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Aerosol-aware, convection-resolving climate modelling
Anthropogenic aerosol emissions and rainfall decline in South-West Australia

Three different high-resolution aerosol model runs
• Pre-industrial aerosol loads, std. profile (wrf-aero)
• Post-1970s aerosol loads, 3x std. profile (wrf-aerox3)
• Pre-industrial aerosol loads + Muja Power Station 

emissions (wrf-muja)
Muja Power Station emissions (CCN only):
• 4.6x108 particles/kg/s, added to surface emissions at 

Muja Power Station within 1500m above ground

(left) Pre-1970s
CCN/IN emissions
from observations
(right) climatology
for 2000-2007

(top) 1970-1974 means of CCN number concentration and near-sfc
winds for the rainy season Apr-Sep and the dry season Oct-Mar

wrf-muja
>3xCCN

wrf-muja
dry/wet

wrf-aerox3
3xCCN/IN

WA -2.0% 3.1 -5.3%

WC -1.7% 3.3 -3.1%

BC -2.8% 2.9 -6.5%

PF -1.7% 11.0 -4.0%

A high-resolution (3.3km) regional climate modelling study 
using WRFV3.6.1 with an aerosol-aware microphysics 
scheme (Thompson and Eidhammer, 2014) for 1970-1974.

Muja Power Station, commissioned 
1966, capacity 974MW, ≈1019CCN/s

Airborne measurements of CCN 
emission rates of coal power plants 
in East Australia with similar size 
(Junkermann and Hacker, 2015)

WA West Australia
WC West Coast
BC Back Country
PF Perth/Freemantle
P  Perth
M  Muja Power Plant

FIG. 2. Model topography (left, terrain height in m) and land-use classification (right) for a subset of

the 3.3 km domain, labelled as West Australia (WA). Indicated are the three regions West Coast (WC),

Perth/Freemantle (PF) and Back Country (BC) used in the analysis, as well as the location of Perth (P) and

Muja Power (M). The black dots represent meteorological stations of the BOM (Bureau of Meteorology 2015)

with a data availability of 90% or more between 1920 and 2015. The dominant land-use categories are ever-

green broadleaf forest (red), woody savannas (ochre) and croplands (cyan), which clearly mark the north-eastern

border of the wheatbelt.
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Future work
• Separating the effects of anthropogenic aerosols,

land clearing and global climate change in AU
• Airborne measurement campaign to quantify

aerosol emissions of modern power plants
in different regions (West/East Coast, Victoria)

• Global and regional modelling studies for the
East Coast and West Coast with WRF and MPAS

15km
3km

Variable 15-3km
MPAS mesh with
3.2 Mio grid cells

Significant decline in precipitation in South-West
Australia in the 20th century
• Continuous decline by about 15% for entire region (WA)
• Sudden drop by further 15% for Perth (PF) in the 70s
Possible reasons are:
• Continuous changes due to large scale circulation (slow)
• Deforestation, irrigation (fast)
• Anthropogenic aerosols from power plants/smelters (fast)

Anthropogenic aerosol emissions and rainfall decline in SW Australia – coincidence or causality?

Triple-nested WRF 
domain setup at 
30/10/3.3km res.

Microphysics

Thompson (d1/2)

T.-Eidhammer (d3)

Radiation

RRTMG LW/SW

Cumulus

BMJ (d1/2), off (d3)

Spectral nudging

on (d1), off (d2/3)

aerosol indirect effects. To derive a consistent picture of
the impact of aerosols through indirect effects, a number
of meteorological parameters are investigated.

1) CCN AND IN NUMBER CONCENTRATIONS

Figures 6 and 7 display the number concentration of
CCN and IN for the three different high-resolution
model runs using aerosol-aware microphysics (wrf-
aero, wrf-aerox3, wrf-muja) both as time series of the
sum over the entire column, averaged over the areaWA,
and as contour-plot average for the wet season (April–
September) and the dry season (October–March) 1970–
74. Near-surface wind vectors are overlaid on the CCN
contour plots, and wind vectors at PBL height on the IN
contour plots. The CCN number concentration of the
wrf-muja run, averaged over the area WA, exceeds that
of the wrf-aerox3 run (i.e., 3 times the conditions prior to
the commissioning of Muja Power Station and other
large sources of anthropogenic aerosols). Despite being
emitted by a tiny area around the location of Muja
Power Station, the ultrafine aerosol particles are dis-
tributed widely and result in a higher CCN concentra-
tion along theWest Coast and over the wheatbelt.While
the annual average shows a symmetrical distribution
around the emitting source (not displayed), the direction
in which the ultrafine aerosol particles travel depends on
the seasonality of the near-surface winds. In austral
summer, the dominant near-surface wind direction is
toward the northwest over land, whereas in austral
winter the bulk of the CCN are pushed to the southeast
of the areaWA (Fig. 7). The emissions fromMuja Power
Station are not affected by the wind field at PBL height,
which suggests that the bulk of the CCN particles are
advected horizontally rather than mixed up into higher
layers. The CCN number concentration varies with time
around its initial values as a result of the continuous

removal and replenishment through CCN activation,
rain/snow/graupel collecting aerosols, cloud/rain evapo-
ration, and surface emissions [Thompson and Eidhammer
2014, their Eq. (3)].
The initial IN number concentration drops rapidly

for all three runs with a constant factor of 3 between
wrf-aero/wrf-muja and wrf-aerox3. Without additional
surface emissions, the equilibrium level of IN is main-
tained by a minimum value of 1% of the initial IN
concentration (5 3 103 kg21 for wrf-aero/wrf-muja
and 1.5 3 104 kg21 for wrf-aerox3), hardcoded in the
aerosol-aware microphysics scheme, and additional terms
stemming from IN activation, rain/snow/graupel collect-
ing aerosols, and cloud ice sublimation [Thompson and
Eidhammer 2014, their Eq. (4)]. These additional source
and sink terms lead to an equilibrium value of 63 103kg21

for wrf-aero/wrf-muja and 1.8 3 104kg21 for wrf-aerox3.
The spatial distribution of IN is positively (negatively)
correlated with the wind field at PBL height in austral
winter (summer), which suggests that IN are located at
higher levels than CCN and that cloud ice sublimation
(melting) occurs during austral winter (summer).

2) PRECIPITATION

The main focus of our investigation is the change in
model precipitation when including aerosol physics in
the microphysics schemes (i.e., the difference between
wrf-std and the aerosol-aware runs) and when changing
the aerosol concentration (i.e., the difference between
wrf-aero and wrf-aerox3/wrf-muja). Figures 8 and 9
display mean monthly rainfall and mean monthly rain-
fall anomaly of the different model runs and of obser-
vational data fromUDEL and BOM for the four regions
of interest over land only, averaged over the entire pe-
riod 1970–74. The monthly precipitation is derived as
the average of all stations in the region with a data

FIG. 6. Mean value of CCN and IN number concentrations (kg21) for region WA as function of time, summed up
over the entire column at each grid point.
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(top) Mean value of CCN and IN number concentrations for
region WA, summed up over the full column at each grid point

FIG. 8. (top) Mean accumulated precipitation for the wet seasons 1970–1974, with 400 mm isohyates in black

contours; (bottom): difference in mean accumulated precipitation with respect to wrf-aero for the wet seasons

1970–1974.
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FIG. 8. (top) Mean accumulated precipitation for the wet seasons 1970–1974, with 400 mm isohyates in black

contours; (bottom): difference in mean accumulated precipitation with respect to wrf-aero for the wet seasons

1970–1974.
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FIG. 8. (top) Mean accumulated precipitation for the wet seasons 1970–1974, with 400 mm isohyates in black

contours; (bottom): difference in mean accumulated precipitation with respect to wrf-aero for the wet seasons

1970–1974.
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Results
• Decline in rainfall for increasing aerosol concentrations,

strongest effect on the back country region BC
• Seasonal variation of rainfall decline for different regions

show effect of anthropogenic aerosols on local precipitation
• CCN are advected by near-surface winds rather than mixed

into higher layers; IN follow wind patterns at higher levels
• Without additional IN sources, IN levels quickly drop to hard-coded limit

(top) 1970-1974 decline in rainfall relative to
wrf-aero and ratio of decline dry vs. wet season
(bottom) 1970-1974 mean wet season rainfall
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