integrated particle volume,is the
cate similar aerosol radiative forcing efficiencies to biomassvolume median radius, ang, is the geometric standard de-
burning aerosol from other savanna regions around theviation. Unweighted fits to the coarse mode of the inverted
globe, with values of between25 to —30Wm‘215;)10 at size distribution in each class were poor due to the rapid de-
the top of atmosphere, and atmospheric heating of 110-€line in the large particle tail with increasing size. This may
120Wm‘2r5})%. The coarse dust aerosol at the Central Aus-reflect a systematic underestimate due to the limited infor-
tralian stations appears to contain somewhat higher levelsnation content of the inversion, which attempts to infer par-

Al
2 In? o (A1)
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Table Al. Refractive indices of the four aerosol types at the density-weighted center of each class. The coefficient of variation for the real
part was in the range 0.07% to 0.15%, whilst for the imaginary part itwi for classes 0, 1 and 3, and% for class 2 (dust).

Class 0 Class 1 Class 2 Class 3
A(m)  n k03 n k@03  n k@03 o k@0

440 1.50 13.9 1.50 20.2 1.58 1.95 1.59 711
670 1.52 13.6 1.52 19.9 1.58 0.98 1.59 80.2
870 1.53 13.2 1.53 18.8 1.57 0.96 1.59 84.6
1020 1.53 13.2 154 18.8 1.57 0.96 1.59 83.7

Table A2. Parameters of multi-modal log-normal volume size dis-
tributions for the four aerosol types at the density-weighted cen-
ter of each class. V is the column-integrated particle volume
(um3/um?), 7, is the volume median radiugc(n), andoy is the
geometric mean standard deviatiqmf).
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