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Abstract. Australian dust emissions are highly episodic, and1 Introduction

this may increase the importance of Australian dust as a cli-

mate feedback agent. We compare two 160-year coupletineral dust is both strongly influenced by climate and it-
atmosphere-ocean simulations of modern-day climate usingelf influences climate. Dust aerosols exert substantial direct
the CSIRO Mark 3.6 global climate model (GCM). The first effects by scattering and absorbing shortwave radiation and
run (DUST) includes an interactive treatment of mineral dustabsorbing longwave radiatioSétheesh and Moorth2005.

and its direct radiative effects. The second run (NODUST)In addition to these direct effects, dust affects cloud micro-
is otherwise identical, but has the Australian dust source sephysics and the efficiency of precipitation formatidfy(r-

to zero. We focus on the austral spring season, when theler et al, 200Q Rosenfeld et a].200]). It also provides an
correlation between rainfall and the Elftddi Southern Os- important biogeochemical link between terrestrial and ma-
cillation (ENSO) is strongest over Australia. The ENSO- rine ecosystemsRidgwell, 2009. Dust is an important vec-
rainfall relationship over eastern Australia is stronger in thetor for iron supply to the ocean, which subsequently im-
DUST run: dry (El Niio) years tend to be drier, and wet pacts ocean productivity, atmospheric £€bncentrations,
(La Nifa) years wetter. The amplification of ENSO-related and hence global climatéfackie et al, 2008.

rainfall variability over eastern Australia represents an im-  Regionally, dust can exert large radiative effects, espe-
provement relative to observations. The effect is driven bycially on surface shortwave radiation. For examptay-
ENSO-related anomalies in radiative forcing by Australian wood et al.(2003 estimated a maximum decrease of short
dust over the south-west Pacific Ocean; these anomalies invave radiation at the surface of 209 Wnduring a dust
crease (decrease) surface evaporation in LigaNEI Niio)  event over the North Atlantic Ocean in September 2000.
years. Some of this moisture is advected towards easteras a partially absorbing aerosol, dust also tends to increase
Australia, where increased (decreased) moisture convergenegmospheric stability and reduce convecti@atheesh and

in La Nifa (El Nino) years increases the amplitude of ENSO- Moorthy, 2005. However, the reality is more complex, be-
related rainfall variability. The modulation of surface evapo- cause the forcing and response to absorbing aerosols can de-
ration by dust over the south-west Pacific occurs via surfacegyend strongly on their relationship to cloudsao and Sein-
radiative forcing and dust-induced stabilisation of the bound-feld, 1998, their optical properties\iller et al., 2004, alti-

ary layer. The results suggest that (1) a realistic treatment ofude Penner et al2003 and the aridity of the environment
Australian dust may be necessary for accurate simulation ofMiller et al., 2004).

the ENSO-rainfall relationship over Australia, and (2) radia-  Climatic conditions strongly influence atmospheric dust
tive feedbacks involving dust may be important for under- concentration, via their effects on dust emission, transport
standing natural rainfall variability over Australia. and deposition. For example, transport of African dust
across the North Atlantic shows large interannual changes
that are highly anticorrelated with rainfall in the Soudano-
Sahel region Rrospero and Lamt2003. Wind erosion

of soils is sensitive to vegetation cover and soil moisture,
as well as the intrinsic properties of the sdBillette and

Correspondence td:. D. Rotstayn Passi 1088 Fécan et al.1999 Webb et al. 2008 Ishizuka
BY (leon.rotstayn@csiro.au) et al, 2008. Zender and Kwor{2005 found that, in most
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regions, precipitation and vegetation variations strongly con- To our knowledge, there have been no modelling studies
strain dust anomalies, with dust emission and precipitationof the direct radiative effects of Australian dust on climate.
being negatively correlated on multiple timescales. How-However,Rotstayn et al(2010 noted a substantial improve-
ever, in some regions dust and precipitation anomalies correment in the simulation of Australian natural rainfall variabil-
late positively. This can occur where flood-transported sedi-ty in an updated version of the CSIRO global climate model
ments increase dust emission during subsequent dry period§&CM), which they tentatively attributed to the inclusion of
(McTainsh et al.1999. an interactive dust treatment. They assessed the model’s sim-
Numerous studies have shown that aerosols reduce sutdation of the leading modes of annual rainfall variability
face insolation, which must be balanced by weaker latentuusing empirical orthogonal teleconnections (EOVa) den
and sensible heat fluxes (e.Bamanathan et aR007). Ab- Dool et al, 2000. Compared to its predecessor (Mark 3.5),
sorption of shortwave radiation by aerosols such as dusthe updated model (Mark 3.6) was better able to capture the
also causes heating of the lower troposphere and cooling afpatial pattern of the leading rainfall mode, which represents
the surface, which is expected to stabilise the lower atmo-ariability due to the El Nio Southern Oscillation (ENSO).
sphere and reduce convection. This has been shown on réa Mark 3.6, the ENSO-related rainfall mode was centred
gional scales in several modelling studidg&afig and Fein-  over eastern Australia, in good agreement with observations,
gold, 2006 Grini et al, 2006 Fan et al. 2008 Wendisch  whereas in Mark 3.5 it was incorrectly centred over Western
et al, 2008. However, modelling also suggests that dust- Australia.
induced radiative heating can enhance ascent and moisture Based on qualitative argumenRoptstayn et al(2010 pro-
convergence, leading to increased convection and precipitaposed that by further suppressing convection over eastern
tion in some situationsStephens et gl2004 Solmon etal.  Australia during El Niio events (and enhancing it during La
2008 Lau et al, 2009 Perlwitz and Miller 2010. Nifia events), dust feedbacks may increase the magnitude of
These effects create the possibility of strong feedbacks berainfall variability there, in tune with the model’'s ENSO cy-
tween dust and regional climate variations. Saharan dustele. However, because their updated model included other
induced surface cooling and lower atmospheric heating haghanges besides the inclusion of an interactive dust scheme,
been shown to increase atmospheric stability and reduce conhey were unable to state this with confidence. An accurate
vection in the tropical Atlantic Ocean; this may explain the simulation of this rainfall mode is necessary for modelling
strong inverse relationship between inter-annual variations othe response of Australian rainfall to anthropogenic climate
tropical cyclone activity and Saharan dust outbreaks (e.g.change. The hypothesis also suggests that feedbacks involv-
Evan et al.2006 Sun et al.2009. Model simulations sug- ing dust may be important for understanding natural rainfall
gest that direct radiative forcing by increased levels of Northvariability over Australia. For example, it is possible that
African dust can explain up to 30 % of the observed precip-there is a positive feedback on drought induced by the recent
itation reduction in the Sahel between wet and dry periodsobserved increase in Australian dustitchell et al, 2010.
(Yoshioka et al.2007). Modelling of the 1930s “dust bow!” Here, we investigate the effect of Australian dust on
drought in North America suggests that human-induced land=NSO-related rainfall variability by comparing two coupled
degradation is likely to have contributed to the dust stormspcean-atmosphere simulations with the CSIRO Mark 3.6
and also amplified the drought, in part due to the direct ra-GCM (hereafter Mk3.6). The first is an extension of the run
diative effects of dustGook et al, 2009. described byRotstayn et al(2010, with the Australian dust
Australia is the dominant source of dust in the Southernsource included. The second run is otherwise identical, but
HemisphereTanaka and Chih2006 Mackie et al, 2008.  the Australian dust source is set to zero. By comparing two
Satellite retrievals identify the large (11400008n.ake  runs which differ on only one respect, it should be possible
Eyre Basin of central-eastern Australia as the largest dusio isolate the effect of Australian dust.
source in the Southern HemispheRrdspero et al.2002);
see alsdWVashington et al(2003, McTainsh et al.(2007),
Bullard et al.(2008 and Mitchell et al. (2010. Compared 2 Model and simulations
to the major Northern Hemisphere dust source regions, Aus-
tralian average dust emissions are relatively low. However2.1 Model description
they are very episodic, with periods of high dust activity oc-
curring during droughtNicTainsh et al.2007). Australia’s  The CSIRO Mk3.6 GCM is described byotstayn et al.
Southern Hemisphere location and the sensitivity of its re-(2010. It was developed from the earlier Mk3.5 version
sponses (in both time and space) to rainfall variations mayGordon et al.2010; for an historical overview se8mith
increase the importance of Australian dust as a feedback of2007. It is a coupled ocean-atmosphere model with dy-
climate. Biogeochemical effects of Australian dust have beemamic sea ice, and horizontal resolution of approximately
studied for some time (e.gVackie et al, 2008. 1.9° x 1.9° (spectral T63). The atmospheric component has
18 vertical levels. The main differences between Mk3.5
and Mk3.6 are the incorporation of an interactive aerosol
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treatment and an updated radiation scheme in the latter. TheshereR is the rainfall rate in cm per day. The term related
aerosol species treated interactively are sulfate, black carto free convection is

bon, organic aerosol, mineral dust and sea salt. All the

above aerosol types, except for sea salt, are treated progno¥ree = 0.65w, (2)
tically by the model, so that equations are included for their

emission, transformation, transport and removal at each timavherews, is the free convection velocityDeardorff 1970.
step. In all, there are 11 prognostic variables in the aerosof\s noted byLunt and Valdeg2003, these terms can plausi-
scheme: dimethyl sulfide (DMS), sulfur dioxide (§Qsul- bly be added in quadrature, or linearly, with the latter giving
fate, hydrophobic and hydrophilic forms of black carbon anda larger effect. In the current version of our model, the terms
organic aerosol, and four size bins of mineral dust, with radiiare added linearly, so that the effective 10-metre wind speed
ranging from 0.1-1, 1-2, 2-3 and 3-6 pm respectively. Aused in the dust emission scheme is

further two modes of sea salt are diagnosed as a function of

wind speed in the marine boundary layer, but are not treated’20m= V10g+ Vdeep+ Viree ()
prognostically. Also, the distribution of stratospheric aerosol . . )

from volcanic eruptions is prescribed using monthly meanWhereViogis the grid-resolved 10-metre wind speed.

data (extended frorBato et al.1993. Rotstayn et al(2007) Transport of dust occurs by advection, vertical turbulent
give further details of the aerosol schemes (including theirMixing and vertical transport inside deep convective clouds.
limitations). The aerosol treatments are supported by an upYertical advection is handled using a flux-corrected transport
dated radiation scheme that includes aerosol-radiative effectgcheme Yan Leer 1977, and horizontal advection is han-
(Grant et al. 1999 Chou and Leg2005 Rotstayn et a).  dled via a semi-Lagrangian schemédGregor 1993. The
2007). The radiation scheme treats the shortwave effects ofreatment of vertical turbulent mixing is based on stability-
all the above aerosol types and the longwave effects of duséiependent K-theoryLouis, 1979. Under convective condi-
and volcanic aerosol. Indirect effects of aerosol on liquid- tions, an additional non-local counter-gradient flux is added
water clouds depend only on sulfate, carbonaceous aeroséHoltslag and Boville1993. Convective transport is based
and sea saltRotstayn et a).2010), and it should be noted ©n the vertical profiles of the updraft mass flux and compen-
that indirect effects of dust are not included in the model. ~ Sating subsidence generated by the convection sch@nee (

The treatment of mineral dust emission follo@noux 90Ty and Rowntreel990. _
etal.(2001, 2004. The scheme is based on satellite retrievals Rémoval of dust from the atmosphere occurs via wet and
from the Total Ozone Monitoring Spectrometer (TOMS), o_lry deposition and_grawtatlonal s_ettllng. Wet depo_s!tlorj is
which indicate that most major dust sources correspond to tolinked to the formation of warm rain and frozen precipitation
pographic depressionBiospero et al2002. These are typ- N the stratiform-cloud and convection scheméa?i_stayn
ically dry lakes or riverbeds where a sufficiently deep layer@nd Lohmann2003). The treatment of dry deposition and
of loose alluvial sediment was able to accumulaZender ~ 9ravitational settling is described Kginoux et al(2001).
et al.(2003 found that assigning enhanced erodibility to to- ~ The model's dust optical properties were revisedRmt-
pographic minima (as iGinoux et al, 200]) realistically in- ~ Stayn et al(2010, to improve the shortwave treatment and
creases emissions in several regions, including the Lake Eyrt include longwave effects, which were previously omit-
basin in central-eastern Australia. The characterisation of théed. The refractive indices used to derive the shortwave op-
Lake Eyre basin as the major Australian dust source is alsdical properties were revised due to mounting evidence from
broadly consistent with several studies cited in the Introduc-Observations that older models tend to overestimate the ab-
tion. The dust source function depends on the prescribe@orption of shortwave radiation by dustyhre et al, 2003
spatial distribution of soil erodibility for each dust size class YU et al, 2004. The revised scheme uses refractive indices
and a threshold value of 10-metre wind spegh(,). Above  based on measurements at Bahrdhulfovik et al, 2002);
this threshold wind speelt, which is a function of soil mois- these have smaller imaginary components than the old refrac-
ture, the dust source is proportional‘rﬁ) +(Viom— Vp); see tive indices, giving less absorptive dust. _In the mid-visible
Ginoux et al.(2004. band (497.5-692.5 nm), the single scattering albedos (SSAS)

To account for mesoscale variations that are unresolved" the four dust size bins (0.1-1, 1-2, 2-3 and 3-6 pm) are
on the relatively coarse grid of our GCM, our dust emis- 0.977, 0.943, 0.915 and 0.873 respectively. In the global

sion scheme includes a parameterization of sub-grid gustim&an, the bulk mid-visible SSA of dust (weighted by opti-

ness due to deep convection and boundary-layer free conve&@l depth) is 0.961, confirming that dust is a weakly absorb-

tion, based ofRedelsperger et 82000. The term related to N9 aerosol in our model. Due to the variation of SSA with
deep convection is (in nT4) particle radius, SSA tends to be somewhat smaller over ma-

jor dust source regions~0.95) and somewhat larger over
, \04 remote regions+0.97), as irMiller et al. (2004 .
Vdeep=< 198R ) ) Longwave effects of dust were included by tabulating
1.5+ R+ R? single-scattering properties from OPAC (Optical Properties
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(b) LW dust TOA forcing (global mean +0.26 W/m2
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Fig. 1. Annual-mean simulated dust radiative forcing from the DUST run in V\?mi) shortwave at the top of the atmosphébg,longwave
at the top of the atmospher(g) shortwave at the surface, afd) longwave at the surface.

of Aerosols and Clouddiess et a.1998, using their min-  In particular, calculation of a non-dimensional skill score (the
eral dust nucleation and accumulation modes to represent théM-statistic”; Watterson1996, using data from all four sea-
radiation scheme’s small and large dust modes respectivelysons, confirmed that Mk3.6 gave a better simulation than a

majority of GCMs from the Coupled Model Intercomparison
2.2 Simulations Project Phase 3 (CMIP3).

We compare two 160-year coupled atmosphere-ocean simL§ Results

lations with the Mk3.6 GCM. Both simulations have forc-

ing (greenhouse gases, anthropogenic aerosols and 0zong); pust simulation

appropriate for the year 2000. The DUST run is a contin-

uation of the 70-year run described Bgtstayn et a2010:  The annual-mean global dust load from the DUST run is
we extended this run to a total of 240 years. The setup of thg5 Tg, towards the high end of the range (8-36 Tg) found
NODUST run is identical to that of the DUST run, except in 16 global models reviewed ¥ender et al(2004. This
that the Australian dust source is set to zero. NODUST wass likely due to the treatment of sub-grid wind fluctuations
initialised from the end of the above 70-year run, and wasin the dust emission scheme (E?), which contributes to
also integrated to the end of year 240. We show results fromy relatively large global dust emission (3569 Tg¥)rin the

the last 160 years of both simulations, to allow for a 10-yearpUST run. This is somewhat larger than the range of 1000
spinup period in NODUST. Hereafter, we label these as yearso 3000 Tg that was found to be consistent with observations
11to 160, so that year 1 is equivalent to year 81 in the origi-by Cakmur et al(2006. In common with other global mod-
nal terminology. To investigate dust-ENSO interactions, weelling studies (e.g.Ginoux et al, 2001, Woodward 2001,

will mainly focus on the Austral spring season, SeptemberTegen et a|.2002 Zender et al.2003 Miller et al., 200§

to November (SON), when the effect of ENSO on Australian Tanaka and Chih2006 Yoshioka et al.2007), the dust load

rainfall is strongestNicBride and Nicholls1983. in the Northern Hemisphere (29 Tg) is much larger than that
The simulation of mean seasonal Australian climate in thein the Southern Hemisphere (6 Tg).
earlier 70-year run was evaluated Bgtstayn et al(2010, Figure 1 shows the direct radiative forcing of dust at the

who found that in most respects the model performed well.top of the atmosphere and the surface. We calculated these
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Fig. 2. Dust load over Australiga) observed annual mear(®) simulated annual mean&) observed for SON(d) simulated for SON (in
mgn2). Observations cover the period September 2002 to August 2007 for annual means, and September 2002 to November 2007 for

SON.

quantities by repeating the last 60 years of the DUST runmodels, where more absorptive dust can give positive short-
with the inclusion of an additional radiation call every three wave forcing over surfaces with high albedo. As in other
hours (which is the usual interval between radiation calls inmodels, surface shortwave forcingZ.19 W n1?2) is nega-

the model). The global-mean top-of-atmosphere direct radiative and surface longwave forcing (+0.91 W) is positive.

tive effect of dust in the DUST run is0.82 W n12 (short-

Over the major dust sources, longwave forcing can be com-

wave) and +0.26 W m? (longwave). These values are simi- parable in magnitude to shortwave forcing, but it falls away
lar to those obtained in two recent modelling studies that alsanore quickly with distance, since longwave forcing has a
used updated refractive indices to represent less absorptiarger relative contribution from large particles. Also, dust

dust particles than previously assumadiiler et al. (2009
obtained—0.62 W n2 (shortwave) and +0.23 Wt (long-
wave), andYoshioka et al.(2007) obtained—0.92 W n12
(shortwave) and +0.32 Wn# (longwave). Due to the rel-

shortwave forcing over oceans is enhanced in relative terms
by the lower surface albedo. A useful recent summary of
results from other models is given bye et al.(2010); this
shows that the surface radiative forcing in our model is within

atively high SSA 0.96) of dust, the top-of-atmosphere the range of other results. The magnitude of both our short-
shortwave forcing is negative everywhere, unlike some othewave and longwave surface forcing is larger than average,

www.atmos-chem-phys.net/11/6575/2011/
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probably due to our relatively large dust burden. Mid-visible Tinga Tingana observed versus modelled AOD
Before attempting to draw conclusions about the effects S 0PIV
of dust in the Mk3.6 simulations, it is useful to compare the model total

0.25 model dust

simulated distribution of Australian dust with observed val-
ues. Our observed distribution is based on a spatial pattern 02 L i
derived from Advanced Along-Track Scanning Radiometer
(AATSR) satellite retrievals for the period 2002-2008. A Q 015} 1
new algorithm for aerosol retrieval from AATSR has been de-

veloped, which enables the retrieval of aerosol optical depth oty i
(AOD) and identification of aerosol types. The algorithm 0.05 - T 4
will be discussed in two separate papers that are currently S

0 1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11 12
month

in preparation. It is based on classification of local aerosol
types reported bQin and Mitchell(2009, using a clustering
analysis of sunphotometer observations at CSIRO Aerosol
Ground Station Network (AGSNet) sites, which are affili- Fig. 3. Annual cycle of mid-visible aerosol optical depth at Tinga
ated with NASA's Aerosol Robotic NetworkMitchell and Tingana (approx. 140E, 29 S). Sun photometer-based observed
Campbel) 2004. Among the Australian aerosol classes is monthly means are shown in blue, with error bars denoting the stan-
a dust aerosol, the particle size distribution of which allows dard deviation of individual observations. Modelled optical depths
dust mass loading to be derived from the AATSR AOD. due to dust (red curve) and all tropospheric aerosols (green curve)
Figure2 shows observed and modelled dust loading over®'® t@ken from the DUST run.
Australia for annual-mean and SON conditions. The model

is broadly successful at capturing the spatial pattern of Ausyf carbonaceous aerosol (not shown) indicate that the mod-
tralian dust, with the Lake Eyre Basin in central-eastern Aus-g|jed AOD at Tinga Tingana is elevated by biomass-burning
tralia as the dominant dust source. There is some evidencgerosol advected from northern Australia during the months
of a high bias in the modelled results relative to the satel-¢ August to November, with a maximum effect in Septem-
lite retrievals, especially in SON. The noisier pattern in the per. According taVitchell et al.(2010, the observed AOD
satellite-retrieved values probably reflects, at least in part, the, September is also elevated by smoke aerosol from long-
much shorter time period for the satellite record (six years @%ange transport, suggesting that this feature in the model is
opposed to 160 years in the model). _ qualitatively realistic, though overestimated in magnitude.
We have also compared the annual cycle of simulated |, symmary, the model qualitatively captures the annual
aerosol optical depth with sun-photometer measurementgycle of AOD at Tinga Tingana, but overestimates the mag-
from Tinga Tingana, a dust-dominated site in the Strzeleckipjtyde of the peaks in September and January due to an ex-
Desert of South Australia (approximately T48 29°S),  cessjve contribution from biomass burning. Combining the
which forms part of AGSNet. A 10-year aerosol climatology resyits of Figs2 and 3, the model appears to moderately
at this site Witchell et al, 2010 showed dual peaks in AOD  gyerestimate the Australian dust load and optical depth dur-
in September and January, the former including a significan;ng the spring (SON) season, which will be the main focus of
fine-particle mode characteristic of smoke from long-rangeqyr study. This also seems consistent with our relatively large
transport, while the January peak was dominated by coarsgiohal dust load, and may be due to our treatment of sub-grid

particles characteristic of wind-blown dust. wind fluctuations in the dust emission scheme (Bq.
Figure 3 compares the observed and modelled annual cy-

cles of AOD. The observational cycle is the AOD from 3.2 Simulation of mean Australian climate

Mitchell et al. (2010 interpolated to 530 nm, with vertical

bars equal to one standard deviation. The modelled cycle§he simulation of seasonal-mean rainfall, surface air tem-
show the seasonal variation of mid-visible AOD, both “total” perature and mean sea-level pressure (MSLP) in a shorter
and “dust only”. The comparison suggests that the modelled/ersion of the DUST run was evaluated in detail Rgt-
total AOD is unrealistically high throughout the year, partic- stayn et al(2010, who found an overall improvement rel-
ularly during the spring and summer peaks. These peaks arative to earlier versions of the model. Before we investi-
not present in the model’s “dust only” AOD, and are likely gated the ENSO-related rainfall variability in the DUST and
due to an excessive contribution to AOD from biomass burn-NODUST simulations, we considered whether there were
ing in the model. This is especially true in January, whenany significant effects of Australian dust on the simulation
the biomass-burning emissions used in this version of theof mean Australian climate by Mk3.6. When we compared
model are too large over eastern Australia; the emissionghe DUST and NODUST runs, we found that differences in
are based on satellite retrievals for the year 2008 gnd  simulated mean rainfall and MSLP were generally small and
Penney 2004 2005, which are probably not representative insignificant.

of the long-term average. Plots of the modelled distribution
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(a) Mean observed SON rainfall (1978-2007) (b)
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Mean modelled SON rainfall, DUST run  (c) Mean SON rainfall, DUST minus NODUST
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Fig. 4. Mean SON rainfall fron{a) observations for 1978-200{h) the DUST run, andc) the difference between the DUST and NODUST
runs (in mm per day). In panét) , stippling shows the (single) grid box where differences are significant at 5 %.

Since we will focus on variability of rainfall during SON, 3.3 Observed and modelled ENSO-rainfall
we show in Fig4 the mean SON observed rainfall from the relationships
Australian Water Availability Project (AWAPJones et al.
.2009 and from the model. The DUST run (midde panel) In this section, we will compare the ENSO-rainfall relation-
is broadly able to capture the observed climatology shown in

: hips in the DUST and NODUST runs with correspond-
the left panel, although the model has a dry bias compareﬁ?ng observed relationships during SON, using standard lin-

to the observatlo_ns. The d|fferer_1ce between the DUST a.n%ar regression. Sea surface temperature (SST) observations
NODUST runs (right panel) confirms that, although there IS e the 1 gridded analysis from HadISSTRé&yner et al.

an area in eastern Australia where the DUST run has inghtI)éooa and rainfall observations are from AWABdpes et aJ
higher rainfall in SON, the differences are generally not sta—zoog’ We follow the common practice of measuring .the

tistically significant. This was also the case in other S€asONg; 1o of ENSO using SST averaged over thid\B.4 region

(not shown). (170° W=120' W, 5° S—5 N). The standard deviation of Ko

However, there was a small but statistically significant in- 3.4 SST (taking each SON average as a single data point)

crease of apnual-mean surface awtempgrature over the Au% 0.64K in DUST and 0.63K in NODUST (compared to
tralian continent in the DUST run. This was seen more

tronalv in the daily minimum temperatures (024 K) than in 0.81Kin HadISST2). Thus, when we show the results of the
strongly € dally um temperatu es (0. ) a linear regression relative to a 1 K change irfidli3.4 SST,

. . . Sthis represents somewhat less thatastandard deviation
diurnal temperature range. A reduction of the diurnal tem- P

perature range has been seen before, both in observations
(Washington et a,|2006 and a g|oba| model\(ue et a|’ FigureS shows observed and modelled relationships be-
2010 It's noteworthy that our mode| indicates a Sma” in- tween Nﬁ034 SST and Australian rainfall for the period
crease of average daily maxima due to dust over Australial901-2007. The observations (top row) confirm the results
This differs from the observational result@ashington etal. ~ of earlier studies, that there is a strong relationship between
(2006 for Saharan dust in the Bétk Depression, where ENSO and Australian rainfall in spring, mainly over the east-
daily maximum temperatures were lower in the presence ofn two-thirds of the continenMcBride and Nicholls1983
dust. However, our result appears to be not inconsistent wittRopelewski and Halpert987). In the DUST run (middle
that of Yue et al (2010, whose simulated afternoon tempera- "oW), the model is rather successful at capturing the ob-
tures over central and eastern Australia were increased in théerved relationships, with significant correlations between
presence of dust (their Figure 7b, which corresponds to 4 pnt-0-25 and—0.55 over most of eastern Australia, and regres-

over eastern Australia). This is an interesting result, but weSion slopes that are comparable to the observed values. Note
do not consider it further in the present paper. that, due to the model’s relatively coarse resolution (approxi-

mately 1.9, compared to 0.25n the observations), it would

not be expected to resolve the enhanced rainfall over the Alps
in south-eastern Australia, or along the Queensland coast.
Over some parts of central-eastern Australia, the modelled

correlations and regression slopes are somewhat stronger
than the observed values. In the NODUST run (bottom row),

www.atmos-chem-phys.net/11/6575/2011/ Atmos. Chem. Phys., 11, 65352011
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Correlation of SON rainfall vs Nino 3.4 SST, observed
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Fig. 5. Observed and modelled relationships betweeioRi4 SST and Australian rainfall during SON: correlations (left) and regression
slopes (right, in mm per day per Kelvin), from observations for 1901-2007 (top), the DUST run (middle) and the NODUST run (bottom).
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Regression of SON rainfall versus Nino3.4 SST, DUST minus NODUST Figure6 shows the difference of the Rib3.4 SST — rain-

108 S ' _—_ fall regression slopes between the DUST and NODUST runs.
Statistical significance is assessed using a t-test for the differ-
ence of regression slope&d, 1996 chapter 17). This plot
confirms that inclusion of Australian dust amplifies the mod-
elled ENSO-rainfall relationship over eastern Australia and
weakens it over parts of western Australia. In total, there
are 19 grid points over eastern Australia (stippled in the plot)
where the Nii03.4 SST — rainfall regression slope is signifi-
cantly different in the two runs.

Is the stronger ENSO-rainfall relationship over eastern
Australia in the DUST run due to wet years becoming wet-
ter, dry years becoming drier, or both? For each of the SON
seasons, we averaged the rainfall over the stippled points
in eastern Australia in Fig5, and plotted a scatter diagram
) ) < ) of these 160 data points againstiNB.4 SST for both runs
120E 130E 140E 150E (not shown). This confirmed the above result that the re-
gression slope is steeper in DUST than in NODUST, and
the correlation between Nd3.4 SST and rainfall is also
Fig. 6. Difference of the Nii03.4 SST — rainfall regression slopes Markedly stronger in DUSTr(= —0.48) than in NODUST
between the DUST and NODUST runs for SON. Stippled regions(r = —0.27). To make this clearer, we sorted the data points
are significant at 5 %. into 0.5 Nifl03.4-SST bins, and plotted them as a histogram

in Fig. 7. This confirms that wet years are wetter and
Average rainfall for Nino3.4 SST bins dry years are drier in the DUST run (red bars) than in the
| | | | NODUST run (blue bars). There is a monotonic change in

20S -

30S

40S -

-4 -2 -1 -05 -02 .02 .05 A1 2 4

2.4 C the effect of dust with increasing SST: there is a dust-induced

20 R NODUST a rainfall increase of :_39 %, 28% and_ 18% in t_he first, sec-
= ] DUST 5 ond and third SST b_ms, and a dust—lnd_uced ralnf&_lll decre_ase
S 16 4 1 o of 2.5% and 17 % in the fourth and fifth SST bins. This
IS ] 2 i also shows that, even in relative terms, the effect of dust is
E 1.2 4 5 g 4 L stronger in wet years than in dry years. It is also seen that,
< 0 0 I averaged over the points used to construct the histogram,
£ 0.8 o the DUST run has slightly higher rainfall in SON than the
= ] NODUST run; this is consistent with the small (and non-

0.4 u significant) change in mean SON rainfall shown in Fig.

0.0 T T T

2P P (qu,g’ 9! S % ’Lq’%b
SST (K) 4 Mechanism of dust-ENSO feedback

Fig. 7. Rainfall for Nifo3.4 SST bins, averaged over the stippled A first indication of the mechanism is given in Figj.which
points in eastern Australia from Fif. Red bars are from the DUST compares vertical profiles of moist static energy, averaged
run, and blue bars are from the NODUST run. The number of pointsgyer the same points that were used to construct the his-
in each SST bin is shown near the tOp of each bar. The width of eacrﬂogram |n F|g7 For each run, we Created Composrtes of
SST bin is 0.8, except for the first and last bins, which have width years classified as “El Kpb” (Nifio3.4 SST more than one

of roughly . standard deviation above the mean), “Laiili (Nifi03.4
SST more than one standard deviation below the mean) and
“neutral” (Niflo3.4 SST within one standard deviation of the

the ENSO-rainfall relationships are markedly weaker, andmean) The black curve shows the difference between all
they tend to agree less well with the observed relationships. ) .
y g P ears of the DUST and NODUST runs; in the mean, the

Over substantial areas of eastern Australia, the correlation¥ file is slightl table in the DUST .
are not significant|¢| < 0.25). The region of significant cor- profile 1S slhightly more unstablé in the run, consis-

relation also extends further to the west in NODUST, which 'tenlt:.W|t2 the_l:c,rr]nalltﬂlfference n mefgn Stﬁ'\i rt:;l]mfall sf?ovyn
agrees less well with the observed relationship. in Fg. 4c. € other curves confirm that the proflie 1S

much more stable in El Kb years (red, magenta) than in
La Nifia years (green, blue). Further, DUST shows enhanced

www.atmos-chem-phys.net/11/6575/2011/ Atmos. Chem. Phys., 11, 65352011
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e —— A a) Moist static instability vs Nino3.4, DUST minus NODUST
—ousT - noDUST ; o il o
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Moist Static Energy difference (J/kg) p-
Fig. 8. Differences in the vertical profile of moist static energy,
averaged over the stippled points in eastern Australia from@rig. 20S i
DUST minus NODUST (black), El Nio minus neutral for DUST
(red) and NODUST (magenta), La i minus neutral for DUST
(blue) and NODUST (green). .l |
moist static stability (instability) in El Nio (La Nifa) years
compared to NODUST. 408t N, 1
To explore this further, Fig9a shows the difference ‘ : : :
(DUST minus NODUST) of the regression slopes of moist 120E 130E 140E 150E
static instability versus Nio3.4 SST, where moist instability (c) Moist static instability (T) vs Nino3.4, DUST minus NODUST
is defined as the difference of moist static energy between 108 - ‘ ~=
near-surface air and the 700 hPa level. (We chose 700 hPa as
the level of maximum cloud fraction over eastern Australia,
but Fig.8 suggests that the precise choice of levels is not crit- 205 |
ical.) Relative to NODUST, the DUST run shows an ampli-
fication of the change in stability in response to ENSO, over
most of eastern Australia. The strongest amplification oc-
curs over north-eastern Australia, which agrees well with the 30S - 1
region where the DUST run shows a significantly different
rainfall-Nif03.4 SST relationship in Fig. Figure9b and c ——— =
show that this pattern is due to changes in moisture, whereas | i
there is a smaller offsetting effect due to changes in temper- m
ature over some areas. At least in part, this offset is caused w w : :
120E 130E 140E 150E

by a negative feedback due to latent heating: More rainfall
[ . e

implies more diabatic heating due to condensation within the 450 350 R0 1RO A0 RO A0 RO 350 4RO
cloud layer, and near-surface cooling due to a moister surface _ _ o N
and evaporation of rainfall. Fig. 9. Difference of the regression slopes of moist instability versus

Th domi f . dri ff . Nifi03.4 SST between the DUST and NODUST runs for SON (in
e predominance of moisture-driven effects in Fg. ;) 1 K—1). Moist instability is defined as the difference of moist

strongly suggests that the dust-rainfall feedback mechanismatic energy (Jkgl) between near-surface air and the 700hPa
is related to moisture transport, rather than local dust-inducegevel: (a) based on total moist static energdy) contribution of
radiative effects as hypothesisedRgtstayn et al(2010. In moisture changegc) contribution of temperature changes.

the following paragraphs, we show that in the DUST run this

is related to increased dust radiative forcing over the oceans

Atmos. Chem. Phys., 11, 6576592 2011 www.atmos-chem-phys.net/11/6575/2011/
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Regression of SON surface evaporation vs Nino 3.4 SST, DUST minus NODUST
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Fig. 11. Difference of the regression slopes of surface evapora-
tion versus Nii03.4 SST between the DUST and NODUST runs for
SON (shading, in mm per day per Kelvin). Streamlines show the
mean SON 850-hPa flow in the DUST run.

over eastern and northern Australia. This arises because rain-
fall strongly affects the source function for dust (via its effect
on soil moisture) as well as the sink via wet deposition. We
thus expect that dust radiative forcing will also be correlated
with ENSO in the DUST run. Figur&0 shows the regres-
sion of surface dust radiative forcing againsfibi3.4 SST.

As expected, shortwave forcing decreases (becomes more
negative) with increasing Rb3.4 SST, whereas longwave
forcing increases with increasing ii3.4 SST. The regres-
sion of net forcing (Fig10c) shows that, over the oceans and
coastal regions of Australia, the shortwave effect is stronger,
whereas the longwave effect is stronger over the interior of
the continent. As mentioned in the discussion of Bigthe
predominance of shortwave forcing away from the primary
source occurs because dust longwave forcing has a larger rel-
ative contribution from large particles, and shortwave forcing
over oceans (and in coastal regions) is enhanced by the lower
surface albedo.

Figure 11 shows the difference (DUST minus NODUST)
of the regression slopes of surface evaporation versus

Fig. 10. Regression slopes of dust surface radiative forcing ver-Ni03.4 SST, overlaid with streamlines showing the mean

sus Nf03.4 SST from the DUST run for SON (in WA K~1):
(a) shortwave(b) longwave(c) net.

850-hPa flow in the DUST run. Over Australia, the differ-
ences suggest that ENSO-induced changes in evaporation are
substantially a response to changes in rainfall (Bjgin the
DUST run, less (more) rainfall under EI b (La Nifia) con-

east of Australia under El b conditions, and vice versa un- ditions over eastern Australia causes less (more) evaporation,
der La Niia conditions. This drives a decrease (increase) okenhancing the negative regression slope. Over the Pacific

surface evaporation under EIfMi (La Nifia) conditions. The

Ocean east of Australia, the regression slope is also generally

anomalous moisture evaporated from the ocean surface is aghore negative in the DUST run. There, the supply of mois-
vected towards Australia by the climatological easterly tradeture is effectively unlimited. However, reduced net radiation
winds, increasing moisture convergence and the amplitude o&t the surface must be balanced by weaker latent and sensi-

the ENSO-induced rainfall cycle over eastern Australia.

ble heat fluxesRamanathan et al2001; Roderick and Far-

Rotstayn et al(2010 showed that dust loading over Aus- quhar 2002 Liepert et al, 2004. Miller et al. (2004 found
tralia in Mk3.6 is strongly correlated with ENSO, especially that, globally, dust radiative forcing at the surface is balanced

www.atmos-chem-phys.net/11/6575/2011/
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predominately by a reduction in the latent heat flux, with the Regression of SON moisture convergence vs Nino 3.4 SST, DUST minus NODUST
largest effect over oceanic regions downwind of dust source , '
regions (their Fig. 14). At lower latitudes, the climatological 10s
easterly winds advect moisture from the Pacific Ocean to-
wards Australia, suggesting that, in the DUST run, increased
(decreased) evaporation from the sea surface in [ K&l 20S
Nifio) years will increase (decrease) the moisture available
for precipitation. Note that there are some areas east of Aus- |
tralia where the change in regression slope between DUST30S
and NODUST is of the opposite sign, e.g. the region immedi-
ately off the north-east coast. These are areas where a larger
ENSO-related change in rainfall and associated cloudiness irfS
the DUST run outweighs the effect of changes in dust.

The above results suggest a mechanism whereby dust-
induced changes in moisture transport from the oceans to the
east and north-east of Australia amplify the ENSO-relatedFig- 12. Difference of the regression slopes of moisture conver-
rainfall variability over eastern Australia. Moisture transport 9ence versus Ro3.4 SST between the DUST and NODUST runs
and the associated convergence field is most accurately cajo" SON (shading, in mm per day per Kelvin). Streamlines show

culated by vertical integration of the horizontal flux of spe- the regression against fo3.4 SST of moisture advection by the
. y . 9 P mean SON flow in the DUST run, integrated from the surface to ap-
cific humidity, on a time scale short enough to resolve syn-

. Lo proximately 700 hPa. On the streamlines, the arrows are reversed,
optic variability (e.g.Watterson 1999. However, we only 5 show the direction of enhanced moisture transport under Bia Ni
saved monthly mean model output from the 160-year runsconditions.

and when we extended the DUST run for a short period

to compare the calculation using monthly mean winds and

specific humidities with a similar calculation using three- DUST and NODUST, because, as discussed above, the cal-
hourly data, we found that neglect of the “transient-flow” culation of moisture transport based on monthly mean fields

terms leads to substantial errors (not shown). An alternatives not very accurate, so the streamlines are illustrative rather
method is to use the equation for the water vapour balance dthan quantitative.) The pattern of moisture convergence and

an atmospheric column in equilibrium, namely the direction of enhanced moisture transport under LizgaNi
conditions provide further evidence that changes in mois-
-V-My=P—E (4)  ture convergence due to dust-induced changes in evaporation

from the Pacific Ocean increase the amplitude of the ENSO-

where M, is the horizontal flux of specific humidity inte- related rainfall cycle over eastern Australia in our model.
grated over the atmospheric colunihjs evaporation of wa- Why is a weaker ENSO-rainfall relationship seen over
ter vapour from the underlying surface, aRds precipitation  parts of north-western Australia in the DUST run? We plot-
(e.g.Perlwitz and Miller 2010. Equation 4) can be used to  ted vertical circulations, but were unable to find evidence
estimate the contribution to precipitation from moisture con- of a “monsoon-like” circulation change over the north-west
vergence £V - M,), assuming no net accumulation of mois- linked to the dust-induced changes over eastern Australia,
ture in the column. We verified that changes in column wa-along the lines of the mechanism 8tephens et a(2004)
ter vapour during the SON season are small compared to théhot shown). A more likely explanation relies on a positive
other terms in Eq.4), suggesting thaP — E is a good proxy  feedback between moist instability and convection over east-
for moisture convergence, though this method does not proern Australia, where the magnitude of the difference (DUST
vide vectors that show the direction of moisture transport. minus NODUST) in the regression slope of rainfall (F&).

The colour shading in Fid.2 shows the difference (DUST is greater than that of moisture convergence (ER. This
minus NODUST) of the regression slopes of moisture con-suggests that, under La i conditions in the DUST run,
vergence (Eg) against Niio3.4 SST. Under La Ma condi-  increased moist instability triggers increased rainfall in the
tions, there are substantial areas of increased moisture comorth-east (by an amount that exceeds the increase of mois-
vergence over eastern Australia, and substantial areas of iriure convergence). This depletes the atmosphere of moisture,
creased moisture divergence over the Pacific Ocean. Theo advection of moisture towards north-western Australia by
streamlines show the regression againétdsi4 SST of low-  the climatological easterly winds is reduced.
level moisture advection by the mean SON flow in the DUST It is interesting that the response of evaporation from the
run, with arrows reversed, to indicate that the direction ofocean surface east of Australia (Fibl) is larger than ex-
enhanced moisture transport under L&i&liconditions is  pected from a direct response to surface dust radiative forc-
from the Pacific Ocean towards Australia. (We do not showing (Fig. 10c); for example, evaporation of 0.1 mm per day
streamlines or vectors to represent the difference betweenorresponds to a latent heat flux of roughly 2.9 WmWe
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Regression of surface minus 850 hPa temperature vs Nino 3.4 SST, DUST minus NODUST each other within the main dust |aye|’, but near the surface
= -0 RS O their warming effect is additive, and the net heating has a

peak between about 950 and 900 hPa (Egl). Not surpris-
ingly, dust concentrations and radiative heating rates are en-
hanced in El Nilo years relative to La Wi years. Figuré4d
shows that dust atmospheric heating will tend to stabilise the
boundary layer relative to the ocean surface, more so in El
Nifio years than in La Nia years.

Figure 15 shows differences (DUST minus NODUST) of
the vertical temperature profile, averaged over the same re-
gion as in Fig.14. This confirms that, in the DUST run, the

20S

120E  130E  140E  150E  160E  170E layer between the surface and 850 hPa has a more (less) sta-
ble temperature profile in El Rb (La Nifa) years. The treat-
-4 -2 -1 -05 -02 02 05 1 2 .4 ment of boundary-layer turbulence in the model is based on

_ ) _ stability-dependent K-theory, so vertical fluxes of moisture
Fig. 13. Difference (DUST minus NODUST) of the slope of the i pe increased when the temperature profile is less sta-
regression against N03.4 SST of surface temperature minus 850- ble. The black curve in Figl5 shows that, averaged over all
hPa temperature for SON (in Kelvin per Kelvin). : . . . ' .

years, there is remarkably little difference in the atmospheric
temperature profile between the DUST and NODUST runs,

) ) ) ) . although the DUST run is slightly cooler at the surface. It

Iook_ed at (and re_z]ected) various POSS'b'e explanatlons_, Nis initially surprising that the ENSO-related anomalies have
cluding changes in near-surface wind speed, cloud-radiative, o e effect than the average dust forcing, which is of larger
forcing or the vertical profile of latent heating. magnitude than the anomalies. This result is analogous to

A more likely mechanism is that the change in the turbu-what we found over the Australian continent, where dust-
lent flux of latent heat from the ocean surface is enhancednduced Changes in mean rainfa” were sma" Compared to
by changes in the stability of the boundary layer induceddyst-induced changes in ENSO-related rainfall variability. It
by dust atmospheric heating. Figut® shows the differ-  can be understood as follows: The time- and spatially aver-
ence (DUST minus NODUST) of the slope of the regressionaged radiative effect of Australian dust is to cool the surface
against Niio3.4 SST of surface temperature minus 850-hPagnd heat the lower atmosphere. The top-of-atmosphere forc-
temperature. Over most of the south-west Pacific Ocean, thehg is relatively small, and to first order there is approximate
DUST run has a more (less) stable boundary layer under Etancellation between surface cooling and atmospheric heat-
Nifio (La Nina) conditions. The region where this effect oc- jng. When averaged over a decade or more, energy transport
Ccurs over the SOUth-WeSt PaCifiC agl’ees remarkably We" W|t|’by the atmosphere and the ocean and energy transfer between
the region where the response of surface evaporation is efthe atmosphere and ocean ensure that the effects of the forc-
hanced in Figll. This is suggestive of the mechanism seening on SST and atmospheric circulation become small. How-
in previous studies of absorbing aerosols, where heating ogver, on shorter time scales, dust-induced anomalies in SST
the lower troposphere combines with cooling of the surfaceand atmospheric stability, such as those driven by ENSO, can
to stabilise the lower atmosphere (e 8atheesh and Moor-  persist and exert substantial climatic effects. An important
thy, 2009. aspect of this is likely to be the slow response of ocean cir-

To examine dust-induced radiative heating of the lower at-culation to an applied forcing.
mosphere over the south-west Pacific Ocean, we plotted ver-
tical profiles of dust concentration and dust radiative heating
from the DUST run, averaged over the region 155210 5 Summary and conclusions
and 15-35S. Composites of ElI Nio and La Niia years
were created using the same method as in&igigurelda We compared two 160-year coupled atmosphere-ocean sim-
shows that the vertical profile of dust concentration in theulations of modern-day climate using the CSIRO Mk3.6
DUST run peaks between about 800 and 700 hPa,; this differ&SCM. The DUST simulation included an interactive treat-
from the time-averaged profile over the Australian continent,ment of mineral dust and its direct radiative effects. This
where dust concentration decreases with height (not shown)vas a longer version of a similar run describedRxutstayn
Shortwave heating (Figldb) peaks around 700 hPa, close et al. (2010, who noted an improved simulation of Aus-
to the level of maximum dust concentration. The longwavetralian rainfall variability in Mk3.6 compared to its predeces-
heating profile (Figl4c) shows cooling within the layer of sor (Mk3.5) and several other GCMs. They hypothesised that
maximum dust concentration, and warming below, consis-“active” dust (which interacts with the model’'s hydrological
tent with earlier studies (e.gHighwood et al. 2003 their cycle) might contribute to the improved simulation in Mk3.6
Figure 10). Shortwave and longwave heating tend to cancetelative to Mk3.5. Their hypothesis was based on qualitative
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Fig. 14. Vertical atmospheric profiles from the DUST run, averaged over a region in the south-west Pacific Ocean (1557 05—
35° S): (a) dust concentration(b) shortwave(c) longwave,(d) net dust radiative heating rates. Composites of EloNind La Niia years
are assembled as described in the text.

arguments, since they did not have access to a pair of simu- To investigate possible dust-ENSO-rainfall feedbacks in
lations in which only one thing was changed. This motivatedthe model, we focused on the austral spring season (SON),
us to perform a second run (NODUST), which was identicalwhen the correlation between rainfall and ENSO is strongest
to DUST, except that the Australian dust source was set tmver Australia. We used ordinary least squares linear re-
Zero. gression against Rb3.4-SST to characterise the variation
Comparison of the dust simulation with observations andof rainfall, dust and other quantities with respect to ENSO.
other models led us to conclude that our dust concentration§Ve found that the ENSO-rainfall relationship over eastern
and resultant radiative forcing are probably somewhat tocAustralia was stronger in the DUST run: dry (El i)
large. We attributed this to the treatment of sub-grid wind years tended to be drier, and wet (Lafill) years wetter.
speed used in the dust emission scheme. However, the spahe ENSO-rainfall relationship was also weaker over north-
tial pattern of dust over Australia was captured rather wellwestern Australia in the DUST run. The amplification of
by our model, in which the dust emission scheme assigns enENSO-related rainfall variability over eastern Australia and

hanced erodibility to topographic depressio@pux et al,

2001).

Atmos. Chem. Phys., 11, 6576592 2011

the weaker ENSO-rainfall relationship over the north-west
both represented an improvement relative to observations.
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DUST
L
—All years

—EI Nino

La Nina

- NODUST temperature (K) ever, considering composites of Laffdi and El Nio years

A B B separately, differences in the temperature profile were qual-
itatively consistent with ENSO-related anomalies in atmo-
spheric heating by dust. We argued that the ENSO-related
forcing anomalies were more important than the mean dust
radiative forcing because, on long time scales, atmospheric
and oceanic energy transports ensure that the opposing ef-
fects of surface cooling and atmospheric heating are well
mixed and become relatively small. However, on shorter
time scales, dust-induced anomalies in SST and atmospheric
stability, such as those related to ENSO, can exert substan-
tial climatic effects. These aspects of the dust — radiation —
evaporation feedback merit further study. An especially in-
teresting question is whether the greater importance of the
variability in the dust forcing, compared to the mean forcing,
can be reproduced in other models or in other regions.

There are important uncertainties regarding our conclu-
sions. Comparison with observations suggests that the ra-
1000 | T T diative effects of dust may be over-estimated in our model,

-0.10 0.00 0.10 so the impact of dust on the simulated rainfall variability
may also be exaggerated. On the other hand, the model uses
Fig. 15. As Fig. 14, but showing profiles of dust-induced temper- prescribed vegetation, so possible feedbacks due to interan-
ature changes (difference between the DUST and NODUST runs)nual and interdecadal changes in vegetation properties are
The dust-induced SST change is plotted at 1013 hPa. not simulated. In principle, these might be expected to en-
hance the variability of the dust source in response to nat-
ural rainfall fluctuations. Another uncertainty concerns the

We showed that the mechanism is related to ENSO-simulation of ENSO itself in the model. In common with
induced anomalies of radiative forcing by Australian dust most other GCMs, Mk3.6 suffers from the Pacific equatorial
over the south-west Pacific Ocean, which increase (decreasepld-tongue bias: the tongue of SST anomalies associated
surface evaporation in La Na (El Nifio) years. Some of with ENSO extends too far west towards the eastern Indian
this moisture is advected by the prevailing easterly winds to-Ocean, which is expected to generate an ENSO-rainfall rela-
wards eastern Australia, where increased (decreased) moigionship that is centred too far west over Australia (€St
ture convergence in La Ra (El Nino) years increases the et al, 2008. How this relates to our results should be con-
amplitude of ENSO-related changes in moist static instabil-sidered in a future study. More generally, many aspects of
ity. In turn, this increases the amplitude of ENSO-related our simulation may be sensitive to details of the physics, so
rainfall variability. The weaker ENSO-rainfall relationship it will be important to test our findings with other models.
over the north-west in the DUST run is most likely due to a  To our knowledge, this is the first study that has demon-
positive feedback between moisture convergence and rainfalitrated a climatic response to the radiative effects of Aus-
over north-eastern Australia: in essence, more convectiofiralian dust. Although the Australian dust source is smaller
and rainfall there depletes the atmosphere of moisture, so lesgan the major sources in the Northern Hemisphere, our re-
is available for advection towards north-western Australia. sults show that the direct radiative effects of Australian dust

There are some interesting aspects of the dust — radiamay have important interactions with climate variability. The
tion — evaporation feedback over the south-western Pacificesults suggest that (1) a realistic treatment of Australian
Ocean in our model: (1) The increased response of evapodust may be necessary for accurate simulation of the ENSO-
ration to ENSO in the presence of dust was larger than exrainfall relationship over Australia, and (2) radiative feed-
pected solely from changes in dust radiative forcing at thebacks involving dust may be important for understanding
ocean surface. We showed that the additional effect couldhatural rainfall variability over Australia. (1) is potentially
be explained by changes in stability between the ocean suiimportant for climate modelling, because ENSO dominates
face and the boundary layer induced by atmospheric heatrainfall variability over most of eastern and central Australia,
ing by dust. It was enhanced because, below about 800 hPand the response of ENSO to climate change is an active re-
shortwave and longwave effects were additive (both actingsearch questiondollins et al, 2010. (2) raises various re-
to warm the atmosphere). (2) Dust-induced changes in theearch questions, e.g., it is possible that there is a positive
lower-tropospheric vertical temperature profile (diagnosedfeedback on drought induced by the recent observed increase
from the difference between the DUST and NODUST runs)in Australian dust itchell et al, 2010. Although our
were small when all years of simulation were included. How- model tends to over-estimate the Australian dust source, it is
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possible that the use of prescribed vegetation causes rainfallzinoux, P., Prospero, J. M., Torres, O., and Chin, M.: Long-term
dust feedbacks to be under-estimated in some respects. It simulation of global dust distribution with the GOCART model:
would be intriguing to explore these effects using a model correlation with North Atlantic Oscillation, Environ. Modell.

that includes dynamic vegetation in a future study. Softw., 19, 113-128, 2004. . .
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