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ABSTRACT

Direct radiative forcing by mineral dust is important as it significantly affects the climate system by scattering

and absorbing short-wave and long-wave radiation. The multi-angle imaging spectro radiometer (MISR) and

cloud�aerosol lidar with orthogonal polarisation (CALIOP) aerosol data are used to observe mineral dust

distribution over Australia. In addition, the weather research and forecasting with chemistry (WRF/Chem)

model is used to estimate direct radiative forcing by dust. At the surface, the model domain clear-sky short-

wave and long-wave direct radiative forcing by dust averaged for a 6-month period (austral spring and

summer) was estimated to be �0.67 W m�2 and 0.13 W m�2, respectively. The long-wave warming effect of

dust therefore offsets 19.4% of its short-wave cooling effect. However, over Lake Eyre Basin where coarse

particles are more abundant, the long-wave warming effect of dust offsets 60.9% of the short-wave cooling

effect. At the top of the atmosphere (TOA), clear-sky short-wave and long-wave direct radiative forcing was

estimated to be �0.26 W m�2 and �0.01 W m�2, respectively. This leads to a net negative direct radiative

forcing of dust at the TOA, indicating cooling of the atmosphere by an increase in outgoing radiation. Short-

wave and long-wave direct radiative forcing by dust is shown to have a diurnal variation due to changes in

solar zenith angle and in the intensity of infrared radiation. Atmospheric heating due to absorption of short-

wave radiation was simulated, while the interaction of dust with long-wave radiation was associated with

atmospheric cooling. The net effect was cooling of the atmosphere near the surface (below 0.2 km), with

warming of the atmosphere at higher altitudes.

Keywords: direct radiative forcing, mineral dust, Lake Eyre Basin, top of the atmosphere, WRF/Chem

1. Introduction

Mineral dust aerosols contribute more than half of the total

global aerosol burden (Textor et al., 2006) and have a

significant influence on the climate system directly through

scattering and absorption of solar and infrared radiation

(McCormick and Ludwig, 1967; Miller and Tegen, 1998),

semi-directly through changes in atmospheric temperature

structure and the evaporation rate of cloud droplets (i.e.

the cloud burning effect; Hansen et al., 1997; Ackerman

et al., 2000; Koren et al., 2004), and indirectly in a complex

way through impact on optical properties of clouds (i.e.

enhancing cloud reflectance by increasing total droplet

cross-sectional area; Gunn and Phillips, 1957; Liou and Ou,

1989) and suppression (Ferek et al., 2000; Rosenfeld, 2000)

or enhancement (Andreae et al., 2004) of precipitation

formation. The direct radiative effect of dust has been

investigated extensively using general circulation models

(e.g. Tegen et al., 1996) and more recently by applying

regional and global models, which incorporate a more

physically based dust emission scheme (e.g. Darmenova

et al., 2009; Zhao et al., 2010; Huneeus et al., 2011). These

studies highlight the cooling effect of dust aerosols near the

surface due to backscattering and absorption of short-wave

radiation, and heating of the atmosphere above due to

absorption of both short-wave and long-wave radiation

(Alizadeh Choobari et al., 2012b, 2013).

Australia is the major source of mineral dust in the

Southern Hemisphere (Prospero et al., 2002), with an

estimated annual emission of 100Tg (Mitchell et al.,

2010). It is believed that there will be drier conditions

over most of Australia in response to future climate change

(McCarthy et al., 2001), leading to an increase in its

natural dust emission (Tegen et al., 2004). As such, there
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is a critical need to understand optical properties of dust

aerosols in this region. Yet, climate impacts of Australian

dust remain largely unknown, partly because until recently

aerosol processes have been treated independent from

meteorology (Grell et al., 2005). Also because unlike the

major Northern Hemisphere sources of dust, such as the

Sahara, Australian dust appears not to be important in

modifying climate on a global scale, as it is believed that

it only accounts for about 5% of the global total dust

emission (Mitchell et al., 2010). However, mineral dust

from Australia is an important component of the atmo-

sphere that affects regional climate through radiative

impacts. A number of factors have improved our ability

to better monitor dust aerosol distribution and under-

stand its radiative properties over Australia. These include

the rapid development of online and coupled aerosol�
atmosphere models (Grell et al., 2005), as well as the

advent of satellites with the ability to measure mineral dust

aerosols over bright land surfaces (Kahn et al., 2005) and

to identify their vertical distribution (Leon et al., 2003).

Recent field campaigns for identifying mineral composition

of Australian dust (e.g. Qin and Mitchell, 2009; Radhi

et al., 2010) have also contributed.

Lake Eyre Basin of central eastern Australia is the

most important source of mineral dust in the Southern

Hemisphere, with an average of 82 dusty days per year

(Bullard and McTainsh, 2003). Dust storms in the basin

occur throughout the year, but they are more frequent

during spring (SON) and summer (DJF) (Ekstrom et al.,

2004). Dust emission within the basin is often associated

with the passage of dry cold fronts (Ekstrom et al., 2004;

Alizadeh Choobari et al., 2012a) in spring and summer.

Note that, although the passage of cold frontal systems

across central Australia is more frequent during winter,

the winter fronts are often associated with precipitation,

thereby reducing the potential for dust entrainment

(Ekstrom et al., 2004). Mineral dust can be transported

long distances to south-eastern Australia in association

with the eastward propagating frontal systems, reaching as

far as New Zealand and beyond. It can also be transported

to northern tropical Australia by postfrontal southerly

winds and, subsequently, to north-western Australia and

the Indian Ocean by south-easterly trade winds (Alizadeh

Choobari et al., 2012a).

Australian dust particle size and colour is different from

the Northern Hemisphere ‘dust belt’ (Kiefert et al., 1996;

Qin and Mitchell, 2009; Radhi et al., 2010). For example,

a greater fraction of larger particles has been found for

Australian dust compared to African dust (Kiefert et al.,

1996), suggesting that the optical properties of dust from

Australia are different from the Sahara. Observations

over Australia for identifying optical properties of mineral

dust are rare, but a few field campaigns have been con-

ducted over recent years. Using a cluster analysis of

AErosol RObotic NETwork (AERONET) retrievals, Qin

and Mitchell (2009) identified strong absorption of radia-

tion by Australian dust compared to the ‘dust belt’ of the

Northern Hemisphere. By conducting a field experiment,

Radhi et al. (2010) investigated optical, physical and chemi-

cal characteristics of Australian dust. Their mineralogical

analysis indicates that the iron content of Australian dust is

higher than other major sources of dust in the Northern

Hemisphere, similar to the results of Qin and Mitchell

(2009). The results of these earlier studies have been used to

set the refractive index of Australian dust for short-wave

radiation.

To our knowledge, there have been few modelling studies

that have investigated radiative forcing by mineral dust

aerosols over Australia. Using the CSIRO (the Common-

wealth Scientific and Industrial Research Organisation)

global climate model, Rotstayn et al. (2010) showed that

inclusion of radiative forcing by dust leads to better

simulation of the spatial distribution of El Niño Southern

Oscillation (ENSO) rainfall over Australia. Rotstayn et al.

(2011) found that radiative forcing by mineral dust reduces

precipitation over Australia in dry El Niño years but

increases it in wet La Niña years. Although these studies

have provided an insight into the dust-induced changes of

precipitation over Australia, estimates of the direct radia-

tive effect of Australian dust are scarce. By investigating

short-wave direct radiative forcing of Australian mineral

dust, Alizadeh Choobari et al. (2012b) found that sus-

pended dust modifies the boundary layer profile and

stabilises the lower atmosphere, leading to an overall

reduction of wind speed near the surface, and its increase

within the upper boundary layer and lower free atmosphere.

However, this earlier study focused on an individual severe

dust event during September 2009, leaving long-term effects

of Australian dust radiative forcing still an open question.

Furthermore, the direct effect of dust aerosols in the

thermal infrared range over Australia remains unexplored.

This study therefore aims to improve understanding of

the direct radiative effect of mineral dust over Australia by

using the Weather Research and Forecasting with Chem-

istry (WRF/Chem) regional model. The objective of the

study is two-fold: (1) to observe and simulate monthly

variation of mineral dust over Australia during the drought

period of austral spring and summer when dust outbreaks

over central-eastern Australia are most frequent; and (2) to

simulate short-wave and long-wave direct radiative forcing

of mineral dust at the surface and top of the atmosphere

(TOA) over the region. While long-term averaged observa-

tion data were used to investigate monthly to seasonal

variation of mineral dust distribution over the region, due

to computational constraints model simulations were

only conducted from September 2009 to the end of
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February 2010 during a dry El Niño year when dust

outbreaks over central-eastern Australia were significant.

The paper is organised as follows. Sections 2 and 3 des-

cribe observations and the model set up used in this study.

Monthly variation of mineral dust distribution, as observed

by satellites and simulated by the WRF/Chem model, is

discussed in Section 4. Simulated short-wave and long-wave

direct radiative forcing of mineral dust is the subject of

Section 5. The atmospheric heating and cooling rates due

to the interaction of mineral dust aerosols with short-wave

and long-wave radiation are discussed in Section 6, while

Section 7 presents a discussion and an overall conclusion.

2. Observations

2.1. MISR

The multi-angle imaging spectro radiometer (MISR) in-

strument on board the sun-synchronised polar orbiting

NASA Terra satellite has been used to measure aerosol

optical depth (AOD) since February 2000. The MISR

cloud/plume fraction and height product has a vertical

resolution of 500m. MISR observes at nine distinct zenith

angles ranging from 708 afterward to 708 forward in four

spectral bands centred at 446, 558, 672, and 866 nm. As a

result, MISR can retrieve aerosol properties over both land

and ocean including highly reflective land surfaces such as

deserts (Martonchik et al., 2004). The data used here are

available daily and monthly AOD at 0.55mm wavelength

at a 0.58�0.58 horizontal resolution retrieved from the

MISR satellite instrument for the Australian region.

2.2. CALIOP

The cloud�aerosol lidar with orthogonal polarisation

(CALIOP) was launched on board the Cloud�Aerosol

Lidar and Infrared Pathfinder Satellite Observations (CA-

LIPSO) spacecraft in April 2006 (Winker et al., 2007).

CALIPSO is a sun-synchronised polar orbiting satellite

which orbits the globe about 15 times a day, providing both

day and night measurements. The data utilised here are dust

extinction coefficients at 0.532 mm available from the

CALIOP Level 3 aerosol profile monthly products with a

horizontal resolution of 28�58 (latitude/longitude) and a

vertical resolution of 60m, and both daytime and nighttime

CALIOP data are taken into consideration. A constant

lidar ratio value of 40 sr at 0.532 mm is used in the CALIOP

algorithm to retrieve mineral dust, which is lower than the

lidar ratio of 55910 sr obtained from ground-based lidar

observations. Furthermore, multiple scattering is ignored in

the CALIOP retrievals (Wandinger et al., 2010). Cloud�
aerosol discrimination (CAD), an indicator to discriminate

between clouds (positive CAD) and aerosols (negative

CAD), is used to exclude extinction caused by clouds.

Only aerosol layers having CAD scores between �100 and

�20 are used in the CALIOP algorithm because layers with

CAD scores between 20 and �20 are often the result of

erroneous layer detection triggered by noise.

3. Model description

The WRF/Chem regional model was applied to simulate

mineral dust distribution and its optical properties over

Australia. WRF is a non-hydrostatic, primitive equation

model using terrain following coordinates (Janjic, 2003)

that has been coupled with a chemistry module to integrate

atmospheric chemistry and aerosols with the meteorologi-

cal model (Grell et al., 2005). As a result, the influence of

meteorology on aerosol diffusion, transport and deposi-

tion, and the influence of aerosols on the state of the

atmosphere are both considered.

The GOCART (Goddard Global Ozone Chemistry

Aerosol Radiation and Transport) simple aerosol scheme

was used, as this study only focuses on the simulation

of dust particles. The GOCART dust scheme considers

preferential sources based on erodible fraction (Cavazos

Guerra, 2011) and calculates the vertical dust flux from the

surface as (Ginoux et al., 2001, 2004):

F ¼ CS sp u
2
10 u10 � utp

� �
for u10 � utp (1)

where C is an empirical proportionality constant and tuned

to 1.9mg s2m�5, u10 is the horizontal wind speed at 10m,

utp is the threshold velocity for wind erosion of particle size

p, below which there is no dust emission, sp is the fraction

of each size class of dust and S is the fraction of sediments

accumulated in the topographic depression regions having

bare surfaces that are available for wind erosion (Chin

et al., 2003). The threshold velocity is believed to be the

major source of uncertainty for dust emission (Ginoux

et al., 2012). It depends on surface properties and is a

function of particle size, air and particle density, and the

bonding effect of soil moisture. Dust particles can be blown

into the atmosphere when wind speed at 10m (u10) exceeds

the threshold velocity for a given particle size and density

(utp) and surface wetness is smaller than the threshold value

of 0.5. Surface wetness is taken into consideration because

soil moisture increases the cohesion forces between soil

particles (Tegen, 2003). Five discrete size bins of dust

particles were considered, with idealised spherical shapes

whose radii range from 0.1 to 10mm. The five dust bins

in the model are 0.1�1, 1�2, 2�3, 3�6 and 6�10mm, with cor-

responding effective radii of 0.73, 1.4, 2.4, 4.5, and 8.0mm.

Consequently, direct radiative forcing of dust particles

greater than 10mm in radius is not considered in the current

study. This implies that the radiative effect of dust may be
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underestimated over and near the source of dust where co-

arse particles are more abundant. The bin scheme adopted

in this study is more realistic than the modal aerosol

scheme that assumes that the shape of the size distribution

does not change during transport (Tegen, 2003).

Dust particles can be transported by advection and

eddy diffusion, while dry and wet deposition are removal

processes. Dry deposition includes gravitational settling as

a function of particle size and air viscosity, and surface

deposition as a function of surface type and atmospheric

stability conditions (Wesely, 1989). The wet deposition

scheme considers stratiform and convective precipitation

(Balkanski et al., 1993).

The Yonsei University (YSU) planetary boundary layer

(PBL) parameterisation (Hong et al., 2006; Hong, 2010), the

Noah land-surface model (Chen and Dudhia, 2001; Ek

et al., 2003) and the Monin-Obukhov surface layer scheme

(Obukhov, 1971) were used in the simulation. TheMorrison

(Morrison et al., 2009) and Grell 3D (Grell, 1993) schemes

were used to represent cloud microphysics and convection

processes. The rapid radiative transfer model for general

circulation models (RRTMG) (Mlawer et al., 1997) was

used for both short-wave and long-wave radiation to

include the direct radiative effect of aerosols, while the

indirect effects of mineral dust were not investigated in this

study. The refractive index was calculated by volume

averaging for each size bin, and Mie theory was used to

estimate the extinction efficiency, the scattering efficiency

and the asymmetry factor. Optical properties were then

calculated by summation over all the size bins. The refrac-

tive index of mineral dust for short-wave radiation was

considered to be wavelength independent and its real part

was set to 1.58, following the work of Qin and Mitchell

(2009) over Australia. The imaginary part is uncertain and

values ranging from 0.0004i to 0.006i have been suggested

(e.g. Dubovik et al., 2002). The value of 0.003i was used by

Zhao et al. (2010) over the Sahara. However, the study by

Radhi et al. (2010) indicates that Australian dust is rich in

iron, with the iron content identified to be around 1.8 times

larger than the Saharan dust. Accordingly, the imaginary

part of the refractive index for short-wave radiation was

considered to be 1.8 times greater than the value obtained

over the Sahara, and set to 0.0054i. Due to insufficient

information to constrain the refractive index of mineral dust

for long-wave radiation, the default setting of the WRF/

Chem model was used, with the real and imaginary parts

considered to be wavelength dependent and to vary for 16

long-wave spectral bands (Table 1).

The model domain covers Australia and New Zealand

using 335�250 grid points at 20 km horizontal resolution,

with 27 vertical layers. Two simulations with and without

dust were performed in a way that the two-way interaction

between atmospheric processes and aerosols was included in

the simulations. Direct radiative forcing of dust was cal-

culated from the differences between the results of the two

simulations. The simulation covers the period from 1

September 2009 to 28 February 2010 (referred to as the

simulation period). Meteorological initial and boundary

conditions were obtained from the National Centres for

Environmental Prediction (NCEP) Final Analysis (FNL)

re-analysis data at 18 resolution. The simulation was con-

ducted by re-initializing meteorological conditions every

10 days with the FNL re-analysis data, and the boundary

conditions were updated every 6 hours. The chemical

boundary conditions are from the default profiles in the

WRF/Chem model.

4. Observed and simulated dust

Figure 1 shows monthly mean AOD at 0.55 mm over

Australia from September 2009 to February 2010 retrieved

from the MISR satellite instrument. High AOD values

reaching 0.4 are present over central-eastern Australia in all

months, with peak values in November, although dust

storm activity decreased substantially during January and

February. There is also high aerosol loading over the

tropical regions of northern Australia from September

2009 to January 2010 due to extensive biomass burning

over the region (Edwards et al., 2006). The peak AOD due

to biomass burning is in October, both over the tropical

regions of northern Australia and Indonesia, with a

pronounced decrease in February, reflecting rainfall in-

creases associated with complete establishment of the

Australian summer monsoon season. Note that generally

biomass burning takes place during the August�September

Table 1. Refractive index of mineral dust for 16 long-wave

spectral bands used in the WRF/Chem model

Refractive index

Long-wave (mm) Real Imaginary

3.1�3.8 1.51 0.018

3.8�4.2 1.5 0.0068

4.2�4.4 1.5 0.008

4.4�4.8 1.495 0.011

4.8�5.6 1.473 0.0245

5.6�6.8 1.432 0.061

6.8�7.2 1.447 0.105

7.2�8.5 1.242 0.093

8.5�9.3 1.557 0.373

9.3�10.2 2.917 0.65

10.2�12.2 1.822 0.26

12.2�14.3 1.911 0.319

14.3�15.9 1.508 0.263

15.9�20.0 1.748 0.462

20.0�28.6 2.904 0.857

28.6�1000 2.340 0.7
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dry season over Indonesia, but its relatively high aerosol

loading during October to December is due to the El Niño

warm phase (Edwards et al., 2006) which caused significant

drying in 2009 (Zhao and Running, 2010). The maximum

and minimum domain averaged (50�58S and 110�1808E)
monthly mean AOD during the observed period was

estimated to occur in October with 0.19 and February

with 0.133, respectively (Fig. 1).

Available daily and monthly mean variation of AOD

values over the Lake Eyre Basin region (26�298S and 137�
1398E) retrieved from the MISR satellite instrument for the

period 2001 to 2011 is shown in Fig. 2. It is clear that dust

activity over the basin started to increase in September,

reached a peak in January, and began to decrease in

March. Seasonally averaged AOD values were found to be

0.197 and 0.194 during spring (SON) and summer (DJF),
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Fig. 1. Aerosol optical depth (AOD) at 0.55mm from September 2009 to February 2010 retrieved from the MISR instrument. Domain

averaged (5�508S and 110�1808E) monthly mean AOD is indicated in brackets for each panel. The location of Lake Eyre Basin is shown by

the star.
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respectively. In contrast, dust activity was substantially

reduced over the region during autumn (MAM) and winter

(JJA), with AOD values of 0.109 and 0.086, respectively.

The maximum and minimum dust storm activity occurred

in January and June with monthly mean AOD values of

0.212 and 0.077, respectively.

Figure 3 shows dust extinction coefficient (attenuation

of light passing through the atmosphere by dust aerosols)

profiles at 0.532 mm over Lake Eyre Basin (288S and

137.58E) for September 2009 to February 2010 retrieved

from CALIOP. Dust extinction coefficients generally

decrease with altitude (except in October when there is a

second peak value of 0.043 km�1 at around 1.2 km height)

and the peak values are located close to the surface in

all months, indicating that Australian dust aerosols are

mostly transported in the lower atmosphere and therefore

expected to be mostly deposited near the dust source

regions. The maximum dust extinction coefficients were

observed in October 2009 and January 2010, with peak

values reaching around 0.06 km�1 close to the surface.

In contrast, the lowest dust extinction coefficient was

observed in February 2010 when it reached a peak value

of 0.017 km�1 near the surface. Seasonally averaged dust

extinction coefficient profiles over Lake Eyre Basin from

March 2009 to February 2010 are also compared in Fig. 3g.

Dust aerosols reach higher altitudes and have greater

concentrations in spring than other seasons, with substan-

tially reduced values in winter. However, the longer time

(2006�2011) seasonally averaged dust extinction coefficient

profiles (which provide typical dust profiles) indicate that

dust activity is greater over Lake Eyre Basin during

summer relative to spring (Fig. 3h). This is in contrast to

the results from long-term MISR data (2001�2011) that

indicate slightly higher dust activity during spring.

A dust aerosol layer extends from the surface to a height

of around 4 km in spring and summer, which is higher than

autumn and winter when the top of the dust layer reaches a

height of around 2.5 and 1.5 km, respectively (Fig. 3h).

This is due to the fact that more dust particles are entrained

into the atmosphere during spring and summer (see Fig. 2)

and they can be carried to higher altitudes as a result of a

deep mixed layer created by intense solar heating during

warmer seasons. Note that Fig. 3 indicates that seasonal
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Fig. 2. Daily (blue) and monthly mean (black) variation of

AOD over Lake Eyre Basin (26�298S and 137�1398E) retrieved
from the MISR satellite instrument and averaged for the period

2001 to 2011.
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mean aerosol extinction coefficients were significantly

higher in 2009�2010 than the averaged values for the 6-yr

period from 2006 to 2011 (except for similar patterns in

winter) as there was severe drought over the region during

2009 and early 2010 (Zhao and Running, 2010).

Monthly mean AOD over Lake Eyre Basin retrieved

from the MISR and CALIOP instruments and the WRF/

Chem model for September 2009 to February 2010 is

shown in Fig. 4. The MISR data show that the maximum

and minimum AOD occurred in November 2009 (0.506)

and January 2010 (0.204) respectively, while CALIOP data

indicate that peaks occurred in October 2009 (0.057) and

January 2010 (0.056), with minimum values observed in

February 2010 (0.034). The maximum AOD in October

and January retrieved from CALIOP was caused by large

amounts of elevated dust compared to other months,

while the minimum value in February is due to both less

near-surface and elevated dust aerosols, as shown in Fig. 3.

Note that monthly mean AOD values from CALIOP are

substantially less than those from MISR. The underestima-

tion of AOD by CALIOP is due to the fact that a low lidar

ratio is used in the CALIOP algorithm to retrieve mineral

dust, multiple scattering is not taken into account in the

CALIOP retrievals for dense dust layers (Wandinger et al.,

2010), and dense dust plumes can be misclassified as clouds

(Tsamalis and Chedin, 2012). Furthermore, regions that

are identified as clear air by the CALIOP feature finder

are assumed to have an aerosol extinction coefficient of

0.0 km�1 in the CALIOP algorithm. Differences in the

timing of maximum and minimum AOD values obtained

from the MISR and CALIOP datasets are caused by

differences between their sensors and their different spatial

and temporal resolution (Petrenko et al., 2012). Monthly

mean simulated AOD values are greater than AOD values

retrieved from CALIOP, but less than those from MISR.

The minimum AOD (0.084) is simulated in September

and December 2009, while the maximum AOD (0.111) is

predicted to be in January 2010. The WRF/Chem model

simulated higher AOD during summer than spring, pri-

marily due to drier land surfaces in summer.

Dust optical depth (DOD) at 0.55 mm over Australia

averaged over the simulation period from September 2009

to February 2010 is shown in Fig. 5. It clearly indicates

that the most important source of dust is located over

Lake Eyre Basin, with the averaged DOD reaching less

than 0.2. Australian dust plumes are mostly carried

through the north-western corridor towards the Timor

Sea and Indian Ocean. Transport of dust in a northward

direction to tropical northern Australia and in an east to

south-eastward direction to the Coral and Tasman Seas

and the Southern Ocean is also simulated by the model

(Fig. 5). It is also evident that dust from Lake Eyre Basin

affects New Zealand during spring and summer.

5. Short-wave and long-wave radiative forcing

by dust

Figure 6 shows simulated clear-sky short-wave, long-wave,

and net (short-wave� long-wave) direct radiative forcing

by mineral dust aerosols at the surface and TOA averaged

for a 6-month period from September 2009 to February

2010. Short-wave radiative forcing is negative at the surface

due to scattering and absorption of solar radiation by dust

aerosols. Similarly, it is generally negative at the TOA,

indicating an increase of outgoing short-wave radiation

by dust aerosols. In contrast, mineral dust aerosols trap

long-wave radiation, thereby inducing positive long-wave

radiative forcing at the surface. At the TOA, both positive

and negative long-wave radiative forcing are simulated,

and the domain averaged (over the entire domain shown in

Fig. 6) long-wave radiative forcing is nearly zero. The net
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Fig. 4. Monthly average AOD observed by the MISR and

CALIOP satellite instruments and simulated by the WRF/Chem

model over Lake Eyre Basin (288S and 137.58E) from September

2009 to February 2010.
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Fig. 5. Simulated dust optical depth (DOD) at 0.55 mm averaged

for a 6-month period from September 2009 to February 2010.
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direct radiative forcing is negative at the surface as the

short-wave cooling effect of dust outweighs the long-wave

warming effect. The net radiative forcing is also negative at

the TOA, corresponding to a cooling of the atmosphere by

an increase of outgoing radiation (increased reflection of

radiation to space).

The domain averaged radiative forcing by mineral dust

aerosols over the simulation period indicates that the long-

wave warming effect of dust (0.13 W m�2) offsets 19.4% of

its short-wave cooling effect (�0.67 W m�2) at the surface

(Fig. 6). As a result, the net direct radiative forcing of

dust has the negative value of �0.54 W m�2 at the surface

Surface SW radiative forcing (-0.67 W m–2) TOA SW radiative forcing (-0.26 W m–2)

Surface LW radiative forcing (0.13 W m–2) TOA LW radiative forcing (-0.01 W m–2)

Surface Net radiative forcing (-0.54 W m–2) TOA Net radiative forcing (-0.27 W m–2)

–4 –3 –2 –1 0 1 2 3 4

Fig. 6. Simulated clear-sky short-wave, long-wave and net (short-wave� long-wave) direct radiative forcing (W m�2) by dust aerosols

at the surface and TOA averaged from September 2009 to February 2010. The domain averaged radiative forcing by dust averaged over the

simulation period is indicated in brackets for each panel.

8 O. ALIZADEH CHOOBARI ET AL.



because scattering and absorption of solar radiation domi-

nates over the trapping of infrared radiation. Similarly, the

net direct radiative forcing of mineral dust has a nega-

tive value of �0.27 W m�2 at the TOA. The difference

between surface and TOA net radiative forcing is a value of

0.27 W m�2 which represents the amount of radiation that

is absorbed by mineral dust. Note that both short-wave and

long-wave radiative forcing of dust is higher over the dust

source regions in central-eastern Australia (as shown in

Fig. 6) because of higher AOD (Fig. 5). The higher long-

wave radiative forcing over central-eastern Australia is also

due to a stronger interaction between long-wave radiation

and coarse dust particles that are more abundant over and

near the source regions.

Table 2 shows simulated clear-sky monthly mean and a

6-month averaged direct radiative forcing of dust at the

surface and TOA over Lake Eyre Basin. Over the simula-

tion period, the long-wave warming effect of dust (4.41

W m�2) offsets 60.9% of its short-wave cooling effect

(�7.24 W m�2) at the surface. At the TOA, the long-wave

warming effect of dust (0.94 W m�2) accounts for 61% of

its short-wave cooling effect (�1.54 W m�2). Conse-

quently, the net impact of dust is a negative forcing both

at the surface and TOA, with values of �2.83 W m�2 and

�0.6 W m�2, respectively. The net negative forcing at the

surface and TOA demonstrates a reduction of radia-

tion reaching the surface and an increase of reflection of

radiation to space, respectively. The difference between net

radiative forcing at the surface and TOA is 2.23 W m�2,

representing the amount of radiation that is absorbed by

mineral dust. Note that over Lake Eyre Basin, the long-

wave warming effect has a larger contribution to counter-

ing the short-wave cooling effect of dust (reaching 60.9% at

the surface) compared to the domain averaged contribution

(reaching 19.4% at the surface). This is because larger dust

particles are more abundant over dust source regions,

which therefore have a stronger interaction with long-wave

radiation.

Diurnal cycles of downward and upward short-wave and

long-wave fluxes at the surface and TOA over Lake Eyre

Basin averaged over the simulation period for both dust

and dust-free conditions are shown in Fig. 7, and the

corresponding daily averages are given in brackets. At the

surface, downward short-wave radiative forcing is negative

due to absorption and backscattering of solar radiation by

dust. It varies with solar zenith angle during daytime with

stronger forcing in the early afternoon because the Sun’s

rays are near vertical and have their strongest intensity, but

also because aerosol absorption decreases with increasing

solar zenith angle (Yu et al., 2006). In contrast, downward

long-wave radiative forcing by mineral dust is positive

during both day and night. Daily average downward short-

wave radiative forcing has a negative value of �8.9 W

m�2, while daily average downward long-wave radiative

forcing has a positive value of 3.7 W m�2.

At the TOA, upward short-wave radiative forcing by

dust is positive, with a daily average value of 1.5 W m�2.

In contrast, upward long-wave radiative forcing overall

is negative, with a daily average value of �0.9 W m�2.

This leads to a net upward daily mean radiative forcing of

0.4 W m�2, meaning that mineral dust increases reflection

of radiation to space, corresponding to a cooling of the

atmosphere. Upward long-wave radiative forcing by dust

at the TOA is negative during daytime. This implies that

during daytime mineral dust decreases scattering of long-

wave radiation to space. Upward short-wave direct radia-

tive forcing at the TOA has its lowest value at noon and in

the early afternoon when the Sun’s rays are near vertical

and passing through fewer dust aerosols. This implies that

the fraction of short-wave radiation scattered back to space

is a function of solar zenith angle. Note that there is a lag

between the maximum incoming long-wave radiation at the

surface and the maximum outgoing long-wave radiation at

the TOA in Fig. 7. The reason for this is that the incoming

long-wave radiation at the surface is a function of the

weighted average temperature of the column of atmosphere

Table 2. Simulated clear-sky monthly averaged shortwave, long-wave and net (short-wave� long-wave) direct radiative forcing (W m�2)

by dust aerosols at the surface and TOA over Lake Eyre Baisn (288S and 137.58E)

SW (W m�2) LW (W m�2) Net (W m�2)

Surface TOA Surface TOA Surface TOA

Sep �5.61 �1.56 3.35 0.32 �2.26 �1.24

Oct �6.35 �1.59 3.67 0.5 �2.68 �1.09

Nov �6.47 �1.44 4.42 1.05 �2.05 �0.39

Dec �7.14 �1.36 3.75 0.38 �3.39 �0.98

Jan �9.83 �1.62 6.78 2.26 �3.05 0.64

Feb �8.05 �1.68 4.49 1.16 �3.56 �0.52

Mean �7.24 �1.54 4.41 0.94 �2.83 �0.6
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above Lake Eyre Basin and it takes a long time for the

column of air to heat up, while the outgoing long-wave

radiation at the TOA is predominantly a function of land

surface temperature that heats up very quickly in the early

afternoon.

6. Atmospheric heating and cooling rates

Atmospheric heating and cooling profiles due to the inter-

action of short-wave and long-wave radiation with dust

aerosols over Lake Eyre Basin averaged for spring and

summer are shown in Fig. 8. Due to absorption of

radiation by dust, the short-wave heating effect of dust

is simulated with a maximum rate of around 0.35 K d�1

and 0.45 K d�1 near the surface in spring and summer,

respectively (Fig. 8a). The short-wave heating effect has a

decreasing trend with altitude, reflecting fewer and smaller

dust particles at higher levels (as smaller dust particles are

less absorbing). The short-wave heating of the atmosphere

is a unique characteristic of absorbing aerosols such as

mineral dust. In contrast, the long-wave effect of dust in

the atmosphere is negative with a rate reaching a value

of around �0.6 K d�1 and �0.5 K d�1 near the surface

in spring and summer, respectively, and a decreasing trend

with altitude (Fig. 8b). The long-wave effect of dust cools

the atmosphere because absorption of long-wave radiation

by mineral dust is less than its emission to the surface and

TOA. Near the surface, large dust particles are generally

present (particularly over dust source areas) that have a

stronger interaction with long-wave radiation, and because

this interaction is present both during day and night, the

long-wave cooling rate of the atmosphere by dust dom-

inates over the short-wave warming effect. In contrast,

short-wave atmospheric heating dominates at higher alti-

tudes where there is less interaction between dust particles

and long-wave radiation due to presence of smaller size

particles at higher altitudes. As a result, the net direct

radiative impact of mineral dust produces cooling of the

atmosphere near the surface (below around 0.2 km) with

maximum rates of around �0.25 and �0.09K d�1 in

spring and summer, respectively. In contrast, warming of

the atmosphere aloft (above 0.2 km) is simulated with

maximum rates of around 0.12 and 0.18 K d�1 at 0.5 km

height in spring and summer, respectively (Fig. 8c). The

cooling at the surface (Fig. 6) and in the lower atmosphere

(below around 0.2 km height), and warming the atmo-

sphere aloft (Fig. 8c) contributes to stabilising the atmo-

sphere over central-eastern Australia.
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It should be noted that although the net direct radiative

effect of dust for the entire day is cooling the lower

atmosphere and warming the layers above (Fig. 8c), its

impact on the vertical profile of potential temperature and

subsequent impact on the stability of the atmosphere is

different during day and night. During daytime, a reduc-

tion of short-wave radiation reaching the surface is

associated with a decrease of potential temperature in the

lower atmosphere and its increase in layers above, leading

to an increase of atmospheric stability. During nighttime,

on the other hand, trapping of the long-wave radiation

results in an increase of potential temperature in the lower

atmosphere, and a decrease in atmospheric layers above,

which in turn destabilises the atmosphere.

7. Discussion and conclusions

Short-wave and long-wave direct radiative forcing by

mineral dust aerosols over Australia has been investigated

in a dry El Niño year during austral spring and summer

when dust outbreaks over central-eastern Australia are

most frequent using the WRF/Chem regional model with

the GOCART simple aerosol scheme. The model results

are complemented by satellite data to investigate monthly

variation of mineral dust distribution. There are some

differences between the simulated and satellite retrievals

of AOD which mainly arise from using the simplified

GOCART dust emission scheme that considers preferential

sources based on erodible fraction rather than individual

soil particle properties (Cavazos Guerra, 2011). However,

there are some uncertainties in the retrieved AOD from

satellites, most notably associated with cloud contamina-

tion and variability of surface albedo over land (Yu et al.,

2006).

Mineral dust from interior Australia is simulated to

be mainly transported in a north to northwest direction

towards the tropical regions of northern Australia and the

Indian Ocean, and an east to south-eastward direction

towards the Coral and Tasman Seas and the Southern

Ocean. These transport pathways are consistent with the

results of Alizadeh Choobari et al. (2012a) using the dust

transport (DUSTRAN) module embedded within the

WRF/Chem model for a single severe dust event over

Australia during 22�23 September 2009. Retrieved dust

extinction coefficient profiles from CALIOP indicate that

on a long-term basis (2006�2011) the peak dust activity

over Australia occurs during summer, followed by spring.

The maximum dust activity in the spring-summer period is

in agreement with the results of Radhi et al. (2010) using

AERONET observations, who identified maximum aerosol

content with coarse mode at this time of the year. The

spring-summer peak is caused by strong winds associated

with the passage of non-precipitating cold fronts (Ekstrom

et al., 2004) and dry conditions. The summer peak dust

load simulated by the model and observed by CALIOP (for

the period 2006�2011) is consistent with the results of

Ekstrom et al. (2004) using ground-based measurements

for the period 1960 to 1999, and Mitchell et al. (2010) using

the AERONET observations at Tinga Tingana (298S and

139.58E), Lake Eyre Basin for the period 2003 to 2007.

Mineral dust aerosols reach a maximum height of

around 4 km over Lake Eyre Basin in spring and summer,

which is lower than the dust layer over North Africa (Liu

et al., 2008) and the Taklimakan desert (Huang et al.,

2008). Dust concentrations over Lake Eyre Basin decrease

substantially in autumn and winter when the top of the

dust layer only reaches a height of around 2.5 and 1.5 km,

respectively. The lower elevation of Australian dust aero-

sols implies that they have a lower surface radiative cooling

effect than ‘dust belts’ of the Northern Hemisphere because

there is little vertical exchange of the heat absorbed by

mineral dust and the surface when the dust layer is located

well above the boundary layer (Chung and Zhang, 2004).

Clear-sky domain averaged short-wave direct radiative

forcing by dust averaged over the simulation period is

estimated to be �0.67 W m�2 and �0.26 W m�2 at the

surface and TOA, respectively. The short-wave surface

cooling effect of dust is about 2.6 times larger than the

TOA cooling effect because of dust aerosol absorption.

The simulated short-wave cooling at the surface (�0.67 W

m�2) is less than the observed annual average global short-

wave direct forcing over land and ocean (�10.3 W m�2)

(Yu et al., 2006). The lower estimates of short-wave

radiative forcing by dust over Australia simulated by the

WRF/Chem model are expected because the model-based

estimates of direct radiative forcing are generally smaller

than the satellite-based estimates (Yu et al., 2006). Such

discrepancy partly arises because satellite-based direct

radiative effect estimates are contaminated by clouds and

are poorly constrained over land due to variability of

surface albedo. Indeed, as outlined by Yu et al. (2006), the

satellite-based direct radiative effect estimates are reduced

and become more consistent with the model-based esti-

mates after considering cloud contamination.

The domain averaged short-wave and long-wave direct

radiative forcing by mineral dust over Australia is sub-

stantially lower than model-based estimates over West

Africa. For example, a �12.37 W m�2 short-wave cooling

and 6.26 W m�2 long-wave warming effect of mineral dust

was simulated at the surface over West Africa during 1

May to 30 September 2006 using the WRF/Chem model

(Zhao et al., 2011), which is significantly higher than

the �0.67 W m�2 short-wave cooling and 0.13 W m�2

long-wave warming estimates obtained in the present

study. This suggests a lesser impact of Australian dust on
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the Earth’s climate system compared to other major dust

sources in the Northern Hemisphere.

The atmospheric heating rate due to the interaction

of short-wave radiation with dust aerosols is simulated

because mineral dust absorbs both incoming and outgoing

short-wave radiation. The maximum short-wave heating

rate over Lake Eyre Basin occurred near the surface with

a maximum value of about 0.4 K d�1 averaged over the

simulation period and a decreasing trend with altitude.

The short-wave heating of the atmosphere is similar to the

results of Zhao et al. (2010), who identified a maximum

short-wave heating rate of around 0.8 K d�1 but at 0.5 km

height at Niamey Airport during 13 January to 3 February

2006. In contrast, the effect of dust on long-wave radiation

in the atmosphere is found to be negative with a maximum

rate of around �0.55 K d�1 near the surface averaged

over the simulation period, and a rapid decrease with

altitude. The cooling of the atmosphere due to interaction

of suspended dust with long-wave radiation is similar to

the results of Zhao et al. (2011) over West Africa who

attributed such cooling to the increased atmospheric out-

going long-wave radiation by dust aerosols. Therefore, dust

induces contrasting long-wave cooling and short-wave

warming of the atmosphere. Near the surface (below 0.2

km) where larger dust particles are more abundant, the

long-wave cooling effect of the atmosphere by dust is

greater than the short-wave warming effect of the atmo-

sphere. In contrast, at higher altitudes (above 0.2 km)

where smaller dust particles are more abundant, the

opposite is true. This leads to a net cooling of the atmos-

phere near the surface (below 0.2 km), and warming of the

atmosphere above, which has consequences for increasing

the stability of the atmosphere. This increased stability due

to direct radiative forcing of mineral dust is consistent with

previous studies (e.g. Miller et al., 2004).

This study only examined the direct radiative forcing by

mineral dust over Australia during a 6-month period of

austral spring and summer in a dry El Niño year, while

such forcing is expected to have lower values in neutral or

wet La Niña years. Therefore, the results do not necessarily

provide a comprehensive climatology of the direct radiative

forcing by dust aerosols over Australia. To fully under-

stand the regional climate impact of mineral dust over

Australia, long-term multi-year simulations that include

both direct and indirect effects need to be conducted.
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