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Butler et al

Executive Summary

The Wind Erosion Extent and Severity Maps (WEESMAP) project for Australia has been com-

pleted. As a result of the project signi�cant improvementsweremade to both the soil and vegetation

input data. These improvements include:

• A new dynamic erodibility mask was created for the model, based on Fractional Cover Index

(FCI) of Guerschman et al. (2009).

• Increasing the soil descriptions available from 12 to 29 soils.

• Replacing LAI GIS layer with the MODIS LAI layer, which no longer uses emperical rela-

tionships developed for AVHRRNDVI product.

• The model was extend to a 10 km resolution for the whole of the continent.

Statistical comparison of the CEMSYS model before (Version 5) and after the soil/vegatation im-

provements (Version 6) shows that the model over estimated daily dust concentrations at 26 of the

DustWatch nodes in 2009 by approximately 3 fold for V5 and underestimated it by 0.6 for V6.

Themean error betweenmodelled and observed dust levels was reduced for V6 (0.0227 to 0.0084).

Finally V6 explained twice the level of variability in the observed data compared to V5 (0.2292 to

0.3956). Given the result was comparing 26 stations over 365 days, V6 appears extremely robust

over the yearly period.

In addition, the time series of available data was extended signi�cantly. At the end of the project

data the following data is available:

• Version 5 50 km data is available for February 2000–June 2012
1

• Version 6 50 km data is available fromMarch 2000–June 2012
1
.

• Version 5 10 km data is available for NSW/Victoria from February 2000–June 2012
1
.

• Version 6 10 km data is available nationally for 2002, 2008, and 2009
1
.

Finally several other coding improvements were made to the model to increase performance. Con-

sequently, it is now possible to produce 50 km and 10 km maps within 10 days of the external

MODIS and Atmospheric data becoming available. This means it is now possible to use the CEM-

SYS in monthly reporting products.

1
July–December 2012 will be available by the end of June.

17 July 2013 13:32 1



Butler et al 1. Introduction

1 Introduction

The Wind Erosion Extent and Severity Maps for Australia (WEESMAP) project increased the cer-

tainty and utility of modelled wind erosion maps by improving: a) the model input data; and b)

increasing the model resolution. Numerical modelling of wind erosion at the national scale of-

fers the capacity to monitor the extent, severity and determine trends in wind erosion. The CEM-

SYS wind erosion and dust transport model was used to produce national maps, which identi�ed

where Caring for Our Country (CfoC) investment in land management practices would reduce

wind erosion and provide the largest environmental bene�ts.

The project enabled the CEMSYS model to be run nationally at 10 km resolution compared to the

current 50 kmresolution, improve the reliability of thewind erosion estimates byusing theMODIS

fractional cover product and improving the representativeness of the soils data used in theCEMSYS

model.

Prior to this project, CEMSYS used:

1. only �ve fully dispersed soil distributions
2
were available to characterise soil textures across

the Australian continent;

2. where an appropriate soil distribution was not available for Australia, the closest available

published soil distribution available world wide was used;

3. CEMSYS national modelled data (50 km resolution) was only available for two years;

4. CEMSYSmodelled datawas only available forNSWandVictoria at 10 km resolution for two

years; and

5. data from the modelling was not available to the public or National Resource Management

(NRMs). It was only available via contracted services.

TheWEESMAP project looked at improving the reliability and representativeness of the CEMSYS

modelled wind erosion products. This improvement was accomplished by:

1. improving the number of particle-size distributions of the soil textures available for use in

the model;

2. updating the vegetation data used in the model;

3. developing a new dynamic erodibility mask;

2
12 soil distributions were available, but only �ve had fully dispersed pro�les

2 17 July 2013 13:32



2. Summary of improvements in modelling wind erosion using CEMSYS Butler et al

4. extending the time-series of modelled data available for Australia and NSW/Victoria from

two years to 12+ years; and

5. extending the 10 km resolution fromNew SouthWales/Victoria to cover all of Australia.

Consequently, CEMSYS now uses:

1. 29 full, intermediate and minimally dispersed soil distributions to describe the variation in

soil textures across Australia. This enabled CEMSYS to use the soil distribution which de-

scribed the Australian soils in their most naturally dispersed state. Finally, as part of the in-

clusion of these soils in the CEMSYS some 29 soils were parametrised for use in the model.

2. Leaf Area Index (LAI) layer used in version 5 was derived from AVHRR NDVI using em-

pirical relationships, this is replaced in version 6 byMODIS derived LAI products which no

longer use these empirical relationships.

3. In version 5 ofCEMSYSoutlined byButler et al. (2007) andLeys et al. (2009) a static erodible

surfacemaskwas used tomask out the non-erodible areas. The current version 6 of CEMSYS

uses a dynamic non-erodiblemask based onGuerschman et al. (2009) Fractional Cover Index

(FCI) to better represent monthly changes in the erodible landscape.

4. The time-series of data available for the extent and severity of wind erosion was increased

from 2 to 12+ years national at 50 km (i.e. 2000–present) and three years (2002, 2008 and

2009) is nowavailable national at 10 kmresolution. WhileNSW/Victoria is available at 10 km

resolution from 2000–present).

5. In Version 5 the only 10 km extent and severity data available was for New South Wales

and Victoria, the work in this project extends this resolution of data to the continent. Con-

sequently, this resolution of data can be produced for each NRM region and State.

2 Summaryof improvements inmodellingwind erosionusingCEM-

SYS

The following sections of the report outline the technical detail of the changes made to:

1. soil inputs required for the CEMSYS model;

2. how the vegetation/erodibility inputs have been updated;

3. improvements at 50 km resolution; and

17 July 2013 13:32 3



Butler et al 2. Summary of improvements in modelling wind erosion using CEMSYS

4. how the 10 km resolution national maps are constructed.

Each of these improvementwere separately applied and tested during the project. Details of each in-

dividual performance improves havebeen reportedon inpreviousmilestone reports forWEESMAP

project, hence this report will only summarise the �nal improvement achieved by combining all im-

provements.

2.1 Soil improvements

AnewGIS soil layer andAustralian texture classi�cationwas developed to improve on the currently

used geographical information system (GIS) soil layer inCEMSYS (v5) that is based on theAUSLIG

(1980) soils map and derived textures based on the USDA soil textures. The new GIS soil map was

based on the digital version of the Atlas of Australian Soils (Northcote et al., 1960-1968) from the

Australian Soils Resource Information System (ASRIS) site. The resultant texturemap is shown in

Figure 1.

The map was created by using the estimated soil texture for theA horizon of each Principal Pro�le

Form (PPF) from thework ofMcKenzie et al. (2000). There are 726 PPF descriptions for the digital

Atlas of Australian Soils, these descriptions include the designation “NS” for those units without

soil, e.g. lakes. There are also polygons in the map that do not have a PPF assigned to them and

most commonly are associated with lakes. Many of the lakes that were mapped as having missing

data are dry lakes and are known dust sources. Consequently, the missing data was sub-divided

into two categories, namely missing/water or lake sediments. Only the major lakes in the Lake Eyre

Basin (LEB) that do not have a continuous salt pan were classi�ed “lake sediments”. For these lakes

a sample from Lake Callabonna in the LEB with loam texture was used to represent the texture of

these non-salt encrusted lakes.

4 17 July 2013 13:32



2. Summary of improvements in modelling wind erosion using CEMSYS Butler et al

Figure 1: Soil texture map of Australia. Source: AUSLIG (1980).

For each soil texture a matching Particle-Size Distribution (PSD) is required. The PSDs to expand

CEMSYS were derived from 29 sample soils denoted as the EASI soils. Each of the EASI soils was

then assigned a soil texture based on a) the Australian soil texture triangle and b) the soil texture

clay relationships developed by McDonald et al. (1990) as shown in Table 1. The EASI soils were

originally chosen because they represented the most erodible soils in known wind erosion source

areas. While they o�er a good foundation, there is room for improvement as they have limited

spatial representativeness (Figure 2). Each EASI soil has been classi�ed according to its texture,

using the soil properties shown in Table 1 and Australian soil texture triangle.

17 July 2013 13:32 5



Butler et al 2. Summary of improvements in modelling wind erosion using CEMSYS

Table 1: Soil texture classifications based on estimated clay content. Adapted from McDonald et
al. (1990).

Texture group Texture Clay Content % Texture grade

Id. Min. Mean Max

1 Sands 0 5 8 Sand

Clayey Sand

Loamy Sand

2 Sandy Loams 8 15 20 Sandy Loam

Fine Sandy Loam

Light Sandy Loam

3 Loams 10 20 30 Loam

Fine Sandy Loam

Sandy Clay Loam

Silt Loam

4 Clay Loams 20 30 40 Clay Loam

Silty Clay Loam

Fine Sandy Clay Loam

5 Light Clays 35 40 50 Sandy Clay

Silty Clay

Light Clay

Light Medium Clay

6 Clays 45 55 100 Medium Clay

Heavy Clay

7 Missing/Water

8 Lake Sediments

After discussion with ASRIS sta�, to allow for the further characterisation of soil texture classes of

di�erent regions in Australia the physiographic regions of Australia (Jennings & Mabbutt, 1986)

was used to further divide the country up into 21 provinces. The logic being that a sand inWestern

Australia wheat belt may have a di�erent PSD than a sand in the Mallee due to the di�erent geo-

morphic and pedogenic conditions that originally formed the soil. The original digital data (sup-

plied by ASRIS) has 28 provinces, but provinces known to have little wind erosion, such as the east

coast of Australia and the Top End, were amalgamated to form 21 wind erosion provinces, thus

reducing the number of soils to be analysed.

Soil samples from each province are required to represent the texture classes in that province. AS-

RIS andNatSoil have an archive of soils with their locations shown in Figure 3. There are a total of

104 texture polygons in the 21 provinces. Of these polygons, 56 have samples in theNatSoil archive

that could be analysed to increase the soil PSD data and hence improve the spatial representative-

6 17 July 2013 13:32



2. Summary of improvements in modelling wind erosion using CEMSYS Butler et al

Figure 2: Physiographic regions relative to EASI soil sample locations.

ness of the soils in the CEMSYS model. While this is beyond the scope of the current project it is

thought to be a critical component in improving the accuracy of themodel. Consequently, samples

have been obtained from the National Soil Archive and have been analysed. All that is need is for

these 56 soils to be parametrised for inclusion in the model. This was not able to be accomplished

within the current project. However, the available of the required analysis allows for the data to be

incorporated into the model in the next major iteration of the model.

In addition to this during the reanalysis of the soils, additional information was obtained on the

1 to 10 µm soil fraction for each soil (i.e. clay fraction). This data is now available for incorporation

into the model during a future iteration. However, as the clay based soils are subject to crusting

and have signi�cant binding energies, further research needs to undertaken on how to model these

physical and biological processes in clay soils. With out incorporating these fundamental processes

into the model, the inclusion of this information in the model is likely to signi�cantly a�ect the

reliability of the model. While this is clearly beyond the scope of the current project, having this

data is crucial in further being able to base further model improvements around physical data.

For use in CEMSYS the particle-size distribution (full, intermediate and minimal dispersed PSDs)

for a particular soil (p(d)) has to be expressed as a summation of several log-normal distributions

(Gomes et al., 1990; Chatenet et al., 1996):

p(d) =
1

d

n∑
j=1

wj√
2πσj

exp

(
−(ln d− lnDj)

2

2σ2
j

)
; (1)

where n is number of modes, wj is the weight for the j’th mode of the particle-size distribution,

Dj and σj are parameters for the log-normal distribution of the j’th mode. The advantages of this

17 July 2013 13:32 7



Butler et al 2. Summary of improvements in modelling wind erosion using CEMSYS

Figure 3:NatSoil and EASI sites for each physiographic province.

parametrised form is that the PSD can be speci�ed using few parameters (12 max), and that the

information for a particular soil type can be applied to similar soil types.

A non-linear least square �tting technique is employed to determine the parameters wj , ln(Dj),

and σj frommeasured particle-size distributions. Numerical tests show that it is generally su�cient

to use 1 ≤ n ≤ 4. To capture the typical physical modes of each soil, the lower bound and upper

bounds of σ are set equal to 0.05 and 1.5, respectively, for all samples. This �lters out the false, non-

physical modes, which have very small or very large variance. The optimisation problem has many

localised minimums and the global minimum (absolute minimum of squared error between �tted

and observed particle-size distributions) is di�cult to �nd. Hence, the several million initial values

of the parameters are tried (i.e. a Monte Carlo search is used) until the smallest “acceptable” value

of optimisation function (Eqn. 2) is found.

f
opt
=

1

m

m∑
k=1

[dk (p�t
(dk)− pobs

(dk))]
2

(2)

The parametrised �t is “accepted” if the value of the optimisation function (f
opt
) is below a critical

value (current 0.01 for the EASI soils). In addition, the �tting techniques uses half the measured

PSDpoints to create the initial �t, while the remaining points are used to test the �t (Figure 4). The

PSDs parametrised in this project were derived from 29 soils denoted as the East Australian Soil

Inventory (EASI) soils. The EASI soils were originally chosen because they represented the most

erodible soils in known wind erosion source areas. For each EASI soil the minimally, intermediate

8 17 July 2013 13:32



2. Summary of improvements in modelling wind erosion using CEMSYS Butler et al

and fully dispersed soil PSDs were parametrised using the process outlined above. The results of

the parametrisation process is shown in Tables 2, 3, and 4.

Figure 4: Particle-size analysis (blue dots) and particle-size density function (red line) of the sand
sample from the Simpson Desert using the fitting methodology outlined.

2.2 Vegetation improvements

CEMSYS v5 uses a non-erodibility mask (Figure 5) to identify areas not subject to wind erosion,

based on vegetation, soil and aridity. Conversely, this layer identi�es areas of Australia subject to

wind erosion. The current mask is static and does not account for factors such as vegetation re-

sponse to rainfall and downstream �ooding etc. The need to account for these factors is illustrated

by considering the a�ect that the January 2009 northern wet season had on vegetation cover in the

lower Channel Country of westernQueensland (CCWQ) and the northern Lake Eyre Basin (LEB).

Figure 6a illustrates that based on fractional cover measurements of bare soil during January 2009

much of theCCWQhad signi�cant vegetation cover (i.e. small% of bare soil), as a result of �ooding

along the Diamantina, Georgina Rivers and Cooper Creek. This �ooding was the result of rainfall

in northern part of the catchment e.g.Mt. Isa January 2009 total rainfall was 535.2mm (Australian

Bureau of Meteorology , 2012b), compared to Birdsville January 2009 monthly total of 67.2 mm

(Australian Bureau ofMeteorology , 2012a). These �oods e�ectively shut-down themajority of the

Channel Country as a dust source during January 2009. However, the current version of CEMSYS

predictedmoderate erosion throughout theCCWQduring January 2009 (Figure 7) due to the static

nature of the non-erodibility mask used in CEMSYS v5. Fractional cover measurements for 2009

show that there was a signi�cant change in bare soil in northern Australia from January–December

17 July 2013 13:32 9
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2. Summary of improvements in modelling wind erosion using CEMSYS Butler et al
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2. Summary of improvements in modelling wind erosion using CEMSYS Butler et al

Figure 5: Current static erodibility mask used in CEMSYS. Brown shading indicates the erodible
area.

(Figure 6). Issues relating to CEMSYS v5 apparent over estimation of erodibility in Channel Coun-

try and Western NSW had been previously reported by Leys et al. (2009) and could be linked to

issues relating to vegetation response to Northern wet season not being accurately accounted for in

the current LAI/NDVI measurements that are used to predict soil cover.

To address this issue andproduce a better estimate ofwind erodible areas the Fractional Cover Index

v2.1
3
(FCI) developed by Guerschman et al. (2009), was used to develop a dynamic non-erodibility

mask for use in the CEMSYSmodel. Based on �eld work undertaken by Leys (1991), it was decided

to mask as non-erodible areas which had less than 50% bare soil when averaged over the month.

This represents the �rst step in replacing vegetation cover estimates in CEMSYS with the new frac-

tional ground cover data now available from CSIRO. The next step will be to modify the emission

algorithms in CEMSYS to replace LAI with fractional ground cover estimates.

While it is possible to describe changes in the fractional cover levels at sub-monthly scale (i.e. 16

days), it was decided to continue use themonthly values of fractional cover asmost studies of veget-

ation response to rainfall in arid/semi-arid regions indicate that it takes 1–4months of accumulated

rainfall to produce a signi�cant increases in remote-sensed vegetation cover indices (Nightingale &

Phinn, 2003; Schmidt&Karnieli, 2000). The other advantage of usingmonthly values of fractional

cover is that it eliminates a signi�cant amount of missing data due to cloud cover etc.

Figure 8 shows the a�ect of setting the erodibility mask using this new methodology. Comparing

Figures 5 and 8a shows that a signi�cant amount of Northern Australia is masked as non-erodible

in January 2009 using FCI to remove non-erodible areas. The FCI mask also showed a signi�cant

increase in erodible areas inNorthern Australian in September 2009 (Figure 8b), while the amount

3
Version 2.2 is used in the �nal production version 6 data
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Butler et al 2. Summary of improvements in modelling wind erosion using CEMSYS

(a) January (b) March

(c) May (d) July

(e) September (f) November

Figure 6: Fractional cover variation in bare soil percentage during January, March, May, July,
September and November 2009.
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2. Summary of improvements in modelling wind erosion using CEMSYS Butler et al

Figure 7: CEMSYS v5 predicted average erosion (sand drift µg/m/s) January 2009

(a) January non-erodible mask (b) September non-erodible mask

Figure 8:New dynamic non-erodible spatial masks. Red shading indicates erodible area based on
≥ 50% bare soil.
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Butler et al 2. Summary of improvements in modelling wind erosion using CEMSYS

(a) Version 5 LAIMay 2009 (b) MODIS LAIMay 2009

Figure 9: Comparison of a) Original LAI maps used in CEMSYS v5 and b) the current MODIS
LAI product provided by CSIRO.

erodible areas decreased in SouthwesternWAduring the sameperiod. This change is in linewith the

seasonality of rainfall in Australia. Modifying the non-erodibility mask in CEMSYS in a dynamic

fashion allows for the erodible area to increase and decrease with climatic conditions.

Asnoted in the introduction, theLAIused inCEMSYSv5 is constructed fromAVHRRandMODIS

NDVI, and GIS vegetation data using empirical relationships outlined in Lu et al. (2001). How-

ever, the empirical relationships for doing this are dated, and needed to be reviewed. MODIS LAI

data is now directly available from CSIRO. Replacing our current NDVI derived LAI layer dir-

ectly with theMODIS LAI layer which is no longer based on the empirical relationships (Chappell,

2012, pers. comm.) the model. A subjective comparison of the two layers (Figure 9) shows that

the v5 LAI method predicts higher LAI in semi-arid/arid regions compared to the MODIS LAI

product. Hence, using the MODIS LAI layer will produce a higher sand �ux (Q) and dust emis-

sions over much of Australia. As discussed by Hill et al. (2006) the LAI quality is still not great

in semi-arid/arid central Australia, hence further work still needs to be undertaken to improve the

underlying algorithms in these regions. While it is possible to replace the LAI index with fractional

cover completely, the advantage in remaining with LAI is that the time-series for LAI data is avail-

able back to 1981 via AVHRR and SPOT satellites. Given that the current project is looking at

analysing variability in severity and intensity over time (i.e. long-term trends) therefore the availab-

ility of this long time series is an advantage. Therefore, it is possible with some addition calibration

work to calibrate the MODIS, AVHRR and SPOT products to extend the current severity and

extent mapping back to middle to late 1980s.
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2. Summary of improvements in modelling wind erosion using CEMSYS Butler et al

2.3 50 km CEMSYS Improvements

As documented by Butler et al. (2007); Leys et al. (2009) the 50 km model generated surface (i.e.

vegetation and cover data) and atmospheric conditions is use to seed the CEMSYS model at 10 km

resolution. Consequently, the 50 kmdata is essentially a free by–product of generating 10 km resol-

ution data. The advantage of this approach is the 50 kmbecomes available faster than 10 kmdata. It

alsomeans that in terms of production that the initial 50 km can analysed to determine the priority

periods or areas for producing the 10 km data.

Also as part of the WEESMAP project substantial progress has been made in shortening the pro-

duction time (from ∼10 to 3 days) of 50 km quality controlled data set. This has been archived

by the parrallisation of the current code and availability of a 204 core cluster at the University of

SouthernQueensland. Currently, the slowest part of the process is the availability of sta� to do the

quality control. This shorten of the production time, means that for the �rst time it is possible to

use CEMSYS products for tactical reporting in the DustWatch monthly reports.

2.4 10 km CEMSYS improvements

Prior to this project limited 10 km resolution data (i.e. two years) was available for NSW and Vic-

toria. No national 10 km (long-term data) modelled data was available. WEESMAP extended this

coverage to the full Australia mainland for 2002, 2008 and 2009 and also extended the 10 km avail-

able for NSW and Vic. to 12 years (Feb 2000 – June 2012). The discussion below details the meth-

odology used to extend the 10 km data nationally and how this has been used to produce national

10 kmmaps of wind erosion activity.

Australia is divided up into six approximately equal size regions, as show in Figure 10. Due to size

Tasmania is run as a separate sub-region. (Note to enable joining of each distinct region each region

is overlapped by approximately 10–15 pixels.) Each region is than overlaid with a 10 km grid, on

which wind erosion rates are calculated (see Figure 11 as an example).

The advantages of this division is that:

1. is that each region can run separately across individual cores and in parallel, hence can be

easily up scaled to larger computers available in Brisbane or Canberra;

2. if an error occurs in one of the regions, only that region needs to be rerun; and

3. if just the east coast is required only three regions need to be run.

Once completed each variable ismapped to a newnational 10 kmgrid de�ned acrossAustralia using
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Figure 10: Seven regions used to produce 10 km national wind erosion map.

bilinear interpolation. An example of the resulting map is shown in Figure 12.

3 Comparison of the performance of CEMSYS v5 and v6

Before proceeding to outline themodel evaluationmethodology, it is worth noting that di�erences

between the observed and model results (Steyn, 1988) maybe due to:

1. model formulation and inaccuracies inherent in the numerical implementation of themodel;

2. sub-grid e�ects (e.g. related to temporal and spatial resolution especially unresolved vari-

ations in topographic features etc.); and

3. inaccuracies in the observed data.

All the above sources of disagreement exist in the current project. To increase the con�dence in the

model, it is necessary to qualify and quantify the relative performance of the model under the these

limitations. Hence, the methodology developed and outlined below has been designed to control

these possible sources of error and quantify the relative improvement of the model as changes are

made to vegetation and soil data.

Measuring wind erosion emission at source is very di�cult and cannot be remotely measured at

present; as a result ? proposed the use of the product of wind erosion, airborne dust, as the primary

indicator of degrading soil condition. The logic was simple; if dust is being produced it means that
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Figure 11: Example showing sand drift (mg/m/s) for SA region at 10 km on 23rd September 2009

Figure 12: Example showing the sand drift (mg/m/s) for Australia at 10 km on 23rd September
2009 after blending the seven regions in Figure 10.
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soil is being lost and associated losses of fertility, water storage capacity and productivity are occur-

ring. Dust is a good surrogate because it can be measured remotely by stand-alone PM10 sensors

such as the instruments used in the Community DustWatch program or by meteorological observ-

ers from the Australian Bureau of Meteorology (ABoM) in near real time. Hence, in this project

dust is used a surrogate to quantify the performance of the model. The logic being if the model is

correctly predicting a) where dust is being observed in the landscape and b) the quantity of dust

being measured; the model is performing well.

3.1 Methodology

To qualify the modelling results and improvements in terms of extent the CEMSYS model results

are compared to all of the following data sets.

1. Community DustWatch data for nodes (DWN) which is available from NSW Department

of Environment and Climate Change;

2. Dust Event Days and visibility records (DEDV) held at Gri�th University (GU);

3. MODIS TERRA/AQUA Satellite (MODISTA) data which is available fromNASA; and

4. Road Side Surveys (RSS) available from ASRIS.

DWN provide hourly PM10 concentration data from 41 sites across Australia. This data provides

themost accurate data available for the dust concentration and is therefore used statistically quantify

the changes/improvements in themodel results. TheDED and visibility records are extracted from

Australian Bureau of Meteorology (ABoM) data and summaries observed dust events on a partic-

ular day. Visibilities associated with DEDD records of the these dust events also give an estimate of

the strength and duration of the event. MODISTA images give visual veri�cation of dust activity

and extent. However, cloud and small events (e.g. localised and short duration events) may not be

identi�able in these images. Finally, the RSS provides ground information which can be used to

ground truth the model across a wide area.

To statistically test the performance of spatial and temporal models the statistics outlined by Steyn

(1988); Yin et al. (2007); and shown below have been used.

Mean of the observed PM10 dustwatch values O =
1

N

N∑
i=1

Oi ; (3)

Mean of the modelled PM10 values M =
1

N

N∑
i=1

Mi ; (4)
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Mean bias MB =
1

N

N∑
i=1

(Mi −Oi) ; (5)

Mean Error ME =
1

N

N∑
i=1

|Mi −Oi| ; and (6)

Agreement index d = 1−

N∑
i=1

(Mi −Oi)
2

N∑
i=1

(
|Mi −O|+ |Oi −O|

)2 ; (7)

whereN is the total number of observations.MB gives a measure as to whether the model is over

predicting (> 0) or under predicting (< 0), whileME gives a measure of the deviation of the

model from the observed values (lower the better) and d gives a measure of the observed variability

that the model is explaining (0 little of the observed variability is being explained, 1 all the observed

variability is being explained).

Most current temporal and spatial modelling projects only consider the agreement of the model

agreement for short periods (i.e. 1 to 5 days events). In this project, these statistics summaries the

daily performance of CEMSYS modelled PM10 against daily measure PM10 evaluated at 26 DWN

over a whole year. Consequently, it is expected that our overall performance will be slightly lower

than current literature due to the likelihood of more extremely outliers.

While these statistics provide an indication of that CEMSYS is correctly predicting the intensity

of wind erosion, to quantify the spatial performance of CEMSYS in predicting the extent of wind

erosion activity across Australia CEMSYS output was compared to spatial maps of reported dust

activity from each of the data sets described above on a daily basis.

3.2 Improvements in the performance

To illustrate the performance of the improved CEMSYS model (v6) over version 5, we will use

data from 2009, which had two of biggest dusts storm to be recorded on the east coast since the

1940’s (Leys et al., 2011). Hence, the performance of the model will be illustrate here by a) statist-

ical comparison of the model at 26 DWN for all of 2009; and b) comparing CEMSYS to four days

which the DED/visibility data reported dust in di�erent areas of the continent. These four events

only represent a small summary of days analysed in detail during 2009 (over 20 days), and were

chosen as they clearly re�ected the performance di�erences between the two versions of the model.

Figure 13 illustrates the dust activity observed by theMODIS satellite on the four days considered in

this report (7th February 2009, 21st May 2009, 25th October 2009 and 10th December 2009). On

the 7th FebruaryMODIS imagery suggests light dust activity in South Eastern Australia (along the
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(a) 7th February (b) 21st May

(c) 25th October (d) 10th December

Figure 13: Satellite images for the four days during 2009.

Victorian border). MODIS imagery show that on the 21stMay indicate that there was dust activity

in south-western Western Australia. 25th October show dust extensively in South Australia and

Western Australia, however cloud westernQueensland/New SouthWales border does not provide

a clear indication of activity along the New South Wales border. Dust activity is indicated o� the

WesternAustralian coast on the 10thDecember in theMODIS imagery, while cloud again obscures

much of the east coast.

To quantify the di�erence between the two versions of themodel statistical comparison was under-

taken using all the data available from the 26 DustWatch nodes in operation during 2009. These

statistics are reported in Table 5 for the 50 km resolution simulations and show version 5 overestim-

ates the amount of dust at these 26 stations over 2009, by a factor of approximately 3 (cp. 0.0076 to

0.0210). Themean bias for 2009 indicates that version 5 over estimates the amount of PM10 at these

26 stations during 2009. In contrast, version 6 under predicts themean dust by 0.6. However, given

that DWN incorporate some smoke, and natural background dust (i.e. dust as a result of human

activity) this result may not be unreasonable. The mean bias for version 6 indicates that it slightly

underestimates the concentration at these 26 stations. Comparing the mean error between the two

versions indicates that version 6 has signi�cantly reduced the error betweenmodel and observation

(i.e. mean error decreased from 0.0227 to 0.0084). Finally, the increase in the d value from 0.2292
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under version 5 to 0.3956 version 6 indicates that version 6 is explaining almost twice the variability

observed in the data. Given that the version 6 value was the result of comparing daily observations

for 26 stations over 365 days, further suggests that version 6 is extremely robust over most condi-

tions. It also compares well to the value of 0.5 obtained by Yin et al. (2007) for a single event in

US.

Table 6 shows the comparison of the 10 km observed concentration and modelled across the 26

DustWatch node stations for 2009. These results indicate that the 10 km is similar to the 50 km

across all 26 stations. All show a signi�cant improve over the comparable v5 data values. However,

the 10kmversionpredicts ameandust concentration across all 26 stations of 0.0129 compared to the

0.0076measured. This over estimate compared to 50 km runs probably represents a compounding

in themodelling/computational error at the end of eachmodelling periodwhich drags the estimate

above the true mean. As noted by Willmott et al. (2011), the statistics calculated above are easily

a�ected by one or two extreme outliers. Also note that the 10 km comparison is going to be more

a�ected by any errors inGISmaps, how representative the sensor location is of the underlying 10 km

pixel, and localised a�ects. In the contrast, in the 50 kmdata these errors are averaged overwider area

and hence contribute di�erently to the �nal error analysis. Due to this and other possible sources

of error at the di�erent scales (Steyn, 1988), it is hard to compare the statistics at the two modelling

scales, in fact this should not be done. The important message from these statistics is that at both

scales the model version 6 shows the same level of improvement over version 5.

Table 5: Statistical comparison of the 50 km CEMSYS version 5 and version 6 across all 26
DustWatch nodes for 2009.

Version O M MB ME d No. of observations

5 0.0076 0.0210 0.0133 0.0227 0.2292 9388

6 0.0076 0.0043 -0.0033 0.0084 0.3956 9388

Table 6: Statistical comparison of the 10 km CEMSYS version 5 across all 26 DustWatch nodes for
2009.

Version O M MB ME d No. of observations

5 0.0076 0.0260 0.0184 0.0269 0.1726 9388

6 0.0076 0.0129 0.0057 0.0147 0.3357 9388

To illustrate the spatial performance between the two versions, the model output was compared

to both DWN and DEDV data. The results of this analysis are presented for the 4th February

2009, 16th September 2009, 25th October 2009 and 10th December 2009. Figure ?? shows the

comparison of CEMSYS predicted PM10 concentration, against PM10 concentration measured at

each of the DWN for the four days. On the 7th February both version 5 and 6 (Figure ??a,b) show
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limited dust activity across the 26 sites, which is in agreement with theDWNs. On the 21stMay the

DWN network indicated that the higher activity was in the central-north of NSW (Figure ??c,d).

Version 5 (Figure ??c) of the model did not pick this activity up, in fact it suggested that most of

the activity was in north-west. In contrast, version 6 (Figure ??d) picks up this dust activity and that

this activitywas lower towards thewestern region. On the 25thOctober theDWNnetwork did not

show signi�cant activity (Figure ??e,f). However version 5 (Figure ??c) suggest that there should be

wide spread activity in western part of the state (i.e. it over predicts at 8 sites). In contrast, version

6 (Figure ??d) suggests that the dust activity is more patchy and it only over predicts at 5 sites. The

10th December (Figure ??g,h) illustrates that version 5 (Figure ??g) can substantially over predict in

the western region of NSW, in contrast version 6 (Figure ??h) provides better agreement with the

DWNnetwork. This pattern of version 6 producing better spatial agreement withDWNnetwork,

was repeated for the other days analysed.

The analysis above suggests that version 6 is performing better is South-East Australia. However,

as no data was available for 2009 outside of NSW for DWNnetwork for 2009, it is necessary to use

DEDV data to analysis the spatial performance of CEMSYS on a continental scale. Figure 14 show

a comparison of DEDV observations against the CEMSYS predicted dust load for the four days.

The DEDV data show activity in SA and along the NSW/Victorian border (Figure 14a,b). Version

5 (Figure 14a) suggests that the dust activity extends right across Australia. In contrast, version 6

indicates that the activitywasmore isolated, with an increase in the activity along theNSW/Victoria

border. Figure 14c,d shows that there was activity in North Qld, WA, and central NSW on the 21st

May. Version 5 (Figure 14c) picks up the activity in WA, but over predicts the activity of the east

coast. In contrast, version 6 (Figure 14d) while identifying the activity in WA, suggests a spatial

dust which agrees better with DEDV observations. On the 25th October the DEDV (Figure 14e,f)

show that their was activity inWA, and LEB. Version 5 (Figure 14e) suggests the dust activity extend

well into Qld, SA and NSW. In contrast, version 6 (Figure 14f) suggests that the activity was more

constrained in the LEB around the stations observing dust, but suggests that this activity extended

intoWA.On the 10thDecember (Figure 14g,h) suggests that theLEB andNTwere active dust areas.

Version 5 (Figure 14g) suggests that most of the activity was con�ned to SA and WA. In contrast

version 6 (Figure 14h) correctly identi�es that activity extend up intoNT, it also picks up the single

dust observation in NSW. In general, the results observed throughout the days analysed suggest

that version is performing better than version 5. However, both models seem to perform badly in

WA. The absence of WA data could re�ect that the dust events are not being captured in DEDV

data. However, it is hoped that 3 DWNwhich are now online inWAwill provide an answer to this

problem.
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(a) 7th February v5 (b) 7th February v6

(c) 21st May v5 (d) 21st May v6

(e) 25th October v5 (f) 25th October v6

(g) 10th December v5 (h) 10th December v6

Figure 14: CEMSYS v5–6 and DustWatch Node (DWN) PM10 (mg/m3) comparison for specific
days during 2009.
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(a) 7th February v5 (b) 7th February v6

(c) 21st May v5 (d) 21st May v6

(e) 25th October v5 (f) 25th October v6

(g) 10th December v5 (h) 10th December v6

Figure 15: CEMSYS v5–6 dust load and Dust Event Database (DEDB) comparison for specific
days during 2009 (Cont.).
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4 Products from the CEMSYS modelling

At present 50 km national data is available from February 2000 to June 2012 for v5 (see Appendix

??) and v6 (see Tables 7 and 8)
4
. In additional, 10 km data v5 data (Table 7) is available from Feb-

ruary 2000 until June 2012
5
for NSW and Victoria. 10 km Version 6 data (Table 8) is available

nationally for 2002, 2008 and 2009. At present, all v5 50 km data is on the DustWatch web site

(http://www.dustwatch.edu.au/index.php/modelled-wind-erosion) this will be re-

placed with v6 as soon as the full quality checks have been made
6
. The 10 km 2002, 2008 and 2009

is available as monthly national maps, however these still need to broken done to state and nrm re-

gions before going on the website as maps. It is also envisaged that ASCII data �les of the two data

sets at 50 km will be available on the web site in the next couple of months. Note: As part of the

gradual introduction of 10 kmdata on thewebsite additional educationmaterial is required. This is

educational material is being produced now. It also envisaged that the DustWatchmonthly reports

which will in the future contain CEMSYS products will also be a critical part of this educational

program.

The 50 km version 5 data has been used in several projects including the CSIRO Soil Carbon in

Eroded Sediments project (Chappell et al., 2012; Webb et al., 2012) and GU Southern Ocean pro-

jects (Gabric et al., 2010). As part of the soil carbon project the mean eroding and total dust emis-

sion was estimated using version 5 CEMSYS output for 2001–2011 (see Table 9). As reported in

this table, the mean erodible area is 1.87×1012 which is approximately 24% of Australia. The max-

imum area eroding occurred in 2008 and represented approximately 34.5% of the Australia that

was subject to some form of wind erosion. Graphically, the variation in eroding area is illustrated

in Figure 17. During the decade the average amount of material emitted was estimated to be ap-

proximate 52.4 Tg, with amaximum of 152.3 Tg in 2008. However, as data in Table 9 indicates that

2008/09 were extreme years, and signi�cantly dragged this average up. These estimates are similar

to the estimates reported by Shao et al. (2011) in literature. The long term DSI analysis from 1960

onwards suggests that 2004/2005 were average erosion years (McTainsh, 2012). Ignoring, the two

large years (2008/2009) indicates that the average for the remaining years is approximately 25.9 Tg,

which agrees with McTainsh (2012) conclusion that 2004 and 2005 were average years.

4
July–December 2012 will be available by the end of May

5
July–December 2012 will be available by the end of May

6
end of May should see version 6 on the web
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Table 7: Table of available v5 CEMSYS data

Year 10 kmNSW 10 km Vic 10 kmNational 50 km

2000
a 4 4 7 4

2001 4 4 7 4

2002 4 4 7 4

2003 4 4 7 4

2004 4 4 7 4

2005 4 4 7 4

2006 4 4 7 4

2007 4 4 7 4

2008 4 4 7 4

2009 4 4 4 4

2010 4 4 7 4

2011 4 4 7 4

2012 4 4 7 4

a
Available from February 2000

Table 8: Table of available v6 CEMSYS data

Year 10 kmNSW 10 km Vic 10 kmNational 50 km

2000
a 4 4 7 4

2001 7 7 7 4

2002 4 4 4 4

2003 7 7 7 4

2004 7 7 7 4

2005 7 7 7 4

2006 7 7 7 4

2007 7 7 7 4

2008 4 4 4 4

2009 4 4 4 4

2010 7 7 7 4

2011 7 7 7 4

2012 7 7 7 4

a
Only available fromMarch 2000
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Table 9: CEMSYSv5 estimated erodible area and total emission

Year Mean eroding area (m
2
) Mean dust �ux (g/m

2
/s) Emission total (Tg)

2001 1.38×1012 2.78×10−7
15.9

2002 1.81×1012 4.63×10−7
35.1

2003 1.78×1012 3.89×10−7
30.2

2004 1.57×1012 3.79×10−7
26.3

2005 1.72×1012 3.65×10−7
26.9

2006 1.69×1012 4.42×10−7
31.5

2007 1.67×1012 3.76×10−7
26.7

2008 2.73×1012 1.28×10−6
152.3

2009 2.63×1012 1.23×10−6
138.3

2010 1.69×1012 5.39×10−7
40.9

2011 1.17×1012 3.76×10−7
14.8

Mean 1.80×1012 5.56×10−7
48.98

Currently, monthly national summaries of wind erosion severity and extent based on 50 km data

are available for periods outlined in Tables 7 and 8 for both v5 and v6 CEMSYS data. Figure 18

show an example of these maps for 6 months during 2009. Figure 19 and 20 illustrate the 10 km

maps of wind erosion extent and severity currently available at both a state and NRM scales. Cur-

rently v5 10 km extent and severity maps are available for NSW/Victoria from February 2000–

June 2012 at this scale, with v6 national 10 km extent and severity maps being available for 2002,

2008 and 2009. The examples presented here, can also be presented as a time-series for each region.

An example of this is shown in Figure 21. Time-series based on the 50 km data for each NRM

are also available on the DustWatch web site (http://www.dustwatch.edu.au/index.php/

modelled-wind-erosion). In addition it is also possible to produced estimate net loss maps a

given period, as illustrated in Figure 22.

5 Future investments and products

These products will be extended next year to produce:

1. a map of monthly extent and severity wind erosion map (Figure 23a);

2. a decile map for the current month (which deciles that pixel is in for the current month –

Figure 23d).

It will also be possible to produce:
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(a) 2000/2001 (b) 2001/2002 (c) 2002/2003

(d) 2003/2004 (e) 2004/2005 (f) 2005/2006

(g) 2006/2007 (h) 2007/2008 (i) 2008/2009

(j) 2009/2010 (k) 2010/2011 (l) 2011/2012

Figure 16: Areas of Australia with moderate or higher levels of wind erosion.
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(a) January (b) March

(c) May (d) July

(e) September (f) November

Figure 17:Modelled national wind erosion activity for six months during 2009 using CEMSYS
v5.
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(a) January (b) March

(c) May (d) July

(e) September (f) November

Figure 18:Modelled NSW wind erosion activity maps for six months during 2009.

32 17 July 2013 13:32



5. Future investments and products Butler et al

(a) January (b) March

(c) May (d) July

(e) September (f) November

Figure 19:Modelled Western NRM wind activity erosion maps for six months during 2009.
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Figure 20: Time series of showing the variation in percentage area of the western NRM above
moderator erosion levels based on the CEMSYS v5 10 km NSW/Victorian data

.

Figure 21: Estimated net soil loss due to wind erosion for the 22nd–23rd September 2009.
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1. a anomaly map (i.e. di�erence of current month from long termmean for the pixels);

2. a percentage of mean map (i.e. how di�erence is that month from the underlying mean for

each pixel).

Thesemapswill bring theCEMSYSdata in linewith the currentABMrainfall summaries (examples

shown in Figure 24). An example of the type of information this will provide is shown in Figure 25.

These maps illustrate the utility of the decile maps, in that they show that erosion in SE Australia

was around normal levels in 2005, but that in 2008 a large part of the SEAustralia was experiencing

wind erosion the highest levels of wind erosion seen during the 2000–2012 period. As the model

time-series extends the utility of these maps will increase.

It would be possible to extend the WEESMAP data back to the mid 1980s, as NDVI/LAI data is

available fromAVHRR.As this is a di�erent LAI data set from theMODIS LAI, work would need

to be done to calibrate the two products during 2000–2001 periods where the two products over

lapped. The completion of this extra data set would increase the time-series from 10 years to 25

years. Hence, providing more historical data to evaluate the impacts of climate and management

on wind erosion.

Initial work has begun on standardising the data formats of four major data sets (DEDB, Roadside

survey, DWN and CEMSYS) so that the data access format is consistent between the databases. In

stage one, the DEDB and CEMSYS data is currently being migrated to MySQL, along with data

from the DWNnetwork. The road side survey database will be integrated along side this data once

the �nal version becomes available
7
. Stage 2 will involve coding web tools which are required to

a) visualise and b) interpreting the dataset (i.e. writing the software interface which directly query

the database). Once completed theseWind ErosionVisualisationTools (WEVT)will form the basis

functions, whichwill be used to query and interpret the other databases (e.g. DustWatchNode and

Road Side Survey databases) and provide access to summary data for the scienti�c and NRMman-

agers. Thedevelopments during this in theDWNandWEIRM(which are alsopart of this database)

will enhance the possibility of further statistically testing the CEMSYS output nationwide. This in-

tensive analysis at some 418 sites over several years, would also indicate possible statistical means of

correcting the CEMSYS output, hence further improving the reliably of the data. Once completed

this may lead us to an intelligent system which uses the best information available to predict the

extent and severity of wind erosion across Australia.

It also possible at this stage to further increase the soil types available for use in CEMSYS. During

the project and additional 50 soils were analysed from the Australian Soil Resource Information

System (ASRIS). These can now be parametrised and included in the next iteration of the model.

This will increase the model resolution at the NRM scale, and better re�ect regions within NRMS

7
initial development of some ideas for integrating this has been done on a subset of the road side survey data.
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(a) CEMSYS v6 October 2008 extent and severity

map (mg/m/s)

(b) CEMSYS v6 October 2008 decile anomaly map

(c) CEMSYS v6 October 2005 extent and severity

map

(d) CEMSYS v6 October 2005 decile anomaly map

Figure 22: Example of CEMSYS standardised NSW anomaly maps for October 2005 and 2008.
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(a) BoMmonthly rain (b) BoMmonthly percentage of mean

(c) BoM anomaly map (d) BoM decile map

Figure 23: Examples of BoM rainfall maps from October 2002.

that require speci�c investment.

6 Summary

The improvements in the data sets outlined in §?? improved the accuracy of the CEMSYS products.

Statistical analysis of Version 5 (before the improvements) and Version 6 (after the improvements)

shows that the model over estimated daily dust concentrations at 26 of the DustWatch nodes in

2009 by approximately 3 fold for v5 and underestimated it by 0.6 for v6. The mean error between

modelled and observed dust levels was reduced for v6 (0.0227 to 0.0084). Finally v6 explained twice

the level of variability in the observed data compared to v5 (0.2292 to 0.3956). This improvement

was supported by qualitative analysis of the CEMSYS data set against DEDV data. Given the result

was comparing 26 stations over 365 days, v6 appears extremely robust over the yearly period.

The time-series for 50 km data has been extended to 12+ years for both v5 and v6. While the time-

series available forNSW/Victoria 10 km data has also been extended to 12+ years for v5. Finally, the

10 km data v6 set has been extended national for 2002, 2008 and 2009. It is planned to complete

the remaining years for the 10 km data set over the next six months. This data will be made pub-
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licly available on http://www.dustwatch.edu.au as it becomes available after completing our

quality control procedures.

Acknowledgements

QueenslandPM10 data used in the early development of version 6was provided and collectedby the

QueenslandDepartment of Environment andResourceManagement (DERM),with the assistance

of Andrew Chan at Gri�th University in Brisbane.

38 17 July 2013 13:32

http://www.dustwatch.edu.au


REFERENCES Butler et al

References

AUSLIG (1980),Atlas of Australia Resources, Vol 3: Soils and Land Use, Vol. 3, Division of Na-

tional Mapping, Department of National Development, Canberra.

Australian Bureau ofMeteorology (2012a), ‘Daily rainfall Birdsville 2009’. Available from: http:

//www.bom.gov.au/climate/dwo/IDCJDW4011.latest.shtml.

AustralianBureauofMeteorology (2012b), ‘Daily rainfallMount Isa 2009’. Available from: http:

//www.bom.gov.au/climate/dwo/IDCJDW4089.latest.shtml.

Butler,H., Shao, Y., Leys, J.&McTainsh, G. (2007),Modellingwind erosion at national& regional

scale using the cemsys model, Technical report, National Land &Water Resources Audit.

Chappell, A. (2012), ‘Personal correspondance’.

Chappell, A., Webb, N., Butler, H., Strong, C., McTainsh, G. & Leys, J. (2012), Australian carbon

dust emission: a carbon accounting omission?, in ‘Soil solutions for diverse landscapes’, Joint

SSA and NZSSS Soil Science Conference, Hobart, Tasmania, Australia.

Chatenet, B., Marticorena, B., Gomes, L. & Mergametti, G. (1996), ‘Assessing the microped size

distributions of desert soils erodible by wind’, Sedimentology 43, 901–911.

Gabric, A., Cropp,R.,McTainsh,G., Johnston, B., Butler,H., Tilbrook, B.&Keywood,M. (2010),

‘Australian dust storms in 2002–2003 and their impact on Southern Ocean biogeochemistry’,

Global Biogeochemical Cycles. doi:10.1029/2009GB003541.

Gomes, L., Bergametti, F. & Ezat, U. (1990), ‘Assessing the actual size distribution of atmospheric

aerosols collected with a cascade impactor’, Journal of the Aerosol Society 21, 47–59.

Guerschman, J., Hill, M., Renzullo, L., Barrrett, D., Marks, A. & Botha, E. (2009), ‘Estimating

fractional cover of photosynthetic vegetation, non-photosynthetic vegetation and bare soil in

the australian tropical savanna region upscaling the eo-1 hyperion and modis sensors’, Remote
Sensing of Environment 113(5), 928–945. doi:10.1016/j.rse.2009.01.006.

Hill, M., Senarath, U., Lee, A., Zeppel, M., Nightingale, J., Williams, R. & McVicar, T. (2006),

‘Assessment of the modis lai product for australian ecosystems’, Remote Sensing of Environment
101(4), 495–518. doi:10.1016/j.rse.2006.01.010.

Jennings, J. & Mabbutt, J. (1986),Australia, a geography, The natural environment, Sydney Uni-

versity Press, chapter Physiographic outlines and regions.

Leys, J. (1991), ‘Towards a better model of the e�ect of prostate vegetation cover on wind erosion’,

Vegetatio 91, 48–58.

17 July 2013 13:32 39

http://www.bom.gov.au/climate/dwo/IDCJDW4011.latest.shtml
http://www.bom.gov.au/climate/dwo/IDCJDW4011.latest.shtml
http://www.bom.gov.au/climate/dwo/IDCJDW4089.latest.shtml
http://www.bom.gov.au/climate/dwo/IDCJDW4089.latest.shtml
http://dx.doi.org/10.1029/2009GB003541
http://dx.doi.org/10.1016/j.rse.2009.01.006
http://dx.doi.org/10.1016/j.rse.2006.01.010


Butler et al REFERENCES

Leys, J., Butler, H., Yang, X.&Heidenreich, S. (2009), CEMSYSmodelled wind erosion, Technical

report, Department of Environment, Water, Heritage and the Arts. Available from: http://

www.environment.nsw.gov.au/resources/soils/10321cemsyswind.pdf.

Leys, J., Heidenreich, S., Strong, C., McTainsh, G. &Quigley, S. (2011), ‘PM10 concentrations and

mass transport during “Red Dawn” – Sydney 23 September 2009’,Aeolian Research 3(3), 327–
342. doi:10.1016/j.aeolia.2011.06.003.

Lu, H., Raupach, M. &McVicar, T. (2001), Decomposition of Vegetation Cover intoWoody and

Herbaceous Components Using AVHRRNDVI Time Series, Technical Report 35/01, CSIRO

Land &Water, Canberra.

McDonald, R., Isbell, R., Speight, J., Walker, J. & Hopkins, M. (1990), Australian soil and land
survey field handbook, 2nd edn, Inkata Press: Melbourne.

McKenzie, N., Jacquier, D., Ashton, L. & Cresswell, H. (2000), Estimation of soil properties using

the Atlas of Australian soils., Technical Report 11/00, CSIRO Land andWater, Canberra.

McTainsh, G. (2012), ‘Personal correspondance’.

Nightingale, J. & Phinn, S. (2003), ‘Assessment of the nature of relationships between precipita-

tion and satellite-derived vegetation condition within South Australia’,Australian Geographical
Studies 41(2), 180—195.

Northcote, K., Beckmann,G., Bettenay, E., Churchward,H., VanDijk, D., Dimmock, G.,Hubble,

G., Isbell, R., McArthur, W., Murtha, G., Nicolls, K., Paton, T., Thompson, C., Webb, A. &

Wright, M. (1960-1968),Atlas of Australian Soils, Sheets 1 to 10. with explanatory data, CSIRO
Australia andMelbourne University Press, Melbourne.

Schmidt, H. & Karnieli, A. (2000), ‘Remote sensing of the seasonal variability of ve-

getation in a semi-arid environment’, Journal of Arid Environments 45(1), 43–59.

doi:10.1006/jare.1999.0607.

Shao, Y., Wyrwoll, K., Chappell, A., Huang, J., Lin, Z., McTainsh, G., Mikami, M., Tanaka, T.,

Wang, X. & Yoon, S. (2011), ‘Dust cycle: An emerging core theme in Earth system science’,

Aeolian Research 2(4), 181–204. doi:10.1016/j.aeolia.2011.02.001.

Steyn, D. (1988), ‘Quantitative and qualitative evaluation of a three-dimensionalmesoscale numer-

ical model simulation of a sea breeze in complex terrain’, Monthly Weather Review 116, 1914–

1926.

Webb, N., Chappell, A., Butler, H., Strong, C., McTainsh, G. & Leys, J. (2012), Implications of

carbondust emission for terrestrial carbon cycling and carbon accounting, in ‘AGUFallmeeting’,

San Francisco, United States.

40 17 July 2013 13:32

http://www.environment.nsw.gov.au/resources/soils/10321cemsyswind.pdf
http://www.environment.nsw.gov.au/resources/soils/10321cemsyswind.pdf
http://dx.doi.org/10.1016/j.aeolia.2011.06.003
http://dx.doi.org/10.1006/jare.1999.0607
http://dx.doi.org/10.1016/j.aeolia.2011.02.001


REFERENCES Butler et al

Willmott, C., Robeson, S. & Matsuura, K. (2011), ‘A re�ned index of model performance’, Inter-
national Journal Of Climatology 32(13), 2088—2094. doi:10.1002/joc.2419.

Yin, D., Nickovic, S. & Sprigg, W. (2007), ‘The impact of using di�erent land cover data on wind-

blown desert dust modeling results in the southwestern United States’, Atmospheric Environ-
ment 41(10), 2214–2224. doi:10.1016/j.atmosenv.2006.10.061.

17 July 2013 13:32 41

http://dx.doi.org/10.1002/joc.2419
http://dx.doi.org/10.1016/j.atmosenv.2006.10.061


A Monthly Maps v5 February 2000 – June 2012

42
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(d) May (e) June

Figure 24: February – June 2000 Monthly sand drift maps
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(e) November (f) December

Figure 25: July – December 2000 Monthly sand drift maps
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Figure 26: February – June 2001 Monthly sand drift maps
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Figure 27: July – December 2001 Monthly sand drift maps
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Figure 28: February – June 2002 Monthly sand drift maps
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Figure 29: July – December 2002 Monthly sand drift maps
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Figure 30: February – June 2003 Monthly sand drift maps
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Figure 31: July – December 2003 Monthly sand drift maps
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Figure 32: February – June 2004 Monthly sand drift maps
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(e) November (f) December

Figure 33: July – December 2004 Monthly sand drift maps
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Figure 34: February – June 2005 Monthly sand drift maps
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(e) November (f) December

Figure 35: July – December 2005 Monthly sand drift maps
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Figure 36: February – June 2006 Monthly sand drift maps
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Figure 37: July – December 2006 Monthly sand drift maps
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Figure 38: February – June 2007 Monthly sand drift maps

57



(a) July (b) August

(c) September (d) October

(e) November (f) December

Figure 39: July – December 2007 Monthly sand drift maps
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Figure 40: February – June 2008 Monthly sand drift maps
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Figure 41: July – December 2008 Monthly sand drift maps
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Figure 42: February – June 2009 Monthly sand drift maps
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Figure 43: July – December 2009 Monthly sand drift maps
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Figure 44: February – June 2010 Monthly sand drift maps
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Figure 45: July – December 2010 Monthly sand drift maps
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Figure 46: February – June 2011 Monthly sand drift maps
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Figure 47: July – December 2011 Monthly sand drift maps
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Figure 48: February – June 2012 Monthly sand drift maps
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Figure 49: July – December 2012 Monthly sand drift maps
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